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The prodlem of memory alloeation in multiprogramed
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trhar systens 1&'1nves§igatgd. Gptimal ﬁl;ocaticn reculres
sisus dealsions about ﬁhich pége& gre to be deleted ¥from
.?Tiﬂ Vemory, 4 Raritarion of'goadneas”, the nuzber of pager
Lrrnsferred per wvnit timé, iz used to compare three page turiing

veebnleuest {11 dolate at random; (2) delete the oldest unus.:d

%

v2Ee L this schems has been euggashed Tor ﬁULTlGS]: (3} delase
oY detesting ari predlcting loops in programs, Poliey (3) i:
shown to be much auperior to“either_il} or {2), bui anpears

w2 involve so much overﬁead;that (2) is prefsrable, fThe conee ot
2f & "Working Sat of Infarmatipn“ is introduced. Allocation

Ly worXing sa=%s iz shown to Ye émesly implementabla | even in
(¥he MULTICS Sysiem], to be a8 efficient as Scheme (3), ané to
rperate sutomohio 1ook~ahéad. Working =av sizs 12 dezoribe.
axie Y 8 Earkor Yrosegss the analyesis points sut weys in which
the system san ad usé te the lemd, The most 1mp6rtant result

of the study 4¢ tiat an intimate relationshir hetween gehednling

gnd Allocation hgs been NS aTered,
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- (2 o THE PRCRLEM

A e L

in a large-soale mulilprogramned computer syztem the
problen nf scheduling the system regources is snormous, Al

ezt two soheduling funstions are apperent: (1) Scheduling

oyroregses in tlee, mehing & decision elout whileh process 18 next

Lo ocarg and (2) Aliosmtion, a decision concerning which dats ave

nos sooony mein measory. In present computing syestems scheduling
mnp veselved mush abtenﬁion, and allocation appeers ts rave
Tren congldered aimost aﬁ afterthoueht, 1i 18 net unratursl
2wt sohedaling should have received prime attention, because,
oy 2 éxaﬁp151 in tha present MACQ system allecation has Meen no
arphler -- orniy onz user DFOZran ever pooupied core mamory atb
vize. I 4% slemr that Af the scheduling sigoritha is to
anhieove fast aversge Tresponse, thers mugt be disoricirstion
arainagt Long obe, It is fer this purpose that the multllevel
quaua.was pruncsed.by Corbato [11: its impleméntation nas been
i4zeussed by Scherr [lij, snd Demmis [3], The purposs of &
wurblilevel quaue 45 to 5léarn" the slze of a 16 by obzZerving
hew mush érunaasor'time-s iob has comsumed, The jcb is given
5 priority Luverzely proportional o the time it has consumed,
= that 4% gebts less and less gervice a8 tipe goes on, In this
way short icvs, which 2ve in the majority, get preference and
tha mean re@nonse Lime is smaller.

With the advent of multiprogrammed soxputer systems ("HCS®
fer éhmrt}-it $8 slear that #llocation i1s no louger of secondary

importence, Indeed 1t 18 al lesst squsally &s lmprrtant as
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sehoduling.  Por ezample, ahat:good 1s‘a sohaduley Lf 4%
sohadules processes ﬁhoaa working information is not pragsent

ﬁn ralin memory?  Such processzes will be contiaually delayed
cniLing Top She Tesuimed infébmé%ian s be Srwmsferrsd in te
Tain wenorys; i hhare.ﬁa much of this lack ¢f ooordination in
craken setivity, the servier of the system wlhll e degraded
~eplovely.  Thugs 4% is appﬁr@nt that there 13.sama hasio
sovnestion, or interf&ce,'thg% must exiet helhween the zchedwliing

23 slldleocation functions. One of the purposges of this paper

iooonfevataniing this interface, We will ghow that the notion
af 2 *Workl 24 of Information® leads to svch an understending.

Present 21lceatlien schemes oan be clazseld a8 "rage turning
algorithms®, For practical reasons all of asin memory and
- pecondary memory {(disecs, drums tapes) 1s.divideﬂ into blocks
of R standard size {for sxample 64 or 1024 words), called pages.
Tne vage acts aé a unit of transmission and =ztorage., Page
turming algorithms attémp;_tagdecide,judiclously-what pegeg
whoald be removed rram~maih rmenory o make way for new pages,
I¥ the oholee LE made prcparly, & minimum numbder of transfers

-

will fakes nlane

3

.and syetem efficlisncy will tend to be maxinized,
Tn order thabt a vage tuming algorithe mak¥e Mintelligent®

decizions, Lt must look ?@r'pattérns in progran bshavior, Just

wrrl patte»n of behavior to seek is dzpendent upon what model

for ﬁhe rrogran is assuned,
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It has heon nroposed that one might think of the pege~use

behnrior of o program s A& Markov Process, ia the following

manner, The pages are numbered 1,2,...,N. Let the state o

%he syztom be described by whilch psge wes lnst used, either

*ev exzeubtion or for reference, Then thers will be tramsitiom
| ' b

crobabilitien (t}'frpm'the Jth to thé kt vage at time &,

sml the times between transitlons will ocour with some inter-
ranaiiion bime denialty Tfunotlion pt} The trouble with this

medal Lo that 1t sssumes that whether or not page .k is next

e Be upoad depends only on whether page § is presently in use,

Tea can Think of oxawples in which this s not the ease (for
smmple, 5 blg loop throught the N pages in suocession}, and

menoe Shis mode) does not appear to be realiatie. PFurthermcre

it 1z not clear haw to determine the trensitlon probabilitics,

waiah mAY vary widéi: from program to program., Abouk the best
rre mipht medel with h Markov model 18 the number of pages
wrecently in use ¥ & procees, ‘Dt beyond that it is 4iffiou.t
“e say much {suzh as exactly which page it Velng referensed),
e can@iaéien it thoya 1 no relatively simple, yFet general
amough  modsl Tor program hehavior which sen be stated 2 prio:ii.
Taevalfornn we m&s§ regulire the page turning algerithm to deteo:
iterne of betavior Tor Atself, thon teks sotlon appropriate
far the situntion et hand, .

In this pmpef,'then;_we villlsurvey and anslyze present
ﬁage'turning.teahniquasf éﬁd show that they are generally

nnsatisfoctory because they detect the wrong kind of behavlorj
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then we briefly gonsider pattern detection as & "sigpal in nolse"
“roblpm, and EhoW tha* thlﬂ tao is unsatisfastory, they we intro~

cupe the comezpt of & “Workfna Set of Inforastion® and demon-

memeag Shah 5% Leads 99 a moesd mtumatew =ethed of eensrelling

Rt

Yopsbiong finally we considar the 1mplicatinns of this methad,

._./._‘

Eaty e mnéﬁas'en iﬂtwr ace between schedul;ag and allocatinn,

s whnah L% mar lead to in the future,
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in. SUNYEY OF PAGE TURNING TECHNIQUES

A segment 15 & undt of naming, an ordzred group of words.
£ page 1T the unit of storage and iransmissian, A segment oan
wn panuosed of ﬁany neged, A gegment will Ds dqfﬁned by the
B85 nr one of hié processes, while & peage will be defined by
Y ?yﬂtém when it stores the segment. Fence the notisn of
Tacgment tumming” might oc3ur to us in addition to that of
Faare Surning®s aggﬁent turning would mean that allocation
Tenizsions would Se m&éé_on a sagment Ttasis, rather than a page-~
sa32 basis, Ecwever@'ainoa the system hardware deals with
uages, it is naturml to think of pege turniﬁ@ rather than segmen&
ﬁurnimm; Moreover, sinde'ségments are ginups'of yages, segment

turning is nothing more that a special case of page turning,

iherefore we will discuss only page Surning here,

4 Sriterion of Sucdness: Ine Svsp Hate

IT we 2r2 %o compére #arlous page turning schemas we
#1311 need sowe oriterion on which to baze the yesults, Supvose
thet an uniimited supply of'maiﬁ,meﬁory wers pvaiiable, Under
zush clreumsiances there would ba no need for suwapping or for
aeaﬁhdary.stor&ge. If the maln prenmory is finite in extent, then
eprtnin prges mugt bhe remafed ﬁemporarily o make way for the |
. ﬂréation ol new pages or the refurn of previocusly displacad pages,
it 4s useful o defiué an exi& raete B and a return rate R, where
£ is the mnmber 6? pages per unit.time bging repsved from main

1
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wamorr bp allow for other ﬁages, and R.ia the numder of pages
per unit'time returning because they are ﬁeeﬂed agalin, Pages
wpigh are never Lo be u#éd again may simply be delsted from
wwietenns, snd thersfore will net'be a compoﬁent ot E; Similarly
sazez whiech appery in the system forxr the filrst tlme will be

crested in main memory Y soma process and will not be s component

T mearelore § and 3 sre rates depending to some dagres on

L

snte ot whieh ﬁrncesses are creatlng Dr_rguslhg.data,-gnd

T s vEYY 1RYEe degrae oﬁ the palicy uvsed to select pages for
»emoval from main memory. ¥For example a policy whlich sensistently
shooses for removal pagéa uﬁioh are about %o be referenced will |
cavse R to be high, qhereas:a-poiiny whlﬁh cnoogses for reucvsel
pages wnlikely to be referenced goon will result iﬁ low R, In

a atendy shate Eituation, E =R, and congequently the nunber of

tvansfers per unlt time, or gwsp rats 5, is glven vy
8=3+ R=2R.

ThereTnre an efficlent vage turning scheme will minimlze the

aumber of transfers per unlt time; that 1m, It will maximlize

(4

ha: gcriterion

the time hatween Sransfers. We will use this as

ot goodness, ' )

Descoriviion of Thrse Pame Turming Methods

e

- Wa Will discuss three salgorithms for page turning, When
1% 45 btime to bring & niew pege into main memery 2 cholce must

e made to delaets an existing page fron maln memory {that i&,

ottt ]
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=m0 1% Lo secondary memary). The dsletior gchemes we oonsideyr

AT T
{1} ohba&§ th& page to be deoletad at random.
{2} choose the page to be deletsd to be the one which
hag been oul of use the longest; we wlil eall this
the sidest unused msthod.
{31 look for oyolic behavior of pege use, and make
dacisions Dased on prediction of reuse, Since
whis zchema Was proposed For use on the ATTAS
vompuiar we w11l call 1% the Atles soheme. [ B
T phillosophy behing © random daletion pelicy would be
waneely thot no comrutatlonal overhead would he expended on a
‘esifion, end hence itsllack of elegance would be offeec by
lta 2ipplielly, : . .-' L f
?%e thinking beh nd the oldest unused policy is thal a
prosestor tands Lo take its nﬂxt 4nstruetion from the same
rerion of code. Thus if @ page was Just_referenced the provebilibty
3: higher that it'wi‘l'be raferenced next rather than snothew
TIES, WYndev this aasumpt;on, the longer a page 1s unused,
tze 1ass 1g the prodebility 1t willl be used agaln. Therefare
'+ 18 g wissr decizion %o choose the oldest unused page.
“*@cwtunatCAy i1t 13 not c]ear whether this scheme 13 superiorx
o o= ra“éam.acheme hecause of +he deaision~mak1ng comrutation
that pust be sxrried out, However, 1t 1s possible to implement
pinnlis hordusre whiah kge%s‘track of the ¢idest unused page;
then the ﬂ%cisicn_waulﬁ.nct have oo be made.by software, ardd
this pollicy would be superioer te a random policy.
The thinking behiﬁd'the Atles polliecy is as feollows,

rrograns {apparently) épend a lot of time in loops. Therefore
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i 1aupa-ﬁmn »e detagted, wise deletlon danisions can be mRds,
oy BT Om ?Tﬁﬁfﬁm i ine oxsie, pagés will be referenced &%
ragu}ar intervals {(on a prdaram time scale), Therefbre tha
-uﬁariodﬁ »f time hetween refsrences will be 1dent£ca1, Let
we enmdn of the last period of inactivit? of scme'page be T.
Tat ke length of the preseat insctlive peried be T . See
Tiguwa.lo e rTules Tor deletion ﬁrez delete the page for

e e B
A AN

1 T >Tel AT
or =ise {2} (T -} 45 a maximum, ifsome T # O3
NP elze - (3) @ 48 & maxloum, 1f all T= 0,

= np spt S geve ¥hen 5 page 18 fipst loaded 1nio memOTY, and f
sx maved whepever B page 15 swapped ocut of nemoTy. Bule 1 w111
Cgwrow out a page.that Lhas fallen out of use. Rule 2 will be
"wmged AF 1% appears thal no page has yet fallen ocut of use,
and will chooselthe paga which iz least 1ikely to be used again
in the lmmedlate future.'iﬁule 3 is used if every page 18 active,
and no good decision can be[ﬁade; choosing T .. will cause T €9
2e ressi Lo zero mnd snsure that the same mistake will nct be
made a@ain;"ﬁ%e polisy reauires that resords be kept of aotive
| et Anastive poriodsg frequent interupts ®111 be needed bo
wesp the dzta up to date, Furthermore, the act of deotigion
slearly veguirss a good fenl of computation, which night be
an prohibitlive as to render the Atlas schems useless, & more
eampléte disoussion of its drawbacks will be given Bhortly

after we have snalyzed the three methods,
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Anelysis of the Three Methods

¥s Suppese that a certaln HCS hae & me.in ﬁemory of capacity
Yomanen, which are'in'use hy.zoﬁennumber of processes, The 1th
ﬁéggg ST undergoing an sctive parlod. Wil e used again with
e livy T,: in which case 1t enters a p?riuﬂ of dnactivity ”1.
s e siver pagg, 4% 18 assumed that all the periods of inmstivity
?rﬁ.@f e éama length, For the ensemble of K pages there will
e an erientle of values {TiE. Thus we can define a random
Tarianl: T on the ensewmble af.péges, taking on the values
Ty, 9,.,5?3; Assuning thaf Kis e lérge nupber, we can make the
ﬂpprwxﬁﬁaﬁian Shat T 15 a contimmous random veriabls, For the
mIrreses of tﬁis disoussion we will assume that the density .
furaticn for T is o

AR Fplt = o e7®F ¢

] >0
I: 43 imortant to nete that this density functlon 18 in reality
» sendlicional denslity funotion, conditional on the fact that a

paze iy $o be reused, The distribution funzsiion for T is

S,
%)
rt
1%

<

Pplt) = Pr{T g t] = 1 - &™°° s

and ¥71 » 175, We SuppoSe further that there ir a probablility

of Te.3e asrocliated with s=soh PREge. ino 2 procedsoy tends

Loy treke its next instruction from the aame region of code, it

see! reaémnable to assume that the prcbabi]ity of reuse shoald
derrn?d on the: actual period of inantivity, deoreasing as the perlod

R mes Iange*, For the purpoges of this discuselon we let

e,

L 3

Prlreuse] = Py = p{‘ > t/e] = aoie/elt



= 4 1S the nvesent 1cn?th of the inaalive perina, and a is
8 sosle iﬂctor.

- A8 we Tiave mentianed pretioualy, we gan define an exit
?%te % of pages per unit time from main memnsry, and a return
rate B oof pages per unit time into main memcry, The total
wrhber of transfers per unit time, or swap wate S, is given in

The sisndy state by
4 2= £+ R = 2R,

G will he greatly depandent'on the paga-tirning policy, It is

I L | ¥
Nnesestary Lm chooZe the pollcy for which S s n'ninlzed,

¥e slart with the randowm case, When éeletion oasUrs,
e sipected tlme uatil the pape is reused is just H 1} = 1/6,
sivce T i3 an nxbanen*ialiy distriduced rardon "ariab’g Due to
She orometry of the expconential distridbution, the expected time
heet i the beginning of the inactive period is ulso 1/eg*

ShereTore the probsbility of reuse is

15 Py < o"1/e

forsequsntly the return rste for this poliey im

=X/

N -
{‘E.r‘f R_‘ [ p l“‘l““ = a a . a

Gﬁ;,.

i,..l'

*.ee Feller [3], p, 20 rr,



¥eoxt we conslder the 'pldest.unused“ poliey. There will
be some subset N of the K pages inactlve at d:@letion time, on
which & declision will be made, In choesing Lhe cldest, this
~altay ie maximlzing & sutlof exponantial random variablaes,
=t ﬁppenﬂix‘l, the expected value of this maximrum {that is,
thn exvected age mf‘fhe page actually chosen for deletion) is

seonproxinaied by {In N}/e, Putting this into equation (3} wa

awe Dor the probavility of rause:
. | 1n N 1
-_’_fw_‘g_ pQ = a.xp E - &T J = {%} I"a.

shnce the axpected time 111 refige i@ still B T! = 1l/e, it
foliows thet B for this polioy is

ray = 1y1/a
43 B, Q P, = o (§)

Finally we considar the Atlas c¢casge, The average length
=% @ oyele 18 B T] = 1/c, Hence with probablility (1 - pa),
the prchabillity of pot reuse, Rule 1 is epplied [assuming that
tha correct décislon is mede), and Rule 2 iz applied with

nrcheBility of reuse

-1/5
}?au&. )

Recause Tuls 2 15 maximizing & set of exponential random

varishles ('time £111 reuse }, by Appendix 1 the time till
rense 1o approximately (In N}/c. whers N is number of puges
invoived in the declision, Hence the retufn-rate under the

Atdas policy Is

Ry = Eﬁ%ﬁ [ provavility of Rule 2][ p_ ]
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4 Wumerical Tramole

¥a cuppose +that time is meamured in memory syecles,
Sunpege else that peges arve 6% words in lemgth. Then we expect
Yhaet i rne pefersnos has been made for S pemory cysles that
this page 15 not vary likely to be used again, yet tnere 15
st471 o good possibility, Therefore, a conservative estimste
38 ‘hat alter B4 memory cycles the probabllity of reuse ls e'l,

Fras sguation (%) this gives
fnmt - o '-1 - -t/&
L0 Py u‘e e ]tcﬁe’%

Bonse we sSeb a = 26. Suppole aléb that the average cycle tine
of p pege’s tnactive period 15 32 pemory cyeles, 8o that o = 2"5
per memory oyole, Suppose thare mre 50 inactlve peges at the
+31ve when & deletion is to be made, so thet N n-50. ‘Thern Trom

Appordlin 1, "?:_:Tmaxfﬁ{}}} « ié—i » This gives

{10 R, =0 8 /P = 2 e1/6% _ 9.3 x 1072 / cvole
T -r ' -
{17} R, = 0 (,%-)1/3 = 3?‘-2- e (Be8/88) L o % 1077/ ayole
| -2/a ‘
{13) B, = e =1 1 _-1/32 -
3 in N | %5 E..—f, & = 0,7 X 10 / oycle

Yerafora the Atlarn method 1% superior, but apparently not by
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= oanen f8 we night have exﬁected for all the trouble it went
o, We will sﬁow that'in-the more general ¢:Se, wWhen conditions
are not as stylized as in this example, that Atlas can be far
kﬁne:iar, _

The &iert readsT should be concerned with the fast that
B LEGRyS Asg % s ¥Wnile ﬁ3 dacays as iﬁ%ﬁ y 80 that Tor lsrge
aneuan Ny the Altas scheme will be inferior. We wlll show now

S 7. la lower than B2 for a1l N of interesi, by finding the

alue 2f N for which R, = BB; that is, the velue of N for which

B .
=2 =1,
By
Lernnider
R : R
PR lim —t itm c -2}’3 _]_._ -.I../a
Rt Hepeo H,” “Nes-w In X ° 5

2aing L%Foritalfs Rule,

1 gilfa -1)
\ ' -2/ Iin =& N
¢ =2 n—*ﬁ W‘-l

5

— R, .
zo thet for large N, Ef behaves as

L

-w-qa

Y 2/a  1/a
b=} . N

getting thizs egual to i, we can solve for N:

R _
—3; = 1 = "i" 3”2/%1/3

{183 N = (u eaxh)&
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-

Jer The abova exenple & = 64 g0 that
{17) N o= (68)0% o7 o 10827

TLearly 2o vemosy of even #ige will be buils in the dmnmediesds

f"iu?e. Flgure 2 1llustrateg the relative hehavier of Rl* Hz,

nii Mg with W, T4 is fmportant to note that HE anrd HB dirinish
-
wiion Aneveasing ¥, while R, remsains constar:, It is olsa rete.

waithy that althoueh 10137 ig the actual valuve of N giving
soslity of 3, and 33’ that these twe rates will he closely

ceaal, for K considerably less then 1611?.
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FIGURE 2. Relativk behavior of the three schames.
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Admittedly the assumpﬁians and numbers used in the enalysis
are not realistie, But theﬁ were chosen to7servp as a basis
ﬁw whish e prove & point, I we %new what ‘he Use-patierns weye
could €e & good lob of minimizing swaps, A nore ceneral ard

~oT2 Trelistie formulation of the porblem is as follows. Iet

LI T T
w7 e ?.""’f ” o= ;\r\'

” 1 be the set of inactive intervals for N pages

< era € Ty, The random poliey will on the average

172
sange the expected btime until reuse, E[T], to be
| ;14 N |
fnar Eli?ﬂ =5F ET
» T =]
weosuse the Celetion may occour anywhare in the intervals
LT < Ti; 1=1,2,...,N]. The oldest unused policy will

- nroduce the same yesnlt, but now it is adlusted by the prchabllity

of Teuse:

.
S
Y AT = 2§ P, 1ilT3

o the othar hand, the Atlas rollcy expliCitly seeks to naximlize

 the expected interval until reuse, Appendix 2 shows that for a

Ttypleal? st {Ti}, EETﬁax} 15 very likely to be
£20) ' £, 1 N
e Ly & 5§ 1=1T1

Twos 1% i wary Tikely that the Atlacs inter-swap interval %111 be

' N-
DS R m
{21} o EBETﬂ s P, A iilT* > 10 B, T}

£ e

womsequently the swap rate will be considerably lower for
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n the exnmple glven above the assumptlor of
expenenticl inastive intervals tended to dewonphnrsize the

spread of voalues, since large values asre unditkely, Tnis made

uine tend 2lorer Logether, Yo the more realivtie

o

Che MURE FLnAal P2
situnvicn Jesoribed hers we expact Atlas to 22 far sunerior
o ost Taast an order of magnitude, antd the o'desih urwred to be

parnos s aalf an order of meznliitnde better than the randaw poller.

Marduare Implementatlons

We have alreadﬁ pointed out that a simple hardware sohene
Por mrnlementing tha oldest unused policy 16 avaliladle, reguliring
a miiloun of computational overhead, The falame ls siunly o
have ap array ol bits, Dné’éaf each page of maln memory.
where%er & page referénse oneurs, the cofres;andimg'bit is met,
-Every = spaonds the bits are read and reseb by a Supervior progran,
Tt3 progrom will generate & list of&ering the uages, gtarving
_'wich the oldezt Tirst, which can be oconsulbec by the swapping
promran when needed., The computatlion time for such a soheme 15
.miﬂimal ang would probadly he Worfh the gaving over thr random

criser, Sueh 2 scheme 18 planned for use in the Multics Systenm

Hith the Atlapg poliey, matters sre no longew simple,
there pwst be an interupt every T seconds for & checkup of the
tardwasre Storege nap of page use, Then records of presently

“imetive peges and their insctive times must Hs complled. Woen =

]



2Toelioyn 1% b onour, possitly three searches of the information

T

-

st te performed to bast each rules these searches conld Le

7 3f the memory iz lrrge, Hore thah 1ikely BRule 2 will dbe
»Iied moest of the time, 80 that two sesrches mast e mads on

syoTede, Kilburn gt sl [8] mention that in the ATLAS computer,

GRS OB proneséar aysten, the_required computation was performed

Sowtra the ywap Lime, whils the malin program.wﬁs unable to run,

LS eowputatlion took most of the 2 msso swap zime, In a

mnltiﬁrcgrémmeé syatém it would be more important to glve the

precsesger aver to tasks other than exemining page-uss %ables,

T, every swap bime, 2 mﬂea was consumed deciding vwhal page was

wext, the system service would be degraded seriously. A lurther

Axrfienlty with this poliey ls that measuremerts must be made

tn progrsm time, not An real time. In s multliprogrammed sysiyim

rhars 12 not 2 one~one corraspeondence befween rzal time and

worogyanm Uime, so ﬁhat gspecial provisions would have to be mrle

Lo Ascure measurenents only on pages beleonging o running puocenses,

Tre conclusion ies simple, ©Of the thres page turning

poiicles of Anterest, only the oldest unused polisy Seens

raceptable for use in an MCS, Veverthelass, the mowledrs that

a mawch betisr method exists Ais distufbing. There is one cther

sovaiusion theg is import&nt, namely that to minimize sweps

% is necessayy to meximize the expected time unill the deleated

b

pafge s reused. We will use this idea later on in a scheme
ok we Tellieve 1s superior te any of the three page tumning

grhenes gisrcesed,



i

" ma wey modifiles thelr contents}! then s large numbar of

20

e Tinal point: Lf an many pagas as passitvle are

« 4w pure prosedure form (that is, execution of their

LA

- y . o + - ko
Sere out of memory can be ailminated,  Sucn pages only



-2} -

STICTICN PROGRAMT

i

2% hnd haen proposed in connectlon witi the ATLAS

systom 18] that the program which detected the use-patterns

he mﬁdifﬁed te dredlet when pages would be reusad, Thusz in ihe
m?amﬁ =0 A Arlatlion, Sk wase wauldlte Behedulnd for mwapa.in
3 soﬁe ‘uture fime, so that it would be available when it was
neafdsd agelin, However no actlion had heen ta¥en cn this
rden.  ¥a pentlion itHare to point out that #1ltheuch aprearing

mRorantble, 1t will be more trouble than it is worth., In order

T Iwmvlament . it, ab least the previous twe pericds of inactivity

wonld have o be recorded., Cell these Ti and TE' Then AT

Ty - T, < ‘

far_auma sm 1L integer & ('I‘1 end Té wre numbers of memory

eroles) the'pagg would be deemed Lo be in s cyele, and =

mrediatlion uitY in the main memory storage map would be set,

0 that paée were then selected Ter delstion, the fime until

reus: would ve computed, and the page number, together with the

aocheduicd Tite vngil swap-in, would he enﬁered In & swap job 1list,
it iz slzar that Af fhe record-keéping asecciated with

dush one-pfeviaus reriod arriﬁactlvity inveolves much ovarhead,

them koeping Lhe s#dditional records and malking the additicnal

I

oo

2

iong, end genersting the Job lists, would e even more

e
1

exvansive, Only 47 the recovd-keeping and deciéimn-making were
relegatzd to bhardware could the scheme hope to be practleai.. The

idea cf'buildlng'special cﬁmplicated nardware to do a job which
intuiltively seems to have en easier golution 1s not satisfying,

HTewnnr m Tcheme which automatically-provides 1look-ahead while requiring

& minimum of record-keéping and decision-making i8 needed,
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TV SEENAL-IN-NOISE PRODLEX

e Pl Sl Rl ol

It has Dheen proposed that the problem ol delecting
page-usia patterns e thought of as a signal-in-nolse problem,
The %eimmal® i9 fhe ﬁariediu“ﬁén of n page, and the "nelee" is
waadnn variahle of walt: 1ntroduaed by the processes using
T pggé neing in the quaue walting for servize, If thes processcs
were nevey intorwnied, the periods of use would be easily
gheervalle, ‘Bnt gince processes are interupted at randor tlues
and enter the scheduling quéues for random times, the parisdiclly
mov ha maiked ty she queue cycle time., The probtlem 1s “hene
~aven the statiztiecs of the gueue walting time, cen the periodicity
of use [Lf preuxcnt) of a paze be deteocted?
e formuiate the problem as follows. Events hapren
yaéicdically with period T. Before they are observed, however,
s yandom verlabie X is added.to the pericd so thatl the Lﬁpervnl

% heiveen ehserved events is
(234 t = T4 X

fuppese X as some density functlon Px‘“’? and that pyl fuy = ¢

ror X less than &, X 18 independent eof T, Therelcre

F i) B el = 7.4 5{x]
¥ 4

| | | | :
{24} vaxr{t] = var[X]

Thuz an estimate of T wiuld pe

{26) Tage = fbt] - E[X]
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T s mattaste mizht be obtained by meesuring (e walllrny lame

until thre nth e ant observeé,zwn,‘and dividin: by n. Thwus

= "3{‘@} Y "f

com lerys m., The expected halue of queue wall, EL X1, eould e

. ( _ I
stmed by wonitcring the astivity of the gueusz, such thas b

L

o vaﬁ{lﬁ Wre ROl estimates {or the preseni time of day snd
corld ety fron time to time ;5 the system load vaxied.
eMeebanetely 1t is pointless io formulate the problem
Leo oeWt. memner for feveral reasons, First, a program-tlwe cycle,
12 iy Lo he shert compered te the walt in the quoue,
Forttarmore the walt in the gueus 1s 1ikely Lo have a large
rariante, 50 that thare Will be much uncertainty in the esitmat:o,
™his

[

Fer sxamy.e the estimate night be 710 msec % 2 weconds”,

‘g nardly relisble, If we intreduce a sample mean and varionoce

e =% z{r .7 =8} -Ex]="n - 8x
5 L3 T n

Do
el
[y
T
3
in
L1}
ot
1
=

{29} varl T .} = % var{ X7

Ty r.y take many page references to make the varlance of the
est.mate become small, The page might mot be In use long encuglh
P02 this tos btecome memningful, Furthermore a period T might

2t exist at 211, The conclusion is: in real time no rellable
ceanurement mén he obteined as an estimate of a program lime

1ge-pattern, Yt is the large mean and variance of queue walt
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commares Lo the antual cycle time of a page loop that lead to
TS vﬁveginbilitg of {ne estimate,
oamadere A the Allsaator were mbtempting. tc predict when
s woms fo be used again, it would be betlev of f 1f it
me el el Yine Ghme B N2XU uaé-to e the walt in the quele,

e : Toa Aemad &L o

Ch A

nerforn Sophistisated neasurewents to
s gnipstg provram-bime periods,  Thise important concluslon will
b ueor shortly. The only go0d means, therelfore, of deteoling

awe s iR Ho wmenSure them on a progren-tlne scale; that 1s,

bova goaTvroperts only when the proccss using a given psge is
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woadvring while ¢

iy awrtonsive records,

Lty naeh burat

rent {rom the discussion of pragent-day

rgnzes that uge palierns gre really helnial

he* O not & yaxe 18 o be reused, If

,._.‘.
in
F

in s pozition to predict 44 can selsct the

RS per unit time, But 1% is
neasurements on & programAtime Scuse, and

We saw alzo that page-use
tilme are likely o be s5mall compared Lo cycles
therefore, In Real Tiwe & poge may exnibit
. sccurting when the assocliated

g, and esch inter~-burst interval of inactivity

e nrocess 18 elther bioecked in an /6 walt or

enes,.  Therefore we can think of page use as

eing asseciated with the fact that a process 13 runninz rather

sren with how Yhe

I ealds o un o

B R .
SaaTnvieTioh Ly onr

LI - 4 4%
paLonring o Lha

apm e " ErN 1
ST pAges are loa

in fa

voring set

process 18 using pages when 1t 1s rmnning.
thinking in terms of Working Gets of inforzation.

Zet ov Information is the set of pages @

A

enently relerencing. IF we know the pages

£ iz a eimpple matter to te sure

bse

Aed Into nmalp memery hefore & protess i3

ot we might even feal fres tc dalete all of

.
5
ST o -
The oconcept of =
matlon & proossy
REDC AL
sETiedentls was

431
'S

r
3
L
F
|...)|

worring zet a iimuam spount of Anfor-
TGSt have Iin wmmin %mf*y in order to cparata
first provosed by J,R, “inis.



Bl

o T T T e TR TR A AT e T LT T A N e e Y

P ganiet fg et whem it 18 not punnline, orovided only
Gren Gnoge Tagas are restoro2d to maln memory juét prior teo
yestarting Che.process.

Ir the next few pages we w*ll discusg posgihle delsticon
CLiten Lhat would be usafu* 57 ws wmow the working set, and

one ©f these as mest rractical, Then me: dissuss a

')
L
P

Crnvt i Saneet the working sed, 2nd show how 1t might be

mlanonled n Yhe context of prasent idens on muldiprogrammed
r r,.,"" - ’
riasicms 4, T ¥e alse show that the size of the working

0 intormation L desoribed by e Marvovr Hodel, and how this
T heoumer. TG ceontrol the system loads, FPilvually we discuss
the lmplleations of this thirking,

diiocatim dehames 1€ the Working 2ebt is ¥nown

-

£

15 clear that th: first pages eligible for deletion
are thog no lonzer In any wor%ing set., The gecond cholece 1s
Loy vead.-only teges belomiing to the worling set of a computation

oAy A\pf’b‘;«f’

ant sxvectsd Lo v in she neAar future, We list some aliernatives

o0 oneice, wied in ease there are no pages covered

o - { Y
T gy s
w2 ok ELY -fn

'“f

=Y

hr mither of the {ilrsi {xo:

;. chocse & pnge at vandom from the largest working set,
choomx & page ab random ropm the smellest working setb.

crsese tha post used page from the lowest priority
Ritebetibarby ety B ng. Trocaess,

choose the le.atb ugel page Irom the lowest priority
non=-running process,

choose pages in order to dlstribute deletlons over
nll processcg,  Let N, be the size of the

1th working set, and N be the cavacity of main

=
13

L AR
LIPS,

e e,

t.
i
IV

)
LA
LV
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et 2lnn made Tor Sranslatling progranm zime into real time.
Proposal (6) meets these conditiong, . Therafcre the rules for
deletion ave |

(13 Qelnte nages no longer belonzing Lo any WOrking
' g%,

pr. {20 de o pead-only pages belonging o the lowesi
- arity progess not running.

iia

iy
a.

3 iA‘

”

£
LFL
-

dalote other peges belonging to tae lowest priority
process not running.

e lewest priority prooess can be determined simply by probing

wme Qohedulerts Queues.

Tre Schemne

We nrnsent 1 prat what we call & ccnceptual sgheme bheoause
implementing .t direotly in hardware would rct be poonomnlcal,
tmey we Show how it fits into the context of Multiprogrammed
Byetems such a® presented by Dennls and van Horn Lul.

Let there be a data map M which 45 an array of all dala
ohisats Xnown to £ll procesgsss belonging to all oomoutailons.
tpt T be z sampling intervel for readirg the map. Whenever A
dnta oblect is raferenced the corresponding hit i the map 15
set to 1. When the map s read ot the enrd of the sample interval
m o wres of any running processes are réset; Any prozesses which

»

sve not rumning (o pob have thelr Dits Teael, Thus if & Process
ie guspended 1lis workling set 1o statlc 1n time and the corrasponding
hite arxe rrrozen? in the mep. Therefore the map ¥ is an acssurate

record of ~ll operands working durivg the last sample interval,
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FIGURE 3. The Map M,
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resnydless of #hether thelassgclated process 1s ourrently
running.' Refér to Flgure 3,

| In M, the (1,j}th position is set whcnever'process Py
maked reversnce to deta odbjest ds.' The Jth pisition af the
mesdout register will conteln the sum of 1l the bits set In
the jth ooclumn -- 8 count of how many processes have usced a
anrbisular objlect. This count will be used to determine the
»riority of égzetion, the higher the count, tne lower the
yrioglty; Trus shared cbjeots will tgnd not 1o be deleled,
Fow there muot be another=§ap M’.which hﬁs bits set indicating
wiaioh dea obilects are actuslly im maln menory. Trig map will
“e used to mash the readout register so that only datx objects
ig maitn wmemory Will be considered for deletion, The masked
outnut will be a string of symbols from the et (2,00, 00ns%00.0]
with tre following meaning. ¢ meane "not In malin memory orF
o working set¥; 0 mesns ®in main memory tut in no working set®;
¥ means “in mein memory and in € working sets". Date oblects
of prlcrity D are Tirst Iin 11né for deletion. Cbjiscis of
priority 1 are next, and so forth, {Always read-only oblects
within esch prievity are firss.)

There 15 cne problem: if e process shonld he suspended

just after the wap was gsampled, 1ts bits will nave been Treset

nd its working set will aopear to be emply, only beczuse 1€

ih

i4 not have an opvortunity to use its objects. Therefore we

o

wust think of an additional mep M® which acts as a backup Ifor M.
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S zash samvle, a Sopy of ¥ 18 placed in M', Then 1f some
proness s suSPended, M" 45 ORta into ¥ for that pProcess, so
that no paze in that process working set is eaciﬁenfally
ﬁeemed no lﬁnger working ani permanert]y deleted, These ideas

aes depintad in Pigure 5,

The sam ? interval T at uhich the map M 15 sam“led
a2rnot be oo short or alse the prccess will not have s chance
el “E“G*E‘ce EVETry page 1n lts working sat st least onoe, It
sannot se too long or some pages will fall cut of the working
8et undeteoted, and siutter the memory;' It Sﬁéms desirable
thaf from one semple to the next the average size of the worxing

t should ngt 1nchaSe or decreese by more than one page, Irn this
MRY any error due to a Precess belng suSpended during a sawple
Interval (resulting in M* beling OR'd into M for that Process)
cannot exceed one or two pages, Thus the wemnry willl hove &
minimal wumbar of wnneedzd pages presant, In order te do this,
tha szmmple interval must te in the order of a drum transfer Lime,
dowsver, it sesme alesr that the samole 1hterva1 should not
be Tived -~ 4t gheulad he a?lowed to wary, It is reavonabhle
that a large working set wculd require a lonzer sample interval
to allow every page to be reference at least onge; conversaly
2 &mall working set would require a short sample interval,

Therefore the System should bs able to adjust the sample Interval
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o mret pregent donditions, I tha sanple interval is too long
tite slze of the workine set will changs signifigantly from

< sample o the next, 1ﬁvalidating the gssumption that the
BYEraIe working set size does not chanze much from one sample to
Bhe next, Hxsetly how to determlne the semple intervail optimallj

ie nol ret alear,

The Loox-Ahead

Ya havé Bren that the Allocator cam scdess the Scheduler’s
Quattes, and 3¢ discover the lowest priority process, then make
the dzletion decision among its operands, In this way the time
untlil reuse iz maximized, Furtherm?re the quenes should be
tndeYgoing wnougn shange so that the lowest priority process
*¢ different from one semple to the next, and a given process
#111 not have many pages deleted, But since 4t will have
wome pages deleted, 1t'is neceSSafy te restore these pages before
restarting the procees, It is a simwele matter to prohe the
uenes snd find out which Process 15 secend or third in line,
then Interrogate ¥ {through another resdaut recister) to discover
which pages helong 40 the working set of that process, The
result of this rrove is ccmpared‘with the storage map M', and
8y mlesing vages can be restored,

it is clear that this look-ahead scheme can possibly be
made highly efficlent, and therefore an arblﬁrarily larze

number of pagas could belong to the working set of tre system



T

{ror axa#ple,‘many u$eré logred sn), This implies that long .
queue cycle times are possidle withcut saorificing system
efficlency, Henoe some limit must be St on the size ol the
cvatem working sed,; or on the ﬁaximum reaponse Lime & LSer

st experience, or both, This will be discussed more later,

Tee actual Implementaltlon

Clearly it is impossible o build a hardwsTe oounisypart
ot tha-map M beoaunse 15 dimenslons would have O be the
me T Lmun poﬁ@iblé numder nf_pf@cass&s by the paximun pessible numbe
of pages, Purthernore most of the time muck of the m=p won ld
ne empty. I 1t were atored as & malrix in méin memory 4 the
rap weuld have to ﬁe refereﬁauieach time o page ralrerence Was
made, and this would de time consuming. ESven thewn it wou1d -
53111 reculire a greal number of unused bi;s. "It ceem desirvable
ze use B scheme wﬁich 14s%s only those pages whilch actually
exist, The greundwork for guch a saneme hes alresady been 1add
vy Darnis ard others {%,7,12], -It is the notion of sssociating

with each process a descriplol Segment, a 1isit of all the deta

anjests ¥nown to a proﬁesa.'}ﬁach desoriptor in the Deseriotor ;
Segment can ccntain a “preﬁeﬁc&“-bit {indieating that bthis duts
Lten 28 in méin memory; this correspond: tp enutries in the

mAD MY Since all data velerencss wust go through the descriphlers
1t i3 easy to set mr "roferenced” bliy thls corresnonds to one

element of the map M., Finally an suriliary "referenced” bil

will be present to play the role of the man K", At the eng of



e mample Anterval the ﬁesbriptors of oniy the active precesses
are scarned Lo resel the M-bltes, All inactive processes are
noet samplal and henoe their bite remain set, When the need
fér s deletion arlses, the queue is interrcge ted Lo rihd the
towert priority process; tho descriptor segment of this process
L% scarned fox mismatches betwWeen "presence” and "referenced®
it to delermine pages fpr'deletion. If there 4is any dlscrepancy

stwean the M gnd ¥ blts;'they are both set teo L, If atili
IATE PAReS aré necced, tha second process from the battom of
tkﬁ-queué_iﬂ sconned, The look-ahead worke Just as simply,
fh@ fezarintor of the fscond process (or some process néar the
top of the sueue) is écanned, and eny "working” but not "present”
(pRges are reftored to maln memory., If a process quits, any
pazes "pregant™ are immedlately subisot to deletion,

There 15 one mator difficulty in asgocinting with each

process 2 descriplor segﬁent. This arises when a data oblect
L6 shared by several prooasses, Avolding delction of that ¢hiect
while it is use by anoth#r process is mandatory. The trouble is
that theve may bYe many daseriptors pointing 4o &t, The sclutlon
A8 fo define all the privileges a computation snlcys in a2 "list

of capablililities™ or {-list, A C-1list will point to a descriptor,

|-.0-

and evactly one descriptor is smssocinted with a data oblect,

Then Lf several somputations share an shject, the descripter

for that cblect will contain M- and M7~ counts fnot bits) and
references by different processes will increase the count. References
by the same process do.n;t increzse the count, The count is the

deletion priority, The idea is iilustrated in Plzure 5.,
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Markov Deseripiion of the Working Set
We suppose the sample interval isiseleoted 30 that
~n work'nx set chengse elze DY more Lhan one page per sample.
Lo the largest acceptable working set sige Le N poges, Let the
"a%e al whigh pages enter the working set be & and that gt
whioh vhey leave ks 3, Although & and © gre time-varying,
w2 agsine they do 8o glewly with respest to the time 1t tules
Phm gv3ten Lo re#uh am equi}ibr&um. Tet n be the nuxhar of
pefed in the working setﬁland Pn be the probabilliy thas n
napes a?ﬁ.in the working sed, Then the probebllity of a trensition

fyomp 2tate n to {ntl) 4n a small intervel of time &t is
> &
?n e

™e pronability of & translition from sisate {(rtl}) o o in =
g1l Bime 4t is
P g b At

~e are assumiryg equilibrium se that

{30) - P, oadt =P

a n+1'b 4t
{21 : s = B
L 313 Pl T % Py

By recursion w:z have

R.n
{33} Pn+1 " (E) P,
?0, the probebllity of a mull working set, is found by
N
{34 i LA
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(35} E, % (ﬁ} = 1
= ) )
¥ow
Bs 0w gy
DES. i
& T owm g i x < 1
H oo oo —; ieX
5o for E&rge ]
{ iy Y : - ' o = "%
i) 2, 0 1 - where T 'b]
wheralore
n
-‘.(_“':"_ —-I:—hm-n
Lo | Fn ™ T07F
The moment generating fanction for P, is
hif
\ - n R
% L =
{18) ...ﬂ{z)  z P‘n N
=0
mmerefore the expectation of n 18
| % &
{ : L —rrin 2
(39} | En] = PAHL) w 7% r =3
The varisnce 1is
. 38
(40) var(nd = PRIL} » PLOLD - [PC3Y)
- - r -
151 var{n} = 5

-y

Application of the Yarikov Model.

¥e will now show that the 3ystem oan cetermine the load
maiien p o= a/D in oz very Simple manner; and row it can use this

infarmation o ¢ontrol the lood i1t experinnces, If eguation (39)



v solved for T we have

{ ,14,?_'—; - o eelOnL

Now at any time Lt 1% nmct unreasonable to expect that the S/stem
Mriows tﬁﬁ size of the working set. H:nos 1t can determine the
ioad ratio T at ary time by putting the present value of r

inte {4¥2). Since n wAill be large, r ~ 1, but not quite; -his

Inites 8 w b, Therefore the totsl swap rate is
e 8 = A+l o 27

¥e wish $u ¥now how 8 should compare Wwith the mservice rates of
the swappirg equloment,  The ramber of lobs wailting for s*rvice
by & hardware swavper cﬁuld be deqcr*bed by B process sinmilar to
the precess P oabove, except that s is replaced by 2r and b Ly s,
¥here s is the sgervice rate of the sWabping equiprent [note that

2/8 = poan scrvice time), Cleaxly ir
T Zr ¥ g

the swebning equipment san handle the loaz, but if 2r = s
thare will be a long waiting line. It can bs shown LSaaty, 10]

Yhat the nunber In the walting line for tha swapping equipment 1s

T‘ "1*8.202

o . 5
r_‘,[m} = I+ zﬁ--:-—;j——

R
N |
[

-

i n
Wwiere o 15 the arrival rote to the linv, b 18 the service rate

- . =2
170 = wean servise *1mn}, r = a/b, and ¢ is the varlance of

=
=

!
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the sewvioe A4ishribution. in this caze qéﬁ rm O, Since pages

r, Trerefore:

1Y

are of coastant lengta, b =8, and & =

. -
Wy o ..-\r_ 3 l - 21
M Wi Ls o . fop
A i"%{'j} o 2l - 1y T &
vroe gelve Sov pf in Serms of sope- desired number Km of waitling
iphn
Fiy72% r* = 1+ O z

X X F_m o1 Km
e
{h&S C pe B g (L4 K - J1 Kéf ¥
{hf) C 2 F K X

“renrly the avstem can sheck periedlczlly on the value of T
“b knows; if 1% ie getting too high, 1t can take sction to reduce
the aftza 0f the working sets (for example, by logging some users

mit) . un%ll the lo2d r is agein at the desired level, Similarly

1f r 1x leds than the tolerabsd limit of eguation (48] the system .

gt soruit the load fe incrsase, and 80 Keep 1tself at 14s rpost
g int ot leval, put not allewing itself to go into saturatlon.

the hlme congtant for this behavioar nust be long s0O thet

-
~

Shenrrly
the syyiem will tend not U0 pacillate around the sataration polint,

Fe
Lr

sy be possible for the swapping

5

it sppears thal i

eguitment o hawndle the load well, and that the saturation

11mit imposed by egquation (48) may be high., Thus 1t may be
posgible to allocate all of memory, with look-ahead, so the

problen becomes one of how long n process must walt in the

sues Tor 1te pext quantum, The point 1s that the upper 1imlt

e
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of =gt uilu 48} may not be severe ennugh £ better criterion
might be to keep the everage response time at 2 certaln value

or o regulre that a oertein fraction of %he working pages of
the system be in the maiﬁ memory while one process cyeles arcuhﬁ

the gueue,  Let us considdr briefly ithe sase in which we requlire

2t least p percent of the System ﬂorking zet, Eﬂn], to be rezainin

in main memcry whiie'one process syeles through the gueus, This
izplies that nt most (1 - p) E{nl pages have been deleted.

Peleilnns ars occourring approximately at the arrival rate a of

o

oW pages Inte the working sei, if Enl >> 1, Since a is assumed

e

o e a Pelsson errival rete, the number k¥ of raeges to be deleted

La

n tise t is polsson Aistributed:

_ .
(42) P lt) = A2EL o8t
41 the wverugs gqueue cycle time 1is Wq, then the number celeted
ls oW, end this must be less than (1 - p) Hn]. Therefore
{50) 6§ M =

q

But from zquation {39}, EBln] is

it

=i

o =
Bnl=yTF ¥
putiing this into {50} we have

.. 1- e
(51} .rglnw

And the rysten could control the load accor rdingly.

for Yurther dispussiom of Fille System Models and

capreltles, the veadey 18 referred Lo Denning 21, and Fire L5 J.

R

QTR TSR e



¥I. CONGLUSIONS

The most naﬁurél way to begiﬁ a study of memory allocatlon
i1s to get forth a model for program behavior, When one tries
5o epply the most versatile prodabilistic model, the Markov
dodel, he fin&slthat even this model is Inadequate, because
Mature states of the system are not solely dependent on the
?wesant state. Tharefore it is essential that allocation
zorerss he *ndepewdnnt of 2 g;i_ri program models, and be able
te "learn” a program®s hehavior, taking actlon appropriate
for the current situatioen,

In our study of page turning techniques We learned that

the idea of seeking patterns (Speclflua1¢y loops) in the execution
of programe is theoret cally capable of saving a great deal of
swap overhead, but 1t im impractical, Of the three techniques
proprsed as page turning algorithms, the ;OldESt unused” policy
is the most practical, Ye:t because 1t is so far behind an o
Atlas-type poliey in theoretica)l value, it is not satisrying, |
We zerk 2 better method, We considered briefly the ides of a
rediction program; but because 1% 15 no. more than an aungEmented
V?“"’an of +he Atlas schems 1t too 15 impractical, We considereqd
the problem of detecting periocdic behavior in the background
neise of inter-quantum waits in queue, but found that long
gueue welis and large variance in the wait tend to make this
approzach frultliess, . ' - o
From the page~-turning study cane two important lessons:

{1} In order to minimize the number of swaps per unit time it

—



i necessary to maximlize the tlme wntil a delefed pape 18

L

axpected o e veaused, This 1g the es:ence of Lnhe Atias polley,

e

T o

SN i3 fruitless to try and detect Trogram time avcelses Dy
sy method hecauses oF iarge vandor fivotuations introduced oy
walting in the guevesn, |

- He thon tarned our attention to the notion of a working
aet of Information, the number of pages currently beling referenced
by 2ll the procefses An fhe system., 1 we know the worklng setb
it 18 & 3imple matiar to perform a loo¥-ghesd cud restore any
pries delohed bat halonglng Lo the worklng =set, Noturslly suy
poat g S thet naz 1eft a working 6ot 1o deleted, Si-ece it ia
unrsasonatle te regulre programmers or comrllers teo %nserh
deslarations aboul working set sligzes a2t variaous points in
crograns, tha werkiﬁg set must be detected by ihe system. 'The
problem of detéﬂting the working set is not d17ficult, I is
gesireble that the system "learn® the working set in nuch the
sams senfa thal 1% *lesrne™ the pPiorily level Ain which to pluze’
the process in the Jueues, rather than reqviring prograns to

ror¥ing sets from fime o time, Cozncentually we

yr
i
i,‘.él
’-ﬂ‘
+

enil Shink of & matriz map of ali data chlects belongiung to all

processaes; bits are set when relarences sre made {o these objects

d st the #nd of & sample interral,

53]

and are reset when the map is re
Blia of suspendad procsases are not reset becauss thelr working

sets cannot change. Then, in order to maximize the time until

next use, only pages balonging to the lowest priority process



wf1ih

in the oususs are censidered for delei’on {tegzuze thal process
w1t Le the iongest balors It runs againy, It is unnecessary
to aftennt to re30ive page use furlhar into individual cycles
within ouanta becausc She nses withln cuanta are toc olosely
apaced compared to the guanta sparing. Thls 3 §Y)lustrated in
wirare 5. From the flgure it is evident thet to maximize the
t4en o next reuse, one chooses the process with the lengest
wait in the quene, i,e*i the lowest priorvify process.,

Ye nhowed how the acncepiual scheme sight be implemenitad
in a'aegmented memcry Yy using alréady existineg date descriplors
{for eyanole Ln the FOLTICS Systen (711, tut we pointed out

that beonuse Snta obiests may te shaved, A1t 18 necesrary ta

maice Axuctly ome de@eriptor per operand, and not serarate,

“duntiosbe, desoriplors belonging to each of the sharing procesises

{such descriptors helonging to each process are planned for
Wnen a deletion was beinz considered, the descriptors
At the lowest priority process ave scarmed, When 8 loou-phead
¥ag heinz consideved, the descriptors of a Process near the

op of the queues are scanned,

;jﬁally we showed hovr the rate at which pazes enter the
warking g2t is releted to the swapping hardware capacity and to

the sire of the working sel. We showed how the system might

morltor thiz rate, to determine the losd on 1ty merory regfources,

and adijust the load to kKeep within 1imits of saturation, We

disenssed two limits: one set by the capacity of the swapning
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Warliare, the o thar get by how much of the soriing sel We are

1 no have deletsd during the avelage 721t In the gqueues

mas wodt Ampovtani single oonclusion we reach is that

thers gk be g fefinit ve goprdinaiion hatwesn Lhe Oaheduler

and kb AlT2cgbop. There 1 & two-way Tlow of !nformatlion --

Peam we cusue to the Aliocgator wo determine the best page to
Tste. fpom the Allogstor to the guaues for use in lock~aheat,
¥anils oy that Wnis .*yaze interconnaetion exls :A fe fmportant.
© will e done to undewstand 1t, A new approach
£ Bhe wroblam of Schedullng &= aveilable ~- desian the best
eliince.or, Lthen find & teheduler that interacts with 1t

smoot! Ly, Mest important of all, At sugrpests that 1t might be

nosait e Lo unlfly completely the notions of tSecheduling” and

xsitee rhon? intn one of "Syatem Resource® -« lhen lhe scheduling.

wpstie . will be to schedule the Hesources {a rix of memory,
pemeen uT, and “ime} to meet tha Nesds of the user communl by
a= ¢ & vply-and-demand basls, | Honme snvestigation iontc this
wipwno . nut hes been_ﬂﬁne by Pottér fol. It is clear that if
s gomprtting ﬁystem iz Lo operate somedaf 58 a public uillity,

wawlrnty 102 procedures wWill haVE to ke used in scheluilng.
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