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I
SI]MMARY

This thesis d-escribes an investigation into a

cost, - effective methocl of expand-ing main memory of

a comput,er. The methotl used. is known as Virtual

Memory which has the significant atlvantage of being

transparent to programmers. Special attention is

paicL to small computers in a single - user

environment. This is the focus of the stucly.

Basical.Iy this thesis consists of four main parts.

?art 1 (Chapter 1 anð, 2) is a literature survey

of the virtual memory concept for the last 15 years

since it came to existence. Part 2 (Chapter 3, 4,

5 and. 6) presents the results of the investigation

in 3 mair,.-^ areas : Replacement algorithms , Pred i cti on

methods and the Prevention of Pushes. In Part 3

(Chapter 7r 8), mathematical mod-els of the virtual

memory system are clerivecl. An evaluation is mad-e on

all the techniques investigated- using the suggested,

model-s. Part 4 (Chapter 9 ancl 1O), discusses

possible extensions of this project for future

stutLy which inclucles: Program restructuring ancl the

expansion of the Virtual -A,clclress Space. Proper

conclusions are then d.rawn.

.A,ppenclices contain the Listing ancl FIow Charts

of the Simulation Program. Tables of Back-up

numerical results are also includ.ec[.
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KEYI{ORDS AND SYMBOLS

virtual memory

- auxiliary memory

a page

page fault

pre-pagin$

a, push

a puII

page frame

fault rate

reference pattern

virtual st,ora.ge.

external storage, backing

store.

a block: a group of worils.

page exception, translation

exception.

Iookaheacl, predictive Ioacling.

a rrite back, a pagíng-out,

a transfer of clata from

main memory to backing store "

a paging-in; a transfer of

clata from backing store to

main memory.

space in main memory for one

page.

ratio of page faults ancl total

number of references expressed- -

in percentage.

a, sequence of page referen-

ces in a program.

maximum range in which the CPU

is capable of aclclressing. In

V.M. System, it is callecl

Virtual Aclclress Space.

ad.d.ress space
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Nglgr The term |tmemoryrr in this thesis is meant to

be rrmain memor¡zrf " For example
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CHAPTER I

INTRODUCTI0N T0 THE VIRTUTIL MEMORY CONCEPT

1 .1' \{hv Virtual Memorv?

Since the earliest d.ays of electronic computing

it has been recognizecl thatr one of the basic limi-

tations of a d.igital computer is the size of its avai-

lable memory. In most casesr it is neither feasible

n.or economical for a user to insist that every problem

program fit into memory. The number of word-s of

information in a program often exceed-s the number

of cells in memory. Since a celI can not hold- more

than one word- a,L a time, ext,ra word-s must be helcl

in external storage. Therefore computer memories

of very large overall capacity must be organized-

hierarchically, comprising at least two leveIs :

Main Memory ancl Àuxiliary Memory" Conventionally,

overlay techniques are employecl to exchange memory

words and- external-memory words whenever need.ec[.

This, of couïse, places an adclitional planning ancl

cocling burclen on the programmer. For several reasonst

it woulct be ad.vantageous to ricl the programmer of this

function by provitling him with a trVirtual Memoryrr

larger than his program. A virtual memory system

provid-es automatic executions of the memory overlay

functions ancl thereby becomes transparent to the

programmer. The philosophy of the Virtual Memory

Con.cept j-s illustratetl in Fig. 1 .1 .
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I{h.y Virtual Memory?

l( Problem

High-leve I

Ä need for
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Fis. 1 .1 The Philosophy of the Virtual Memory Concept
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1 ,2 Hi storv

The first virtual memory computer, the -A.tlas

(+), (i) appeared in 1961. A group at Manchester,

England-, publishecl a proposal for a one-leveI store

on the Atlas Computer which has hacL profound. influ-

ence on computer system architecture. Their iclea,

known as |tvirtual memoryrr now gives the programmer

the illusion that he has a very large main memory at

his disposal, even though the computer actually has

a relatively smaII main memory.

By the mic[-1 960s, the iileas of virtual memory had.

gainecL wid.espread- acceptance, ancl hacl been applietl

to the internal clesign of many large processors IBM

360/85, cDC 7600 etc. (t ). Since then the virtual

memory system has been improved to meet the d-emand of

speecl and memory requirecl by the ad.vance of computer

software (trigh level Ianguages ).

1 :3 Basic loncepts

The basic concept, of virtual memory system is the

clistinction between 'rlogical ad.d,resstr in a prògram and.

t'phy"ica1 locationrr in main ,n"ro"y ãf a computer.

In early computers, they were regard.ed. as icLentica,I,

therefore it seems impossible to have more aclclresses

than actual locations. In a virtual memory system,

an ad-d-ress used. by the programmer is callecl a frnamett

or rrvirtual- acldresstt, while an acld-ress used. by the

memory is callecl a ttmemory Iocationrro There are more

virtual acldresses than memory Iocations ancl that is
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the reason why it is calteclrrvirtualrf .

UsuaIIy only a part of the program resides in

main memory vhile th.e rest of the program is in

auxiliary memory. fn ord-er to convert, a given virtual

acld.re ss into a main memory location, an ad-d-ress t,rans-

lation mechanism is requirecl. The plogram is clivid.ed.

intotrblocksrror trpagestt of equal sizes or segmentetl

into segments of unequal sizeS. Whenever a reference

is made by the CPU, the virtual. add.ress is loaclecl into

a register in the ad-dress translator. The first part

of the virtual add_ress is the page number anil the rest

is the location of a' particular word- within that page

(¡'lg . 1 .2) . The ad.d-ress translator wilI check the

page table (which shows all present pages in memory)

to see if the required. page is present in main memory.

If it is, the address translator will point to a memory

Iocation which contains the requiretl information.

If it is not in main memory, a ttprg" faultrr occurs

which wiII trigger an interrupt routine to bring the

requestecl page in from auxiliary memory" This is

catlecl trpagingrt (Fig. 1 .3 ) . Usuatly bef ore bringing

in a nev page to main memory (a pult), a page in main

memory has to be written back to the auxiliary mem-

oly (a push). The policy vhich clecicles which page has

to go to make room for the nel^r page is calleil
trreplacement poticytt. There a,Te a, f ev replacement

algorithms which wilt be cliscussed- in Chapt"t Îi .

The basic operation is shown in the Flow Chart of

Fig. 1 .4.
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Basic operati-on of a Virtual
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1 4 Characteristics of a Virtual Memorv Svstem

1 .4.1 Fault rate f

The failure to locate a page in main

memory is called a page fault or page exception.

I{hen this happens, a hard.ware mechanism is trig-

gerecl to bring the requestecl page in from aux-

iliary memory. L"! F be the total number of

page faults for a particular program and n be

the totatnumber of references mad.e iluring

exe cution, fault rate is definecl as the ratio

! vhich can also be expressed. in percentage.
n
It is an important function since it directly

measures the system performance.

1 .4.2 Paraehore Curve

A parachore curve is the basic charac-

teristics of a Yirtual Memory System. ft, is the

graph of the fault rate f or F versus the amount

of main memory available M or C. This is us-

ually clone at a, f ixecl page size. The shape of

the curves are easily sxnlainecl. If a program

has less main memory space available to itt

then usually more page faultswill result. Typ-

ical parachore curves are shown in Fig. 1.5.
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M: Main Memory Size
C: No. of Page Frames in Main Memory



CH¡.PTER II

¡.N ÀNALYSIS OFÄV INTUÀI, MEMORY SYSTEM

2.1 f ntrod.ucti on

Â simple mod.e1 of a virtual memory system is

illustratecl in Fig. 1.2. Hovever, in general, a vir-

tual memory system is not always tike that for a num-

ber of ïeasons. For example, a page can be brought

into main memoïy before a, reference to it is ma¿le

(pre-pagitg). Generally speaking, t,here are three

policies which are used. to supervise the activities

of the syst,em.

- Replacernent PoIicy. -4. policy which is used. to clecicle

which page in main memory has to go to make room for

the ne\{ page.

-"I'etch PoIicv. A policy which is used- to cletermine

when a page

Placement

shall enter main memory.

PoIicv. A policy which is usecl to clecicle

where the new page is to be placecl in the main mem-

ory. This policy only becomes clistinct a'tr special

circumstances because usually it is incluclecl in the

Replacement PoIicy.

In this analysis we wil-I assume that the mapping

between main memory and- auxitiary memory is ttp"g"'
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associative mappingrt i. e.

resicle in any page frame

mapping wiII be discussed.

a. page in auxiliary can

j.n main memory. This

carefully in Cha EE

2.2 Rerrlacement Policy

Knoving the basic operation of virtual memory

system, one immec[iately recognizes that a policy is

need.etl to cletermine which page in main memory ought

t,o go to make room for the in-coming ner4r page vhen it

is reçluestetl. Theoretically, the best replacement

pushes a |td.eadrr page, i.e. a page no longer need-eil by

the progïam run. The worst replacement occurs when a

page is ref erenced immetliately after being pushecl out.

several algorithms have been suggested which have dif-

ferent assumptions about the behaviour of the running

program.

2.2.1 Random Alsorithm (n¡'m)

This algorithm assumes that all pages Ín

a program are equally liheIy to be referenced

at any time. Therefore a page is selectetL ran-

clomly to be pushetL out of main memory. This

algorithm is not basecL on tthistoricalrr inf ormation

about memory usage. It is saicl to berrstaticrt.

pter

2.2.2 First In First 0ut ÄIsorithm (¡'r¡'O )

Another algorithm in

is 'bhe FIFO algorj-thm. The

the tf static grouprr

strongest argument



for FIFO

to step a

number.

probably

cyclic

The first to come is

is the facl

counter than

11

that it is easier

to generate a random

the first to leave.

These ttstaticrr types of algorithm are us-

ualIy easy to impl-ement. However, the assumption

that all pages have equal chances to be referen-

cecl atr a time d.oes not seem to hold. in most

cases. It can become d,isastrous in dealing rvith

pïogram loops whi ch appear in almost all programs.

.4. stucty made by L.A. BelacLy in the mid. 196Os

has shown unimpressive results given by these

Itstaticrr algorithms. However these algorithms,

especially FIFO have theoretical value. They can

be usecl as a yarclstick to measure the efficiency

of other ttdynamicrt algorithms.

2.2.3 Atlas Alsorithm (lfLÁ.S )

This is the algorithm used- by the first

virtual memory computer; the Attas in 1961 (+).

It is based. on the history of the absence and-

presence of a page in memory. _ Information is

recorded about aIl blocks (pages).

Let t be the length of time since a page

has been used, T be the length of the last

periocl of inactivity of this page.
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The page to be pushecl is selectecl by

3 simple tests:
(i) Any page for which t > T+1

(ii) That page vith t*O and. (f-t) max

(:-ii) fnat page with Tmax (aII t=O)

The first rule selects any page which has

been concurrently out of use for longer than its

last periocl of inactivity. Such a page has prob-

ably ceased to be used. by the program and. is

therefore an itleal one to be transferred to the

backing store. The second. rule ignores all pages

with t=O as they are in current use, ancl then

selects the one which, if the pattern of use is

maintained., wiII not be required. by the program

for the longest time. If the first two rules

fail to select a page, the thircl woulcl ensure

that if the page finally selected is wrong, in

that it is immediately required again, thenr âs

in this case, T wiII become zero ancl the same

mistake wiII not be repeateil.

This algorithm attempts to cletect Ioop

behaviour in page reference patterns - which

is not hoped to be done by R.AND or FIFO - ancl

then to minimize page traffic by maximizing the

time between page transfers. However, t..â,. Belacty

in his stucly (2) has shown that it only performs

slightly better than RÄND or FIFO. It is only



successful for looping programs. Performance

is unimpressive for programs exhibiting rand.om

reference patterns. Implementation is costly

(g). ?.J. Denning in his paper (g) sar,¡ this

algorithm as an extreme one rnrhich used. too much

trhistoricalrr d.ata and. theref ore can have ad-verse

effects.

2.2.4 Least Recentlv Used Á.lsorithm (lnU

Peqe number

13

when
reterenced

)

This algorithm uses the history of the

pages t most recent use in memory. I{henever a

fresh page is d.emanded., the page unreferenced-

for the longest time is removed.

To store the trhistoricalfr d-ata, each page

has a flag, set to 0N each time the page is ref-

erenced. The reset occurs immecliately ancl auto-

matically whenever the last flag is set to 0N.

In another system, it is organized, by a

stack process illustratetl in Fig. 2X . \ùhenever

a page is referenced, it is brought to the top

of the stack.

Other pages are

pushecl down one place .

Ät any instant, the
DUSh

page al the bottom äo*n
has the first

preference to
ftretirett, i.e. to be

removed
Fis. 2.1
Stack for LRU Algorithm
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The stucty made by L.Ä. Belatty (2) has

inclicatetl that this al-gorithm is the most effec-

tive algorithm among the f our cliscussed- so fa'r

(i.". RÄND, FIFO, ATL.A,S and. LRU). It is stitl

used viclely in tod.ayrs computers because of its

relatively simpte implementation. There is one

disad.vantage : In multi-programming situation,

a page in one process can compete with another

page in another process causing inefficiency.

2.2.5 I{orki Set AI orl \{S

This algorithm is expLained by P.J. Denning

in Ìris paper (9 ) i.n 1 968.

á, working set is definecl as a, set I{(trT)

of a process al time t which contains information

referenced. by the pïocess cluring the past 't

second,s of the process time, i . e . the time

interval (t-t,t).

The basic replacement policy is to keep

in the main memory those pages which have been

referencetl cluring the last Z ,n-""". T is an

important parameter which affects the performance

of the \{S aJ-gorithm.

In genera1., the WS Älgorithm can be con-

siclered as an LRU with variable size memory

allocation. Using an LRU algorithm, pages are
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always replacecl when a page fault occurs.

This does not, apply to '[{S algorithm. Herer Page

frames are freed- vhenever they have nol, been

accessed. cluring the last Z msec. Thus when a

fresh page is need-ed-, some page of a non-active

pïocess or some non-rvorking-set page of an active

pïocess is removecl. The \{S Älgorithm is applied-

inctivid-ualIy to each program in a multiprogrammed'

memory, therefore avoicling the competing situation

of the LRU.

The I{S was shown to perform better than

LRU in multiprogramming situation. Hovever this

algorithm appears to be expensive to implement

(s).

2.2.6 Opi;imal or MIN Älsorithm

This is an optimal algorithm which is the

ideal atgorithm wherein the storage page that is

replacecl is the one that will, in fact, be ref-

erenced farthest in the future. The MIN

algorithm, though not realízabt-e in practice, was

usecl by Belacty in his experimental work (2) as

a basis for evaluating other algorithms. Actual

virtual memoïy systems generally employ various

approximate forms of the Working Set ancl LRU

algorithms that typically generate 1 0 to 50

percent more translation exceptions (p"g" faults)

than the MIN algorithm.
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2.2.7 Pa Fault Fre ue c Re lacement
I orithm PFF

This algorithm was introd-ucecl ín 1972

by I{.V. Chu ancl H. Opclerbeck (g). It uses the

measured- page fault frequency P'as a, feedback

to control the system. I' high page fault

frequency inclicates that a process is running

inefficientJ-y because of a shortage of page frames

in main memory. .À lov page fault frequency might

result in waste of memory space. Therefore to

improve the system performance (".g. space-time

procluc-b ) , one or more page f rames coulcl be f ree .

The basic policy of the PFF algorithm

is: whenever P'rises above a" given critical P',

all referencetl pages which cause page faults since

they are not in memory, are brought into memory

without replacing any pages. This results in an

increase in the number of allocatecl page frames

which usually red.uces P'. On the other hancl, if

?'fatrs uelow Plr some page frames may be freecl.

These page frames are only freecl at the t,ime of

a page fault and only those vhich have not been

referenced since the last page fault occurred.

' The aclvantage of this algorithm is program-

inclependent since the page fault frequency P'is

kept at a pre-cletermined. level most of the time



irrespective to what kintl of program. The

space product is higher than that of the l{S

LRU Algorithms.

17

time-

OT

The PFF can be considerecl as a 'tÍS

algorithm with variable T, where ? is cletermined

by the page fault frequence P'ancl the lower limit
1of Tís T, = Ë,. It may also be viewed as a LRU

atgorithm *ití variable size of memory allocation

where the size is iletermined.

page-fault times.

ay Tt ancl the inter-

This algorithm was claimed. by the authors:

l{.V. Chu and. H" Opd.erbeck to be easy to implement.

It is very effective in multi-programming situ-

ation. However, it would. have tittfe use in

single-user programming since the memory size

cannot be variecl.

2.3 ecliction of Pa eRe ues

Fig. 1.3 has shown a simple illustration for a,

tlemancl-paging policy which brings a page into memory

only when requestecl (ptg" fault occurs). This is

caIIecL demand paging. The fetch-policy which allows

a, page to enter main memory before it, is actually neeclecl

is calleclrrpre-paging" or Precliction algorithm. There

are a few algorithms: d.escribecl by M. Joseph in his

paper (Z).

2.3 .1 First ?reciction Alsorithm

Statistically, it seems that when a page
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is bei ng ref erenced, the next' acljacent page is

like1y to be ïequestecl very soon. This occurs

e spe c iaIIy to smal I-s izecl page.s . The f irst pre-

cLiction algorithm is very simple: whenever a page

is referencecl, the next acljacent Page is imme-

cLiately brought j-nto main memory. This only hap-

pensr of couïse, when it is not in main memory.

This algorithm is ad.vantageous in some sit-

uations but the d.isadvantage is the penalty of

faulty pred-ictions. A.s illustratec[ in Fig . 2.2

if at certain time r. page S is referenced, page

S+1 wiII be brought into main memory. If the

pretliction fails and Page T is neecled-, T+1 will

also be brought ínto main memory. Similarly if

precliction fails again when V is referenced- next

insteacl of T+1 , V+1 will also enter memory.

If precliction fails N times, in the worst

caser we woulcl have N page-frames occupietl by

N un-requested. pages. This voulcl certainly de-

crease the active main memory size and- more page

faults vill follow.

V+1T+1

VTS+1

S

Disad.vantage of the f irst prec[iction
atgorithm is the clecrease in active main

memory size by faulty preclictions.

Fis. 2.2
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2.3 .2 One Block Lookahead Àrsorithm (OgL

One methocl of reclucing this disad.vantage

would be to keep one page frame as a buffer to

hold the preclictecl page. Ifhenever a new page R

is clemancletl, the next page R+1 , is loacled. into a

buffer. This is kept locked. out and if the pro-

gram next d.emand.s R+1 , the lock is removed for

immed.iate access ; further, a new pred.iction is

made ancl R+2 is loailecl into another page buffer.

There is only one buffer at a time and' any page

frame can be used. If pred.iction fails and. the

next requested page is Tr then T+1 is brought into

the buffer and S+1 is overwritten. This is shown

in Fig. 2.3. In this vayr a program wou1d. never

use more than one page above its d.emand- space and.

its total store usage vith precliction woultl be

veII below that used with the d.emand algorithm

and- a page twice as large (l). The reason for

locking out the preclictecl page is that by this it

is possible to have a program d.rive the prediction

algorithrn by informing the supervisor exactly

when precliction hacl succeeclecl.

Buf f er
w¡rh
lock

T+1

Illustration of One BIock Lookaheacl

.A.Igorithm.

)

\ç

S+1
ü

T

S

Fis. 2.3
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2.3 .3 Simple Pred i ction ,{Isorithm ( SP )

In many cases where the prog.ramr s ad-d-ress

space is groving in more than one clirection. For

example in a matrix multiplication program, ref-

erences are macle alt,ernately to each matrix in

clifferent pages, say S ancl T. OBL Algorithm will

result in the buffer being repeated-Iy overr.¡ritten

ancl precliction f ailing. It coulcl result in more

paging when S+1 , say is neecled. just after being

overwritten by T+1.

To overcome this situation, the Simple

Precliction keeps two buffers at any time. This

is illustratecl in Fig . 2.4.

This

first tr'¡o

can be seen as

algorithms. 0f

buffers in the

compromise between the

course we can introiluce

memory at the expense

precli cti ons

a

3

of

or more

main memory active space r-n case

faiI. However it woulct result in more complication.

ö
T+1

ü
S+î

T

S

Illustration of Simpte prec[iction
Algorithm

Fie. 2.4
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2.3 .4 Other Prediction Methocls

J.?. Baer (17) has recently describecl two

new prediction method.s which may improve the One

Block Lookaheacl method (OgL). They are named

Temporal Lookaheact ancl Spatial Lookahead-.

The d.eparture of these techniques from OBL

is that the preilicted page is no longer the next'

acLjacent page. Â prediction function PRED is

cLefinecl ancl upclatecl with the running of the pro-

gram while PRED (i) = i+1 is always assumed in

OBL. Note that in all cases, predictive loacling

only occurs a't, page faults.

a Soatial- Lookaheacl

Initially, the precliction function PRED (i)

is set to i+1 r i.e. the next atljacent page. At

each page fau1t, if it is found. that predictive

Ioad.ing of last fault d.ic[ not occur or occurrecl

but resultetl in failure, then PRED is upd-ated'.

The method. is summarizecl below:

1, LAST = ø

2. PRED (i) = i+1

3. NEXT FÀULTr LOAD q

4. IF PREDICTIVE LOADING DIDNOT OCCUR LAST

TIME, G0T0 6

5. IF PREDICTION LAST TIME HÀD SUCCEEDED'

GOTO 3

)



22

6,

7.

g.

9.

10.

PRED (u,sr) = q_

rF PRED (q) rs rN Mi.rN MEM.' Goro 3

LoAD PRED (q)

LAST = q

GOTO 3

end-

b) TemÞor aI Lookahead

Similarly to SL, this technique upclates the

?retliction function when the program is being

executed.. The main clifference is that upclating

occurs at every fault. Suppose the LRU Stack is

usecl anil page q has highest priority, i.e. LRU (tst)

- p and" LRU (Zna) = q.. The prediction function is

then updatecl PRED (q) = pr hoping that the patt,ern

wiII happen somet,ime later. The methocl is sum-

marized. below 3

1. PRED (i) - i+1

2. NEXT FAULTT LOÀD q

3. UPDI'TE PRED (lnu(2nd)) = ç[

4. IF PRED (q) rs IN MArN I{EM. ' 
Goro 2

5. LOÁ'D PRED (q)

6. G0T0 2

end-

TL is simpler than SL but Baer claimed more

successful results for sL than for TL. In either

case, the worst conclition occurs when all pred-ic-

tions result in failure. Effective size of main
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memory will become one Page shorter.

The main criticism about'these methocls is

the storage in main memory neeclecl to store the

PRED function. It may become critical in many

s.ituations.

For more cletails about these techniques

read.ers are referred- to Reference 17.



CH,À?TER ÏÎE

SIMI]LATI OF A. VIRTUÁ.L MEMORY SYSTEM

Â great d.eal has been said in literature about

the Virtual Memory techniques for large computers, but

Iittle attention has been paid. on small computers with

a single user . This is the reason f or this stud-y.

Investigation of the virtual memory techniques is

carried out here on mini or micro-computers in a

single-user environment.

Most of the theory of the Virtual Memory Concept

has been presented. in Chaptu" Ï anct Ï1. It is impor-

tant to verify this theory by experiments. Since a

real mod.eI (harclware) is not flexib]e enough to vary

at will, the system under study must be simulatecl in

scime way. In ord-er to measure the performancer each

machine instruction must be followed. closely. Therefore

high-Ievet languages are not suitable for this pur-

pose. A simulation program is writien in ASSEMBLY

Language of the NOVA computer which is shovn in

Appenclix B. It is run on the NOVA 2 computer of

Dept. of Electrical Engineering. The 32K core memory

availa,ble is cliviclecl in 3 parts. Part 1 contains the

simulation programr ?art 2 is the Simulatecl I'lain

Memory and. the rest is Part 3 : the Simulatecl Backing

Store. This is shown in Fig. 3.1 .
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SÍmulated

.ô.uxiliary

Memory

SÍmulated.

Flain Memory

Simula.tion Program 1K

4K

2TK

Fis. 3 .1 Software construction of the Virtual Memorv

System on 32K Main Memory of the Nova 2

Computer.

The simulation program contains all simulatecl pa::ts

of the Virtual Memory System except memory. It resicles

on top of the core memory of the Nova Computer. Ini-

tially, a test program is storecl in the Simulated

Auxiliary Memory. The simulatecl main memory is then

filled up with acljacent pagesr beginning from the

starting page. \{hen running, insteacl of executing

the test pïogïam clirectty, the Nova CPU passes control

over to the simulation program which r.¡i1l in effect
Itrunrr the test program under virtual memory mod-e.

In this way, aII activities of the simulatecl virtual
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memory system can be monitorecl and- measured- by a set

of software counters.

Three test programs a-re used in this stucly ?

)ê ÄSSEMBLY : FFT Program, 5K , 1.5x1O6 references

* ÂLGOL : Inversion of matrix

8K, 2.1x1O6 references

* F0RTRAN : Octal - Decimal Number Conversion

5K, 4 .x105 re f erence s

Sinulation aïe carried. out in three main areas

which are presented in Chapt"" ÏV, V and ñ.

1 Renlacement Alsorithm

In a single-useï environment, techniques for

multi-programming aïe eliminatecl. Therefore LRU

stack is stud.ieil and comparecl vith the simplest map-

ping of Auxitiary Memory onto Main Memory : the Direct

Mapping.

2. Pred.iction Methotls

This is also known as Pretlictive Loading. The

first three precl.iction methods mentioned. in chapt"r 1Ï

?r" 
comparec[. spatial Lookahead ancl Temporal Lookaheacl

methocls are not investigatecl in this stuily because much

of the main memory must be used- to store the PRED

Function for each page. This becomes unsuitable for

sma1l computers in most cases.
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3. The Prevention of Pushes

This stucly is

back or push. Two

these unnecessary

concerning with unnecessary write-

schemes are suggest,ed- to cut d-own

pushe s .



CHAPTER IV

RE?LÄCEMENT J.l,GORITHMS

.4. number of replacement algorithms have been

cliscussecl in Chapt"t îi. The choice of a goocl

algorithm is important since it reduces the fault

rate and. hence increases the system performance. Two

algorithms which have clifferent mappings are compared.

here: Direct Mapping and- Lea,st Recently usecl stack

with ?age Associative MaPPing"

4.1 Dire ct Mappi.ns

This is the simplest methotl, probably, to map

.A,uxiliary Memory onto Main Memory. It can be sum-

marized. as follows:

Suppose Main Memory has C page frames, then in

Äuxiliary Memoryr Pages 1 r C+1 r 2C+1 , 3C+1 etc. are

mappecl to frame 1 of Main Memoryi pages n, C+n, ZC+n,

3C+n etc. are mappecl to frame n of Main Memory"

This mapping is illustratecl in Fig.4"1
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Main I'{emorY Auxil-íarY I'{emorY

Fig.4.1 Direct IvlaPPing

Ârranging the mapping in this way, given a page

in a particular program, there is only one frame in

Main Memory for it to resid-e. I{hen it is requested,

any page which currently occupies this frame has to

8o.

4.2 Stack with Pa e-associative I

In contrast with Direct Mapping, the Fage-

a,ssociative Mapping provicles more flexibility. Any

page in Àuxiliary Memory can resicle in any frame in

Main Memory. To clecicle where it shoulcl resid.e at' a

particul-ar time, the Least Recently Usecl (lnU) Stack

is employed-. \{hen a page is referenced, it is

brought to the top of the stack and other pages are

then pushecl clown to fill the f holet created-. This

algorithm is shown in Fig. 3.2 which is a, reprocluction

of Fig. 2.1 in Chapter E.

1

2

c

1

2

C

C+1

C+2

2C

2C+1
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Push
down

page number

when
reterenc ed

Fis. 4.2 Stack f or LRU Algorithm

During actual program execution the pages cannot

be shufflecl physically, therefore a set of priority

numbers are introclucetl. Each page frame in Main Memory

is given a Priority number. 'lÙhen a page is referenced.,

its priority becomes highest, other numbers e.Te d.e-

cremented by 1 until the rholeris filled. At any time,

the page which has lowest priority number (i." ' zero)

iå the first to be reP1aced.

4.3 Simu lation Results
'In a virtual memory system, two important varia-

bles al.e Memory size M and. Page size P. A clepenclent

Mvariable C = Ë is acltlecl whi ch is the number of page

frames in Main Memory. Fault Rate is a, function of

these variables.

f = f (c rt'lr r)
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Fault Rate of Direct Mapping and LRU Stack are

measured. by simulations. \üith each variable in turn,

kept fixecl, Fau1t Rate is plotted. vêrsus the others.

Fixed. page sizes of 256 and 128 a"Te shorrn in Figs ' 4'3

a,nd. 4.4, fixecl memory size 2K ín Fig. 4.5 and a fixecl

number of page frame C-16 in Fig. 4.6.

4.4 Conclusion

The Direct lvlapping ancl the LRU Stack have been

compared. along f our clirections (Program, Mr C, P) in

the constituted space of these ilimensions (Program,

M,P). The effectiveness of the latter has been

verified.. In other worcls, the LRU Stack cloes incleecl

perform better than the Direct Mapping.

Other points can also be made from these results :

Fault Rate is lower with Assembly language than

with High-level languages for a, given Replacement

Algorithm.

In Direct Mapping algorithm, the Fau1t Rate in-

cïeases with page size P. (fig. 4.5). .A'n in-

crease in memory size woulcl not always mean a

decrease in Fautt Rate (¡'ig. 4.6). This is prob-

ably clue to the fact, that large page size usually

results in more conflicts betr,¡een pages.

The optimum page size would. be 128 or

Page size 64 is not preferrecl because

increase the ,rornb"" of page frames to

64 (¡'ie. 4.5)

it would.

a. comparable
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number, i.e. with 4K main memory, 64 page frames are

neecletl which will result in unnecessary hard-ware com-

plexity. As shown in Fig 4.4 pa'ge size of 128 gives

better perfoïmance than page size of 256. (¡'ig. 4.3) '

Iüith a memory size as small as 1K, P = 128 gives less

than 3% Eaul-1'" Rate which is really excellent'.

3or these reasons, a main memory of 2K ot 4K with

page size 128 antL LRU stack is probably in the op-

timum area for mini or micro computers in a single

user environment.



CHAPTER -V

PREDICTION METHODS

5.1 Introcluction

Usual1y, a page is brought into main memory only

when it is requested.. If a page is brought in before

it is tlemandecl, the methotl is called- pre-paging or

Pred-i ction. Simutations have been carried. out to test

these precliction methocls which have been d.iscussed in

Chapter ïï. Since the page size of 128 word.s has been

chosen in Chapt"t ÏV t" the optimum page size, inves-

tigation is made at three points on the parachore

curve of P = 128 words (fie. 5.1) point X 3

M = 1K or C = 8; Point Y : M = 2K or C = 16 and.

Point Z'. M = 4K or C = 32. The same three test pro-

grams will be used.. For the reason of convenience c

will be taken as variable insteacl of M, for example

E(lZ) means the Number of Page Faults at C = 32 page

frames.
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Sorf

x

Y
z

1K 2K
16B

4K I',1

72C

Fig. 5 .1

5.2 First ?recliction Methoil

In this methoil, whenever page N is requestecl

to be transferred- from auxiì-iary memory, the next

acljacent page N41 is also brought into Main Memory.

It is basecl on the assumption that vhen a page is

need.ed., the next ad.jacent page will be needecl soon.

Loacling of the prectictecl page' happens only at page

faults and. at, every fault. After being brought into

Main Memoryr page N will be given the tnghest priority

number ancl page N+1 the second highest number. Table

5.1 atbrc show simulation results using this methocl

comparetl with the trnormaltt LRU case (i.". demand--

paging). Numbers shown are numbers of page faults

for a particular program.

?oÍnts of interest
paraehore curve of
program with fixed

on the
the A1go1

?=128
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a) C _ g (¡4 = 1K )

ASSEMBLY

FORTRAN

ALGOL

ÄSSEMBLY

FORTRAN

ÀLGOL

ÂSSEMBLY

FORTRAN

ÄLGOL

c=16(M=2Kb)

-6.3/"115691 0879

2/"26552713

13.5%8721 008

Impr ovement'
First

MethocL
F1 (16)

NormaI
F(16)

c ) C=32(î"1 -4K )

14%1 4771726

23/.180235

3g/"1 5 1248

Improvement
First

MethocL
F 1Q2)

Normal
E(32)

Tabl-e 5.1 Page Faults of First Pretliction Methocl

Results show that the improvement is totally

negative at Point X, i.e. ç-8r a small improvement

at Point Y ancl a large improvement at' Point 7'.

-17 .8/"5611547 625

-2.6y'"1 07711 0497

-247/"54931 583

Improvement
First

Methocl
F1 (8)

NormaI
F(8 )
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5.3 Second Precliction Methocl (OgL )

The clisaclvantage of the First Precliction Methocl

as d-iscussed. in Chaptet Ïi is the penalty incurred

by unsuccessful preclictions. I{e have no knowleclge of

how severe this penalty vould. be in any particular

situation and. therefore the methotl is more or less

a rtgamblerr. The performance of the system is totally

clepenclent on trluckff . \{e can win a great cleal- if we

a,Te ttluckytt and- lose very bailly if we are not.

To avoicl this clisaclvantage, the second. methoc[

is employecl which is similar to the f irst methocl.

The tleparture from the first methotl is that after

pages N and. N*1 are brought into Main Memoryr Page

N+1 will be given the lowest priority number insteail

of the seconcl hi ghe st one. If a precliction faiIs,

no reference is mad.e to N+1 ancl it witl be replacecl

immecliately at the next page fault. Therefore the

worst situation is the case of Main Memory vith only

one page less. (Hence the name One Block Lookahead-)

Let F(C) and F(C-l ) be the number of fault's aI'

'*"roty sire' c and. (C-1 ) page frames respectively.

The probabitity of successful pred-iction is callecl

h . In Ref erence ( 1 5 ) , J.L. Baer has clerivecl an

approximation of the performance of this technique.
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The number of faults generated. at C given h is

F (c) =
F(c) F(c-1 )
F(c) + hF(c-1 )

Frmax ( C )

Frmin ( C )

2

\forst case: h = O

Bestcase:h=1

a) c=g (M=1r

ÂSSEMBLY

FORTRAN

Á.LGOL

= F(C-1 )

= F(c)F(c-1 )
F(c)+F(c-1 )

Results are shown in Table 5.2 a,, b, c along

with the two estimateil bouncls Frmax(C) anil Frmin(C).

)

-5.8/"3011 95041 5 8194547 625

1.6%572312587103291 0497

-66%1203502226271 583

Improvement
/"

Lower
Bound.

Frmin ( 8 )

Upper
Bound-
F(7 )

Se c ond-
MethotL
F2(8)

NormaI
F(8)

b) C+16 (t',t=zt< )

ASSEMBLY

FORTRAN

Á,LGOL

Tabl e 5 .2 Page FauIts of Second. Precliction

Methocl.

11 .8/"57301210995901 0879

4.3/"1326358425952713

4.7/"5231 0879601 008

Improvement
Lower
Bouncl

r'rmin(16)

Upper
Bound
F(15)

Se cond-
Method
F2?6)

NormaI
F(16)

(Continuecl over page)
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c) C=32. (M=4lf )

ASSEMBLY

FORTRAN

ALGOL 25/"8781 7881 2921726

2q"128284187235

23/"1262581 9 1248

Improvement
Lower
Bouncl

rrnin(32)
Upper
Bound-
F(31 )

Se c ond
Method
F 2(32)

Normal
Fß2)

Results show that the improvement is negative

at point X (C=8), a small improvement at point

Y (C=16) ancl a large improvement, at point Z (C=lZ\.

Comparing with the First Precliction Methocl the

Perf ormance of this methocl is more pred-ictable. The

number of page faults lie exactly between the preclic-

tecl upper ancl lower bound.s. Note that with the First

Methocl, the ASSEMBLY language program generated 5493

faults (taUte 5.1a) vhich is more than the upperbound

of, the second. method. at this point, i.e. 5022

(raur e 5.2u) .

The reason why large Jmprovemeñt is achieved at

C=32 over performance al C=16 and- C=8 is d-ue to the

fact that at C=j2 the upper bounds are very

close to the normal number of faults. In other words

F(c-1 )= F(c)

Therefore:

Iùorst Case: Frmax(C)= F(C-1 )= F(C)

Best Case : Frmin(C): 4q)2
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5.4 Thircl Prediction Method

The argument against the Second Methocl is that

page N+1 might not have sl,ayecl in Main Memory long

enough to gain benefit of the precliction. The Thircl

Precliction Methotl is a compromise between the first

two methocls. In this aïrangement', page N+1 is given

priority number rt3rr after being brought in (ttris

number is not affectecl by C). This will make it to

stay at, Ieast until the page fault after next, occurs.

Doing it this wayr the worst case would. be the case

in which Main Memory appeaïs to be 2 pages shorter'

The best case is rather difficult to d.erive analyti-

cally. However it is certain that it shoulcl be better

than the best case of the Second- Mel,hod-.

Tabl e

this predic

a)

5.3

ti on

C=8

a, b, c shor+ the results obtainecl f or

method.

(M:1K )

ASSEMBLY

FORTRAN

ALGOL

Table 5.3 Page FauIts of Third. Precliction Methocl

(Contj.nuecL over page)

-6.8%736975090647625

1/.1 44971 03891 0497

-235/"7 115531 11 583

Improurement,
Upper
Bouncl
F(6)

Thirt[
MethotL

F3(8)
NormaI
F(8)
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ÂSSEMBLY

FORTRAN

ÀLGOL

c C=32 (t't=4f) )

Á.SSEMBLY

FORTR,ÄN

ALGOL

TabI e 5 .3 Page Fault,s of Third. Precliction

Method

Results show that the Third Pred.iction Methocl

is a compromise between the other two method.s. It

perf orms better than the Second. ItÍethocl in some casest

but not aII. The effect of this methocl is viclening

the. gap between the upper and'Iover bouncls of F. There

is no guarantee that it would. perform better or worse

than the seconil methocl.

To summarize the performance of the three pred-ic-

tion methodsr percentage of improvement is plottecl

against C in Fig. 5.1

6.7/"138939 5081 0879

6.8/"431 I25262713

12%11209401 008

Impr ovement'
Upper
Bountl
F(14)

Third
Method
F3(16)

NormaI
F(16)

23/"200213461726

21/"340185235

33/"273164248

Tmprouement
Upper
Bounil
F(30)

ThircL
MethocL
F3G2)

NormaI
F(32)



40

20

o

t

/t ¿'t

45

T

?6 ¿-
-t1-''

-20

-40

-60

10

10

-10

ii
t¡
t,

l¡
tt

't6

I

-l

ii
,t

ti
tt
t.
,l

ti
tt

t2c

b/ r0RrRAN

c

À

c/ ar,çol

72C

First Prediction Irlethod

Secontl ?redictlon i"lethod
llhlrô Prediction Methoal

t

20

0

20

¿

I
?6

v"' 1

,

I
?6

o
1

Ftg. 5.2 Percentage of inprovernent f
of the three Preclictlon methods

I



46

5.5 Conc Ius i on

Based on the results obtained.r it is conclutlecl

that the First Pred.iction Method. is risky' totally

clepentlent on luck. The Second. and Thiril methocls are

somewhat comparable. Howeverr âs far as the amount

of hard.ware and. software involved. in the implementation

of these method.s, the Second. method. is simplest of aII.

To demonstrate this point, recall that in a LRU Stack,

when a page fautt occurs, the requestecl page wiII

replace the page of lowest priority. A procedure is

then callecl to upclate the priority order and. top prio-

rity number is given to the requesteil page. In case

of the Second- Methocl, when a pred.ictecl page is

Ioadetl, that procedure is simpty avoitleil and. the

priority of the pred.ictetl page is automatically low-

est (i.". zero). Comparing with the First or Thircl

Methocl in which the number n3tr or the second- largest

priority number (C-Z) i" requirecl, the implementation

of the Second. Method is much simpler. No ad-ditional

hardware or software is need,ed.. Furthermore, the

Seconcl Method is less risky than others because its

upper timit F(C-1 ) ott page faul-ts is lowest. In other

word.s, the Second Method. has been founil to be the

best because it is the safest and simplest methocl.

.A,nother important

ocl is successful only

conclusion is that this meth-

aL the far right hancl

F(C-1 ) i" not far

part of

fromthe parachore curve where
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r(C) (rie. 5.3r. In this region, it is particularly

useful because a large improvement cannot be ob-

tainerL by inereasing the main memory size. The main

memory size has litt1e effect on fault rat,e in this

region.

tr'orf

Risky
region

Suceessful
region

Flg. 5.7
MorC

Successful and RlskY reglons
of the Second. ?rediction Ì'Iethod"

I

l
l

i

,,t
:r

I



CHA?TER Ii

TIIE PREVENTT ON OF PUSHES

6.1 Introduction

uncler the simple system tlescribed- in FIow Chart of

Fig. 1.3, whenever a page is brought into main memory

(a puII), the replacetl page has to be vritten back to

auxiliary memory beforehancl to update its contents in

that memory (a push). Therefore a push always precedes

a, pull. Àtty number of pulls will creat,e the same num-

ber of pushes. In many cases, not atl the pushes made

al^e necessary. since page transfers between the two

memories are the most time-consuming operation, it

woul-cl be advantageous to reduce these pushes d-own to

a minimum number.

Fis. 6.1

.A.uxi I iary
MemoryMain

Memory

Push

PuIl

Page transfers between Main ancl Auxiliary

Memories.



49

6.2 Moclif ieil-Pa g e Checkins Scheme

The argument against the simple syst,em d-iscussecl

above is that a push is necessary only when the out-

going page has been moclifiecl while residing in main

memory. one .f!¡ay of preventing the unnecessary pushes

is to provide a flag for each page in Main Memory. A

flag is set to ON whenever one or more vord-s in the

corresponcling page is moc[if iecl. \{hen a page fault

occurs, the supervisor will check if the outgoing page

has been moclif iecl. If it has, then a push is neecled..

If it has not, the new page can be brought in to over-

write it immecliately.

6.2.1 Co-ef f ic ient of Pase Transfers

If this scheme is employetl, the number of

pushes wiII not be the same as the number of pulls.

For the purpose of investigation, a co-efficient

o( , callecl co-efficient of page transfers is

introclucecl.

o( Pushes * Pulls
PuIls

If the number of pushes is the same as the

number of pulls (1.". simple system) tfren ¿ be-

comes maximum; dmax=Z. If there is no pushes

occuring, o{ becomes minimum; dmin=1.

Hence 1<o<<2 ancl in generalrd is a function

of page size P and. Memory size M.



Since the
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number of pulls is exactlY the same

of page faults F, ú' can also be

or o(F = pushes * pulls

Thus ¿ F clenotes the total number of page

transfers. This is the significance of the co-

efficient. Á.lso if R is the ratio of pushes over

pulls, o{ can be expressed- as

d Pushes f 1

PuIls
R +1

6.2.2 Simulation Results

Á, simulation of the Moclifietl-Page checking

scheme has been carried. out to measure the number

of pushes ancl pulls with clifferent parameters.

In Fig.6.2, the ratio of pushes over pulls R is

ptottecl versus Memory Size M antl Page Size P.

Results show that there is no clear genera'I

shape of these plots although for high-IeveI

languages, R seems to decrease with an increase in

Main Memory size.

The most important point of these results is

that the average R is O.75 for ASSEMBLY language
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progïam and. is O.2 for high-IeveI language programs.

Probably, this is d.ue to the fact, that high-level

Ianguages alvays need- a subroutine Iibrary whose

contents are never changetl. For high-IeveI lan-

guages, the use of this scheme seems justifiecl

because 80% of the pushes can be avoidecl. As a

result, a good- increase in speed. can be achieved-

which wiII be d.iscussecl in Chapter VIÏi.

6.3 Bottom-Pase Avoicling Scheme

6.3.1 Descripti.on

The Mod.ified-Page Checking Scheme is a scheme

which is completely inclepend-ent of Replacement

Algorithms. It can be used with any replacement

algorithm. Accorcling'l,o results obtainetL in

Chapter ÏÏ, it is seen that LRU Stack should- be

employed alongsid-e the Mod.ifietL-Page checking

system. The two techniques together result' in a

co-operative scheme which wiII be calIed Bottom-

Page Avoid.ing Scheme.

Under the MocLified-Page Checking Scheme,

whenever a page fault occurs, the supervisor will

check the bottom page of the LRU Stack (i.". zero-

priority page) to see if it has been moclif iecl.

That page will be replacecl afterwards. Uncler the

Bottom-Page Avoicling Scheme, vhen the bottom page

has been moilifiecl, the supervisor vi11 check the
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second--bottom page. If this page has not been

moclified. then it wiII be replacecl' inst,eacl. Doing

it this vay¡ the supervisor can trclimbrr the LRU

stack ord-ering and. check up tor saY, N number of

pages. Obviously after k successive checking, if

aII N pages have been nod-ified., then the bottom-

page has to be replaced- along the normal route.

This scheme is summarized in the flow chart of

Fig. 6.3 .

6.3 .2 Simulation Re sults

Results of this scheme are shown on Fig. 6.4,

6.5 and 6.6 at memory size 2K and. 4K. The page

size P is kept fixecl at 128 words. The number

of pushes, pulls ancl sum are plottecl against k.

h = 2 means that the supervisor can check not more

than 2 pages up the LRU stack. Table 6.1 shows

the improvement percentage of this scheme on the

co-eff icient x over the normal case of Moclif iecL -
Page scheme and. LRU stack. (t=O)
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'-,-' : 3
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ASSEMBLY

FORTRAN

ÄLGOL

¡,SSEMBLY

FORTRAN

A,LGOL

M=2K, C=16

M=4K. C=32

7.5%8.7/"6.4/"

1 8/"1e/,1 j/"

.4/"o%o.g/"

k=3k=2k=1

Table 6.1 Improvement percentage on co-efficient o<

Results show that the number of pushes are further

ïeducecl by this scheme. The number of pulls can either

increase oï clecrease. The improvement percentages are

alt positive with M=4K or C=32. In case NI=ZK, there

aïe some negative results. This can be explained by

the worst situation which happens when the pages at the'

bottom become trstagnanttr. They always stay in Main

Memory and- as a, result, effective Main Memory becomes k

pages 1ess.

The situation now becomes exactly the same as that

of the precliction Methocls in Chapter f . This scheme is

12/"11.4/"s.7/"

-3.17/"3 .8%o.6/"

-o.4/"3/"-O.4/"

k=3k=2k=1



58

only effective at the right part of the parachore curve

where the vorst case is not far from the normal case.

(fig. 6.7) ÄIso, similar to Precliction Method.s, for
the reason of safety ancl simplicit¡ k should. not be

larger than 1. fn other word.s, 1..he supervisor has

two choices ; either the bottom page or the next one

up is replaced. vhen a page fault occurs.

The reason for small improvement in case of the

ÀSSEMBLY program is that the ratio R of that program

is high (i.". O.75). ÀImost every page has been mod.-

ified ancl the scheme supervisor woulcl have little chance

of avoicling the bottom page.

Forf
Risky
region

Successful
regj-on

MorC
tr'ig. 6" 7 Suecessful and Risky regions

of Sottom-page avoiding scheme.



CHAPTER VII

MODELS OF FÄULT RATE ÄND

J,\MR¡,GE ¿,CCESS TIME FUNCTIONS

7.1 ïntroduction

fn a virtual memory system, the absolute measure

of performance is the average access time t,o memories.

This time function d.epend-s on many system paramet,ers

and- techniques. A clirect link to this function is

the fault rate which has been tliscussecl in previous

chapters. In this chapter, mat,hematical mod-e1s for

these functions are suggested, to enable an evaluation

of alt techniques investigated using the absolute

yarclstick: time.

7.2 Fau1t Rate Function

Strictly speaking, the fault rate of a particular

program is a function of both Memory Size M ancl Page

Siz.e ? for a, given Replacement .A'lgorithm. With LRU

stack, f is much more sensitive to M than to P as

is seen in Figures 4.3, 4.4 anð' 4.5 in Chapteï E.
For this reason, P is usually kept fixecl at a' pre-

chosen value antl f becomes a sole function of M or

C (Cr number of page frames). This is a basic charac-

teristic of the Virtual Memory Concept.



The parachore curve of a virtual memory system

is a graph of F or f against M or C. Many mod.els have

been suggestecl to approximate this curve. J.H. Saltzer

in his paper (ll) proposed that fault rate is inverse-

Iy proportional to main memory size or f = f^M-1 where
o

f- is a constant. Although this model serves some
o

purposes, it is far too simple and harclly fits in

many situations. 0n the other hand, ir (ta¡ C.K. Chow

-tproposecl that f=foM where I is a positive real

number clepend.ing on system parameters. This is prob-

abty an excellent model, but it is rather too complica-

tecl.

60

fautt rate function srggestecl

between these two extremes. It

The model of the

here is a compromise

can be statecl as f or

the square of M or C.

f=f

or

F

o

is inversely proportional to

In simple matheinatical terms:

-) _)
M - = f rC

o

_) _)
M - = FrC

o
F=F

o

where fo, få, F, FJ are constants.

Experimental results shown in Fig. 7.1 agree

quite closely with this model. Four plot lines of

tog f versus log C show slopes which are close to -2
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.f t.t ,^ -.--- -----

Fis. 7 .1 Log. Fault Rate f versus log. C with fixetl P
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7.3 Averase Access Time Function

.A,s previously d-iscus sed-, the average access time

is the most important function which clirectly repre-

sents the system performance. Since it cLepends on

the fault rate f ancl memoïy access timer it can be

approximate as T=(1-f )t,+t+', vhere tl and' t,, are

access time of main memory ancl auxiliary memory res-

pectively. However there is an increasing neecl to

express this function more accurately. In this sec-

tionr âû attempt is macle to d.erive a better mathe-

matical mod.eI for this function. In this analysis,

the auxitiary memoïy is assumed- to be either a, d-isk

or a magnetic t,ape.

For

system,

n

+'-
I

t
s

t,-ü

any program executed- untter a virtual memory

let:

: number of references executecl

: access time of Main Memory

: settling time of d.isk or tape heacl

: clata transfering time per word- or clisk

or tape.

: Total number of page faul-ts

: co-efficient of Page transfers "

F

d-

d Push + Pull-
PUII =R*1 i 1âe<22

Totat execution time for the

|t = nt.,+o(F(ts+Ptt)

where o< and- F are functions

general ancl xF d.enotes the total

program will be:

of both M ancl P in

number of page



transfers between the two memories.

where f is the fault rate

.A,verage access time T for a reference is:

T = t1**#(tr+rt*)

t1 + "(f (t"+rt' )T

Iarger

in the

63

=1O, OO0

for a, tape-

expression

Typically the access time

for a clisk-core system and- is

rati o r/t
S, 1

much

core system. If f >.001 or .1%, t
becomes insignificant.

T - o¿r(ts+Pt1)

I{hat has been d.one in previous chapters can now

be seen as trying to minimize T by minimizing other

quantities in the expression. Fault rate f can be

red.uced. by LRU Stack anil Prediction Methocls and. a< ca,rL

be reiluced by the Prevention of Pushes. These improve-

ments witl be d-iscussed. in d.etails in Chaptu" E.

In case of a typical Floppy clisk and for P=128t

t" a,nc[ Pt, are comparable (t"=1Oms, Ptr: 8ms). ft

must be notecl here that P in the expression is not

intendecl to be a variable. Â reduction in P wouldl

seem to boost the system performance r but it cannot,

be clone without limit. For a reasonable main memory

size, smaller page size woulcl mean an increase in

number of frames C which results in extra hard.ware

1
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complexity. For 'these reasons, P is kept at some

pre-chosen value, i.e. in this case P=128.

Reca1l from Section 7.2, for a fixed- P

ala
f=foM o=fo}-o

then T:¿ o< f ¿M-2 
(t,"+rtr)

1- ¡a-2it-z rrrhere A and. i are constants

This mod.el coulil be usecl to approximate System

Performance with a given Main Memory size ancl vice

versa.



CHJ.PTER VÏfr

ÂN EVALUÁ,TION OF VIRTUÀL MEMORY

TECHNIOUES USING SUGGESTED MODELS

8.1 Introd.uction

Generally speaking, a virtual memory system is

a cost-effective way of expancling main memory. The

memory expansion macle is completely transparent to

the programmers. The cost-effectiveness of the

methocl is achieved partly at the expense of time.

1,1I techniques investigatecl in Chapter E, V and Vi

have a common goal of minimizing time or improving

speecl. fn this Chapter a cost comparison and. an

evaluation of these techniques will be mad.e. ÂcL-

vantages and- ilisaclvantages wilI be cliscussed to

clecicle vhether the use of a virtual memory system is

incleec[ justif ieil.

8.2 Cost

To evaluate the cost, the easiest way is to set,

up a cost corparison between a proposecl virtual memory

system antl the ortlinary way of expantling main memory.

As a,n example, the IM"-16 in the Department of Electrical

Engineering (University of Ac[eIaiile) wil] be considered-.
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The IMP-16 is a, 16 bit-word. micro-computer

of the Department of Electrical Engineering. It has

256 word.s of RAM internally ancl another 512 worð's of

ROM can be aclclecl. A main memory is obviously need.ed-.

For a virtual memory systemr &r auxiliary memory and-

electronic interfaces are also requireiL.

Searching through the market for main memory at

this timer ve have three choices : Bipolar semicond.uc-

tor, MOS semiconductor or core. Economic reason

eliminates the first choice. MOS memory is smaller

than core memory in size, approximately comparable

cost and- slightly faster. Hol'rever, it is volatile

ancl probably has shorter life than core memory. Data

taken in the second. quarter of 1976 is shown in

Table 8.1 below.

National
Semic ond-uctor

MOSRAM DR104

500 nsecs

750 nsecs

$85o. oo

Litton Memory
Proclucts

LM.41 6N

350-550 nsecs

0.95-1 "4 usec

S85o. oo

Company

Mocle I

.A,ccess time

Cycle time

Pri ce

(SingIe Unit)

MOSCORE
4Kx16 Bit
Main Memory

Table 8.1 Data of some proclucts of main memory.
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For auxiliary memory, commercially at a moment,

the floppy d-isk seems to be the most attractive be-

cause it is much cheaper than conventional clisk anil

much faster than tape (ord.er of thousancl times faster)

The floppy clisk probably provicles enough mass storage

med-ium for a mini or micro-computer. Table 8.2 con-

tains some clata of one of the floppy d.isk clrive unit,

the Memorex 651.

Table 8.2 Summary of Memorex 651 Disc Drive Data

D¡,TA RETRIEVAL TIMES

Rotational Speecl
Access Time

375 rpm
1 0 ms track to track
1 O ms settle @ track
25O kilobits/secData Transfer Rate

DISC CH.A,RACTERISTICS

Recorcls/Track (max)
Number of Tracks
Records /nisc (max)
Record.ing Density
Record. Length Sectorized

(lz per track)
Record Length Inclexed

(l per track)
Disc Capacity Sectorized-
Disc Capacity IndexecL

32
64
2048
31 OO bits/inch (max)

1056 bits
38.
))
2.5

5 kilobits
megabits
megabits

oÁt¡, RECoRDTNG FORMAT

Recorcling Mode
Sectors per Track
Inclex per Track

Frequency moclulation
32
1
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The floppy clisk can store 128K of 16-bit r,rords.

It can provid.e 64K or 128K of ttvirtual memory'¡

tlepencting on whether segmentation is used.. (Chapter ffi)

Main Memory capacity is 4K x 16 bit-word.s. Table 8.3

shows a, cost comparison between a virtual memory

sys,tem ancl systems with equal capacity of main memory.

Table 8.3 .A.pproximate cost comparison of a virtual

memory system and. systems with equal

capacity of main memory.

On the cost sicle of the rrgamerr¡ Table 8.3 shows

that the virtual memory system is extremely cost-

effective and. rational. Even one cou1d. afforcl the

main memory vith equal capacity, he would- think twice

about buying a memory which costs 20 times more than

the micro-computer itself. If time is not a critical

factor, the virtual memory system therefore, would.

be a better ancl sensible approach. Note that 'bhis

cost comparison is neither confinecl to this partic-

ular example nor the current price of memories " The

-- fi26, ooo.- $13'OOO- $3 ,650Total

^'#26rO0O* fi13r0o0$8ro

- #2,500

N $loo

Main Memory

Floppy Disk
Unit

fnterface s

System with
128 K

Main Memory

System with
64K

Main Memory

Virtual Memory
System 64K

or 128K

ftem
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cost ratio lrill Tather stay almost the same in clif-

f erent situations. fn any computer sy.stem, cost is

always one of the most important f act'¡rs. This is

the reason why most computers are preferrecl to have

back-up clisks or magnetic-tapes rather than to expantl

main memory to full capacity. The d.isks or tapes

in a virtual memory system are not only back-up med.ia

but also the rrvirtualrt part of the main memory. To

show that cost is reaJ-Iy important, recall that

before the first virtual memory computer came to

existence, the problem of expantling main memory had-

been triecl by a group in M.I.T. in 1961 . They pro-

posecl the construction of a, computer with several

million word-s of main memory (an amount then consicl-

ered- vast). Economic reasons had. prevented- this

proposal from actually being reali-zed- (l).

8.3 Time

-A,s mentioned. before, memory expansion at sub-

stantially low cost of a virtual memory system is

achievecl usually at the expense of time. This is

the price of the virtual memory system. Horvever,

with the techniques investigatecL in Chapt""s TV, I
and fr, the aveïage access time of the system can be

greatly reducei[. Using the moclel suggestetl in

Chapter E, it is now possible to evaluate these

techniques on the absolute scale : time.
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Recall that the average access time of a virtual

memory system is:

T = o(f (ts+ptt)

In this expression, Page Size P is not treated. as

a variabÌ e , but rather as a c onstant . \{ithout l- os s of

generality, P=128 is chosen (Chapter TV). For a flop-

py disk as an auxiliary memory, t"=1Oms, tr=64¡sec.

(t"+rtr) : t8 msec.

8 .3 .1 LRU Stack Replacement ,{.lgorithm

Let T- be the average access time of a
o

Virtual Memory System employing Direct Mapping

with no other techniques and Tt be that of the

LRU Stack Algorithm. Since T is clirectly propor-

tional to f aul-t rate f , improvement of f or F is

also improvement of time. Table 8.4 shows the

T /t rat,io for fixed P=128 .tr ¡1=2K and. M=4K.
o

ASSEMBLY

FORTRAN

ALGOL 4410

2510

1.728

4K2K

1

Table 8.4 Improvement

Stack over Direct Mapping.

8.3.2 Moclif iecl Pase Checkins Scheme

in Time (T o/ t., ) of LRU

the av,erage access time of the

Checking System rt¡ith LRU Stack.

Let T^ be
¿

Moclifiecl Page



The improvement on o( is

T. Tab1e 8.5 shovs the

ment of TZ over T1.

also the improvement, on

percentage of improve-

4Ø"43/"

42/"38%

11 /"11 %

4K2K

71

the ave-

8.6

is shown

ASSEMBLY

FORTRAN

ALGOL

Table 8.5 fmprovement percentage of TZ over Tt

8.3 .3 Second Prediction Method.

rage

shows

.A,SSEMBLY

FORTRAN

ÄLGOL

Employing Second. Precliction Methoclt

access time become" T3. Tab1e

the improvement percentage over T2.

25/"11 .8/"

20%4.3/"

23/.4.7/"

4K2K

Table 8.6 Improvement percentage of T3 over TZ

8.3.4 Bottom Pase Á,voiclins Scheme

appliec[ forlfith Bottom-Page AvoicLing Scheme

k=1 r the improvement percentage over T

in Table 8.7
2
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ÄSSEMBLY

FORTRÀN

T.LGOL 6.4/.8.7/"

1 5/.o.6/"

.e%-o.4/"

4K2K

Table 8.7 Improvement percentage of Bottom page
Avoiding Scheme over TZ

8.3.5 0bservation

As far as time is concerned, the improvement

of LRU Stack is the most important. Speed. can be

increasecl up to 45 times and. 20 times on the av-

erage. The second. important improvement is mad-e

by the Modif iecl-Page Checking Scheme. The

effectiveness of these two t,echniques is uncon-

ditional, i.e. it is always effective irrespective

of system parameters. Second Precliction Method.

and Bottom-Page Avoicling Scheme also give smaller

positive improvement and. could be implementecl if

the operating point is known to be atr the lar

right hancl part of the parachore curve.

In. case of the coïe f n"ppy-clisk virtual mem-

ory system employing LRU, Moclifietl-Page checking

scheme and Second. Pred.iction Methocl, the average

access time T is

T =o(f(t"+Ptr)

For the 8K ALGOL Program with M=4Kr d. =1.2

ancl f ^' O.OO1 (p.g" C-6, Appenitix C)

T = 1 .ZxO. O01x1 8 =' O. 02 msec (tr t o' ooL r"s)
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Although it is larger than the access time

of core (1¡rsec ), it is very much smaller than.,
the time for swapping a page fron core to cLisk

antl back (2x18=36msec), or even the settling

time of d.isk (1 Omsec ) . Recal-l that this is the

case where the program size (gf is twice larger

than the main memory size (+f).

8.4 Limitations

8.4.1 Thrashins

This is the excessive overhead- and- severe cle-

graclation caused by too much paging. Thrashing

turns a shortage of main memory space into a sur-

plus of processor time, i.e. the processor is

iclte most of its time waiting for paging. Thrash-

ing usually occurs in multiprogramming situation

when two or more programs are stealing pages from

one another (tO). In single-user environment,

thrashing can occur in case of Direct Mapping when

pages are competing for one memory frame.

Employing LRU Stack.in a single-user environ-

ment, the problems mentioned- above are completely

avoid.ecl. The only way that thrashing can occur

is rtrhen there are program loops which are larger

than main memory size. This problem can be solved-

by the Designer who voulcl ensure sufficient main

memory space for most tttypicalrr programs.
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8.4.2 Uncler -cored- Proqrams

If the program is under-cored, i'e' it can

fit into main memory, the use of virbual memory

system woulcl be a vaste of time through acldress

translations , eü'c. Usually a clesign of a virtual

memory system should inclucle a bypass svitch which

can be used- by programmers to rrturn offtt the

virtual memory when the program is under-cored'

8.5 Conclusion

Äfter comparing cost ancl time of a virtual memory

system and- a system with equal main memory capacityt

one can realíze that the onty d.isaclvantage of virtual

memory is time due to the slower auxiliary memory'

However this d.isad.vantage can be out'weighect by the

following aclvantages :

extremelY cost-effective
'transparent to Programmers

much faster than the auxiliary memory

various techniques can be appliecl to increase

speecl consiclerablY

In situation where time is not-a critical factor,

the virtual memory appïoach is no cloubt one of the

best methotls of expancling main memoly. For the tech-

niques investigated, LRU Stack ancl Mod.ifieil-Page Check-

ing scheme are most important techniques which can

be appliecl with any system parameters. Preiliction

Methoils ancL Bottom-?age Àvoicling scheme can also be

appliecl at the right hancL part of the Parachore curve



CHAPTER IX

SUGGESTIONS FOR FTJTIIR,E I{ORK

9.1 fntrod.uction

Àlthough investigation into three basic tech-

niques of virtual memory have been completecl, the

research in this f ielcl d-oes not stop here. The

next question to ask is vhich clirection one shoulcl

'f ollow to continue on this pro ject. At this stage,

there seems to be no shortage of work for future

investigation. Two possible extensions are sug-

gestecl here: The Restructuring of Programs ancl the

Expansion of the Virtual Aclilress Space.

9.2 Restructurinq of Proqrams

. Unlike the three approaches discussecl so far,

which attempt. to change the virtual memory s¡zstem

to fit the progïamsr this approach tries to change

the programs to fit the system. Á.Ithough there are

good. reasons for stud.ying the way to. change the

system, there aTe equivalentty good- reasons for

stuclying the way to change the programs. This is

an appïoach which is totally inclepend-ent of the

previous approaches.
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For any program, the sequence of virtual page

requests (i.". reference pattern) is an absolute

measure of the page requirements of the program.

Anything that both red.uces the length of the over-

all sequence ancl the number of clistinct pages used

in subsequences shoulcl result in retlucing the

Programts page faults for almost aII memory sizes

ancl page replacement algorithms.

fn a program, there are always parts that can

be placed- an¡rwhere in the program. They are callecl

relocatable sect,ors by D.J. Hatfiel-cl ancl J. GeraId. in

their paper (10). Examples of these are subroutines

or arrays in FORTR¿.N COMMON. The síze of sectors

must be smaller than page size anil typically about one

tenth to one thiril of the page s j-ze. Suppose there

are m sectors in the program, aLI communication between

these sectors can be record.ed. in a m by m matrix

(mxm) caIled nearness matrix. Usually the program

must be run once to obtain aII information to construct

the nearness matrix. Obviously, the matrix wiII be

tlifferent with clifferent sets.of d.ata, however, there

are always sectors which are clata-inclepenclent and- a

trtypical set of tlatatr can be chosen from a collection

of samples.

The key to this technique

that sectors which communicate

is the reord.ering so

more with one another
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a,re put in the same page. In aclclition, each page

shoulcl be filled with sectors that are used- with the

same frequency. The technique attempts to maximise

the use of a page by avoiding the situation when only

a, smalt part of a page is used.. For example, 3 sec-

tors vhich communicate with one another 1OrO00 times

would. surely perform better if are put in the same

page rather than in 3 d,ifferent pages which tentl to

be in main memory at the same time.

Since sectors are aII clifferent in sizes, there

is no guarantee that an integer number of sectors

witl fit nicely in one page; For this reasonr sectors

shoulcl be aIlowecl to cross page boundaries, otherwise

rrholesrr wiII be createcl in each page.

Äs an extension to this reordering, Reatl-only

sectors r¡hich are need-ed- by many other sectors can

be. cluplicatecl and clistributeil to bring about the

best structure of programs.

. .A,lthough it was claimecl that tbis technique is

more sensitive than replacement algorithm (lA), the

main criticism (15) is that the amount of work, soft-

Ì¡are anct harclware used. for the preprocessing of a

particular program is far t,oo much. However, it can

be appliecl .for programs that will be used many times

in future or programs that are not highly clata-

d-epend.ent.
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D.J. Hatfielcl ancl J. Geralcl (lø), have used. hard-

ware to f incl program traces in order to cletect sectors

communication. However, hard.ware may not be the

best approach because of the cost of equipments in-
vo1ved.. The suggestion here is that in oriler t,o re-
tain the cost-effectiveness, software may be a better
methotl ancl to retain programmer transparency, a

processing program can be written ("t either compiler

or assembler leveI) to restructure other programs.

The processing program effectively ttrunstt t,he being-

restructured. program first ancl detects aII
communication between relocatable sectors. It then

uses the data fetchecl to restructure the pïogram.

fn search of this approach, the author has faced an

interesting problem: The 32K l{ai-n Memory of the Nova

Computer used. becomes insufficient to st,ore atl clata

fetchecl back. This means that as far as Program

Restructuring goes, the Virtual Memory concept is
intleec[ self-fulfi11ed.. After d-esigning ancl builcling

a virtual memory system, one can use this very fa-
cility to clo the restructuring of programs. There

will no longer be a, shortage of memory space.

9.3 Expansion of the Virtual Aclclress Space

One of the problems that faces designers of

virtual memory system for small- computers is the

short word. length. For example, a minicomputer which

uses 16-bit word. is capable of aclclressing only 64K

of memory. For the Nova computers in this Deparment,
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since one bit is used. for continuing intlirect ad-d.res-

sing, the ad.d.ress space is reduced. Lo 32K. 0n the

other hand-, a sma1l cLisk is usually at least 128K

of storage, for example Floppy Disk Memorex 651. If

virtual memory is implemented, the clisaclvantage is

that half or three quarters of the clisk is not, used.

Furthermore, a 32K or 64K adclress space may not sat-

isfy programmers using high-1eve1 languages. For

these reasons, some technique to expancl the virtual
ad.d.ress space and maximíze the use of the cLisk is

cle f inite Iy ne ed ed. .

One way to

segment concept.

size is exactly

case of the Nova

IS

solve the problem is introd-ucing the

A segment is a, group of pages whose

the same as the ad-d-ress space. In

computer and the Floppy Dish, the

)2K, therefore 4 segments ca¡ì. bead-d.re s s space

introcluced- to cover the whole 12BK d-isk storage.

Since the ad.dress space is limited, only one

segment can be engageil in operation at a, time " '[{e

must now ad.d a segment register of n bits to tell the

CPU which of the 2n segments we aïe currently ref-

erenci.rg. Conceptually, the segment register is an

extension of the instruction I s add-ress f ielcl. The

combination of the segment register ancl the adclress

register now contaiñs the effective address and the

acld.ress space has virtually been expand-ed-.
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To change the content of the segment register,

which may be a, software construction (Z), a, speciaÌ

instruction is neeclecl. This kincl of instruction can

be executed through a service call which just changes

the course of aclclressing on cLisk. (Cross-segment

jorp)

Doing it in this Ìì¡ay, the whole cLisk can be used-

anil the virtual ad-d.ress space is expantleclr say, from

32K t,o 128K wit,h a 2-bit segment regist,er.
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CONCLUS ION

Basecl on the results of the overall evaluation

VIIIETptCha( ) , the virtual memory approach

be one of the best methods of

far in situations where time

can be

expand.ing

is not

c ons id.e red-

main memory

critical.

to

so

The ad.vantages of a virtual memory system

can be summarized, again as follord's:

1. extremely cost-effective

2. transparent to programmers

3. much faster than the auxiliary memory used-

4. speecl can be increased. consiclerably by vari-

ous techniques

. The techniques usecl to increase speed are inte-

resting topics for research. For LRU Stack AIgorit,hm,

results in Chapter E inclicated. that it does perform

better than Direct Mapping. This improvement is very

important because it red.uces the risk of thrashing

ancl increases speecl up to 45 times faster (Chapter trlttl.

Besicles, f or typical small computers, a, goocl page
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size, if feasible, would. be 128 worcls in a main mem-

ory of 4K.

The u.se of the Mod-ified.-?age Checking Scheme

seems ad-vantageous since it red.uces the number of

pushes consiclerably. In case of high-IeveI languagesr

8q" of the pushes are preventecl ancl as a result, the

average access time can be reduc ed' by 4Oy'" (Chapters

It is also notecl that the ad.vantages of the two

method.s above are unconclitional , trhalu is, with these

methocls, the perf ormance is always improvec[ irres-

pective of the system parameters (M, P, ?rogram).

For this reason, they are highly recommencled-.

Simulation results of Precliction Methods in

Chapter i i-traicates that Second. Precliction Methotl is

the best among.the three methocl.s consiilerec[. It can

be used- when the operating point is knovn to be at

the right-hancl part of the parachore curve. In this

region, it becomes particularly os"iul because further

increase in main memory size woulil have little effect

on fault rate aL this point.

The Bottom-Page -A.voitling Scheme is a moclifiecl

versj-on of the Moclifiecl-?age Checking Scheme. It d-oes

have positive improvement over the latter (Chapter E).

)
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Like the Second Precliction Methocl, it can only be used.

when LRU Stack is employecl ancl the operating point is

on the right-hancl half of the parachore curve.

Besicles the f our techniques d.iscussed above,

resèarch on this project can be extenclecl further into

clifferent areas. Two topics have been suggested. in

Chapter TÏ. Firstly, the restructuring of programs

is a promising area in which large amounts of software

wiII be involvecl. A processing program may be writ-

ten to restructure other programs before they are run

under a Yirtual Memory System. Seconclly, the segment

concept which expand-s Virtuàl ad-d.ress space also need.s

further investigation before it can become a workable

solution technically.

FinaIIy, one must repeat that the biggest ad.-

vantage of a virtual memory system is cost. Results

in Chaptut VÎÎJ have shown that the cost of a virtual

memory system is about 14/" of the cost of an equal-

capacity main-memory. For this reason, the Virtual-

Memory approach is stitl the most cost-effective

methotl of expancling main memory for small computers

so far.
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AP?END]X A

FLO\{ CHARTS OF THE SIMULATION PROGRAM
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NOTES

1. Special Locat,ions

INFLG:

PPC:

SPPC:

INSR:

ITN:

PGSZ:

MELB:

MEUB:

2. Äbbreviation

M.R.I. :

E.A. :

Interrupt flag; set to 1 vhen

an interrupt occurs

- Pseud.o Program Counter

Pseudo location 0

Pseuclo location 1

- Location used for executing

'INTENt (interrupt enable)

instruction, allows for execu-

tion t,o be clelayecl one

I instruction cyclel

(rnr) = rNTEN when set

= JMP .+1 when reset,

page size P

- Number of page frames C in

main memory

- Main Memory lower bouncl

- Main Memory upper bouncl

- Memory referenced Instruction

Effective ad.clress

TN

Bit o Ieft most bit



RBYTE:

LBYTE:

Y.P.:

V.A.:

R.A.:

3. Errors

ERROR:00

ERROR:01

ERROR: 02

ERROR: O3

4. Subroutines

A-2

right byte

left byte

- Virtual Page

- Virtual .A,clclress

ReaI .A,clclress

- The Program und.er Simulation

has attemptecl to READ or WRITE

into a memory location occupiecl

by the Simulation Program

The Program under Simulation has

attempted to jump into the

Simulation Program

Á,n instruction outsicle main

memory is fetchetl

- Virtual Acldress is larger than

maximum aIlowable add-ress.

Not translatable

Subroutine for fetching instruc-

tion from main memory. See page A-10

FETCH Routine

Subroutine for fetching clataREWR Routine

from main memory. See page A-1 1



AUTO Routine Subroutine which takes

auto-incrementing and.

locations. See page

a,-3

ca,Te of

d-e crementing

a.-12

ERR Routine

TXOP Routine

SMSR Routine

RESET Routine

.A.DTRN Routine

IBR Routine

MFLAG Routine Subroutine to se.t a flag to

when the corresponding page

being moclif ieil.

Subroutine to print errors

Subroutine to print a, t,ext

Interrupt Service Routine. Sub-

routine to take care of interrupts.

See page A-12

Subroutine used. to reset a1I

counters in the simulation

program for initialíza1"íon

purpose

ON

is

Subroutine to translate Yirtual

AcLcIress to Real Acldress.

See page A-7

Subroutine to loacl C pages into

main memory for initializat"ion

purpose.

Subroutine to bring a requestecl

page into main memory when a

page fault occurs. See page A-8

BBING Routine
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XFER Routine Subroutine to transfer a page

between 2 memories

IPRï Routine Subroutine to initialize priority

numbers

PRI Routine Subroutine to update priority of

pages in Main Memory.
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A¡DRESS TR.A]{SIATOR SUBROUTIIii]J

FunctÍon: Translate Virtual Address VÂ to Real- Âdd-ress RA.

Y

N

Y

Y

RETUR N

k/'Å.r.

¿oî9
Ttwrrgl*Ce'

þr Loc*f
2.O+3

u¡J*t-e'

Priori tg Nuøb¿r

rra¡,s La"L

Aàd,ceçç:
vA <'r d'

gRING ßo.^tin¿

KAVA=l?

c t*bl¿?n5

tt
¿t Ì¡ç

Ah=úYA=(2

Calc*la-Le'
?.Jø ñt¡mb¿,r

flntrIva >'+Q

VA ) VAr^"r
Ercor Ro*ttn¿

O,r-b ¡ wb

Erucoo*:

¿o¿¿ Virbtl¿L
A).àc¿ss VA

EN TER



Â-8

SRTNG SUBROUTINE

Funetj-on: Bring a new page into ma{ n memory whenever

a page fault oceufe6 '

PUSH

PULL

N

F.A.: From-ad,d-ress, aclclress where data
is taken from.
To-ad-dress , ad.dress where data is
But i-nto.

RETURN

búlø?ctø
*¡d-+

Ìto/-!g;t1 Flag

k¿s¿E

^FEß 
Po'r'ti'z

C¡.L<--l¿-Q

FA â,'¿. TA

X FER þ,^tt"¿

CøLculaþ-

lA *,-k TA

Po?e bt¿-t<.

ENTER

Note

[A:
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tr\rnetion:

TR¡.NSFER SUBROUTINX

XFER

lransfer a page =128 r,'rord.s between
main memory and. backing store.

trlom- acldress
To-address

TA:
TA!

RETURN

t= { ?

I-tI

FA = FA+l
1A > 1A+l

+

coÍä
fot

lo

woeà-

FA

rA

N

zó4eI

.Co*è- F A

a.¡d" TA

EN TER

Note
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Function:

UBD

IBD

ÏETCH SUBROUTI}I]I

Tetch instructlon from Real -A'ddress RA

in main memory.

Upper bouncl of Si-mul-ation Program

lower bound. of Simnlation Program

N

N

Y

Y

I{ote

RETURN

FoEc|u
irstr,^cttor.

rn a,ààrøss

cA*1c

P.A L 
'PPc

chø7c-
¡n å tqsk

oA >, tgD

HALT

ELROÊt: OI

ùnt¡*

P,h ! vbD

1t

ts
RA ir n¡;*

H ALÏ

ôvT ?uf
Eß&op.: Oz

LoaL ÈA

ENTER



RN,A-D-\,IRT TE SU tsROUTÏNE

REI'/R

tr\rnction: Fetch d.ata from maÍn mernory.

Â-1 1

N

Y

a l-ocatj-on reserved. for dumping
has no significance.

RETURN

&l- ^út-ss
â sp?c

a}*--Xc. ol/r¿ss
e Dur4 P

EA =l?

ehtthJt¿- .Z^ta
I tpsAEA=tlHALT

O*þp*t
E*eop-: {{

EA ) LbOl

EA lvso

ENTER

Note
DUMP: it
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AUTO SUBROUÎI]'TE

Funetion: Take care of auto-incrementing and decrementing
locations.

]}TT]IRP.UPT SERVTCE ROUTINE

tr\rnction: Take care of the interrupt service of the machine.
Transfer an interrupt of the machine to a

slmul-atecl lnterrupt .

Y

RETURN

nl-øc¡Zcn c¡ë
con tertt

o{ Eâ

,t
all r¿s t

a.*to-

inct-¿n¿nt
c¿n îøn t

"f EA
?

i^t¿
al,Lr¿çç

þ9

EN TER

RETUR N

9et |NFLê

ENTER
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SIMULATION PROGRAM LISTING



r1(¡r¡l .ivl AIr\

B-1

I t\ S'I'¡,. .

I ñ'i EliF; .
I i\SiI
si45i{

I $Qr1r¡
7 6(trt I
7 6úû2.
7 6úrt3
7 6rtú4
7 6û05
'l (.Ú(t6
16úrt1
7 r¿0lrt
76QTI
76út2
7 6rt l3
76Dltt
76ût5
76b16
16û17
-l $Qlr1
7 6rt2l
'l6rt22
7 6rt23
7 6Q2A
7 6rt25
7 6rt26
7 6ú27
7 6ú3rt
7 6rt3l
16rt32
?6033
7 6û3tt
7 6rtil5
7 6rt36
7 6rt37
7 6rt4rt
7 6û¿t I
7 6rt42
7 6û43
7 6û4¿t
7 6rt45
7 6rt46
7 6q4'l
7 6rt5û
7 6rt5 L

7 6rt52
-7 6rt53
7 6(t54
7 6Q55
7 6rt56
7 605l
7 606(t
7 6rt6l
7 6(t6?,
7 6rt63
7 6ú6lt
7 6rt65
7 6rt66
7 6rt67

f1'l $11r1r1

Q'l $t1r1r¡
t1r1(1Q(1(1

(¡1¡Q1¿/a-i

lQQr¡ll
ITIQJJP
ú2(t535
Q Q1111r¡ |
l(t2.4(tO
042537
rt2rt53'l
r¡ /t,r¡ ! g\
rt2rt7 r¿5

ûArt535
Crtö432
(1p-QL¡1-¡11

l1 [,11 ,l:.111

()¿t()tt¿tl
ûùú442
(1þl /1!11

o2'1,436
û42/t36
11l11\JI¡
11l1111JL,
() | /143 !
rJr)()'l 7 3
r¡p,11{},11

O4rt42l
rl Jr¡J ! (.1

0525 I I
r1r1$ Q l'i
(t325(t-l
rt2rt4l3
| | 3rtrt(t
QJllrlQ
rtt4/:!l'
r1Qrll'l Q

Q(1f;111(1/-¿

063û7'i
r1(11 /¡ | $
rt1 6!¡2(t
rtlI255
rt7 6163
(11(1Qlt1

fit1(1Q(1r1
rt7 7 (t5l
QQrlrlJ'l
r1r1r.¡r¡lr1
f1(¡(1(¡(¡r1
f 1f.¡\t1r¡l¡
(1(1(1(1(¡l¡
(1(¡t1l(1Q
rt657 6(t
Qlr¡\fir1
Q\r1!'l -l

r) ¿L¿t/1'l 7
rtSrt47 7

Q5t.t47 7

ST.4DD:

Ii\I:

Aiì.5'l':
AIPIii:
ASACO:
?G5'¿ |
CT:
AEiìG:
TtL:
Tr,,,ìN 3

CTSS ¡
II.A:
I'l å:
ü F-l-ir :

; V I iiTUAL, l.iEir':Oir.Y
. L0C Q'lgt.¡t1Q
LtlD=.
(1

STA t'@ASACT)
LDA (t'I
S't'A 0, I i\SP.
LDA ú,ASiÍSl:t
STA (t'l
SUR () t t)
STA f;r[ìAi\¡. I-G
LT.)A T,I¡ DL]M

STA t, IJ N

LDA q, STADi)
STA O 'PPCJSIì O AIìST
l-DA 0''lht\
SlA DrC'i'SS
S1'ê 0'It'A
l.DA ú, YiEl-Ll
514 ,,1'I'A
L.IIA ú,flli'A
STA 0,oIl'A
TS'¿ IFA
ISZ I1'A
D9Z C'¡'SS
JMP ..5
t-DA ú r l'itr
51'A ú ' C'!'
LItA 2 tPl'Q
SI'A ZtQã¡JA
JSJÌ LI ABiîG
l.,DA 2r0AVA
I.I;r.1 () 

'PbSZADD lt,Z
S1'A 2 r f¡ AVê
DSZ CT
JIVJP INI+2
JSii EAlP¡.iI
iI AL,]
JYrP $I'Aiì1'- l
hESET
I P¡'ì I
S A CTl

2(tO
11

I EIì
37
2t
(1

(1

o
f1

657 6(t
LDA r: ¡ SACrl
STA q ' SACú
STA lrSACl
ST'A 2 ' 5ACz
S'IA 3,54C3

5Y51 EM S I14ULAT I Ùh' PllOGiìAtY

iAL,DÌ.i. O¡ FiiiST
, SAVIr AC(t
; ST0lìLi ADi-¡ft. Û¡
,SEI:{V. EOU'i'. IN
; .5't UI:il. ê DIJIì . Û¡
;ii\ L,oc. I

iiiLSli'i I N'¡'Eijii. i' Lêtr
;s[.'i' I']'hi ir)
i.Ji/jp .*1
i PUl S'j'êiil'I ilG Al;l;i:h,55
; IN PPC
, iilrSL,'i ALL, C OUNT EIiS
itihrINLi iN [-OC.'5
i7(t TÜ 37 TO
i 5Pi::C i lìl- t,ÛCA i I 0N¡5
; IN MAIi\ i"r!-ùiOirY
t

t
t
j
t

t
t

i lìiiI r\tG IN I ST 32 PÊ,G!-S
; INT'O vrAIf$ Y:11i,:UIiY

, iii}IT1 Þl.I ¿.L FFl I u¡ìI1 Y

; PAGE SIZE.

iNUYrBEtt Oii i'AGE F;iAY:tS

; ltlüiv,0¡ìY LO wlthì iiOUNit)
; iiÉ5T ÛfiE ACTI
; SAV L, ACCU|{UT-AT OR 5STAiìJ' :



QQr¡fi .ù'iAIN
7 6(t? (t lrl lQrsrl
7 6rtl I r)4r)4'Ì 6
7 6rt7 2 (t22454 BEG I N 3

16rt1 3 !rt LúrtQ
7 60'14 r1r¡11lJ!
76rt7$ r1P,r¡lJf;
76(t76 QQrlQQl ITN;

ùiou ti
STA
LDA
I'iOV
JMP
LDA
JNlP

s 1'A
LDA
STA
JSfì
JSiì

() t()
f.,, SACY
t, g ANF LG
(1 t() SZE
INT
0 r I)UM
.+l

0, I'l'N
2rPPC
2.r0AVA
E AAT
E Ai. ET

tTTUSI I
ll' I
O Ar":E
r,r r'I ES'i'9
(lrl
I N'i I'j
I r . +7

', 
SACY

() t0
() 

' S ACr)
lrSACl
2 t SACZ
3r SAC3

st\ic

sr\[r

. *2
PPC

Pi)C
ICTl
SîATIl'
I Cï'2
51'AriT
IC'T3
.*l
ST AI]T

r) rPT>C
rj, SPPC
0, I NSIì
() 

' PPc
() r()
0r0At!¡-LG

;lì!.Sl'0i11!
;1ìEST oiill

CAiìiìY
ACCUrvrUt.Al'OIi:i

B-2

; SAUE CA}iRY

;SKP UI\i.ESS II\i¡LG IS S¡T
; SLiiU I ÜE I I\1!.iiJ1UPT

; DUliwiY LOC. US¡,iI ¡'O¡ì
t'r,Y.i.C. Ol. II.TTEN INrSTii.
.i ïiESl'0i1E i!v1!: r + I

i TiiAl"lSLA'lE AlriJiil"-,5 S

, FE'l'Ch i NS'i'lj,uc1'I 0iü F¡iÜv,
i TTF-AL ADIJjTLSS

; SKI P U.\i-L55 tn .lì o I .

t 5KP Ur\L!,55 INSTä. =IN'l'l-1\

,S'TOIìE IIIST}I. IN P.I.il.

7 6û-t 7

7 6lOrt
76tût
76lrtZ
16tû3

r)4q7 7 7

Q jl!$r1
rt52443
ûû6441
(tû6442

rlp-Q/l$/)
lrtr¿ L33
QrlP!'J/1
Qflr¡!'l I tXirC:
106415
rlf ¡114Q'l
r)444q7
rllfitaJ/)
ll I tr1t1
r1lr1\!$
(t244¿t6
QJrl!\$
()34ttq6
f1î1(1t1t¡Q P IIi:

'7 6lrtA
7 6l(t5
1 6106
7 6lrtl
7 6l lrt
761 I I
761t2
761t3
't6tt4
'761 1s
761r6
? 61r7
7 6l?rt
7 6t2r

LDA
SVBZII
Ji/¡P
LDA
SUB#
(jivtP

STA
LDA
tvi0vl-
t,DA
LIJA
LDA
LDA
(1

Jt"lP
TSZ

76t22
7 6123

(1f1QA,fiQ

rt I rt 425

7 6t?,lt
7 6t25
76t26
76r2,7
7 613r)
76131
76t32.
7ó133
7 6134
76135
7ó136
7 6t37
7 614(t
76t4L
7 6t42
76t43
7 6144
7 6145
76ltt6
7 6147
7 615(t
?6lsl
7 6t52
76153
76t54
76ts5
76156

rllll¡p/1
rt l(t4l I
Qr.¡r¡l'l$
tl ll tllf ¡
r¡r1r1'l J/4
t¡ | {1!r1'l
r¡t¡lQr1l
r1r1r1l J!
Qf1(11(1Q
(1f ¡l(1ftr1
( 1(1 f; (1 (¡ (¡

f 1î.¡ 11(.¡ ( 111

(1r1(1(t(1f¡
(t7 651l.
o7 62t I
01666¿t
rt77rt4l
(t7 6325
rt7 6517
fiQr¡\r1l
Q(¡(f¡f 1l¡
l2ú7 7 7

lt4(t436
rtZrt7 62
rlQf¡-l 'l /¡
I 11Q/)l1f ¡
ú427 7 rt

EA:
INSIT:
r cl'1 :
I C]'2 :
IC]3¡
A Sr\'¡Sil ;
Ar')IÌ :
AAT !
AVA:
AI-E,T :
êi\F LG ;
DUI4:
PPC:
I þ.j't :

rsz
T,5Z
JMP
TSZ
JI.4P
TSZ
JrYP
.ji4P
h
I
(¡

l1

Q

St'lSii
M¡iS
AI]T}iN
VA
F E1'CH
INFLG
401
I
L,DA
S'I'A
LDA
st'A
SUB
STA

; PSUIlD0- I N-cTF1 . Iì1, G I STtlIì
i F-XECU1.Þ,S I NSTIIUC;T I I-IÌV

; I$JST'8. DIDi!T CAUSE 5¡IP
; INSTit. Cf-iUlil,D Sh Iir-50
; I NCIiT;IV]LN1' PPC
;1NUi]I,MEi\1 PPC

; lì L] Uii t!
; E} ¡ EC'T I VL ADDI1ESS
; PSUtiD0-l.OtiAl I ON r1r1rrÇQ I
; T 5T INSTIìUCT I OI\ C OL]i\'¡'i1¡a
;2ND INSTTiUCTI OIJ COUi\'IFJJÌ
t 3ItD If{5'IiìUCTi ON CÛLli\JTiili

, SA\rE PPÖ I I\j
; F'SUIi]O-LOC. r.r

;MOI-]I}.Y PPC 'TO CÜNTËI\'iS
; Oi. PSUITiiO-LUC ' I

; Ct.[,AIì It\Tl.äfiUtjT i'LAG



Qr¡t¡J .iriAIN
?6157 lfir¡'l t$
7 6 l6(: Ltt(t7 | 6
'l6L6l Olrt767
7616Q Qr1r1l l$
7 6l6J Q|¡ff1(1f1
7 6 164 (1(1f.¡(1t111

7 616$ 11Q(1r1t¡(1

7 6166 QQf111t1t1

7ó16'l (¡11r.¡f1t1(1

7 6I7 rt Q$(1Qr1(1

7 6l'l I rsrl l !r1l
7 617 ?, û0 !r¡f¡r1
7 6l7'J Q(1rr\QQ
7 617 4 t1l(1Q(11

7 617 \ lr1plr1r1
?61'76 Ltlflltst.l
7 617'l r¡Q4r1r1r.1

7 62(trt rt6rt I7 7
7620t r1Qrl(1f1r1

7 62OQ Qr;-l!(1r1
7 (¿2(t3 rtl l4rtú
7 62rt4 rtQ\J'l"l
7 6215 lJ Qr¡Qt¡
7 62rt6 r|t)r)t¡ |'J
7 62rt't I7-1A(tr.t
7 62lrt flll11rlQ
7 621 | rt3471 3
7 6212 137 Art(t
7 6213 11f,r¡"il r1

7 621tt | 33\rt(t
7 62t!i 12\7 54
762t6 I lzttt5
7 62ll rlQr¡lJ (1

7 622(t rtlrt] 52
76221 l124ls
7 62?"2 r1t1QQfiJ

7 622'J r1Qr1'l Jr¡
7 62,24 I t2415
7 622J t1r1l/¿-lt1

7 r¿226 l'l t11t1r.¡

7 6227 rt2û7 46
7 623rt tû7 415
7 6231 t¡lf¡/¡f;r¡
7 6232 rt54542
7 6233 rt44542
76234 rt527lrt
7 6235 lr1$'l rlS
76236 û32533
76237 ú34535
7 624ú rt?zl.S35
7 6241 rlrt!$$r1
762tr2 r1Q{$Jt¡
7 6243 r1JlQr1r1

7 62411
't 6245
7 62¿t6
'162¿t7

7 625rt

l51lú3
îf 1r¡ /.¡r¡'],

t5 | 22û
1111t1-l$J

l5I22rt

I h*i'N ¡

SãCrt 2

SACl:
SAC2 ¡

SAC3:
SACY:
TËST'1 :
1 lrS't2 :
,I ¡,ST3 3

T },S'I'4 :
'fE5't'5:
TEST 6 ;
,I'E51'7:

l'i:ST I :
TEST9:
l'[]S 1 O :
¡i5CS:
TYASKI:
ivjAS i{2 :
rvlAS hA. :
rÌUDF Y:
l'l I NUS :
SPPO:
t\,ì)c ¡

I NJD}íÚ :

T1ì:

JMP
5'f A
t5z
JI4P
(1

(1

f1

Q
(1

(1$Q11lQ
r1r1 ! /¡f1Q

Qf I I Qf1(s
f 1l(¡ /¡r1f1
(1llQ(11
(¡llQQrs
\ | (1f¡f¡(1
(11 /¿(1r¡t¡

û6rt l7'Ì
f¡ ti(1(.¡(11
'l 4f)r)
r.¡Q | !Qr1
11{1QJ'lJ
I J /1Qr1t¡

úú24r3
!7 -i4rt(t

r1

LDA
A NLI

I-I]A
ANI)
LI]A
SUB #

JÙlP
I,DA
5Ui.l #

JùlP
LDA
SUT] #
-JìV¡P

i"lOV
LDA
AND#
J}lP
SlA
STA
ST fì
JSii
LDA
LI]A
LDA
JSii
J.5R
LDA

rvl0VL
JlvjP
MI]UZiì
.iivlP
YtUV ¿Ir,

IIL,G I N+3
t' ITN
PPC
I f il+2

3,IVJASK2
lr3
2rtylASKl
I tD
() , T', ùS"I'2
1lt2
I NLì};3
û,'f L5'¡'3
út2
I NDX2
ú, TES'1'4
0r2
I f\DX I
3'2
ú, T EST6
(ltl
Dllr,
3r SAC35
1,54C15
2.r 0AVA
E AA'I
2r0ARA
3,SAC35
lrSAClS
AUTO
ii E wFi

2tútZ

2t2
. *3
2t2
Tä+2
2t2

, SAVL,
;5AVE:

B-3

;PUT' I¡,r'l'EN''IN Ifi{
; I NCIi. P}iOGIì.A¡,I C OUNl'EE

' 
FETCH Ñ.EXT. I NSTI] .

, PSUED0-i-.OC AT'I 0N t1r1Q(1f1Q

; [,'JAD IJ I SPL. I Ì\ÌTO AC 3

; I.OAL I NTDL.X I lçT O AC 2

;Sl'i.IP Ui'JLE55 INDII]: - 3

, S}(IP UI\LI!S5 Ii{DE}i I

;SKIP UI\L,ES5 Ii\ÜEX I

SNiì

SNH

SNil

SNIi

; PUT' L. A. I l\ì ACz

;SHIP IF INIIIiìtr01 BIÏ. =l

AC3
ACi

; TiIANSLATE ADDII,ESS

' 
T]EST ORL AC3

, RESî OiiE AC I
.iI L,51 i' Orì AîJ'l'0-It\C/DF-C
; ì?EêD/ !'lì I T i5 Ii0U'f I t\Ii
;ADDiiÊ,S5ING I5 1ì\]DIIiECÏ-
; L0Aü ACZ rJ I TH (AC2 )
;s,{IP IF iiil'( O )=1

;PUT Bil'( o')=0
; itif i'UIiN
; ÍlE5T Oìr¡" L'. . A . I i! AC 2

5r\C



Q(1(1t¡ .lYjA i N

7 6251 rtZrtJ 25 D I iÌ :
7 6252 lrt6433

7 6253
7 6254
7 €¿255

7 625tr
7 6257
7 626q
7 626r
7 6262
7 6263
7 6264
't 6265
7 6266
7 6267
7627O
76271
76272
76273
7 62'l lt
76275
't 627 6
7 627't
7 63Q(t
7 63rtl
7 6302
7 63rt J
'163(t4
7 63rt5
7 63rt6
7 63rt7
7 63lrt
763r I
7 63t2
't 63r 3
'l 63l tt
76315
76316
7 63t7
7632h
't6321
7 6322
76323

C1l1r¡{p,r1
rt4452l
r.t52667
û(t6665
rt2,45 t 6
rt325 | |
úû45t5
ûî1()123
tQ'l \r1r1
û2rt7 22.
lr1'l f ¡Qr1

l5llr.rr-r
15I22rt
11\(1( /1 /-!

11t1$ t¡ ll
rtrt24l2
r1lrl'll/¡
lrt6/-t33

(1 1¡ 11 ì ¡r1 L¡

û34652
I7 5 rtO

Qtj t¡g ('1$
(t5L(¡ /t'l
Ors? $rt 3
rt1 6r¿26
Q7 6 l1t7
tt'l6rt7 2
û7 7't7 7
rt'.lrt65'l
l(1lQt1Q
r¡ jr1$ jt¡
fiQtl'l'lt¡
| | J{qr1
Qt1{1Q(1}
ú3rt633
û'2û656
I 1ólr33
QQ(11¡QJ
rt2û666
I l'l{1Qr¡
IJ'IQQQ

JI:

Aìqi¡- :
Al: ¡.ir,C :
AiJEG:
Ci,ì I'l'ú I
I i\DX3:

I NL}:i.I :

II\DXI !

F Ë.T ÇiI :

LI)A
5Ur3'/, #

JMP
STA
STA
JSi{
I,DA
LTJA
JSFt
LDA
ANI)
LDA
A DLI
l'5OVL
M0vziì
STA
JSii
Ji.4P
I-,DA

SUBZII
Ji"lP
LDA
INC
STA
S1'A
JMP
Prl.LAG
L,¡iit c
iJI'G I J\

77777
LIJA
.liviP
L,LìA
LDA
Ah.I)
JiViP
LDA
I.DA
SUE.\Z,II

Jyjil,
I.DA
ADIJ
ADI)

JÙ1P

STA
LDA
SUBZL
SUTJ #

JMP
LDA
Jr"lP
ivrOt) #

iäi)
LIJA
JMP

, '7-ES'I'7(ltL sNc

.lI
l.'SACIS
2¡ @AVA
@ AA'l'
I'SAClSi
2 r @ Al-tA
ti E, itlr
ú , i"iA ShA
ft¡ I
r.,¡ r V¡ ODI Y
()tl
2¡2
2t2
2.' ÈiA

I AÌvl¡i
O A I:XLC
(t t -¡'þ.5'!'B

útt
c '|1l

3,PPC
3¡ 3
3r SAC3
2rPPC
O ABDG

SNC

2¡ SAC3
.12
2: 5AC?
() 

' CÍJTT r)

út2
.*2
2rPPC
t , T 115'l'5
(tt3
.*3
ú,ivlINUS
llt3
2t3

5i\ C

I NDXr.r

; i. ET'CH ÍìOUT I NE
3¡FTSV
2 .' G AlìA
() tQ
2 r ft SZii
.*3
2.r A I NSít
F OUITIJ
2t2 SZiì
. +3
2¡ASPFC
F OU Ni)

B-4

;SKTP Ui\LESS }J.iì.I. IS
tA '.Jl',Pr Oii '.JSHl

; SAVE] AC I

t 1'IìAi! SLA'l'E A DDiTES S

'IiES'I'O'iE 
AC I

; ll[.AiJlirlÌI'I U ìr.OUT I I\L,
;iiL,iIÜVI, ADPìiìL,S5TNG II\F U.
; F JiOI'Í I ÑS'I'iiuC'I'I ON
ji'ioDIÌ,Y Ir\5lIi.. 50 i'i
; ADD}iE,55ES !,A
;Ë;N.5UirE SlT f¡ Ol.

;EFF. ALDi,i . =()
i S'i Oii D Þ,f F . ¡CDIrE. . I rv- EA
; SE'¡' 1.-I.,G I Þ' iV,ÜIJ I F I i'L)
;EXI,CU'I E I NSTHiJCI' I O¡i

;Sl(IP I¡- INS'f!r. IS
;I¡is'l'hl. lS'JtvlP'

I rLì:. I

iAC 3 TONTAINS PPO+I
;iìllTUIìi\ ADiJli. Ii\'l'Û 5AU3
jl*iolJIi.Y Pirc 1'0 E.A.
; Ilti'f u lir\

i I GNO)ìL AL)ìJ}iE55E

iSHITJ IF ÜISPL.<T.,

;E).Tti\lr 5I GN

; ADII Éìirirli OPli I AI E P O i fti'l Eiì
,TO DtSPLACb,i"iIiNl

; SAVE EETUIìÌ\. AI,DTi.
; AIJDir. OiI I\L,}iT I \.S,I.E .
;iru'i' +1 Ii\ Actt
i SKIP 11. AUI-,I.IESS= I

t ADI)ji . =F SEU . L0C . I

;sKlP iir ADDfl.=r¡

; ADDIì. =PSL,U . l- 0C .f/

7632¿t fir¡fi'lr1Q

7 6325
7 6326
7 6327
7 633rs
76331
7 6332
7 6333
7 6334
?ó335
76336
7 6337

11!!1¡'J$
û32t|/t3
10252h
| ¿t241 4
1111r1\f¡'J
rlJQtt_$$
Qr1t1L¡Qg
l5ltl4
QQtltlf ¡]
(t3ú432
Qrtú422



r¡r¡f¡J .t'iêIN
7 63/t(t rt2,2432
76341 I 12433
76342 QIQQI¿1
7 63/tJ r1Qr1! jr1
7 634A I4?.433
7ó345 r¡r¡f1tl I
76346 ú2O421
-t 63t{Ì 142433
7 635(t rtr1r1\l I
7635 ! (tZrt4l5
76352 112433
7 635J r1r111L.Qg

763511 r¡'ltlt¡lf1
7ö35J (11t1l¡ll
7 6356 rlP,lQr¡'l
7 r¡i)57 ú(t44rt5
7 6 36rt û6 3rt'l'l
76361 (t2$r¡r¡r1

76362 r1r.¡lQr¡l
7 636'J (1Qr¡(¡Qr1

7 63t'>4 QJtlQ$r¡
76365 (t3lrt6rt
7 6366 î1'l $Qr1r|
7 6:]6'l rt1 7 327
7 6it1 ft (t7 62.1(t
7 631 L rtl7 rt42
7 637 2 rt7 (:(t62
7 6:\7 i) rt1 57 'l 'l

7 637 4 (11¡f1f1(11

7 637 J QQtlQtlt¡

76376
76377
'l $!r1r1
'r 64ú !
'l6ttrt2
? 64Q3
7 64rt4
7 6Art5
7 61i.û6
7 64rt7
7 64lr)
7 r¿41 |
764t2
76413
7 6¿tt 4
764t5
7 6ttl6
7 6¿t t7
7 642rt

l5tt7 65
rt2O7 67
I12433
(¡(¡t1 /¡(¡J
rt2û7 65
| ¿t2tt33
Í1r1QlrtQ
(t'à,14 | 2
r1ft/.1/aJ'l

ef,f¡A,f¡-l
l(s2.52rt
I tt24l t;

lJrlQrl$
L 5lrtQ5
Q'Jr1J Jt¡
Qr¡Q-lt¡$
û7 7 326
Q'Jr1t¡$r1
176135

r.¡ r 0 AMEI-ts
() 

' 2 Si\l0
EX
0 r ÞlËUi3
2 t () Si\'C
EX
r.¡ r ALlilD
2 t(t SNt
F UU i\L)
t,ALifD
(t ¡ 2 SNC
.*6
t, ZllOi\
.*2
rt t 7|lt] O

ETìR

I t(l t2
0I. 1'SV

i[:tb'.Ab/hllIIIl
ll r F'l SV
() 

' 
(\!-bD

(t'2 SNC
. 1'l
ú ' AUL{D
2 t (t SiñC
.*4
q , ZltZIl
EIH}I
2 -' AltUivlP
It tú
2 t(t SN,¡¿

2¡AINSiì
2 ,2 S ivlì
2TASPPC
OFlSV

; AU't o iiour i tviì
3TAUSV
(lti;O
?ttt SNC
tlTN
r.lr(ìTh
(t'2 SNC

B-5

; SKP I T. i..lEM. 1\OT [,Xi;-E,DI]D

;SKIP IF AIJI]P..<UB[-)

;SKIP IF ADirlì.>l-BD

;l-ùAD ACr.t trlf ä ASÜiI 0l

; Lri4P I'Û LE¡ìOlL iiOU'l'i ilÞ.

; I- OALr I N5'l'i-i . AT ( PPC )

; l:t[,i'uIrtv

Ìr:¡. ;

l ÙuNLi:

i'¡'sv:
Zä0:\,ì :
:l,I:1'l U 2

AI,iJD:
Âuill_l:
ASPPO:
AiìA :
A ù¡!,I ,D :
i!.-hf ìI) ¡

SAC35 3

5AClS'

ilirüili:

ADUiYIP S

2;iìzn:
AII\SFÌS

L,DA
SUDZþ
Ji'1P
I-IJA
SUBL#
JY,P
LDA
SUBZ#
.liviP
I,TJA
SJUI]Zf
Jy.'P
LDA
J,VP
I-IIA

'¡Slì
HAL'I
I-IJA
.jViP
(1

11 jr1\$t1
rlJlQ$r1
Li,JLr
Ui]JD
:JPP C

1ìA
i'i h:i- 1r

75777
Q
(¡

S'i'A
[.IJA
sLlt)z#
Jiv.P
t.lrA
stJI3ZtÌ
Jivltr
LIJA
JS¡i
I.,DA
SUi]ZI,
SUTì #

LLA
t40 v
LDA
JMP
LIUMP
(¡'Jr111$11

I N ST.T

STA
LTjA
ADCLII
tJMP
LDA
SUBZ#

; iri I.i"; . I.0 tl I lì
t ivri.'Y: . UPPli,li

il0Ur'rD AI;Dä .
lr ULI i\l-,

iìr:ru1'I Nt
. ; SfìVL iiEl Ui:il\ Alll-)ir';.

; S1 Ati'l' ADLit. Ctit 5 I ¡r¡

;5KIP IF F-.4'>l.iJLt

7 64?.t
7 6¿J?.2

7 6A23
7 6/tz¿t
7 642ç¿
7 6426

Q\!Qlr1
Q2rt422
t42O33
r¡r1r¡ \ | t1,

rt224l5
I I 2433

; END ADD¡] . OI. 5 I M
;S.I1iP IF E.ê.<UL:I]

,LOAD AC(t \.rIII-l llSCiT (t(t
i.lrYP l0 E¡ìiiÛil tìOUf iùiL,
;PLJ'l' EF)' .ADDl1. =ADUùrP
;PUT +I iN ACTI

;SKIP UNI,LSS F,.4.=I
j E. A. =PSUE.LTU-L,OC . I
; Si4IP LlNt.E,5S AIiL,iì. =r.r

t At/lJR . =PSULDU- 1. LIC . !

' 
IìÞ,1'UTiI\

; SAVIl RËI'UF'.N ADDLìE.SS

;SKIP IF
; REl'UiìN

E. A . </.1()

AUTO:

;5HIP IF r-'A'>=2q



t1f1f1g .MAIt\
7 6427 r1r1r1Q ! |
7 643ú r¡P.Qttlf,
76431 142Q33
7 6432 t1t1(1Qr.¡L¡

7 6433 r¡ I tr1Qrl
76434 r1r¡r1Qrtl
7 6¿135 (¡(sl\QJ
76{36 11lJQr1r1

7 6437 r1t1Qtlt1l
7 644ft r1r¡Ql¡11l
7 6/t4l rlQQQtlQ
7 6¿Ltt2 (t7 6Û62
76443 065'i7(t
7 644/t r.t660Ort

IiTiì:
AUSV !
'i'ir :
,I'H:

Fû:

JMP
LD/I
ADCZ#
JÙ1P

TSL
JMP
JrvrP
DSZ
JT¿IP

JMP
r)

I?rELËl

6577û
Q$r¡r¡11

RTN
r,l r T'H
2tf)
.+4
C)'2
.*1
. *3
0¡2
.*l
E AUSV

SNC

r ti¡ìrì01r iìouT IN[,
3 r EliIì Ii1'
l,SAVl
2 t SAVZ
Q¡.*$
'1');0P
/ < L 5> < L 2>i:,!iE OFl : /

l,SAVl
2 t SAU2
O E,II,RFJ'I'

'.I 
EX1' OUTPU'I

3rPNTä
r.,, O PNI.E
P NT'}ì
ûtl
2 r lìllYl'
2tft
2tI
1 1'û
.-t

r.l , TT t3

l¡l SNR
EPNTÍT
TTO
.-l
l¡TTO
NT,XT

B-6

' 
IiETUIIN

;5KIP Iil E'P'<Jl1

i I i\ic¡ìEùlEi\j'I LOCA1'I Oìr

; A[,LO \.rS i¡ 0¡ì sil I P

i DËCIiEtvrI:Nl l- 0C AT I ÛN

; T.¡E'I'U[ìN

; STOIII' IìETUI(i\ ADIJ¡i.
; SAV[, ACC'S I &2

; tsi:PLACÉ i:JI-1ìÀii{.S AT Li\ìI)
;0i. 'i'),'l' hITil E¡1iÌ. coDE
;ÜU'IPUl'T'T]I5 TE}T

;BI-AN!(S 'I'O ENU 1'T,XT

;iìi.s1'oIlE ACCrS l&2

i I1ET UI'ii\ 'f 0 P Il ric .

1ìou'I'I Nit
; ADtiR. oF Tlil'
; LOAD it {iiìi,' OF 1'EXT
i I NCllEl"it N'i' Pi\,iTR

iL,OAtr LE¡iT frY'l E t Nî O AC 1

; l"!ASK 0U'¡' lìi GI-iT LìY'IL

7 6451 r¡Q\!l$

7 6445
76446
7 6447
'ì 645rt

(t5/t4l?
11\Qt¡ l'l
L5û4t7
lllQlr1$

I; T)I: .

r-.il-ANti:

þliìiìET:
SAVI:
:iAV2:

5TA
S'I'A
STA
S'T A

.lsiì
. TXT

r)

IIALT
t,DA
I,,DA
JMI]
Q
(1

f1

7 6452
7 6453
7 6454
'/ 64 s5
7 6¿t56
? 6457
7 646(t
76461
7 6t162
7 6/.t63
7 61t64
7 6465
7 6tt66

lr1\Q l!
ú5 I lr.r5
()¿t7 522
rt35l22
(¡(1r1t111(¡

l1( 1(1f 1î1r.1

rt63077
11fl\!r1\
03rt4ú4
(1r¡l\r1 !
( sf 11.¡ 

(1r.¡ ( 
1

QltlQQ(¡
f 1(st1Q(1Q

7 6467
7 61t7 ú
't 647 L

7 6472
76473
76474
76475
76476
:l 6tt1 7

7 65rtû
7 6Srtl
7 65(tZ
7 65rt3
? 65(t4
765r,r5
7 65rt6
7 65rt7
7 65lrt

OS4¿tZl
(ti)247rt
(tlrt4l7
IQS!rrQ
03rtAt4
l434rtrt
lQ'lfiQr1
û635 I 1

t¡r1r¡l'l J
ó6ll1l
l25rt(t5
ûrt24b6
0635 I 1

úq()'¡7'l
ú65111
Qr¡r¡l $Q
r¡r¡ÇJ-lJ
Qr1r1(.¡(11.¡

TXOP:
NF.)l'l' :

TìEYT:
PI\,iT}ì:

S'I'A
I,IJA
f5z
l'/J0U S

LDA
AI\D
AND
SV,PÊZ
JY¡P
DOAS
MOU

J14P
SKPBZ
.jl'lP
DOAS
JIYP
377
t1

; ou'i'PUT 11I Gil'f
;SKIP IF L.IJ.

' 
i{ETUIÌf\

BYTE
I S'N'1' NULL,

; OUI'PUT LEi. T BYTE

, I N'I E}ìFìUP1' SEFìU I CE i'iOUT I NE
; SAVF- ACT,¡761;1! r1Qf1!r15 SlvrShl: STA () t I',SAc()



rlQQ'l .Ì4AI N

7 6512 I(t252rt
7 65L',j f1/¡(1/¡(1/l
76514 ltrl!r1l
7 6515 rtOQtlQtl
7651$ 11r¡Q11t1f¡

?651'l t¡t1r.¡t1r1î1

B-7

iPUT +l IN .ACr.r

; SiiT I i\rT!.,j'ii-iUP'I l'L.ACì
t llE;51'Or-iE AC0
; ilEl'uli¡'i

I SACO :

INF LG:

SUBZt,
STA
LDA
JSlP
(1

f)

SUBO
slA
STA
STA
s1'A
S1'A
STA
STA
51'A
STA
SIA
51A
STA
.5TA
1"DA
s1'A
I.,DA
S1'A
INC
DSZ
.lYrP
JMP
1'N
Q

PsCT 1

PSCT2
PI-CT I
PLC'I'2
xl. cT I
xr.'cT2
MAXVA
I Cl'l
I CT2
ICT3
ADCI l
ADCT2
ADCT 3
VPrt
Q

r¡

Q
(¡
(¡
(¡

ú
f¡
r1

f1

r¡
(1

o

() tf)
t'INi¡LG
Q ' l5AÇr)
I f.r

0 tft
0r@APSI
r., ' @APS2
r) , @ APLI
û'øAPL?
ûr0AXF I
í, @ AXI' 2
t, eAtrivA
t,0AICl'1
r.lrrdAICI'2
rt,çtÞIC13
t, 0 AACT I
O,0AACT2
r.,, [ùllAc] 3
I ¡0KK
I ' l{l{T
2 ' ài"iPr)
hr()tZ
2t2
KK'I
. -J
lt¡3

;IN'I'LF.TIUPT FLAG

; hrESEl ¡iOUTI NL,

7 652rt
7 6521
7 6522
7 6523
7 6524.
7 6525
7 652,6
7 65?-7
7 653rt
76531
7 6532
76533
7 6s34
?6s35
76s36
7 6537
7 654rt
7 65ttl
7 6542
-165¿t3

7 65/ttt
76545
7 65¿i6
7 65tt7
7 655rt
7 65st
7 6552
?65s3
7 655¿t
76 555
?6556
7 6557
7 656r)
7656t
7 6562
76s63
7 6564
76s65
7 6566
7 6567
7 657 rt
7657 I
76572-
76573
76574
76575
76576
7 65'¡7
? 66rt(t
7 66rtl
766rt2

lrt24{r.t
rt4242-l
o42421
rt42A27
ú42427
(t42427
rt42427
rt42427
O¿t2tt2'l
rt42lt27
QtlQt¡Q"l
t42/t27
rtA2427
11t1p,/¡Q,'l
(t2641ú
ltll¡! lr¡
03q41¿5
f¡\ lr¡(111

l5lArt(t
û | A4(t4
Qlrll J J
r¡11l \Qr¡
r1'l $r1l/.1
(1Q(1fi(sf1

o7 7 r63
(t7 7 164
rt1 7 165
rt7 7 l6t't
rt7 7 2lrt
rt772ll
rt7 67 63
rt7 6l36
rt1 6 137
rt7 6l4rt
rt?6'114
rt16775
rt16776
Q7 6566
Qr¡lQr1l
Qf¡t¡QQ(1
f¡QQt1f¡Q
í1tSQ(1111
(¡r1(;(¡lf ¡
t¡(1QQQt1
(1(111(sQr¡

Q(1f1r1QQ
(1l11Q(1Q

lQ(1(1t¡t1
Qlfl(1Qf¡
Qr¡r¡lr¡11
t¡QQrllQ

}ìESLT:

KK:
KKT:
APSl s

AF52:
AP[,I :
ATJL2:
ATT'I :
f-\Y.b 2 |
AI{VA s

AIC'I I:
AICT2S
A I C'i'3 :
AACT I :
ÉrACl'2:
AACT 3 :
Ai4Fi :
MPT,¡:

t"lP 1 :
MP2:
).P3:
MtrA 3

i"iP 5 :
tYrP6 ¡
(vri¡ 7 :
rYlP B :
þ1P9 s

(\4P 1í 3

MPI I I
l']P12:



B-8

Qrl(¡fl .t'lAIN
7 66Q'J tlQ(1QQ(1

166rtA (11111r1(¡t¡

766(tl (1t¡r¡lQQ
7 66(t6 r1Qr1r¡lQ
7 66rt7 Qr¡tsQQtl
7 66l(t (¡(1(1(111f1

7 661 1 QQ(1(1r1tt
7 66lQ llQ1(¡r¡
7 661J (¡r1f1l(1r¡
'l66ltt (sQrlQQ(1

7 66L5 Qr1t1t1Ql
? 6616 (1(¡Qr1f¡t1

76611 (1Q(1Qr1r1

7 662D (1|(sllr1
76621 r1llQfi(1
7 6C,22 (1(1(1(1(1(¡

7 662i| rlQr¡(11t1
7 662¿t f1QQr11111

7 6625 Q(1(s(1(1f.¡

MP13:
iviPI4:
MPl5s
rvJP 16 s

t¡iPl7:
MPIB:
r4P19:
tl'/2() |
!"jPzl I
MP22:
l'¡P2 3:
|iP24 ¡
t"rP2 5 :
rviP26:
lttP?7 z

I"1P2 B:
f,:P2 9 :
MP3O:
MP3I:

f)
r)

o
(¡

f.¡

(¡

\
r1

fi
(1

f1

Q
q
l1

f1

(1

Q
(1

f1

, MOD T i. I !]IJ IT LA G iiOUT I i\E
7 6626
7 6627
7 6r¿3rt
766trI
7 6632
766 33
7 6634
7ó635
7 6636
7 6637
7 66Art
7 66¿tl
7 6642
7 6643
7 6644
_l66t,5

7 66¿t6
7 6647
7 66Srt
7 665t
7 6652
7 6653
7 6654
76655
7 665(¡
7 6657
7666rt
76661
7 6662
76663

rti¡4427
rt34tt3Q
| 31 40rt
QlrslQ\
1lóltl5
ftrt2A22
QQI{ lr¡
I I 2433
(tû2417
(t22¿t23
l424it3
hú24 | 4
rtZrt4I6
t LZttú(t
rt2?,4.15
| 4 it40û
Iû | IZrt
I r¡ ! Jr¡r1
ú3rt7 l5
I tJlr1l¡
1Q25?rt
Qti lt¡l1r1
Qr¡Q\ll
Qr¡llQrl
Q!(111r1(1

| $t1t1r1r1

Qr¡$lr1Q
ú7? r6t
rt163'13
rJ7 64¿t5

ùU. LAG :

r'4iìA !
TI;S11:
ivrASC:
SCON:
AI.lSC :
AMIIUIJ S

G Eii[ì :

STA
LDA
ANI)
LDA
suB#
JMP
LDA
SUJJZ #

Jþl,P
LIJ.q
SUllz /l
JYjP
L.Dt1
SUB
LL)A
AND
IY]OVZ.L
tr10,i s
LLIA
A DiJ
SUB ZL
5TA
JMP
f1

PlQrlrl
I gQr¡f¡11

$r¡r¡r1
MSC
IVlEUB

L:ii¡ì

STA
rsz
JMP
TSZ
JMP
I5Z

r¡JQJtltl
úlrt5(t]
QQQQ(1\
11l11$f¡$
f¡r1(; /¡Q J
Q !r¡Jr¡J

3 ¡ MIìA
3 ¡ ùIASC
1r3
0,TESl I
Qt3 SNit
EMIìA
qrFO
û ' 2 Sir'C
@ vlË'tA

0 , @ AivtEU!l
2tú SI\C
(r ù1 PrA

O, SCOi{
f) ,2
0, $ AYrSC
2tú
(t ¡f)
0tû
2: Al¡.P(t
DtZ
ût0
()tf)r2
E MTIA

3 ¡ RAI)
ADçr'l
. *5
Al-)c12
. +3
ADCT 3

;5i{IP Ii.- lvUT' E0UAL r¡LLA'

; Si(I P I F L.A >=i; O

; SKIP I i.- !.4<=MEUti

JFIND COiÌ}I,. PAGE

7 6664
7 6665
7 6666
7 6667
7 667 rt
7667r

ALì].}tN:
; AIJD]IESS T IÌANSLAT'I ON IìOU] I NE



rtrtrt9 .MA IN
7 667 2 t¡f¡lt¡,1|
7 667'J rlJl$/1$
7 667 4 (t224? 5
76675 142432
76676 r¡r111lQ$
7 667 7 ûZ.rt/t7 3
7 67 rtb (ttt67 63
767úL rtl246rt
7 67 ú2 r1r1l\$l
767(tJ 11/r1!$11

767rt4 l/12432
76'lrtj rflQ4ll
767rt6 rtSrt455
167û7 û2r)456
7 6'l tú 112432.
7 67 11 r1r1QQ!J
767t2 15lfl5
7 67 | J Qr¡r1Ql I
7 67 l4 !rt25?0
7 67 15 l rl24l5
767 16 rlQl!r¡$
7 67 l7 t1f;ltt1¡'l
7 67 2.rt l l2 /.t33
7 67 2l r1|1Ql¡Q$

7 67 22 Qr)(¡ /111(s

76723 t I jfi(1r1
76724 r:5û516
76725 rtrt2A37
76726 r1f;r¡1¡\$
7 67 2'l | | 3¿tr)ú
7 67 3rt rt22¿t3'l
7 6'13l t1\r1JQ'l
7 6'1 32 12644rt
? 67 33 rt445l4
7 67 34 rt34443
7 67 35 ttZ | /+ft(t

7 67 36 | lztt|s
76737 (1(1QQr1$

7 67 Art 0lrt5û7
7 67 4l L"l 5[Ort
T 67 42 rtl447 6
7 67 43 QrlQl'l I
767 44 Ort453L
'167 ltJ rlltlJr¡Q
7 67 t+6 l(¡ | Jr1r1

7 67 47 l(t l22rt
7675rt (t2647 5
76751 lrllQQrl
76752 (t3û467
7 67 53 rt3447 Q

7 67 54 157 Lrtú
7 67 55 l$J rlQr¡
76756 144¿t6A
76757 ûrt647 |
7 67 60 QtlQQr¡Q

7676t
76762
76763

(t7 615(t
ú7 6rt7 2
t1Q11fiQ11

(lDfi r

NCl,li':l:

OUT:

Ji'rP
LDA
LiJA
SUBZ#
Jt/¡P
LDA
.lSR
rs'¿
JVJP

LDA
SUBZ #
JMP
STA
LDA
SUBZtt
JlvrP
c"l0v #

JI'1P
SUT]ZL
SUL] #
JMP
LDA
SLlEZ #

Jl./rP
LDA
AIJL'\

STA
JIVP
I-,DA
ANT)
¡-DA
STA
SUBO
5TA
LIJA
t"DA
SUE #

JMP
tsz
INC
DSZ
JivlP
J5R
LDA
MOVS
t'r0VZH
LDA
ADt)
LDA
LDA
Ar\D
AÜD
STA
JSR
JIY1P

.*1
2¡QA
f¡r@C
2 tft SZC
.*5
() ' ZR"I,H
0 Gr,iìIi
@APPC
@ ABL,G S
Ú , MAXVA
2'O SZC
.*2
2 r }IAXVA
t,F1ìTY
f.t t2 szc
t! 0Iìl"l
2t2 SNii
SPT.
û ¡()
Ztrt SÌ\li
SPf,
t , l'NT'Y
t) ' 2 SI\iC
NOHt/r
(l ,CO
Q¡2
2.r IìA
O ITAI)
t'i4It\U
hrZ
r., , 0'l'þ,r\*
t, KOUN'|
lrl
I r NIP'I
3 ¡ APr.r
(ttû'3
tt ' 2 SNtt
0u1'
MP1'
3r3
KOUNT
. -6
I3Ì1I l\ü
t, MPT
Qtú
Q t()
1¡0COi\
útl
2rVA
3 ¡ i/rSKL
2t3
3¡ I
l¡RA
EêPRt
0 BAI)

B-9

JSKIP TF VA>6576Ú

; SKI P IF VA>ivrA);VA

'SALP 
IF VA<4Û

; SXI P Uf'll-Iì5S U A=Û

JCiIEAIE +I
i 5I{ I P UN[,lr:iS VA= I

;SKP UNiLLSS r)h<2Û

; ,i.Iì] A i\ SL A.I I IV G

; ADIJiÏT'SS

; 14AS¡{ 0U1 i-lilY'iE
; TO GE'l'PgG[. r\U']1iläli
J CHË:CK ]]AGL,TAi3I,.E

; SKI P UNLI;SS VP=P I

;-NOl' IN, CAL,L tsRIivG

' 
TiIAN5L.A.I.I I\G

;IVìSH OUT' L.Li.T BYT!,

; PRI O}iI TY UPDAT I I\G

APPC s

êEEG S !
i"JAXV A :

PPC
T.ìEG I i\
(S J MA},I T/iUi4 VI }i'I'UAL AUtJlT!,SS



B-1 0

(l(tlb .lvrAIN
7 67 rt4 Q(11(¡r1r.¡ RALI :
7 6-16J Q(1r1(¡t1Q I. iiTY :
76766 r1r¡Qr1Qr1 1'NTY :
7 67 67 q'¡ $(1$/¡ 'tEitl:
7 677rt (t6!>7 Art C0:
7 67 7 | O"¡ 6r)62' C z

76772. (t3l46rt ZIITHt
7 6?13 I 71 60rt tvj I NU :
7 677 4 (1(1fs(11(¡ Ai)CT I :
7677\ r1r.¡QQlr1 ADCl'2 s

7677$ (1(¡Q(¡(1t.¡ ADCT3:
7 6'1 7 -i rt7 -l rs(1(1 APr-r :

J'l r¡t1r1 filrsfi(t(¡ PÚ t
17(t(tl Q(111f1{1(1 Fl :

. 77OO2 t1(1Qr1(1Q P2:
'17 (t0il t1r¡r1r1f 1r1 P 3 :
71rtl4 r¡t1(1f1Q(¡ P4 ¡

77rtúJ (1(1t1Q(1 P5:
77(tl6 tllQl(1(.¡ P6 ¡

77rÍfl t1rlr1r1QQ Ï)7:
7 7 rt lû (1(1Q(1lQ P f.1 :
77rtll (1î¡Q(1(¡r1 P93
7'l rt I 2 f1t1(1(1f1(1 P ltl :

77(tlJ (1(1Qr1(f; Pl l:
7'l ()l tt (1(1(1(1t1(1 P I Íì 3

? 7ú 15 (1t1(1(1r.¡(1 P I 3 ¡
7 7 (t l$ QQr1r1rf1 F, I 4 :
77(tl'l t1t1f1(1(1(1 P15:
7 7O2ú (1r1Q(1(1(1 P I fr :
77rtzl QQr¡r1r1Q P17:
1102-tZ (1f¡r1(1(1(; i) I {1 ;
'17q2'J Q(1(1(1(¡l P l9 :
'l7rt}lt t.¡t1f1\(1f1 P2q'.
77(t25 l1(1(¡(1(1(1 P27 z

77Q26 (¡(1Q(f1(1 P22r
7 7rt2\J (¡r1Qr1î¡r1 P2 3 :
7 7 û3(t t1f¡(1(1t.¡f 1 P2tt t
'l7rt3l Qt1r1rt11rl P25 :

77r132 (¡(1t1r1r1f1 P26 :
77(t3] (s(¡r1lf1l P27 |
77rt34 Ql(111(1(1 P28a
7 7 Û35 f 1r1f1(¡r1(¡ ?29 ¿

7 7 q36 (¡(11(1ll¡ P 30 t
77(t37 f¡l(1(1(1t1 P3l ¡

J'l11\r¡ (¡QQr1t1Q K0LjN'l :
77rtAl (1t111(1rf¡ VA:
77(t42 t¡QQr¡Q(¡ ¡ìA:
7 7 (t¿t'J f sr111 l'l 'l lvlS Kl, :
77¡t44 QrtT-i7l MSÌ(:
7 7 (t45 r1l $ t1t¡t C ÜN :
770tt6 (1t1r¡t¡(11 ItjiìA:
77 rt4l l(1Q(1(1Q t"lPT :

7 7 (t5(t rt7 7 27 7 APLì I :

77rt5l
7 7h52
7 7 rt53
7'1054

û547 7 5
(t3rt7 67
(t245û6
I t¡'l !r1r1

r¡

A(t
2(t
TN
657 4ú
ME,LB
3l46rt
17 7 60rt
r)
r1

(;

Prt
Q
(¡
(s

(1

(1

Q

Q
r¡

f1

(¡

r¡

I
(1

(1

Q
(1

r1

l1
(1

f¡
(1

(¡
()
(¡

Q
f¡
l1

f1

l¡
(1

l¡
l1

(¡
(¡
(¡

177
7777
t0
(1

I
Pil I

STA
LDA
LDA
AT\D

3r IRItA
2rUA
IrMSC
2tl

I rill ! ' 
I N I1 I AI- Eiì I NJG ROUT I NE



B-1 1

úrtll .ylAII{
77rt55 r¡QrlQlJ
7 7 rt56 lf¡$lQl
77(t5'l rt22'166
77ú6(t lQJrlrlr¡
77r.t6! ûArt47 4
77ú62 rtZrtl IL
77rt63 1rt34rs(t
77rt64 QIlQQ'll
77rt65 l25tZrt
77 rt66 1253rÍt
7 7 rt67 11'Jtfl lrl
77rt7û L37rt1rt
77rt7t ú4lAttrs
770"11 Ql/-1Q'lJ
77rt?3 Drt2753
77Q74 r¡llP,r1Q C?rs(t z

LDA
SUB
LDA
ADT)
STA
LDA
l¡ Ni,
S1'A
MOUZL
MOV S

LDA
ADD
STA
JSFI
JiYP
2(t(t

S'I'A
LDA
MOV
MOVS
ivi0VZ.n
LDA
ADD'
STA
I.,LA
ADI)
LIJA
MOV
JMP
J¡IP
l.f'A
LDA
ADD
LDA
51'A
LDA
S'TA.
J5ä
I s7-
JMP
TSZ
JMP
LDA
STA
I-DA
LI]A
ANIJ
5TA
LDA
STA
I,DA.
ADD
STA
Jslr
tsz
JMP
I57,

Q 2ÇlQt1
(¡'l
û¡9C0fJ
I tr)
ûr'[A
r.,, M I NU
2¡ú
0'FA
l¡1
lrl
3 ¡ APr,t
l¡3
ú¡0t3
xt l.iii
0 I i3fiA

íl ¡ Bi), A
I rPOIN'l'
I t2
1¡l
l¡l
f;'(9C0trl
lttt
I r iY¡AliK
I ¡ @ GtvlPf.t

lt2
(ltf)t2
(J tft
PU5il
PLII.L
I ¡POI["7
2 r APt-t
lr2
O'0'2
ú t'!' þ.

I ¡l'1Al.tK
l¡FA
XT EIi
P SC'r' I
.*3
PSCl'2
. *l
I r MARi{
l¡TA
rJ 

'V A
I TMINiJ
Q¡l
lrFA
2rP0INT
2.' MPT
3 r APr,t
2:3
lr(lt3
À! l:¡t
PLCl'I
' t3
PLCT2

77(t75
77 rt7 6
71rt77
7 7 lrtO
77lrtl
71 Lrt7
7 7 l(t3
77 LOA
7 7 lrt5
77tb6
7 7 lrtT
77llrt
77trt
77112
77tt3
77tt4
77tr5
77tt6
77tt?
7'l | Zrt
77 tzl
't 7 122
77 123
7-t l2A
77125
77126
7 7 t2.7
77 t30
77 t3l
77 t32
77 t33
7713A
7?135
77 t36
77 t37
77t4b
77t41
7'l | 42
77rA3
77 144
771irs

r1J!!r¡! BIìIN(ì:
r)2¿t5 t 4
| 3 | ()()()

t253rfi
L2522rt
ú227 /,t3

trs'l QQrl
rtAA453
(t26¿t53
l'Jlrllrl
r1l, ! r¡ r1r1

ltl lQtlQ
t1lr1Qr.¡p
rlQrs/11J
rt24/t7 7 PUSFi:
11'jrs$r¿ J
lJJr.¡ll
QQ I r¡r1r1

l/ar1\|J$
rti24437
ú44435
QIQ/1/1J
(1 tf1/41¡11
r1t1r¡lr¡ J
11lrl/! j-l
tlf1l t1f¡ |
rt24430 PULL, !
û44425
QZQT lrt
rt2.4641
lQ'llaQ11
r)A/I¿t22
QJrlQ\J
rtSrt'i | |
QJt¡$\r1
lll r1r111

l/¡!!r111
rtrt4425
r¡ | 11 !')')
(111(¡ t¡(1 J
Q IQI¡QI

;¡rilIl\G JiOUTIt'JE

SZiI ; SKIP UNLESS r,vìl LG SE'I

; IìYPASS I I\G PU.9i1
; T AI{E PO T I!T'ti,iì

i F l|çi-r L0ivlrST PIiI Ot{. PAGE

; C OUN'l'I ArG

;FII\D I'OP OF PAG!;

; UPiJAT I NG PAGL Ai]LE
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rlrtl2 rMAIN
77lA6 r¡Qr¡ltr1l
7 7 147 û2¿t443
7 7 L5rt 0324lrt
77151 lJJrlr¡r1
77152 1O244(s
77 153 04lQQrl
7 7 L54 QrlQL¡r1$

77155
77 t56
7 7 I5't
7 7 l6rt
77 t6t
7'l t6?,
77 163
7 7 l6tt
77 t65
77t66

Qltlllrl
QQfirlQQ
(1 (1 I 1(1 (1 1¡

o't6565
rlQl $11f1
t1(11(1Q(1
(1l11r1Q(1

QQrlQQr.¡
tlQQ(1(11
r¡QIQQQ

TA:
FA:
l'fAirl{:
GMPÛ :
MSC !
I]114:
PSCT I :
PSC'T2:
PLÜT 1 :
PL0'l'2 r

JMP
t,IJ A
Li)A
ADI)
SUBO
5'T A
Ji"tP

Q
q
(1

AMPT,I
'l6Ort
f1

q
l1

(1

l1

5T'A
TSL
J{Vf P
TSZ
urir'¡P

LDA
5TA
LDê
STA
tsz
TSZ
D5Z
JþiP
JI!]P

.*l
I rPOIitrT
2 ¡ @ GiviPr,r

I tZ
O r()
0rûrZ
OB¡{A

lì r XÍìA
xi. c'i I
. *3
xF c't'2
.*l
r.,r oC0NS'l'
t ' C 0UN'l
r.¡¡0þ-A
ú, (l'i A

TA
FA
C 0Ut\T
LÛOP
ti xtìA

; CLI;AR lt¡FLAG

'.T 
O- AÜLIÌES S

-i t iÌOrri-ADilii[.SS

; I ST PUSH
¡ 2NI] PUSLì
; I ST PULL
;2Ni] PUT,L

T UUNT EI1

C OU i\TEN
c ou i\'ItsIi
C0Ui\TEÌl

77167
77t?rt
77171
77 t72
77t73
77174
77 t'.r5
77t16
't7 t7 7

7 7 Zrttt
772(tl
772rt2
77 2û3
7 7 Zrtlt

rt544?Ct
r¡ l11/1þf ¡
Q(¡(1!r1J
ú l(t417
l(11\r1l
rt224l I
(tArt4l I
tt227 6rt
û427 56
(slQ7 55
rt Irt'l 55
Q | !lart!
rJr)()1 7 3
r¡lP-\Q'J

XF [.FI :

I,OOP ¡

CONST ¡

COUI\T:
L!¡.4:
¡,¡'0'i' I :
XÌ,üT2 :
PÛ I ivl' :
Al'1PT:
APPT: :
PPÚ:
PPI:
ÞD4).

PP3 3

PPlr !
PP5 :
PP6 ¡
PP7 :
PPtl !
PF'9 :
PI) I r-r :
PF)l l l
ilDlO.

PPI3:
PPI4:
PPl5t

; PAür. TiiAi\5F I:.iÌ ÍlÜU'l'I Ii,t

! INCiILMLNT' XF"FJi'i COUNT'LiT

; f'lìAl!5F [ìtì t A B ir UIìt)S
i fiL'fþ!-Eùrt 2 14t,M 0ilI ES

i IST l:l'E,Il C0UtVlER
i 2 NII XF Eiì C 0Uiv'i'Eiì

;LOv'E5'I Pl{IO}Ì.PAüi; Pi\l'll
; IiEf Ei:iE]i\C},D PA/JE PO i N'f L,:I

'l7Zrs5
77 2ú6
772Q7
7 7 2lrt
772t I
771¿t2
7'¡ 2t 3
?72t4
77 zts
77 216
-t 7 2t7
7't 22û
7722r
77 222
7 7 2?.3
7 7 2?,4
77225
77 29-6
77227
7723D
7 7231
77232
7 7 2,33
7 7 23t1

û7 6rt5l
QflQtlQ(1
t¡(111(1Q(1

tf1(1Qt1t¡
f1r1t1f1Ql
l1(¡l;t¡(1(¡
o?7Q47
rtl72l5
lQ(1r1t1l¡
f1(1f1(1 f¡(1
f¡f 1Ql1(1(¡
(11t11¡11t¡

r1(¡f1(1(1(¡
(1(11(¡1.¡t¡

f1f1Ql(¡r¡
(.¡Q(1f tl(1
QQr¡î1111
l1fllQ(111
(1t1t1lQ(¡
r1(1(1f¡1¡11

QrlQ(1f1Q
r¡QQr¡r1(1

f 1f 11¡f ¡Qr¡
Qllrf1(1r1

PGSZ
l1

(1

Q
r1

Q

t',lPT
PPO
l1

Q
(¡

f1

l1

(¡

Q
(¡

I
(¡

Q
f.¡

r¡

f¡

I
o
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Qrst3 .MAIt\
77235 (1(111(1Q11

7'1236 lf1r1(1f1Q
7 7 237 QQQrll(1
77 2Ars fir1lQr¡11
77241 lrlr¡Qlr1
77242 f1(1t¡t1r¡l
7 7 2ttJ QQr¡11(¡Q
7 7 2AtI QrlQt¡îtf1
77245 lQr.¡Q(f1
7 7 246 f1t¡lQt1(1
7 7 247 t1l(1(1(1r¡

7 7 25rt QQlrlQQ
7725! QQQQrlrl
't7252 (lrsQlf¡l
77253 (1r¡r¡\r1t1

77254 (¡(1QQf1r.s

PPI6:
Pirl? !

PF18:
PP19:
PP20 z

PP21:
PP22 |
PP23:
PPZ4 t
PP25:
PP26 :
PP27 |
pP28:
PP29:
PP31:
PP3I:

f)
f1

(1

f)
Q

o
f¡
f1

r1

ú
f1

l1

(1

r1

r1

(¡

77255
77256
77257
7 7 26rt
7't 26 |
7'.t 262
?7263
? 7 26t+
77 265
77266
77 26.l
7 727 rt
77271
772't2
77273
77274
7727s
7 7 2'16

rt544l6
rt3/i136
û3t)¿t | 6
QS(t416
rt304l5
r.s$lL1t1ls

!'154(trt
rt | 4412
Qr¡r1l J t¿

l524Art
(.¡il \Qr1
r1Jr1\(¡l
û5rt7 2 L

r¡11t\r1l
(1Qf 1(1(1f 1
flQQr¡(¡Q
r1r¡r1r1 J$
(f1r¡l¡r¡11

I PIì I ¡

I P}IA :
PIiA 3

K!
xt':

5TA
LDê.
LDA
STA
LDA
STA
I IlC
D5Z
JMP
SUIIO
STA
I.IJA
S]'A
JldiP
f1

(1

3ó
(1

STA
LDA
LDA
ALìI)
LDA
l-llA
SUB #
Jù)P
INÛ
S'I'A
STA
SUiSO
L,DA
5 UÌ32 #

Jù¡P
DSZ
JMP
STA
INC
INC
DSZ

3r IPTìA
3 ¡ APPfi
2 :11
2tAI'
2, K1'
2tftt3
3r 3
KT
.-4
2'2
2'ú'3
2tK
2TPUINT
O I P}IA

3 ¡ PltA
3.r () Aiv:P'l'
2 t APPrt
2t3
()t(lt3
ltr\'
r)tL
O PTTA

l¡l
l¡KT
I t0 ' 3
3¡ 3
I t0'2
I 'r).*4
llt2
.*2
3 ' P0I ñ1'
3¡ 3
2t2
KT

77277
7'l3rtrt
77 3út
7 7 3rt2
77 3ú3
17 3rtA
77 3rt5
773q6
77307
7 7 3trt
-17 3r r
77 3t2
77 3t3
77314
7't 3t5
77 316
77 3r7
7 7 32rt
7't 321
7?322
77323

h54775 PRI:
rt367 L3
O3rt7 L i\
I gJ 111111

QBI\QT1
û247 7 I
lrt64l5
Ltrt27 66
1254r)r)
(t447 66
IQJQr¡rt
L7 64Art
(1BJl(¡f¡ I.OP :
t22/t32
(¡f¡QtlQQ
r¡l jQr¡r1
Qt1(1t1f 1Q
rt546'i2
l7 54(;rt
L5 | 4Ort
rt l47 53

; I i\ I I. I AL PT{ I OlI i .I'Y }ìOUT I NE

; PIìI OI{ITY i?,OU'i I i'JL

SNft ;SKIP IF NOT HIGiJES-I PFìI

szc
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rtû 14 . ù1A I i!
-17 32tt r1r1r1'J $'l
'17 32.5 úft2'147
7 T 326 (1(1(1t1Q11

11321 (t7 7 327
I}U14F- :
UI]iJ:

JMP
JYri)
l¡

LOP
O P}ìA

. END
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-- 
itrt t s

AACI'l
AACT 2
AACI'3
AAT
ABEG
AI]EG S

ABNG
ADCT I
ADCT 2
ADCTS
ADTi{N
ADUMP
AEXEC
êJ- ET
AICTI
AI CT2
AI C't'3
AI NSR
AI PII I
ALßD
AlvlÞlLB
AI'1EUÍ]
AMF
A}]PO
AMPT
AMR
Atúsc
A')lv r,ì

ANiTLG
N(t
APL I
APL2
APPrJ
APPC
APIì I
APS I
APS2
ATiA
Éüts:r
ASACT;
ASMSIi
ASPPC
AUISI)
AUSV
AUTO
AUA
AXF']
AX¡.-2
RIIG I N
BLANK
FIrA
BII I NG
c
C2rtrt
CB I I'r.r
co
c0N
CON ST
couNl'

.MAIN
û76562
o7 6563
rt16564
rt1 6143
ú7 63rt5
rt1 67 62
rt7 6rt53
rt76774
rt?6775
(s76776
rt1 6664
rt1 6416
rt1 63rt4
rt7 6 | tt5
û7 6557
ol 656û
rt7 6561
(t7 64Zrt
(tT 604'l
o7 6366
(r7 637 2
rt] 6662
1t7 63rt3
h7 6565
rt77 2l3
0T6t¿t2
ú7 665 |
(t'7 655€¡
û76r46
(t76777
(it 6552
û76553
rt7'7 2 | ¿t

o'7676t
rlJ'lr¡$r1
rt1 655rt
ú7 655 I
q763-t I
rt7 6(t46
Q'l $r1Jt¡
b76t4I
(t7 637 û
rtl 6367
rt7 644L
(t7 642 L

()7 6144
rt7 6554
0?6555
ú7 607 2
rt1 6457
(t'171612

û77075
o7677 |
q17 ú7 tt
û7 63rt6
rt7 617 rt
(t77Q45
rt? 7 Zrt5
rt1 7 Zrt6
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h(tl6
C;T

CTS
CTSS
DI }'ì

UJM
TT]MP
EA
ER}ì
EF.RET
Þ{
D(EC
FA
FETC};
FO
FOUt.l*D
FNTY
FTSV
GEiìR
GYPO
IBR
IBIìA
TCT I
ICTz
rcr'3
IFA
INDXû
INDX 1

INDX2
INDX3
INFLG
INI
lNSR
INT
INT'N
IPRA
IPS I
ISACr.r
ITA
ITN
JI
X
Ki{
HK]'
KOUNT
KT
t.E}D

LOOP
LOP
MA}ìK
MASC
Ì{A SKt
MASK2
YASNê
YTAXVA

}MLB
ìffiuil
MFLAG
MT NU
MINUS

.MAIN
Q't 6Q52
rt1 6û56
r)7 6û57
()'16251
rt16L47
rt77 326
(t7 6134
r)16445
rt7 6464
(t7 6356
rt1 6l(t7
r)77156
rt1 6325
rt7 6444
rt1 6361
07 67 65
o7 6363
û7 6663
(t7 7 | 6(t
rt1 7 rt5l
ît77O46
û76r36
rt1 6137
h76l4rt
r¡'l $11$r1
rt76226
û76315
û7 63r I
û7 63rt7
rt1 65l7
rtl 6rt!12
rt7 6 135
076t51
rt7 616(t
rt7727 3
(t77 255
Q7 6516
rt7 6Q6 |
rt7 6t.t7 6
¡t7 627 3
rt17 27 5
Q7 6546
r)76547
r1'l'lQ\r1
rtI7 27 6
r¡'lQ(¡r¡11
q77 17 6
ú7 7 313
û77 t57
¡t7 6657
o7 62ú3
07 62(tA
rt?6205
q767 63
rtI 6(t62
07 637 3
Q7 6626
rt]6773
rt1 62rt7
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(thL7
MOD}*Y
yPr)
¡P1
l@ l(t
TVFI I
MPI2
i'Fl3
rs?14
l'€15
MPIó
MPIT
MPI fi
V¡Pl9
MPz
I"lP2t
þF21
w22-
I'lPâ3
w24
rYPâ5
tvlP26
!n?27
¡4r2 fJ

t"1P29
MP3
MP3Tl
t4P31
MP4
MP5
MP6
MP7

MPB
MP9
It'f)T
NûÌ4
f,llis
MSC

MSCS
MSK
l"tSKL
NBXT
NO}ìM
(l.J'r

Pq
PI
Plrt
Pll
Pl2
Pt.3
Pl4
Pls
Pl6
Pt7
Pr8
Pl9
P2
Æ,rt
P2t
v¿2

.MAIN
rt7 62rt6
û7 6566
rt7 6367
rt] 66(trt
O7 66(t I
q7 66112
O7 66rt3
û7 66û4
rt7 66rt5
rt7 66rt6
rt7 66rt7
ú7 66 tQ
rt1 66l l
07 657 (t

rt1 66 L2
1:7 66 L3
rt] 66l4
rt766l5
rt1 66 l6
q7 66 t7
ú766?.rt
rt? 6621
rt7 6622
o7 6623
r¡'1657 I
û7 6624
q7 6625
û7 657 2
Q7 657 3
()'1657 4
rt]65'15
ú7 657 6
Q7 6s7 7
077O47
rtl 6655
rtl 621I
Q77 t6 I
rt1 62Q2
r¡l'l r¡/s/1

Q77rtA3
07 647 O

h7 67 26
(!7 67 45
O7 7 (t(to
r¡l'l r¡r1 |
O77rt12
û77rtl3
(t77û14
rt17rtl5
(t7 7 (t I6
rt1 7 rt l7
rt77i2û
Q7 7 Qzt
rt17rt22
r)7 7 q23
Q'l'llr1l
rt17rt24
(t77 025
rt7 7 rt26
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obt I
P23
Í24
P25
n6w
æ,8
n,9
P3
P3r)
P3t
P4
P5
P6
P7
PB
P9
F,GSZ
PIN
PLCT I
PLC'I'2
PNTiì
I)O I NT
PPÚ
PPI
PP I r.r

PPI I
PP I2
PP 13
PPI4
PP 15
PP I6
PP I7
PPI B

PP I9
PP2
P[)Zrt
PPz I
PP22
PP2 3
Pp24
PP25
PP26
PP27
PP2 B
PPz9
PP3
PF 3rl
PP3I
VP¿,
PP5
PP6
PP7
PP8
PP9
PPC
PRA
PII.I
PSCT I
PSCT2

.ÞiAIN
rt77 O2'l
rt] 7 rt3rt
077 rt3L
rt1 7h32
û7 7(J33
r.t77û34
rt1 7 rt 35
û77 rtû3
rt1 7 O36
rt7'7 ú37
r1'l'lQtlQ
tt'17 ûrt5
r1l'l Q11$
r¡'il Qr1'l
Q'llQlrl
r.t1 7 0l l
rtl6rt5l
ft1 6 l2l
rt1'l 165
rt17 lÉ,6
(t7 65l(t
rt1'l 2t 2
Lt1 7 215
r¡7 7 216
rt7 7 227
rt7'ì 23rt
rt7 7 231
rtl'I2ll2
et1'l 2:13
û7 7 23¿t
(t'11235
h7 7 236
(t77 23'l
rt1 7 24rt
û7',t 2t7
(t7 7 2¿t I
rtl7 2¿t2
rt7'l2tt3
07 7 2/t4
r)7 7 2¿t5
q7 7 2¿i6
rt1 7 247
rt17 25rt
rt17 25 |
rt? 7 252
rt1 7 22(t
rt7 7 253
rt1 7 2-54
o7 7 22.1
q7't 222
rt1 7 223
rt1 7 224
rt17 225
rt1 7 226
ú7 6 LSrt
rt17274
o77277
(t7 7 163
rtl 7 164
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-'ltrt 
ts

PtJLL
PUSH
RA

TìA D

RI3YT
RT:SET
F¿{,i}ì
ii'l'N
SACO

SAC I
SAC I5
SAC2
SAC3
5AC3S
SACY
SAV I
SAV2
sc ol\
SMSIì
SPE
SPPC
SÏ'A DI)
STA}ì 1

TA
1'EN
't'ESl r,r

t'!.:s I I
TI,ST I
TE5T2
I'EST 3
1'85'.I rt
,TEST5

I'EST6
TEJSl'7
TESTB
'I'EST 9
TH
,I\i

TNl'Y
TR
't\r¿

Ti'JI\
I){.OP
UBI)
VA
)fcrl
)f c:t'P
)F Etr.

XìA
ä1Oi'J
AìTH
æTO
'ãìzR
R

.iv;A I i\'l

rt77127
Q77rl3
r1'l'j f1t¡Q
(t7 6'164
rt1 6 5rt7
(t7 652rt
o7 63't 6
07 644rt
rt1 6163
ú7 6164
Q7 637 5
o7 6 t65
û16t66
o7 637 4
Q7bL67
û7 6465
ql 6466
r1'l$$$11
(17 6'-> I L

4'16',7 Ztt
O7 62lrt
(¡'l $r.1r¡r1
(t7 6rt64
rt17I55
rs1 67 67
rt] 6?"úl
rt]6656
b76t7û
û76t'i I
ú76t72
rt1 6l7 3
()'1617 4
û76115
rtl6t7r¿
(t7 617 7
ú7 6?rtQ
Û7 6¿t¿t3
î1J $Q\t1
07 67 66
(t7 6232
rt1 6¿tAZ
Q7 6055
rt7 6467
rt]'1327
r¡l'l lt¡ |
rt7 7 2lrt
rt172ll
Q77 t67
rtT 7 2rt7
û7 636/t
r)76772
(t7 6365
rt7 641'l
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c-1

No. of frarne
itlemory size

References

Page faul-ts

tr'ault rate f
IIlt ra'be lïR

No. of frames

I''iemory size

References

Page faults

tr'ault rate f

Hit rate HR

No. of fratne
Memory síze

Reference s

-Page faults

Taul-t rate f

a/ AS sEI'IBIY

b/ ¡,tGOr.,

c/ FoRTR.AN

95.23?675% 98-.84"i/o97 ,7f i/o 99 .96%

4.77%25/, 2,67?'o ,o4%1.16|/6

7 2464359,440 +o919 18530 657

1 r52Or1291 , +36,26' 1,551 ,941 1 ,607 ,5O31 ,595,'15"s

arK

1

1K

4
açzL

2

2K

I 16

4t<

9+.1/ogol'"B2r/o62.5yo

's.7';to109'o1Bì1ù3l .59('

14.1,711242 r'.\46782,77783+,186

2,479,22t2,745 ,5072,O99,4562, 221 1 86

16

4K

B

2K

4

1K

2

*K

94¡491 .6',6l8^7i667.2o/o

6it,8 .4'tto13%36.8)i

21 , 07628r 12137,729103,132

787 ,5O3t35,3982A7 , B4B281 ,670

16

4tç

I
2K

4

1K

2

bx

llit rate HR

Table I Direct ilapping with fixed P=256 words



No. of frames
I'fenory size

References

?age faults

tr'aul-t rate f
Hit rate IiR

No of frarnes
I[emory size

References

Pa.ge faults

Fault rate f

llit rate IIR

l{o of frames
lfemory size

References

?age fau-lts

Faul-t rate f

Hlt rate HR

c-2

a/ ASSEI,'IBIY

b/ AlGol

c/ tr'oRÎlìtu'T

gg.g7i,t'gB.5?/o9B%96.79/o90 . Btó

.o77/o1 ,5gi2?,,1.3r/o9 .20/o

4192809071 65150,4411 41 ,256

158'-1, 0611,581 ,O97'1,572,8641 ,555,65'1 ,5+6 , 41t

32

4r
16
2K

B

1K

4

åN

2

år

96,41,694.y691 ,21672.3?/"55 .4-)6

3 ,561',5.1%B.7Bc/lo27 .'l'i/o44-,6i/,

7 6 ,6821OB,4O3l Br: ,882577 ,266962,943

2,155,5922119,3762, 11'o , 4162 rOB5,94O¿ r 159 ,065

72

+K

16

2r{

ö

1K

4
t¿K

2

å.K

99ì694.975g+.81680c,/o58.'lo/o

10,65 .1?65.2'//o2O7(r41 .3',1'

601727 ,27925,48O60,69111+,O59

61O,99O575,1t3O491 ,65+299,31027 6,261

32

4K

16

2K

B

1K

4

*x
2

+K

Table II Direct I'Ta.pp-i-ng v¡ith fixed- P=128 words



c-3

No. of frames
?age size P

References

Page faults

Taul-t rate f

Hit rate IIR

No of franes
Page size P

References

?age faul-ts

Iault ra-be f

Hit rate iIR

No of frames
Ta$e size P

Referenc e s

Page faul-1,s

Ï'ault rate f

Hit rate IIR

a./ ASSEi'illlY

b/ Ar,cot

c/ FoR'-rR¡.N

9B%99,1%99 .40,'o99 .4.11699 .43li

?-"/o.Bgri. O7i).53"/6Ê. oo,l

11040140749"s1978927 45+

1 ,'¡'16 ,7 451 ,57"s r8511 ,54.8 ,O211,+95,1411 ,477,737

4-

512
16

128
t2
64

64

32

128
16

81)/,95l/,g6t/,97 .5'i/,98.5ot/,

19r,(5?64%2.59/,1 . +4.?5

45'.1 ,5911O8,41186, ?-6852,79250 ,9BO

2,177,9382,1962302, 1 +9, 8062r113,1B-lz r l 4.6,914

+

512
16

128
72
64

64

72

128
16

OQ o 1|096 .4%9e9"98,1/ootg .1]/,

11.6i,63 .6%2'/o1 .B3g',o1 .86l/0

3+8481 4978961 17 4196451

299,361417 ,661471,879405,4'¿O746,219

+

512
16

128
72
64

64

32

128
16

Table IT T Direct }lapping with Fixed M = 2Y,



Page size P

llemory size

References

Page faults
Fault rate f

Hit rate iJR

Page size P

Memory size

References

Page faults

Fault rate

Hit ra.te HR

?age size P

I'[emory size

References

Page faults

tr'ault rate f
Hit rate IIR

c-4

a/ass¡t't¡r,y

b/ArGot

e/ T.ORTRAN

Table IV

99.1?6gB , +g/o982691 ,3?'590.Zt¡/o

.e%1 .57)/c2%2 ,661i9.8y6

1+o7+2+27210+7541623156 ,860

1,581 ,O451545,4591 , 494,3371,561 r6A51600 ,735

128
2K

64

1K

52

*t<

16

år
B

ÏC

e5%93.6%B876B4%78,5i'o

5,q66 .4or/o12c/()16%21 .5c/'o

108,499175,440253 , gg]343,258453,2t32

21 27 ,31 42,127,gBC2r121 ,"s?-92r13'1 ,296213+,7 26

1ztl
2K

64

1K

32

årc

16
t1,

a-rr

B

K

96.3ì596.8?'o93.6r/6ö1.)jr7 4 .zi/u

). t'ib3.20166.4?,ó12 ,7o/o

134,29O

25.8%

14,97719,605io,6195a,260

4ou,775474,272476,911460 rO8452O,721

128
2K"

64

1K

32

å¡
16

:1lc

B

K

Direct l'lapping v¡ith fixed C=16 frames



c-5

No. of frames
l.Íemory size Lf

References

Page faults

tr'ault rate f

Hit rate HR

N0. of frames
Memory size I¡l

References

Page faulì;s

tr.ault rate f

Hit rate HR

Iüo. of frames
I{emory size I¡l

References

-?age faults
tr'ault rate f

Hit rate I-IR

A/ ASSH'INIY

b/ Atcot

E/ TORTRAÏ

Table V

99 .99%99.941/oee%97 .2t6

. o1ró.o6%1%2,8%

17286515,78544,260

1 ,495,9151 ,490,7611 ,535,O951582,363

16

4K

B

2K

+

1K

2
Llt

ã--r!

99 .85%ee%94,37670)/,

. 15'/1o1o¡65,7%30)6

30ti823,854120,+1O6?_1 ,734

21 24, ogB2,717,7242120,9512094,159

16

4I(

B

2K

4

1K

2

*x

99.gr',o9e%959,67 4?"

.12'o17"5%26%

278428219,16+69,705

t75,872+1 2, 265795,1 17266 ,885

16

4K

B

2K

4

1K

2

Èt<

IRU Staclc v¡ith fixed. p=256 word.s



c-6

No. of frames
ivÏemory size l,i

Reference s

?age faults
tr.ault rate f

Hit rate HR

No of frames
I4emory size li

References

Page faul-ts

Ia.ult rate f

Hit rate HR

No. of frames
I{ernory size I'l

Referenc e s

Page faults

tr'ault rate f

Hit rate HR

a/ ÀssEL,iBlY

b/ Ar,Gol

e/ r'oR,firAN

99 .98'¡'ó99 .9";?'o99.9?'ogg.6?/090 .60/to

.o2%.o7?/o. u'o1 .4?,69 .4,)',o

2481 008158723,309141,340

1401,7491 , 464,3711 ,5O1,997157 4 ,7 551533,603

72

+K

16

2K

I
1K

4

åK

2

*r

99,92i699.5'i'ogB)'"87 .41'u

.0Bi/otr Õ.12 .2n"12.616

17 261o, 8'/947 ,625264 ,425

2252,8582121 ,OO221 1 2,51O2098,817

32

4r
16

2K

B

1K

4

*x

99.9?'.t699.3/"97 .3tt'o89/,7 A.yt"

,oB%. l')62.7y,1 17326?6

21527 1310497146907 61i1

711 ,599369,592381 ,476512,627289,932

72

4x
16

2K

B

1K

4
l¿K

2

lãK

Table VI IRU Stack v¡ittr fixed P=128 word's



c-7

I[o. of frames
Page size P

Ref ereirce s

Page faul-ts

Ia.ult rate f

H1t rate I-IR

No. of franes
Page size ?

Reference s

Page faults

Faul-t rate f
Hit rate IJR

A/ AIGOI

b/ FoRrrrAr'f

Tabl-e VII IRU Stack v,¡ith fixed. ],I=2K

96.Bgtu99.5?/,99 ,6%

).¿lo.5Ì'6,416

68,OO41o 
'382

9177

2, 117 , O4i2,1O9 ,23?_2,07 6,488

4

512
72

64

64

32

997('gg.5i(,99.4,e"

1%,5%.6o,/u

400017541668

42O,341329,348279,373

+

512

72

6+

64

72



c-8

?age slze p

I{emory size

References

Page faults

Iault ra-be

Hit rate HR

Page size p

I'lelnory size

References

Page fauLts

tr'ault rate
Hit rate IIR

A/ AT,GOI

b/ FORIIìAN

Tabl-e VÏ]T I,RU Stacli with fixed C=16 frames

98.4)696.3,ì/o92.8,;6

1 .6'¡63.7ì6'i ,2,)'o

34,4157l ,74-515O,311

2 r 1O7 ,58!2 r 102 r3B22095,304

64

1K

32

*t<

16
1tr
aÀ

97 .2i('97.8r;690.e?6

2,8966.2?/o9 .216

964720 ,86735,103

34ty,686336,9o1358,o57

64

1K

32
7¡r2r\

16

+K



No. of frarnes
llemory size I'T

Pushe s

?ul1s

Ratio

Ido. of frames
lulemory size lil

Pushes

3u11s

Ratio

No. of frames
I'temory size I{

?ushes

?ulls

c-9

A/ ASSE¡ÍBIY

b/ .atcot

e/ tr'TJRIRAN

I'lodified-Page Checking sys'bem
with IRU stack at fixed. p=256 r^¡ords

,712.827.617

17286515785

9411697+3

16

4K

B

2K

4

NK

.170.707.357

"¡OBB27,7531'¿1 ,O57

526720+47,222

16

4-r

I
2K

4

1K

2
1¡r
ã1L

.25,205.+17

278428719294

70881BO4B

16

4I(

8

2K

+

1K

Ratio

Table IX



c-1 0

No. of frames
Memory size I,l

?ushes

Pulls

Ratio

Iïo. of frames
I{emory size }l

Pushes

PulLs

Ratio

No. of fra¡les
ItÍemory size M

Puslres

A/ ASSET,I.BI,Y

b/ Âlcot

e/ TORTRAÀT

.153,27.72.73

27527281 o, 86954,79O

36642346611 ' 411

32

4K

16

2K

B

1K

4

LK

lable X l¡lodified.-page checlcing system
with IRU stack and fixed p=128 v¡ords

1s?u1

tioRa

,7 82.785.'15.7O

2+B1 008158325109

1947921 18716765

72

4K

16

2K

I
1K

4

Èt<

,20,14.').41

17 261o,95947,705265 rr:24

349156715,97110t,,662

72

4-K

1 6

2K

I
1K

+

år



c-1 1

lrTo. of frames
?age size

?ushes

Pulls

Ratio

No. of frames
Page size

Pushes

Pull-s

Ratio

No. of frame
Page size

?ushes

?ulls

a/ AssEIiBtY

b/ ArGor

c/ I'oIìTUAN

Table XI ltlodified-checking system with
IRU staclc at fixed 1,1=2K

.62,827.785.7

9 4388651 OOB147 4

58467167921o?s8

4

512

B

256

16

128

z,t

6+

.173,30.14.124

16633923,75710,9591037 4

22251720415611 289

4

512
B

256
16

128
12
64.

.7620.27

17 47

.19

41 +942472728

1 477BB1642350

4

512

8

256

16

128
32

64

Ratio



APPENDTX D

A-}TENDMENT

Chapter t Space-time product

When

one of the
product C

defined as

the amount of main memory can be varied in a process,
criteria is the cost of the storage. The space-time

during a realtime interval (Ort) of a process is

t
c S (z) dz

T"
tr{here S(z) is the amount of

at time z.
storage occupied by the process

/
t

The space-time product can be considered as being proportional
to the cost of storage.

Chapter 11. The replacement of algorithms in this chapter are
of 2 types: static menory allocations (neno, FrFo, cRU) where

the main memory size is constant and the dy4amic memory allocations
(WS, PFF) where the main memory size can be varied.

The latter usuall-y appears in multi-prograrmning. LRU' !üS,

PFF, MIN have stack structure and can be called stack algorithms.
In the discussion of prediction methods (page 18) it is not
indicated that which pages are replaced because it can be used

with many page-replacement algorithms.

Chapter 111. In'the simulation of the virtual memory concept,
for practical purposes, only small main memory síze is considered.
There are three test programs. However it is believed that they
are typical programs for a small computer and the results from
these programs are quite explainable.




