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ABSTRACT

An analytic model is proposed for the analysis of
the effects of finite main memory on a class of large
scale interactive systems. This model uses a four phase
method of analysis, including the division of the total
system into an in-memory portion and an out-of-memory
portion. The concept of superposition of these subsystems
pased on a given job field length (memory requirement)
probability distribution and a given amount of main
memory is introduced and discussed. The capability of the
model to produce predictive results pertinent to systems

analysis and design is demonstrated.
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SECTION I

INTRODUCTION TO THE RESEARCH

1.1 Introduction

The performance of a multi-access interactive
computer system is dependent upon, and sometimes limited
by, the capacity of its executable memory. This research
analyses empirical data taken from an interactive computer
system and constructs from this data a model which
explicitly considers the finite size of executable memory,
job load characteristics, system overheads, and swap times.
The objectives of the modeling are the development of
insight into the behavior of complex memory systems and the
prediction of system behavior in parametrically defined
environments. A non-paged memory system was chosen for this
research because of the detailed data for CDC 6000 series
equipment that was available from the UT-2D operating system
event trace package and because of the relative lack of
reported analytic work on non-paged systems. This non-
paged memory can, 1in essence, be regarded as a segmented
memory in which each user job is considered to be a segment.
The analytic model produces predictions which include the
resolution of executable memory into utilized, overhead,

1



and idle fractions in addition to the more standard model
predictions of response time, device utilizations, and system
throughput. Relations between memory usage parameters and

the standard system performance measures are developed.

1.2 Discussion of Previous work

Research in the area of memory management is
directed toward the discovery of efficient techniques for
the allocation of the basic memory resources. The
introduction of virtual memory systems changed the memory
allocation problem into the paging problem. Much work has
been reported on allocation techniques for virtual memory
systems (9,16). Considerably less WOrk has been reported
on the memory management problems for non-paged systems
although such systems are in widespread use. Analysis of
non-paged systems is reported in (1,3,4,10,13) and in (2)
Baskett, Browne, and Lan investigate the interaction of CPU
scheduling and memory scheduling.

Advanced techniques for the mathematical evaluation
and solution of gueueing network models have made it possible
to model complex, realistic computer systems analytically
(5,6,8,14). The analysis of some classes of queuing networks
has been simplified by concepts of local balance (7).

This research employs techniques of gueueing network

analysis and probability theory in order to investigate the



relationships between job load characteristics such as Job
memory requirements, Jjob 1/0 requirements, and job CPU .
requirements and system performance measures such as device
utilizations, memory utilization, and fesponse time. This
work 1s applied to an interactive system having a non-paged

memory system.

1.3 Description of the System

This research is based on data taken from a CDC 6400
system which has 64K of 60 bit words for main memory, half
a million words of ECS (Extended Core Storage) for use as

a fast swap area, four CDC 808 disks, and an 8-spindle CDC

841 disk system for auxiliary storage. The 6400 is

supported by seven CDC peripheral processors (PP's). Two
of these are dedicated to system functions and five are
usually available for user job related tasks. Thornton (18)
discusses the characteristics of the CDC equipment. The
6400 is part of a dual 6600/6400 system that is governed
by a locally written operating system called UT-2D. This
dual system is designed for both batch and interactive
systems and the interactive system is handled primarily by
the 6400. An interactive job is allowed one real-time
second in main memory to complete its interaction. If the
interaction is not completed in the second, the job 1is

swapped to ECS in order to allow other interactive jobs to



be scheduled. The basic strategy for memory scheduling
is a one second (real time) round-robin schedule for all
interactive Jjops which are ready to run. The central
processor 1is scheduled in a 16 millisecond round-robin
fashioﬁ. A detailed description of the UT-2D system has

been given by Howard (11) .

1.4 Summary of the Sections

Section II presents a detailed description of the
proposed analytic model of the system including the
calculations involved.

Section III includes a brief description of tne
event trace package in the UT-2D operating system, an
explanaiion of the methods used to reduce the magnetic
tape traces of system activity, and examples of the
reduced statistical data obtained from the event trace
tapes.

Section IV presents the parameterization technigques
and validation information for the model described in
Section II.

cection V discusses experimental work with the model
and the analysis of the results.

Section VI contains a summary of the results of the
research, conclusions based on these results, and possible

extensions of this work.

H

|
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SECTION II
THE ANALYTIC MODEL

2.1 Introduction

The purpose of this modeling analysis is to
achieve three basic goals: (A) To provide an accurate,
put relatively simple, model of the CDC 6400 interactive
system, including the restrictions of finite main memory;
(B) To further simplify the model by maintaining
constant values for those systeﬁ characteristics which
show only a slight variation; and (C) To establish and
maintain a predictive capability to determine the effects
on system performance of changes in either the job load
characteristics or the system configuration.

Figure 1 shows a network representation of the
overall system to be modeled. The two dotted boxes
indicate those portions of the network which require the
job to be in either main memory or ECS as indicated in
the figure. Jobs in the swap delay queue are physically
located in ECS but are logically (to the scheduler)
located in main memory.

There are several problems in the analysis of this

system by previously developed technigues. NoO effective

5



e e e e —— — e e
I i
Jobs located
l in ECS !
| {
|
l l
I s |
’ - A\Q._ !
1 . |
User 1
| — Terminals |
I DR |
|
) U e e e
::21 Swap
et A Y
IERahutialat
— - —
: Swap in
O
|
| \\
! Jobs located in T/0—
| main momory
* !
| |
|
L o e . e — e e e e e

Figure 1.

Overall system to be modeled.

T



techniques are available for: restriction of the number of
jobs in the main memory portion of the network in

accordance with the limitation of finite main memory and
some distribution of user job main memory requirements; O
determination of the fractions of main memory that are idle,

used for storage of executing user jobs, or used for system

overhead purposes such as swapping.

2.2 Structure of the Model

A four phase analysis technique is proposed to
overcome the problems involved in the overall system
evaluation. The system in Figufe 1 is divided into the
two systeﬁs shown in Figure 2 to use this technique.

Phase 1 5f the calculations is the analysis of the system
shown in Figure 2a. Phase 2 is an intermediate probability
analysis which controls the superposition of the two
systems based on the given amount of available main memory
and the given job field length (memory requirement)
distripution. The third phase is the analysis of the system
of Figure 2b, using the results of the previous phases

to characterize the "Computer system" gqueue. The final
phase is the construction of distributions for device
utilizations, response time, thtoughput, the number of
ready jobs in the system, and the three classes of memory
utilization. A complete diagram of these phases and their

interrelationships is given in Figure 3.
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2.2.1 1Input Parameters for the Model

The following model parameters are assumed to
be dependent on the system characteristics. They are
assumed invarient if no changes in the system are
considered (i.e. for validation runs) , although it is
recognized that these valﬁes will vary slightly for each
individual data set taken from a real system.
(a) the amount of main memory available for user
jobs
(b) the mean user think time between interactions
(c) the fraction of CPﬁ active time consumed
by system processes
(d) the mean PP service time required for an
I/0 operation
(e) the mean PP service time required for a swap
out
(f) the mean PP service time required for a swap
in
ror clarification of the figures, the service times for
the swap delay and swap in queues (both part of the swap
in process) are defined respectively as the time from the
scheduler decision to swap in a job to the time that job
is allocated its required space in main memory, and the

time from this allocation to the completion of the swap
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in process. A similar division of the swap out process
is not necessary because Jjobs in the swap out queue
release their storage at the completion of the swap out
process.

The remaining model input parameters are considered
dependent on the job load characteristics because they
varied significantly in the empirical data sets from
the real system.

(g) the number of active on-line users

(h) the mean number of I/0 operations per main

memory residence

(i) the probability distribution for the field

length of a ready to run user job

(3) the mean CPU service time required by a

user job in each burst of CPU activity

(k) the mean equivalent user think time
All of the input parameters except the last are observable
from analysis of event trace data. The mean equivalent
user think time is calculated by multiplying the
observed probability that a swap out indicates a
completed interaction by the mean user think time. User
jobs in the real system may require more than one residence
per interaction due to the one second (real time) gquantum

used for interactive job scheduling. If a job does not
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complete its interaction before the swap out, then that
job is ready to run immediately upon completion of the
swap out (zero think time). This adjustment to the
think time is therefore necessary in order to compare

the model results with data from the real system.

2.2.2 Phase 1 Calculations

These calculations are made using the network
shown in Figure 2a. The necessary input parameters
are the service rates for the seven queues in the system,
the branching probabilities for .job flow following CPU
service, and the number of jobs in the system. The
service times for all of the Jqueues except the CPU are
directly obtainable from the event trace data. The mean
CPU burst time used in the model (TCPU) ié computed from
the mean user CPU burst requirement (TCPU*) and the
fraction of CPU active time consumed by system processes

(FSYS) by using:
TCPU = TCPU* / (1 - FSYS).

The branching probability ( P(CPU - SO)) for job flow

from the CPU gueue to the swap out queue is determined from
the observed number of I/O operations per residence (NIO)
by: P(CPU - 80) = 1 / (NIO + 1). The probabilities for job

flow from the CPU to each of three I/0 gueues is assumed to



13

be equal, that is, one third of the quantity (1 - P(CPU -
S0)). The number of Jjobs in this network is exactly the
number of jobs which occupy physically or logically {to

the scheduler) portions of main memory. The network

should be evaluated for levels of multiprogramming from

one to the number of users in order to consider all of

the possibilities. In the implementatioﬁ, however, the
model is evaluated for multiprogramming levels from one

to ten because the probability of more than ten jobs fitting
into the availabie main memory of this system is negligible.
All large interactive systems should have similar upper
pounds that are significantly less than the typical number
of users. For levels of multiprogramming above ten, the
model output is approximated by the model output with ten
jobs in the system.

The steady state probabilities for the possible
states of this model are calculated using techniques of
l1ocal balance (7). The CPU is assumed to be processor
shared as an approximation to the 16 millisecond, round
robin scheduling technigue of the real system. Swapping
and I/0 service is assumed to be on a FCFS basis because
the channels in the real system are allocated on FCFS
criterion. The service times for the devices 1n the
system are assumed to be independent, exponential random

variables. Analysis of this model produces, as functions
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of the level of multiprogramming, the system throughput
(job flow through the swap out gueue) , the device
utilizations, and probability distributions for the number
of jobs engaged in swapping. Memory residence time, the
total service time that a job requires per residence,
is also obtainable from this model.

Tn the model there are six queues that reguire
allocation of a peripheral processor (swap delay, swap
in, swap out, and three I/O queues). In the real system
there are usually five pool peripheral processors available
for users. It is however, not’necessary to include
the effects of PP request interference because of the
relatively low utilizations of these queues. This
approximation is also supported by data taken from the
real system which indicates no significant wait times

for PP allocation.

2.2.3 Phase 2 Calculations

The calculations for this phase of the analysis use
the ordered quadruple (NM, XU, XO, NR) to represent the

states of the system where:

NM is the number of user jobs that occupy main memory;

XU is the amount of main memory that is used for
executing user jobs;
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XO is the amount of main memory that is used for
swapping user Jjobs;

NR is the number of user jobs that are ready to run.

A typlcal state diagram, including the possible transition
paths, 1s shown in Figure 4. The necessary input
parameters are the amount of main memory available for
user jobs, the job field length probability distribution
for ready jobs, the probability distributions for the
number of jobs engaged in swapping as a function of thé
number of jobs that occupy main memory (from Phase 1),
and the system memory scheduling algorithm. This data
will be used to construct the conditionql probability
distributions for the amount of main memory that is idle,
used for executing user jobs, and used for swapping user
jobs (overhead) as fﬁnctions of the number of ready Jobs
in the system. The conditional probability distribution
for the number of jobs occupying main memory space will
also be constructed as a function of the number of ready
jobé.

Let P(NM = n, XC = x / NR = r) be the conditional
probability that n jobs are in main memory and x units
of main memory are committed to those‘jobs (memory space
is committed to jobs that are either executing or éngaged

in swapping) given that r jobs are ready to run.
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f is the main memory requirement

of the changing user job

NM = n +1,

XU = x, XO = s, NR =1

A user Jjob

is scheduled for swap in

NM = n, XU

= x, XO=s + £, NR = r

A user job
a swap in.

is allocated memory to begin

NM = n, XU

=x + f, ¥X0O=s - £, NR = ¢

completes a swap in.

n, Xy Sy NR

= x, X0 = s, NR=1r + 1

t
a

\ A user job
- [ ™ =n, XU

becomes ready to run.

Figure 4.

| A user job
//w

NM=n, XU=x~-f, XO=3s + £, NR = v
A user job begins swapping out.
NM =n-1, XU =x, ¥XO =5 - £, NR = r - 1

A user job

completes a swap out.

Typical state for the main memory system.
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Let P(JFL = s) be the probability that a ready job has a
field length of exactly s units of memory and P(JFL 2> s)
be the probability that a ready job has a field length
greater than or equal to s units of memory. These two
distributions are easily derived from the given job field
length probability distribution. The probability
distribution for the ready job field lengths was empirically
constructed by dividing the number of observed jobs that
pecame ready to run and had a field length of s units of
memory by the number of observed jobs that became ready
to run. It is assumed that the field length distribution
is independent of the state of the memory system because
the number of jobs occupying main memory is usually small
compared to the number of simultaneous system users.

The current job scheduling algorithm for the CDC
6400 interactive system is a frist fit scheduling discipline
with the gqueue order determined by a FIFO policy. Figure
5 illustrates the concepts of the following calculations.

Clearly, P(NM = 1, XC = x / NR = 1) = P(JFL = x)
for x = 1,2,...,XMAX where XMAX is the total main memory
available for users. For NR greater than NM, the ready
jobs that are not in main memory must be too lérge to
fit into the empty main memory. Thus, P(NM = 1, XC = X
/ NR = r) = P(JFL = x) x P(JFL > XMAX - x + .‘L)r"l for

x=1,2,..., ¥MAX and r = 1,2,...,NU where NU is the
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MAIN

MEMORY «<————— READY JOB QUEUE
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<
MAIN
MEMORY <——————— READY JOB QUEUE
A B C D
MAIN
MEMORY
Figure 5. Possible conditions for three jobs in main

memory and x units of memory being occupied
given that four jobs are ready to run.
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number of users. In the model implementation, a practical
upper bound (NRMAX) is placed on r. Phase 3 calculations
produce an estimate of the lost probabilities resulting
from the use of NRMAX instead of NU as an upper bound.
NRMAX is always chosen large enough to insure that the
total lost probabilities are less than one tenth of one
percent.

The remaining probabilities can be calculated
recursively by observing that for two jobs in main

memory :

P(NM = 2, XC = x / NR 1) = 0 for all x.

il

x - 1
P(NM = 2, XC = x / NR = 2) = b P(JFL = x - S)
s = 1
x P{JFL = s)
x - 1
= T P(NM = 1, XC =x - s / NR = 1) x P(JFL = s)
s =1
Similarly,
P(NM = 2, XC = x / NR = r)
x - 1
= ) P(NM = 1, XC = x - s / NR =71 - 1)
s =1
x P{(JFL = s) + P(NM = 2, XC =% / NR =1 - 1)

for x = 1,2,..., XMAX and r = 3,4,..., NU.
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In general, n jobs occupy x units of main memory given r
ready jobs if either n - 1 jobs occupy x - s units given
r - 1 ready jobs and the rth job is of size s units or n
jobs occupy X units of memory given r - 1 ready Jjobs and
the rth job is too large to fit into the remaining empty

main memory. Thus,

P(NM = n, XC = x / NR = 1)

Xx - n + 1
= ) P(NM =n-1, XC=x-s /NR=r1r - 1)
s = 1
x P(JFL = s) + P(NM = n, XC =x / NR =1 - 1)
x P(JFL > XMAX - x + 1)
forn=2,3,...,N0, x =n,n + 1,..., XMAX, and r = n,
n+1,..., NU where P(NM = n, XC = X / NR = r) = 0 for all

r less than n. These probabilities are the conditional
probabilities for n jobs occupying x units of main memory
given r ready jobs. Part or all of this occupied memory
space may contain one Or more user jobs that are executing
(used memory space). Some of this occupied memory may also
be committed (as seen by the scheduler) to jobs in the swap
.delay queue. This memory is considered to be empty memory
space. The probability distributions for the number of
jobs engaged in swapping, computed in Phase 1, are needed
in order to determine the proper division of this occupied

memory space into used, overhead, and empty memory.
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Let:

P(NS = u / NM = n) be the conditional probability
that u jobs are in the swap delay, swap in, Or swap out
queues given that n jobs are in main memory. The memory
t+hat these u jobs occupy is either overhead memory space
or empty memory Sspace.

P(NSO = v / NM = n) be the conditional probability
that v jobs are in the swap in or swap out gueues given
that n jobs are in main memory. The memory that these v
jobs occupy is considered overhead memory space.

P(JS = s / NJ = j) be the conditional probability
that a total of s units of main memory are required by the
given j user jobs.

P(Js = s / NJ = ], NM = n, XC = %) be the condi-
tional probability that s units of main memory are OCCu-
pied by the given J jobé in main memory, given that there
are a total of n Jjobs in main memory and that those n
jobs occupy X units of main memory.

P(NM = n, XU = x / NR = r) be the conditional
probability that n jobs occupy portions of main memory and
that x units of main memory are used for executing user
jobs given that r jobs are ready.

P(NM = n, X0 = x / NR = r) be the conditional

probability that n jobs occupy portions of main memory and
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that x units of main memory are used for swapping user
jobs (overhead) given that r jobs are ready.

The probabilities, P(JS = s / NJ = j), can be
easily determined from the given job field length distri-
pution by assuming independence of the job field lengths

and computing recursively:

i
il
I
I

P(JS s / NJ 1) P (JFL s)

il

las}

o

W
il

s / NJ j) =

i M.

1

P(JS = s -t /NI =] 1) x P(JFL = t).

These probabilities can then be used to compute:

_P(JSs =s /NI =3) x P(JS =% = S / NJ =n - j)

- PXC = x / NM = n)
Note that P(XC = x / NM = n, NJ = j) = P(XC = x / NM = n)
= P(JS = x / NJ = n) since the amount of memory required

by the n jobs is independent of the subset of those n jobs
that are engaged in swapping. However, in the model imple-

mentation, the following approximation was used:
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P(JS =s / NM =n, XC = x, NJ = 3)
_ P(JS.=S/NJ==}<) for § < n
X - n + 3
b P(JS =k / NJ =)
k = 1

= 1 for 7 = n

=0 for 3 > n

This approximation assumes that the probability distribu-
tion for the j jobs engaged in swapping is the probability
distribution for the memory requirements of j jobs given
that those j jobs must occupy at most x = n + 5 units of
memory .

The probabilities related to the used memory space
can now be calculated, noting that P(NS = u / NM = n,
NR = r) = P(NS = u / NM = n) because the number of jobs
engaged in swapping is independent of the number of ready
jobs if the number of jobs in main memory is given. For
NM = 1 the amount of used space is either equal to the

amount of occupied memory or it is equal to zero. Thus,

P(NM = 1, XU - x / NR = r) = P(NM = 1, XC = X / NR = r)

x P(NS =0 / NM = 1).

For NM > 1 a second term must be included. which subtracts
the memory space committed to swapping jobs from the total

committed memory space.
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= P(NM = n, XC = X / NR = r) X P(NS = 0 / NM = n)

XMAX
+ z p(NM = n, XC = 8 / NR = 1)
s =X + 1 '

p(NS = § / NM = n)
1

b
(e

x P(JS = s — X / NM = n, XC - x, NI = i)

The prcbabilities related to the overhead memory
‘space are calculated by accumulating the probabilites
that were subtracted from the occupied memory in the cal-
culations above. The differencé is that P(NSO =V
/ NM = n) is used in place of P(NS = u / NM = n) because
the memory space occupied by jobs in the swap delay queue
is considered empty memory, not overhead memory. There-
fore, the general expression is similar to the second
term in the calculation of the’used memory probabilities,
noting again that p(NSO = v / NM = D, NR = r) = P(NSO =V

/ NM = n) .

P(NM = n, XO = X / NR = )
XMAX

= z P(NM = n, XC = S / NR = 1)
s = n

« § P(NSO = j / NM =nm)
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The conditional probability distribution for the
number of user jobs in main memory (level of multipro-
gramming) as a function of the number of ready jobs can
also be calculated from P(NM = n, XC = x / NR = r). Let
P(NM = n / NR = r) be the conditional probability that n
jobs occupy portions of main memory given that r jobs are
ready. Then

XMAX

P(NM =n,/NR = 1) = z P(NM = n, XC
x = 1

X / NR

it

r)

Il

for n=1,2,...,NU and r = n,n+l,...,NU.
These calculations are complex and necessarily the
most time consuming portion of this modeling techngiue.

However, the distributions that are obtained are those

necessary to control the superposition of the two systems

analysed in Phases 1 and 3.

2.2.4 Phase 3 Calculations

A network representation of the system considered
in this phase of the analysis is shown in Figure 2b and a
state transition diagram for the system is shown in Figure
6. The necessary input parameters are the number of users,
the mean equivalent user think time, and the throughput

of the system as a function of the number of ready jobs in
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the system. The last parameter can be determined from the
results of the preceding two phases of analysis. Let

TPUT (NM = n) be the system throughput as a function of the
level of multiprogramming (computed in Phase 1). Let

TPUT (NR = r) be the throughput of the system when r jobs

are ready. Then TPUT(NR = r) = P(NM = n / NR = I)

1

R

x TPUT(NM = n) for r = 1,2,...,NU.

The computer system is assumed to be processor
shared and the service times are assumed to be independent
and their density functions differentiable (14). The
states of this system, Figure 6, are identified by the
corresponding number of ready to run jobs in the computer
system. Let P(NR = r) be the probability that r jobs are
ready to run in the computer system, TH be the mean

equivalent user think time, and NU be the number of users.
The state probabilities can be calculated by observing

from the state diagram that:

P(NR = r) = P(NR=1r - 1) x (NU - r + 1)

/{(TH X TPUT(NR = 1))
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for r = 1,2,...,NU. This relationship gives NU equations
with NU + 1 unknown probabilities. The remaining condi-
tion that is necessary for the solution to be unique is
that:

P(NR = r) = 1 by the definition of the

NU
b}
=0 probabilities.

r

These equations are solved in the model by setting

P(NR = 0) to one, computing the P(NR = r) for r = 1,2,...,
NU, and then dividing each state probability by the sum

of state probabilities in order to satisfy the last condi-
tion. These state probabilities are equivalent to the
probability distribution for the number of ready jobs in
the system. Also, it is possible to estimate the error
resulting from the use of the practicél upper bound NRMAX

in the Phase 2 calculations by computing P(NR > NRMAX) .

2.2.5 ©Phase 4 Calculations

This phase of the analysis consists only of the
construction of desired information from the combined
results of the preceding phases of analysis. It is clear
that many different types of information are available and
that the specific information calculated depends on the
objectives of the modeling. The following are examples

of several of the possible calculations:
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(1) Let P(XU) = x / NR = r) be the probability
that x units of main mémory are used for executing user
jobs given that r jobs are ready and P (XU = ¥x) be the
probability that x units of main memory are used for

executing user jobs. Then, using the results of Phase 2:

r
P(XU =x / NR = 1r) = )y P(NM = n, XU = x / NR = r)

N
P(XU = x./ NR = 1)
1

o
>
c

i

x

I
e 2

r

x P(NR = r) for all possible x.

(2) The probability distribution for the memory
space used for swapping user jobs (overhead) can be
constructed in a manner similar to the calculations for the
used memory space distribution. The equations are the
same as those in (1) with XO replacing XU.

(3) The probability distribution for the empty
memory space can be constructed from (1) and (2). Let
P(XO =y / XU = x) be the conditional probability that y
units of main memory are used for overhead purposes giveh
that x units of main memory are used for executing user

jobs. An approximate calculation is:



P(XO =y / XU = xX) = P(X0O =y) / T
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Let P(XE = x) be the probability that x units of main

memory are empty. Then, knowing that XU + X0 + XE = XMAX,

XMAX - X
z P(XU = 8)
= 0

i

P(XE = x)
g

X P(XO XMAX - x - 5 / XU = g)

il

for all possible values of x.

(4) The response time of the system as a function

of the number of ready jobs in the system, RT(NR = r), is

calculated by: RT(NR = r) = r / TPUT(NR
possible values of r. The mean response
NU
RT = X RT(NR = r) x P(NR = r).
r =1
The response time given by these equation
interval from the user input signal that

to run to the completion of the swap out

= r) for all

time is simply

is the time
the job is ready

of that job. It

is, therefore, the response time for a job that requires

one residence to complete its interaction.

(5) The mean values and standard deviations of

the distributions resulting from all of the phases of

analysis are obtained by standard techniques.
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2.3 Summary of Model Capabilities

Using a four phase probabilitistic analysis, this
model produces probability distribﬁtions for used memory
gspace, overhead memory space, empty memory space, the
number of ready jobs in the system, the system throughput,
the device utilizations, and the response time of the
interactive system. Additionally, the model is con-
structed so that all of the input parameters may be varied
within wide ranges although some have been considered con-
stant system characteristics for the simplicity of the
model. This model provides a flexible, relatively simple,
method of system evaluation for a large interactive system

including the restriction of finite main memory.



SECTION III

OBTAINING DATA FROM THE REAL SYSTEM

3.1 Data Generation

The data presented in this section was obtained
from the CDC 6400 interactive system described in
Section I. This was accomplished through the use of a
mnicro-level event trace package embedded in the UT-2D
operating system. Details of the event trace package
can be found in (12,17). This probe records on magnetic
tape a chronological sequence of requesté for the
allocation, preemption, and deallocation of system resources
by processes. The basic design of the event trace is to
record only the lowest level of these reéuests and the

corresponding responses of the operating system.

3.2 Data Reduction

The event trace package operates in a multi-
processing environment and therefore produces an event
string resulting from the interleaving of several simulta-
neous process event sets. In order to obatin detailed
information about individual job requirements, it is

necessary to sort the events into sets corresponding to
32
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their associated jobs or processes. Approximately sixty
percent of the recorded events are relevant to this
analysis. Some of the retained events are:

(a) Scheduling decisions to swap in or out a
Jjob.

(b) Loading of a peripheral processor with a swap
program to comply with the scheduled decisions.

(c) A job's request for and the system allocation
of memory space, peripheral processors and their functions
(including I/0), and CPU service.

(d) Deallocation or pfeemption of resources by
either a job or the system.

(e) System monitor decisions to relocate the
position of a job in main memory.

(f) The response from a terminal which places a
job on ready to run status.

(g) Thé response of the system to the user which
places the job on a wait for terminal response status.
Tracking these types of events and their times of
occurrence made it possible to obtain observed statistical
data to serve as both input and validation values for

the model.
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3.3 Data Analysis

It was possible, after these events were sorted
by process and correlated, to construct from them a
statistical description of user job characteristics and
also statistical data for system performance measures.
Table 1 shows the reduced statistical data for a typical
event trace tape. This is a summary of the observed
distributions represented by their mean values and standard
deviations. Figures 7 and 8 show the probability distribu-
tions for the amount of empty main memory space, the
amount of overhead main memory,‘and the number of ready
jobs in the system. Figures 9, 10, and 11 show the
probability distributions for job resource reguirements

such as main memory, I/o activity, and CPU activity.
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REDUCED FORM OF OBSERVED STATISTICAL DATA

DATA MEAN o
Job field length 8.4K 6.8K
Unused main memory 8.7K 7.8K
Total overhead memory 3.8K 7.6K
Overhead: swaps using ECS 1.7K 4,9K
Overhead: swaps using disk 0.3K 2,4K
(infrequent)
Overhead: relocation 1.8K 6.0K
Swap rate 8.7/sec. l.4/sec.
Queue length for memory 7.2 jobs 3.5 jobs
Scheduler run interval 126 msec. 19 msec.
Job wait for scheduler swap 720 msec. 724 msec.
in decision
Job wait for PP during swap in 13 msec. 22 msec.
Job wait for transfer to 80 msec. 127 mséc.
main memory
Multiprogramming 3.676 jobs 1.292 jobs

Total sample time: 287.412 seconds

Memory available for users:

Users on line: 52

(K = 1024

10
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Figure 8. Probability distributions for the amount of
overhead memory space and the number of ready
jobs in the system.
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NUMBER OF I/0O OPERATIONS PER
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Figure 10. Probability distributions for job I/0
characteristics.
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PROBABILITY DISTRIBUTION FOR
NUMBER OF CPU SERVICE BURSTS
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Figure 11. Probability distributions for job CPU
requirements.



SECTION IV

MODEL PARAMETERIZATION AND VALIDATION

4.1 Parameterization of the Model

The input parameters used for the validation of the
model were obtained from the analysis of three event trace
tapes. Those input parameters which were assumed to be
constant for the validation were estimated from the first
two event trace data sets using no knowledge from the
third. The following values were used:

(a) The amount of main memory available for users
was estimated to be 66 units. One model unit of memory
was defined to be 512 words (10008). The observed available
memory space for user jobs varied from approximately 64 units
to 68 units depending on the dynamic sizes of system
buffers.

(b) The mean user think time was estimated to be
18.7 seconds. This estimate was made using the observed
values for system throughput and mean number of residences
per interaction.

(c) The fraction of CPU active time consumed by the
system was assumed to be 0.835. In this system user jobs
compete with system jobs and the central system monitor

41
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for CPU service. Because of the high priority of the system
CUP requirements, user Jjobs receive only 15 to 18 percent

of the total CPU service, typically in one or two
millisecond bursts.

(d) The mean time required for an I/O operation
was estimated as 100 milliseconds and the distributions
for I/0 service were assumed to be exponential. The actual
observed mean time required for an I/0 operation varied
from 96 to 119 milliseconds.

(e) The mean time required for a swap out was
30 milliseconds. The observed times required for swaps
out varied from 20 to 40 milliseconds.

(f) The mean time required for a swap 1in was
estimated as 80 milliseconds. This time is divided into
two parts: 60 milliseconds before the allocation of
memory space by the system, and 20 milliseconds from
allocation to completion of the swap in. This mean time
varied from 79 to 80 milliseconds on the two tapes.

The variable input parameters were calculated as
described in Section II. They are shown for each of the
three tapes in the top portion of Table 2. The job field
length probability distributions for each of the tapes are
shown in Figures 12, 13, and 14. ©Note that, although

there are some differences in these distributions, a
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definite common pattern exists for the job field length

distribution at this installation.

4.2 Validation of the Model

In order to validate the modeling accuracy, the
observed input parameter sets from the three tapes were
used for model runs. Validation is determined by the
comparison of model output with the corresponding observed:
data set. This is done fof the means of the model output
distributions described in Section II, the entire empty
memory space distribution, and the entire probability
distribution for the number of ready jobs in the system.
The comparison of the distribution means for the observed
data and the model output for all three tapes 1is shown in
the lower portion of Table 2. The comparison of the

complete distributions is shown in Figures 15, 16, and 17.

4.3 Comments on Model Validation

Figures 15, 16, and 17 indicate that this model
does provide good approximations for the probability
distributions for empty main memory space and the number
of ready jobs in the system. Table 2 shows that the mean
values of all the output distributions are reasonable
approximations to the observed data. Differences in the

model output are the result of three general error producing
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circumstances. First, the assumptions of the model that
certain input parameters are constant values leads to
application of the model to slightly incorrect input data.
Second, the approximations inherent in some of the model
calculations produce a degree of error. Third, the

data taken from the real system is subject to errors
resulting from local fluctuations in the job load or
system characteristics. The data for Tape 1, for example,
indicates that the fraction of CPU active time used for
system processes is 0.852 instead of the assumed value of
0.835. The CPU burst time used in the model was therefore
shorter than the actual CPU burst time, resulting in the
lower CPU utilization, lower level of multiprogramming,
and higher throughput of the model output. For Tape 2

the observed fraction of CPU active‘time used by the system
was 0.819 which again accounts for the model differences.
For Tape 3 the average user think time was longer than the
assumed 18.7 seconds, the fraction of CPU active time

used by the system was 0.805, and the time required for an
I/0 operation was 119 milliseconds insteéd of the assumed
100 milliseconds. It is obvious that the assumed constant
parameters introduce some error into the model. However,
real systems seldom function exactly like any mathematical

model and this model does provide a good approximation to a
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real system. The simplicity and speed of computation
gained by the model assumptions make it possible for the

model to be used as a tool for systems analysis or design.



SECTION V

EXPERIMENTS WITH THE MODEL

5.1 Design of the Experiments

This model can be used as an effective‘tool for the
analysis of existing systems or for the design of new
systems. To fully investigate the potential uses of this
model, three basic groups of experiments were conducted.
The first group of experiments analyses system performance
for changing job load characteristics. The second group
determines the effects on system performance of changes in
the capabilities of the system. The third group consists

of two examples of the model as a tool for system design.

5.2 Experiments With Variations in Job Load Characteristics

All of the experiments in thisygroup_used the data
taken from Tape 1 as the basis for the model input para-
meters. The first three experiments attempt to discover the
effect of changes in the job field length probability distri-
bution. Experiment 1 used the data from Tape llwith the job
field length-distribution simplified. The new field length
distribution (Figure 18) exhibits the same characteristics
as the three observed distributions and is easier to analyse.

The second experiment was conducted with the new distribution

53
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shifted by 4K so that the mean was increased by 4K but the
variance of the distribution remained the same. . Experiment
3 used a job field length probability distribution of two
0.50 probability peaks at 3 units (1.5K) and 32 units (16K).
This distribution has approximately the same mean as the
distribution of Figure 18 but it has a greater variance.

The model output for the three experiments is given in
Table 3. Comparison of the results in the table indicate
that changes in the variance of the distribution have only
a slight effect on system performance, while changes in

the mean of the distribution caﬁ have a strong effect on
system performance. Experiment 3 illustrates a situation in
which the system performance is influenced strongly by the
limitation of finite main memory.

The next set of experiments on job load Variatidns
investigates the system capabilities for variations in the
number of users on line. The number of users was varied
from thirty to sixty-two. Figure 19 shows the mean
response time as a function of the number of users. The
exponentially increasing response time indicates that one or
more of the system components is being heavily utilized,
there by bottlenecking the system. In order to determine
the guilty component it is necessary to determine the
utilizations of the basic system resources. Figure 20 shows

these utilizations as functions of the number of users. The



TABLE 3

RESULTS OF EXPERIMENTAL VARIATIONS OF

JOB FIELD LENGTH DISTRIBUTION

56

Data EXP 1 EXP 2 EXP 3
Mean job field length 17.65 25.65 17.50
(model units)
Standard deviation of job 11.14 11.14 14.50
field length distribution
Response time (seconds) 1.238 2.622 1.354
Multiprogramming level 3.533 2.308 3.932
Throughput (jobs/second) 4.827 4,257 4,783
CPU utilization 0.805 0.710 0.797
Empty memory space 23.178 20.550 29.380
(model units)
Overhead memory space 4.571 6.680 4.336
(model units)
Number of ready jobs 6.425 11.341 6.838
Available main memory 66.0 66.0 66.0
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Figure 20. Utilization curves as functions of the number
of users.
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peripheral processor utilizations were determined by sum-
ming the utilizations of all components using a PP (swap-
ping and I/0) and dividing this sum by five, the number of
available PP's. From Figure 20 the cause of the bottle-
necking can be determined. The CPU is so heavily utilized
that jobs are spending much of their time in main memory
waiting for CPU service. However, this data does not imply
that the available main memory 1is a secondary bottleneck.
If more main memory were available, there would be little
improvement in system performance due to the bottlenecking
occuring in the CPU service queué. Furthermore, if the
effective power of the CPU were increased, the mean degree
of multiprogramming would decrease assuming that the job
load remains constant. Thus the utilization of main memory

would decrease.

5.3 Experiments With Variations in System Characteristics

The purpose of this set of experiments was to
approach the analysis of this system from the viewpoint of
modifications in the capabilities of the system, Again the
data from Tape 1 was used as the basis. Five experimental
models were analysed and the system modifications used are
described below:

EXP 4. The service rates of the swapping devices were

doubled. This provides an upper bound on the increase in
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system performance resulting from the addition of two
peripheral processors which would allow two simultaneous
swaps in and out to occur.

EXP 5. The service rates of the swapping devices
were set to the service rates of the disk I/0 devices to
approximate the condition of swapping to disk instead of
ECS. This experiment was conducted primarily to determine
if the model is reactive to changes in swapping device
service times and if the results of Experiment 4 are
meaningful.

EXP 6. The service rate of‘one of the I/0 devices was
doubled. This provides an upper bound on the performance
increase resulting from the addition of one peripheral
processor and one disk which would allow four I/O operations
to occur simultaneously.

EXP 7. The amount of available main memory was
increased by ten model units (5K), corresponding to a
reduction of system job and buffer sizes.

EXP 8. The CPU degradation constant was reduced so
that users received 25 percent of the CPU service. This
corresponds to a reduction of the CPU time currently used
by system jobs and the system central monitor.

The results of these experiments and of the valida-
tion model upon which they are based are shown in Table 4.

The results of Experiment 5 clearly show that the model is
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reactive to swapping device speeds. The results of the
other experiments indicate that only slight improvement is
observed for increased system capabilities in all respects
except for increased effective CPU power. From this group
of experiments it is possible to reach the same analytic
conclusions that were shown in the first group of experi-
ments, that is, that the CPU is the primary bottleneck in
this system. It should also be noted that in Experiment 8
the amount éf empty memory space did increase considerably

as was suggested in the earlier experiments,

5.4 System Design Using the Model

The following design experiments were conducted
using the job load characteristics observed on Tape 1 as
the basis for the job loads on the proposed systems. The
intent of these experiments is to illustrate the performance
of the model as a design tool.

Suppose that a university wishes to obtain a
computation facility capable of maintaining a good inter-
active system for a job load similar to that of Tape 1 with
52 users on line. The system is to have one CPU, three disk
I/0 devices, two swapping disks, and 64K of fast access
central memory. There are also five pool peripheral
processors to be used for swapping and I/0 operations. The

swaps are to disk and require 100 milliseconds with an
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additional 60 millisecond delay for memory allocation for
swaps in. I/0 operations are also to disks and they require
100 milliseconds. Due to system programs and buffer arees,
there is only 25K of central memory available for user jobs.
The planning staff for the university want to know how much
CPU power is required for the system to have a mean response
time of less than two seconds and if it would be worthwhile
to buy another block of 16K of central memory. In order to
answer these design gquestions, the model was tested using
job characteristics from Tape 1, system characteristics as
described, available central mémory for users in a range
from 50 model units (25K) to 90 units (45K), and CPU power
in a range from that of the CDC 6400 to three times that
amount. The results are shown in Figure 21. From these
curves it is clear that the university has a choice. The
two second mean response time limit can be obtained by
either buying a CPU of the same order of power as the CDC
6400 and an additional 16K of main memory or buying a CPU
having approximately 1.5 or more times the computing power
of the 6400. The final decision, of course, depends’upon
the relative costs of central memory and computing power,
the consideration of future and possibly heavier demands

on the system, the financial budget for the installation,

and the reliability of the system configurations.
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RESPONSE TIME (SECONDS) AS
A FUNCTION OF MEMORY SIZE
AND COMPUTING POWER

AVAILABLE
MAIN MEMORY

25K

1,0+ . 35K
45K

oy
adpa

COMPUTING POWER (1 = CDC 6400)

Figure 21. Response time curves as functions of the
relative computing power of the CPU and
the available amount of main memory.
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The next set of experiments deal with system design
for strongly I/0 bound job loads. Suppose that a system
like that at this installation is to be placed in an inter-
active environment where the jobs require approximately
half the CPU service as those from Tape 1, but they require
significantly more I/O operations per residence, If ECS is
used as the swapping storage medium, then the system will
have the same characteristics as the system for Model #1.
If, however, the disks are used as’the swapping medium and
ECS is used for I/0 buffering, then the system will pérform
like the system of Experiment 5'Wiﬁh the important excep~
tion that the I/0O serivce time will be 15 milliseconds
instead of 100 milliseconds on the average. The design
problem then is to compare the two systemsAto discover
which performs better for two to five I/O operations per
residence. Figure 22 shows this comparison for 40 users
on line and using response time as the principle measure of
interactive system performance. This clearly indicates that
for more than 2.1 I/O operations per residence the system
using ECS for I/0 buffering performs better. Note that if
fewer than two I/0 operations are required, the other system
performs better especially for larger numbers of users

when the swap rate becomes high.
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5.5 Comments on the Experiments

The first two groups of experiments show that it is
possible to use the model for system analysis. This may be
done by suggesting changes in the job load characteristics
and noting the effects on system performance or by proposing

various system modifications and observing the effects.
Furthermore, the applicability of the model to design
problems has been illustrated in the third group of experi-
ments. There are an infinite number of possible changes
that can be proposed for the job load characteristics and
system capabilities and no attémpt has been made‘to provide
an exhaustive set of examples. The intent of these experi-
ments waé to demonstrate the flexibility of the model by
investigating some subset of the possible situations.

It is possible to reach several conclusions from an
overview of all of the experiments with the model. First,
the main memory of an interactive system limits system
performance if the throughput of the system with infinite
main memory is higher than the throughput of the system with
the given, finite amount of main memory. Figure 23 displays
three sets of throughput curves. One curve of each set
(ﬁarked NM) is the graph of system throughput as a function
of the number of jobs in main memory. If infinite main
memory is assumed, these same curves represent the system

throughput as a function of the number of ready jobs in the
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Figure 23. Comparison of throughput for systems with

finite and infinite main memory.
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system because all ready jobs will fit into an infinite
memory. The second curve of each set (marked NR) is the
graph of system throughput as a function of the number ot
ready jobs in the system if the finite memory size is
considered. The top set of curves was taken from Experiment
7 which used Tape 1 data with an increased main memory size
of 76 model units. Very slight memory limitation is
indicated. The middle set of curves was constructed from
Tape 1 data and slight system performance degradation is
again indicated. The bottom set of curves was taken from
Experiment 2 which used a modified job field length distri-
bution having a higher mean. Substantial degradation of
system performance is observed indicating that for this
case memory size is severely limiting system performance
for more than two ready jobs in the system.

A second conclusion, equivalent to the first, is
that main memory size is a limitation of system performance
if, when the system achieves its maximum throughput, no
other system resource is saturated. If another resource is
saturated, then an increase in the amount of available main
memory will not significantly increase the system through-
put although it may increase the level of multiprogramming.
This characteristic is typical of all passive resources such

as channels, peripheral processors, and memory.
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The curves shown in Figure 24 were constructed from
the set of experiments using the data from Tape 1 and
varying the number of users. They show the number of units
of main memory that are occupied or empty as functions of
the mean number of ready jobs in the system. The dotted
lines indicate estimated extensions of the curves. Note
that if the mean job field length requirement is EEE, then
the amount of empty main memory space approaches 0,68 EEE,
the amount of occupied main memory (including overhead
space) approaches 2.82 EEE, and the level of multiprogram-
ming approaches 4.30 jobs. Thé number of user jobs of
average size that should fit into the mean occupied main
memory is 2.82, but the number of user Jjobs actually located
in that occupied space is 4.30. This indicates that in
this job load environment, the smaller than average user
jobs are being serviced and the larger user jobs are
blocked for perhaps an indefinite period of time. This
situation applies only to systems which are operating in
regions of near maximum throughput because the memory satur-
ation necessarily implies an upper bound on system through-
put. It is hypothesized that any interactive system which
uses a first fit type of memory scheduler can be driven to
a saturation state which exhibits similar characteristics.
This problem could, o»f course, be alleviated by introducing

a wait time priority system into the scheduling algorithm.
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It is, however, interesting to determine some measure which
indicates that the indefinite wait problem is apparent.
Clearly, as the number of users decreases, the difference
between the level of multiprogramming and the occupied
memory space divided by JFL decreases. For example, if
there are 48 users on this system, the amount of empty main

memory is 1.36 JFL, the amount of occupied main memory is
2.14 EEZ, and the level of multiprogramming is 3.09 jobs.
This model data leads to the following hypothesis: For a
large interactive system using a first fit type of
scheduling algorithm, the mean amount of empty main memory
should be at least 1.5 times the mean job field length if
consistent response time is desired for all users. This
hypothesis assumes that the amount of empty main memory can
berused as a measure of large job blockage independent of
the total amount of available main memory and of the system
cohfiguration. It is possible that this hypothesis can be

extended to other scheduling algorithms such as shortest

job first, longest job first, and best fit.



SECTION VI

CONCLUSIONS

6.1 Summary of Results

An analytic model has been proposed for the analysis
of the effects of finite main memory on a class of large
scale interactive systems. This model uses a four phase
method of analysis which includes division of the overall
system into an in-memory portion and an out-of-memory
portion. The concept of superposition of these two systems
based on a given job field length probability distribution
and a given amount of available main memory has been intro-
duced and discussed. The model has been validated for three
sets of data taken from the UT-2D interactive system which
uses a CDC 6400. The capability of the model to produce
results pertinent to systems analysis has been demonstrated.
The model has also been shown to be an effective design
toocl. It is possible to conclude from an overview of the
experiments with the model that memory utilization can be
used as an effective measure of the éerformance region iﬁ

which an interactive system is operating.
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§.2 Possible Extensions of this Research

This model has been applied only to a non-paged
memory system. The basic structure of the model, however,
can be used to model many memory architectures. It should
be possible with appropriate parameterization to analyse a
virtual memory system using these techniques. This
modeling analysis can also be applied to interactive systems
which have different memory scheduling algorithms if a
‘probabilistic analysis similar to that of Phase 2 can be
developed for the scheduling algorithm.‘ Another possible
extension of this work would be to add phases of analysis
to include in the model the limitations of finite sized ECS.
The in-memory portion of the model (Phase 1) can be extended
to a more detailed level. It is, however, not clear that
any increased accuracy obtained would justify the additional

complexity.
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