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Abstract A large software system requiring massive data transfers and
a substantial computational effort is to be run in a timesharing
environment competing for resources with a number of other users.
With a simple queuing network as a model of the computer system, the
regenerative method of simulation is used for studies of the expected
user response times in the system, subject to varying assumptions

about the distribution of user jobs' characteristics.

This report describes work performed while wvisiting 1IBM GPD, Los

Gatos.



1. Ifhtroduction

Every reasonable development activity incorporates some kind of
"prediction -- correction" cycle in which the anticipated effects of
design decisions are evaluated, and appropriate changes are made. To
issue an informed prediction of a system behavior it is often
necessary to first model the relevant aspects of the system, and then
to compute parameters of the model characterizing that behavior. Thas
computation may be performed analytically, or by means of a (computer)

simuiation.

In the case of our study, we are interested in the response time
behavior of a timesharing computer system which, beside the normal
load of interactive user jobs, serves a large application system
requiring a special treatment by the operating system. The study has
been motivated by some questions raised during the development of a
high resolution, large screen, raster scan display unit. We have
chosen to model the computer system by a simple queuing network and
concentrated on applying a powerful simulation method to analyze the
system behavior. This method allows computation of the reponse time
estimate and its variability with the prescribed confidence and with a
predictable expenditure of computational effort. This nerativ
method of simulation is based on the notion of probabilistically
identical appearance of a system every time the stochastic process
describing the system’s behavior.enters a certain regeneration state.
If such a state exists, then the system's state trajectory between any
two consecutive entries into the regeneration state can be treated as

an outcome of an independent probabilistic experiment, with



Ip;ob?bility distribution identical for every such pair of time
instances. An estimate of a given parameter of the system's behavior
can be computed for each such experiment, and the results of a number
of these experiments could be corelated giving the confidence interval
for the final estimate. From a preliminary estimate one can compute
the number of such experiments (which can be performed within a single
simulation run) necessary to attain a desired confidence interval of

the estimate.

For an exposition of the method and a discussion of its
implications, the reader is referred to monographs [Crane] and
[Iglehart], or to standard simulation texts 1like [Kobayashi] or

[Sauer].

2. Basic gueuing network model

Our simplest model consists of three queuing and service centers
which, together with the routing scheme, constitute a closed system
with two users. One of these wusers corresponds to the special
application, distinct from the normal interactive user jobs which are
collectively represented by the second user. One of the service
centers corresponds to the central processing unit, and the other two
—=- to the "home processing" for either of the user types. When at its
home processing center, the user immediately starts being served as
there is no competition for that resource. The processing time in
these centers models “thinking time" during which the corresponding
computer user does not request processing from the computer system.

Such a request is modeled in the queuing network by the arrival of a




hser 'at the central service station. At this central serving station
some kind of a non-trivial queuing behavior (depending on a particular
queuing strategy) is necessitated by possible conflicting requests

from the users.

To complete the description of our model we have to characterize
the thinking time behavior and processing requirements of the two user
types, as well as the treatment of competing requests for the use of
the central processor. The choice of the service time distributions
at the three service centers and of the queuing strategy at the
central service station should reflect our understanding of the real
system (the temporal behavior of the interactive computer users) and
of the projected operation of the special application. On the other
hand, this choice may influence the computational burden of
simulation. As a compromise, we will at first choose memoryless
(exponential) distributions for both thinking times and the
interactive users' processing time, and the constant time processing
for the application. We will also employ the “"preemptive-- resume”
queuing strategy at the central service station for the initial

analysis of the system's performance.

In the continuation of our experiments we will wvary both the
topology of the queuing network, the queuing strategy, and the service
time distribution character for the users. The topology changes will
involve fragmentation of the interactive user type in the closed
gqueuing network. The alternative service strategy will be processor
sharing with the infinitesimal time slice. The distribution changes

consist of both changing values of the expected service time, and



'expléring the performance of the model for different variability of

the distributions.

3, BService time distribution considerations

We will briefly describe the motivation for decisions involving
modeling of the temporal processes in the real system and the terms
used to characterize them. The computer system exhibits certain
"input™ behavior: thinking time for a given user, requests for the
central processing unit use for a given Jjob issued at given time
points, the related processing times, 1In our simulation procedure we
would like to substitute for these input values outcomes (positive
real numbers) of random experiments of the same character as the real
life process. This ‘“character" is described by the bilit

distribution function, the probability that the experiment's outcome

takes a value not greater than the function's argument. Its
derivative is called the probability density function. A
parametrization of a distribution function may contain the expected
value of a random variable and the yarjance: the integral of,
respectively, the outcome values and the squares of their differences
from the expected value, weighted by the probability density, over all
possible outcome values., The ratio of these two parameters is called
the variation coefficient and is frequently used to quantify
variability of a random process, It takes value 0 for a constant
process (whose all outcomes are equal), value close to 1 for processes
in which the square root of variance value is commeasurable with the

expected value, and 1is very large for a process with variance large



'when 'compared to its expected value. For example, a random variable
distributed uniformly between @ and some given value has the
coefficient of variation near #.6. Another important distribution

type, very frequently wused in modeling of computer systems is the

exponential distribution. The coefficient of variation of this
distribution is exactly 1. We will choose the exponential

distribution for the first approximation of the temporal behavior of
the computer system users. Sometimes we have more information about
the users' time requirements: either they are a homogeneous group
(yielding relatively small variations of the service time values), or
can be partitioned into two distinct groups (with two different mean
service time values}. These situations are frequently modeled by,
respectively, hypoexponential and hyperexponential distribution types.
Random variables with these distributions have values of the
coefficient of wvariation respectively below and above 1 (which
characterizes under- and oyer-dispersed distributions). We will use
these types of distribution at a later stage in our simulation
experiments. The exponential distribution is often called memoryless
when the process it characterizes involves the occurrence times of
some events. The distribution function of such a random variable
remains unchanged when subjected to positive shift of the time origin:
the probability that an event will occur within a given time interval
is the same at any reference point, provided that it has not occurred
by that time point. This memoryless property is a great asset in a
simulated system if the regenerative method is used, since it often
permits more states of the model to gqualify as the regeneration

states.
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'‘Our choice of the constant processing time for the special
application job has been motivated by the character of the application
under consideration. The working representation of the picture is
often in a vector form, while rewriting of its display requires its
transformation into a bit raster form. Depending on the conversion
technology, this process may take time only little influenced by the
content of the picture. A better approximation of the processing time

requirements will allow for “partial rewrites".

4, Computation of the expected response time

In this section we discuss the analytical computation of a
quening network performance parameter estimate, We formally describe
the queuing network and the states of a continuous time stochastic
process describing its behavior. Time elapsed between certain state
transitions of this process determines another stochastic process
which may be interpreted as representing response time for a user of
the system modeled by the network. In order to estimate this response
time, an embedded discrete time process is defined which carries
enough information about state transitions. The analysis of this
latter process leads to the determination of its parameters: the
probabilities of one step transitions and the expected unconditional
helding times. These in turn allow to analytically compute the
expected value of the response time, since this discrete time

stochastic process exhibits regenerative behavior.



Our queuing network consists of three gqueuing and service
stations in a closed system for two users. Both users are served at
center B; upon completion of this service, user 1 1is routed to
service station 1, and user 2 is routed to service station 2. The
network is depicted in Figure 1. Upon completion of service in their
respective home centers, the users may again compete for service at
center 8. The queuing strategy employed at center ] is
preemptive--resume, with wuser 2 having the priority over user 1 and
thus never waiting for service to commence. The preempted user 1 has
its service resumed when user 2 leaves the center @#. The service
times t@Al, tl1ll, t22 for users 1 and 2 at centers 9, 1, and 2,
respectively, are distributed exponentially with rate parameters
lambdafl, lambdal, and lambda2. The service time for user 2 at center

g is assumed to be constant and equal t#.
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Figqure 1., The queuing network model



‘The state of the network is given by the "states” of the two
users. Let "h" denote processing by the home center {center 1 for
user 1 and center 2 for user 2), let 'w' denote user waiting for
service at center 0, and let 'c' denote user being served at center 4.
There is clearly no waiting involved at the home centers. Because of
the preemptive strategy, user 2 never waits for service at center 0
either, and thus the states of our model can be partially represented
by one of the following ordered pairs of user states (the first
position representing user 1, and the second representing user 2):
<h,h>, <h,c>, <c,h>, <w,c>. Observing the state of the network in
time we define a continuous time stochastic process {X{t): t>B}, with
the four states in its state space. The state transition diagram of

process X(t} is given in Figure 2a.

We define the system response time for a user as the time spent
between completion of service at its home center and the subseqguent
completion of the requested service at center 6. This corresponds to
the time elapsed between the model leaving state 'h' on the
appropriate position and the subsequent entrance of a state with 'h'
on this position. This defines a continuous time process {Rl(t):
t>0@] taking value @ when user 1 is at service center 1, and 1
otherwise (when "the response time clock is ticking"). We want to
compute the expected value of this process. For this purpose we
define discrete time stochastic process {Y(tk): k>8} embedded in the
process X{(t). Time instances tk are defined as moments of completion
of service at centers @ (for both users) and at center 2 (by user 2).
The completion of service at center 1 has been excluded because of

implications of the possible partial completion of service to user 2



‘at cénter § on the future behavior of the process Y. The choice of tk
and the memoryless distribution of the remaining service times ensure
that Y(tk) is a discrete time semi-Markov process with the state space
E = {<h,h>, <h,e>, <w,c>, <c,h>}. The state transition diagram for
Y(tk) is given in Figure 2b. Note the state transitions in X(t) not

appearing in the transitions of Y(tk), and vice versa.

The termination of each response time for user 1 is reflected by
a transition to state <h,h>. Every such transition, and only such a
transition, marks completion of a life-cycle for user 1 which in terms
of the modeled computer system can be expressed as "think, possibly
wait for processing, process". Therefore, the expected value of this
response time can be computed as the difference between the expected
value of the life-cycle and the expected value of think time for user

il
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Figure 2, State transition diagrams for the processes X(t) and Y{tk)



We will determine the expected life span of a computer job of
type 1 by analysis of the process Y{tk) represented by its one step
transition matrix P and the unconditional holding time rate parameter
vector Q . The analysis involves considering all possible multiple
step transitions to the state <h,h> which mark completion of service
at center 0 to user 1. The probability of these transitions are

indirectly given by P and the amount of time involved is given by Q .

Let us first determine the entries in P, which are the
probabilities of one step state transitions in Y(tk). Let sl, s2
denote instances of the service time at centers 1 and 2, while s01 and
s@2 denote service time at center § for users 1 and 2, respectively.
We recall that sl, s2, and s@l are distributed exponentially, while
sB2 always takes the value t@.
<h,h> -> <h,¢> occurs when s2<sl, with probability lambda2/(lambdal +
lambdaZ2}.

<h,h> -> <h,h> occurs in Y(tk) when user 1 completes service at center
1 and then at center 8 before user 2 completes service at
center 2 (cf. Figure 2a). This happens when sl+s01<s2 with
probability lambdal/(lambdal + lambda2) * lambdafl/ (lambdafl
+ lambda2)

<h,h> =-> <w,c> occurs in Y({tk) when the user 1 completes service at
center 1 before user 2 completes service at center 2 but
then the latter event interrupts service to user 1 at center
a. This happens with probability lambdal/(lambdal +
lambda2) * lambda2/ (lambdafl + lambda2} = Pr[sl<&s2 and sl +
sf@l>s2]

<h,e> -> <c,h> occurs when user 1 completes service at center 1 before



user 2 completes service at center 8 (the occurence time of
the former event is not one of tk's in Y(tk); the
transition in Y(tk) occurs after user 2 eventually computes
the service at which time user 1 starts being served by
center @). The total probability of this transition is
Pr(sl<s02] = 1 - exp(-lambdal*te)

<h,c¢> -> <h,h> occurs when s82<sl, which happens with probability
exp(-lambdal*t@);

<c,h> => <h,h> occurs when s81<s2, with probability lambdafl/
{lambda@l + lambda2)

<c,h> ->» <w,c> occurs when s2<s@, with probability lambda2/ (lambda®l
+ lambda2)

<w,c> => <c¢,h> occurs always.

For each of these four states of Y(tk) we will now analyze the
averade time that elapses between two consecutive transitions into and
from that state in Y(tk). This information will be represented by the

unconditional holding time rate parameter vector Q .

For the states <h,c> and <w,¢>, the time between the entrance and
the exit is equal to the service time of user 2 at center #. Thus the
corresponding entries of Q are both 1/t@. Time spent in state <c,h>
is the smaller of the thinking time for user 2, s2, and the processing
time for user 1, s@l. Because both these times are distributed
exponentially, the expected value is given by the rate parameter of
lambda#@l + lambda2. In the continuous time process X({(t), the
transition from state <h,h> may occur after the smaller of the times

sl and s2 elapses since the entry into this state; the expected value



of this time

then the process Y(tk) undergoes the state transition into <h,c>.
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fhe fact that Y(tk) is a discrete time semi-Markov process allows
us to compute analytically the expected time that elapses between two
consecutive entrances of the process into the state <h,h>. The
property of Y(tk) crucial for the result used here ({Hamacherl) is
that the random variables Yli (i>l) describing the duration of time
between ith and i+lst entrances into <h,h> are independent and
identically distributed. Let us denote by 8P the matrix obtained from
P through =zeroing its £first column (corresponding to <h,h>). The
following formula employs the information given by @82 and Q'l in
considering all transitions from state <h,h> to itself which avoid

intermediate transiticns into <h,h>.
E(vl) = ( (I-gp)" Q')

By the definition of the process Y(tk), E(Yl} 1is also the
expected life span of a computer job of type 1. This life span
consists of the "home processing time" {distributed exponentially with
the rate parameter lambdal) and the response time, Rl. Thus, the

expected value of the response time for a job of type 1 is

E(Rl) = E(Yl) - 1/lambdal.

2, Response time analysis

'In the analysis of the previous section we made use of the fact
that the regeneration state <h,h> was being entered exactly once for
every processed job of type 1. Figure 4 gives a more general queuing
network modeling the computer system under consideration. This model

includes a number of "standard" job types {service centers 1l..N-1} and



the non-standard application job (center 8).
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Figure 4 A generalized gueuing network model

As before, the service times will be assumed to follow
exponential distributions with rate parameters lambdal .. lambdaN
(for home centers) and lambdafll..lambdaBN-1 for center @ (processing
of standard jobs). These assumptions and a careful choice of state
transition instances, tk, allow us to define in a manner analogous to
that of the previous section a discrete time semi~Markov process
describing the queuing network’s behavior. Without loss of
generality, we consider as the regeneration state the state in which
all jobs are in their home service centers, We are interested in what
happens during the inter-regenerative cycles, 1i.e,, between two
consecutive entrances into the regeneration state. Namely, what 1is
the length, Yli, of the ith cycle and what is the number, Nli, of jobs
of type 1 encountered (processed) during that cycle. The pairs of
random variables <Yli,Nli> are independent and identically distributed
which allows computation of the point estimate (based on n cycles) for

the mean response time for job of type 1 as



"En(Yl) / En(Nl) - 1/lambdal.
Here, En denotes sample mean over n cycles.

An application of the central 1limit theorem (see [Hamacher])
provides values of the confidence intervals for the estimate, i.e.,
the size of the neighborhood in which the actual value 1lies with a
given probability. Namely, a simulation of the queuing network for n
regenerative cycles is used not only to obtain the sample estimates of
E(Yl) and E(N1l), but alsc the unbiased estimates sll, s22, and sl2 of
the relevant (co-~)variances: Var{¥l), wvar{(Nl), and Cov (Y1l,N1l),
respectively. (We include the well known formulea for these
parameters in the Appendix for completeness.) These values, together
with the number of regenerative cycles, n, and the desired ceonfidence

probability give the size of the confidence interval.

A value of the mean response time alone carries little
information as to what a user may actually encounter in terms of the
system performance. The analysis of the response time may be extended
by the computation of point estimates of its distribution function.
For each such point estimate the confidence interval is determined.
The varjiability information for a random variable with the probability
distribution function F(x) may be represented by the graph of
-log(l-F(x)). The curvature of the graph (concave or convex)
indicates the degree in which the variation coefficient of the random
variable differs from 1 {(in the over- and under-dispersed distribution

character, respectively).



B, Simulstion experipents

The discussion of the preceding sections was intended as an
introduction to some new (though not original) concepts in a computer
system performance analysis. Our knowledge of the parameters of the
particular system was inadequate te issue recommendation based on the
conducted simulation experiments described in this section. Rather,
we want to use these experiments as illustration of the methodological

approach we think appropriate in a preliminary study, such as ours.

Based on the model developed in the previous sections a
discrete-event simulation program which allows a response time
analysis has been written. This program has a highly modular
structure accomedating possibilities of different central processor
utilization strategies, different probability distributions of the
non-standard job processing time, and different number and
distribution prameter values of the standard job processing times,
The generation of random values is an important implementation issue.
We chose to use a number of pseudo-random number streams, one for each
job type and service center, generated by 2 congruential generator
from the seeds very widely spread in the cycle of all values produced

by that generator (as recomended by {Iglehart]).

Our simulation experiments were conducted with the following two
issues in mind. First, whether a model including more queuing and
service stations corresponding to standard users with the same
behavior parameters would lead to better simulation results than the
simple model, thus justifying the increased computational effort.

Second, what degradation of the application job performance could be
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observed in our model if the application were Lo timeshare the centrel

processor with the interaclive uscrs.

The distribution paraneters for the thirkine and rocessing tine
of the interactive uscrs weore choscen quite arbritrariiv, thougl thevy
follow indications of seme carlicr cuperimepts (Cary Combell, privote
communication). In our cuperiments, cach ol two valucen for the nean
thinking time has bLeen uscd yielding predicto, v difforent recalbe,
We have conducted only one series of cuperiments vvith other than
constant processing time for &he application job, The observed

veriability of the interactive user response  btime was not

significantly different from that of the other distribution.

In the remainder of this section we present graphically results
of the experiments concucted tovether with gowe Lrief comments. The

confidence intervals shown corregpond to %03 confidence.

6.1 Variability experinents for the interactive user response time in

the presence of the tectal of M jobs.

{a) The over-dispersed varliability of the response tine increases wvhen
the saturation of the central processor by an increnzced number of

jobs causes more cof them to be preempted by the application job,

(b) #With a larger initial utilization of the <c¢entral rnrocessor Ly
interactive jobs, an increase in their number causes more uniforn,
although larger, expected response time; hence, the variability of

it exhibits under-digspersed character.

A Gt L T T e



Page 19

{c) No significant dJdiffcrences for the windowed exponentiel
probability distribution of application job processing time.

6.2. Comparison between two choices of the exprected thinking time.
Larger initial saturation of the central pPrecessor for the higher
value of the rate parameter causes an initially lower value of the
expected response time, as a lower percentaqge of jobs is preempted.
However, the expected response time for the higher rate stays
almost constant as the number,of jobs increases, since the higher
rate jobs become wmore uniformly preempted with an incraese in

numbers,
6.3 The application job timesharing the centrezl processor.

{(a) For the smaller rate of the interactive jobs, the ezxpected
response time £for the application seems to grow linearly with the

number of jobs.

{(b) For the larger rate of interactive johs, the growth in the

application job's response time seems to be nore pronounced.

{c) When the total load of interactive 3jobs 1is kept constant by
adjusting their arrival rate to their number, the observed responsze

times grow rather insgnificantly with the number of jobs.
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LO=TG.0; HI=35.5; GGG
TYLL WANDINT = T..27474030406; 0000
VOINTER = =2 LVERT: 0000
EVLRY = KECORD TIsE:ABEAL; ID:INYEGLE: HuUXT: POINTEY =N Uogco
VAR THACE:ChHaAl; SLRT_EVENT LIk, STAKT : ARUAY (- 1..4 .) OF BEaL; guou
SINCOVEXNT; CLOCH:KEAL: CUHMERTE IO, CPU_SsatEs, I ¢« LaTE GET; GuGY
CRU_Q_HEAD, THRe PO Sh; LABOBAIAKKAY (- 1..8 , 0..1 -) OF kedL; 0000
CLU_G LENGTR: INTEGER; 7:AunbAY (-1..10.) OF RANDIKT; Juoo
TaoLE: AREAY (. C..%47,1..1 o) OF RANDINT: go00
N_O8_JUBS, N_UF_JGeS5 1, CYCLES: INTROER; EDARN _SENV _TIME: KBAL: 0000
(F VARIABLESL TR REGLNARATIVE ANALYSLL--—emmeme o #) 0000
LUSP TN _CYCLE, SUM_¥oSP,sud LESE SU,SUN_NIXLDIALHAY (LT..8.) OF REAL;000C

NUL_IN_CYCLZ, SUS_NUS , sUa_wllf 507 ANKAY (. To.w .) OF INTEGER; 0000
NUN_Ban, KESP_uad, )1, 512, 522, COo¥r_INT: NEAL: 0000
(o e e e e T *) 0000

PROCEDUME LI ALOG, ) 0000
Vil T:18JBGEK: gouu
BEGTH WRLWDLU ("LLiUlyg d10w0ha L OLEL UF ST 0bLAnKD PLLFORAAUCE"Y 0G40

.A;ﬂhL«( PLbau, & T'“ RUbGL OF GUbs LNt SET. UARAMETLESY) ; Vo gy
FETITRLE(YHO. oF JU 52Y) . WLADLNA(E_OP_Juu%); WHITELN; QU0
N“UF_JUhL*1:=W_uS_JHI“ - : : ouoo
WHITELY ("Ful To2INK TINL. CLalBLa117Yy READOLNA{LANBOA(.T,7.)) Q000
Fen li=2 TO U_CY _JUBE g0 GO0
BIGIN WRITEL:G (! LARBDATY [, 070 ; 0000
READLEN (LanLDA (WX, o)) LhD; touu
WLLLLLA (PFOR PROCRESING. LLALLDAUTZY) SEAULNA(LALDEA(-1,04)) 0ooo
FOR I:=: TO N_OF_JULS_1 LU 000V
SOGIN wWPITELS (Y LALALAUT , 1,2y Qa0
BEADLN (LASTDA (L2,0.)) BHu; GOLOt
WRITHLY ("HEAN LLEVE TInE (Ul Jub!'  N_OF_Juls:ig,"?'); goou
READLY (KUAN_SERV_TIkL) 3 QU1
RREITLELY ("wu. CF AEGENULATIVE VYLLEST ')y LHEADLR(CYCLES) ; guom
WEITELN (PTHACH ON e JURMINAL(Y/%)?2'): EEADLH {(TRACE) 00 00!

ENU; (¥ OF TEESISAL DIALOG *) 000Ut
GOuOt

FUNCTYION RAND (VAR 4: RAJDIAT ; WUHLCH D ANPEGE) ¢ WEaL; WIERVIVAN

Vah I,Jd:INTEGER; 06 00¢

UBGIN ’ JOOOI(
(¥4:= (4*L) NOC U7F) Z:2UKUNC(a%a — [TaUNC ({A%L) /%) 2d) ) ; 0000(

l1:=% H0D FZu; 00001
KAND:=TABLL (. T,wWilIC:H .y 4 00 00(
TEBLL (. E,0ELCH ) i=2 00 00¢

LHD; o+ QadDh #) ocuol(
00 00(

FUNCYLOF DISSRIBUTION (AYT LV, J0u I8P LGak) shial; goged

VAR J:INTLGEN; (LT



P%g¢3

FlLE; p3 EASCAL E IbM i GATOS
BEGIN J:=J08+8_GP_JOBS*TYPEY : e
1Fr (TYPEV=U}&(JUb=H_UF_JOUb) 00000
TFPH Dl&TPIBU?lUN:=thﬁ_S}HV TIML w0000
LLSE DISTRIBUCION: ==L (RalD (2 (.J.) ,d)}) /ZLAKBDA (. 305, TYPEY .)  0QOUG
LND; aQouoo
uoooo
PLOCEDURL INIIIALIZYH; 0ouoU
VAR T,J:INTLGLER; QU000
BEGIN Z(.1. )-*JTIU(inli Zlela) t=bUBUTISTU, 2 (.30) 121396717679 aaoeo
Z{.4.) :=20275350 /J; ;(.J.):~13561u£450; Z{.o.) :=1752629Y490; ooGou
L7y r=TaB80b08T; L(82) t= 01331008 ; oy i =TaY355248723; 0000V0
G100 1=190608 160 1 0Cooo
FOL J:=1 TC 10 DO 0ouoo
SO Y s= U ot e Lo oo
SEGIN (.0 .) 2 =T NURC (AR (L o) = (1RUNC ((R*4{.0.)) /H) *8) ) ; 0uooC
LABLE (L 1,3 )y i=d(.3.) 0G00L
HEN BV 4 guuoy
FOit I:=1 70 N_ul_Juis bo g00ou
dhoh NUE_IH_CYCLE{.I.) 1=20; SUR_NUR(.I.) 120 Cea00
RLEP _IN_C¥Cur{oT.):=d.0; SUN_KL:f({.L.):20.0; 20000
SUB_NUS_ o0 {.1.) 1205 SUN_RLSP_SC(.L.)1=0.0¢ dQU0U
HEXT LVERD _TLEE(LTL) t=DISTRIBULION (1,1 ; 00000
Jnﬂ_dl}ib( T.oyr=tou Lhug Quo00u
Lhnbnn(.n_or_éou, Vo) SFHRAK _SERV 1INk, Y]
CLOCK:=0.0; CPU_LTATL:=U; 406090
NﬂH(CPU_Q_HPAD). CPU_Q Lhooiloi=0: goooan
WITH CPU_o_HEAL-> LU 0u000
DEGLY TiMk:=U.0; IL:=0; N¥nX'l:=NIL L8O ¢oeoon
ERO, (¥ OF INIVIALIZATIUN =) gouoo
neooo
PROCEDURE UPLATE (VAX CLOTH: Laly Valtl JOB:INTEGERY ¢ V0000
VAR T:Rial; I: IHTLbun. Q0000
BEGIN T:=NEXT_ EVENT_LINE(. T .); dud:=: 00000
=0 I'*? TOON_OF_JGBES LU oQoou
I NEXT_LVLAT_TIHI (. 1 Sy < T Goooo
THLN BECIN Tr=dEXT_LVLat JTISE (. I )5 JGL:=1 END: Goooa
CLOCK : =1 _ 00000
ENG; (% OF UFDATING 1HE CURLANL LVLNT %) socou!
Doooo!
PFOCLLURLK bin‘S(JO‘:lnlszR):(* VOLLECUING STALIOPICS ZLOUT HLSP Tirdk #0000V
VAR T:197TLGLY; QU00Y!
SEGIN HUM_IH_CILLI(.JLW.}:=HU' IH_CYoLe(.aol.)y + 1; a0
PRSP_AN_CYCLE(.Jduu.) -r‘uL"~;1uJ1( JOU . ) +HLOP_IN_CYCLE(.JOD.Y : 0e o000t
WRITELE (TLENGEE OF JdOn',Jd0u: 3, CLOCK-51aLY(.305.) 1 7:3) 00000
1F CPU_O_HE&L—>.HPK&-).NEﬁTﬁhlL Qoon 1
TEEN POR L1:=71 70 LU _JObE Lo 0000l
SEGIN SUE_NUL (LT .) s=bith_RUL (WI.) 4803 _IN_CYCLE(.I.); 0000 1
SUR_HUG_SO(WI.) s-BUN_RUE_50(.1.)+ 0000
HUB_IM _CYCLE({.1.) *2U7_IN_CYCLL(.I.); 0000 U
SUM_BIAGD (L) .) :=5U0 _LEXDD{LT )4 0300
BUN_TH_CTCLE(LE.) %RLSE_IM _CYCLE(.I.); 3000 1
SUN_KLS: (1) 12088 KLal(.T. ) #2L5E_IN_CYCLE(.1.); 0600 1L
sur_urgu_hg{.*.):—; G_RESE_SC(.10 4+ 0000 1
HESE_IW_CY¥Ylhn{.1.)*Habp JIN_CYCLE (LI 00001
RESD_ITx_Ch th{ 1.j:=0.0u; NUbM_IN_CYCLE(.1.):=0 0000 17



FILE: PS PFASCHL A iLM LUS GATOL

END
END; (* OF GATUHELING STATILIICSH %)

PROCEDURE IMSERT_CPU_QULUL (VAL JOI:INTLEGRR) ;
VAR P,Q.“UINF‘R. PROUCLSSED:KEAL; LOOGKING:DOOLIANH;
EGIN P:=CPU_Q_HEAD; Q:=P—>.NEX”;

PROCESLED:=Q-2> . TINE- (NUXT_EVENT_TINE(.Q->.ID.)-CLOCK) /CPU_Q_LEKRGTH ;00001

CPU_Q_LERGIH:=CEU_{_LEWGTH+T;
LOGKING:=TRUE;
WHILE Q-=NIL Do
BEGIN Q->.TINME:=(~>.TiNE~-PROCESSED;
TP (G=> . TIELD>=TLAP-> . TINE) AND LOOKING
THEN BEGIN I'=> HEXT:=TLHEP; TENP-Y .NEXT:=Q;
LOOKTNG:=FALSE L¥D

ELSE P:=(;
Q:=Q >.nr<1
END;

TP LOOKIKG THEN P->.NEXT:=1PHp;

JOH :=CPU_Q_HEAD-> . NEXT=->.1D;

NEXT_EVENT _TINE(.CFU_Q _HEAD-> .HEXV->.ID.):=
CLOCK+CRU_Q_HEAD=- LNEXT=> . TINEFLLU_O LERGTI

END; (% OF TNSERLING #LW Jui IN CLU QUEUE *)

PROCEDURL REMUVE_FXOH_QUEUL (VAKX oULIINTLGLa)

Vall P,OrvOlRTLR; PROCLSL L L HEALS

BEGIN Pi=CPU0_o_HLhu-2 8005 CPU_ _dSad-2idBiTls=0-> NERT,
PrOCLSALLD i=p=0 TIMH! 7 Cod__LLNGTH:=CoU_O_LLAGIIL-T;
Dei=p->_ NEZT:
WHILE E-=N1L DU
BEGLIN b=-> iliei=p—2 . Tl pauleSshy Prap=>5 NEXT EX¥D;
IF CphY e LLELGTH>U
THEN LEGIN JUo: UV _Q_iLAu=2 JREAT->.10;

NEXT_BVeNT_TIMNL{.J0n.) :=CLOCAR+CPU_O_HEADL-2 . HEXT-> .TI
CPU_{_LENGTY END

ELS: JUL:=0

END: (% OF RENOVING A JOU FLON 2ilE CFU QUXNE #)

BEGIN (#*—m—=—————- MALH PHUGKAN =——==—m————— %)

REPLAT
TERNIN (ZMPUT) ; TEHHOUT (OUTLUTY ;
DIALOG; (* SLUTING OF SInULATION PARARETEUS *)
INITIALIZL; (* HanDOE 1TADLE ASD THEE RRCEYERATION STATE ¥)

WHILE SUN_KNUM (.7.) < CYCLES DO
BEGIN UPLATE (CLOCK, CUBHENT_JOD) ;
17 CPU_SPATL = CURHLNT_JOU
THER BEGIN L TRACE=3Y' T01EK
WE LT ELY (Y LEL PROCLSSInG JOB',CUKKRENT _JOB:2,

*OAT?Y,CLOCK:B:2);

HERT_BVLYT _PIME(.CURKLNT_JOB.) :=CLOCR+

DLSTULIBUTION (T, CURRENT_Jagd)

STATS (LOLRENT_J0B) 3
CERUVE_Fu0d_LUEUL (CURRLNT _JOE) ;
COU_STATH:=CURELNT_J0 s

nE#

0o
0000
00001
Juaoo b
ud001
aoeo

060001
o001
gooan.
0000 1
¢auo 1.
o000,
00060 1.
00u0 1,
00001,
Gooo 1.
00001
000017
00001
oounn
00001
00001
000017
0aoo0n
0oGon
00001
00001
00001
oouat
ceou1
0ug01
00Qo1
00001
00001
00001
00001
gooo1
03001
00oid
0cGon
gaod
00001
0eo0t
00001
0000t
000G 1
00007
guoo1
00001
00001
00001
00001
gooul
QCL01



Pbﬂt.‘

FILE:, PS PASCHLL Iinr Lubs GATOS
IND gooo
ELSE BEGIN IF TRACE=Y' THLN nooot
WRITELN ('"RECULARTLIHG CPU YOK JOBY , CULRRENT_JOB:2, goGo 1
*URTY,CLOCK::8:2) poou
NEW (LLAPY; START (-CURRENY _JOb.) :=CLOCK; Quuo T
wWITH 1ENP-> 2O gaoo v
BLGIN TINE:=DISTRIBULION (O, CURLKERT_JOL) ; goa01
TD:=CULKEIT _JOB; KLXT:=HIL EZNHD; goou v
IF CPU_STATE=0  (* STnﬁm PHOCESSIHG *) U001
THLY SEGIM NEXI_gVeNT_TIBE (. CURRENT _JOR.):= oooo T
CLOLE+TRNP~>,TLHL ; guo0 T
COU_Q_HEAD=D  HLAT:=TINP; soud v
CPU_{_LEN blU' 1 oot
CEl JTALI"CUW\LNI_JUB B gooo T
DL DLEGIN {*WAHI1 I8 QUzun =) OO0 1
WEXT_EVEGT_TIKE (JLCUSRENT_J0H.) :=M; 0000 Ui
INSLET_LPU_QUEUGL (CURRENT _JUE) ; guoo
CikU_»4aTE:=CURRLNTI_JUB END 00601
END Dooo T
BN 00001
(Frm—m——m— e CORrUTLHG CONPLIaa0Un IHTLRVAL === e e 30000
WRITELHY (STHECD, " CONSTARTY °, gouo N

PAUPLICATION SERVICL TIALY,MEAN_SERV_TINE:G:2) ; 00001
WRITELN (STHCU, *u0d: SREVICL HaTLy, MLad SLEPONSE +/- 904 CONF.InT'00001
,' AND NUMBEK OF CYCLES') ; 00001

FPOR I:=1 TG u_UF_JOES LU D000 1
BEGIN s11:=(SUN_ILSP_S0(.L.) —SUN_sbSP(.1.) #SUN_SuSP (.1.) /CYCLES) / 00001
(CYCLES-1) ; Q000 1¢

STr=(8Uli_alXuD (L) -SUb_Resp (JI.)*%sUb_NUN(.L1.) /CYCLES) / QU001
{CYCLES-1) ; Qupo 1
SALr=(SUL_NUE_¥Q(.1.)y-CSUN_NUP(.I.)>SUN_NUK({.I.)/CYCLES) 00061
(CYCLES-T) : 0000 1°

H!'?SP__.‘]AT:=5UT LAl (-1 J/OUR_NUuM(.I.) guGo

HUN BAR:=SUN_NUBL (.I.) /CYCLES: 0aoo 1
CORF_INT:=F_IHVLNSL/NUE _BAR® Q000 28

SO ((STT-2%S Ta%RSel_MAL+S22% 0001 _HAT*HESE_HAT) /CYCLES) ;0000

WRITELMN (LﬂhdJA{.I,T-):U-J;aﬂhﬂhﬁf.T,O-):GZJ, CGouU 2t

Hise HET:b:os,! T/ LUy _LHT 163, CYCLES: 10) goud 2

HHITELN (SIRCOTT: e, LALUDE (- I,7.} 11023, LAMEDA (.T,0.) 2623, 0600 24

DESP_UHAT: T0: 3, CUNF_I6H2: 1613, CYCLES: 10) ;0000 2

WRITELN (SL2nCw) 0o oo 2

END: COC0o 2
WRITELH (TANOLHER oUN (Y/N) 7)1 KEADLS (LuaCE) : 0060 2
UNTIL TRACTA=tY S 000D 2t

END. ’ o0 U0 2



