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ABSTRAC1' 

The 3tcady increase in the power and complexity of ~odern 

computer systems has encouraged the ir.1ph!l:lenta tion of 

automatic file ~igtation syste~s ~hich move files dyDa~ically 
- -------- -------

hetl.Ieen iU"SS !:;;torage dt~vicc.s and disk in response to USGr 

refer.ence patterns. Using infor~ation describing thir.teen 

conths of text editor data s~t file r.eferences, lanalYZ(--Hl in 

detail in the first part of this paper) r we develop and 

eva_lnu.tc ii.lgorith:;J~ for. the SE':lcctio" (;,f files to be !Joved 

1-:0 find \:h(.~ t a.lgoI."i. th::.is based O!l 

both th e file si ze a lId the t b e ~;j.nce tbe file vas las t used 

'l'h8 b(~st reC!.liza..tl.e cilgoritl~rJs test.ed COliuitl.Of! 011. 

the et1pil:ical distribu.tio:: of the ti~es bet~een rile 

::1axi:na1.r. 



eguatio:1s) i3 rrovi~cd that c~r· algorith~s ~ay be e&sily 

implcoentcd 00 other systems. 

------------------------------------------------------.----
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I.. INTRODUCTIOU 

Most large compu ter: ins ta:l)-ations ha ve me mory biora ["cll ies 

----s-i-mi-l-u-r-to-t-ha-t-s-ho-\f-n-i-n---f-i-g-u-r:e---1-.--~he--l-i-rn.i-t;ed-s-tor::a-g-e-----------

capacity of the disks generally resul~ in ~ome form of file 

nigration, whereby active files are kept on or moved to the 

disk and inactive files are moved to or kept on tape or llass 

storage. This migration .roay be managed by the user or may be 

(]one al1to[;)atically by the sys-cer.l.. The increasing need fot' 

such mig["atibn has led oany large computer installations and 

Danufacturers to supply • f. • oJ.gra ... 1.on as a feature of the file 

systec, although such features vary widely in their.: 
,. 

tr<!l1sparency to the user and t.he dcgr.e-e to \ihich they rU:.'e 
p 

aut(l8atic~ Cun:cntly SLAC (Chafec ct al" r . 1977) f the i.acrence 

Berkeley Laboratory ([night; 197G) und a number of othor 

Depdr-tLlent of E[Jer~Jl' J.aoorator:-ies (DOE, 197"1) have p:co:ject!".; in 

pr0~l:<:-~::;~'; to in::;i.all such tile migration systcns. rDr: no\; 

provides ~utoruatic file (I Bi'l: 1978, Con.':::idine and 

? 



(,,) 

. I 

: ~ ~ MASS ICPul-~\~ .MAn~v -- DISK STORAGE 
- .--~ H I /"E:'IOR, , AND TAPE 

E 

Figure ]. 

Ih!TERREFEREr:<CE TIME DISTRIBUTI0N 
1.1 t'"l--r-.-r-,,-r-r-., i ' ,--,--~ 

I r' 7'- - t; 4 ' r lJC'SJ~cwl' r \' \' ~. l' I 
_J 1.0 t~ /j:::~~~~-::~:L1;-:.2~~~.;d--=-"-":;;:= 
(~, l/ ;/' -y- ----;::;:--' --- -
<= r rI <,> ~~-' ~------------?o.g 1"- '/l/<)V 
~~ [ I~i/;;;!'/ -:-'All FILES ~.. 1 i ;' " 
,~ r- ' .. IT 1- , 

>-
r-

LJ 0.8 r- /1 I 
> I :'i 1/ ~ 
\.- fr: Ili

f
,. j:i - ,'/ ... ~~ : i/ -

=J 0.7 - 1:1/ --
~~ r- I'll , ." I,: -
.- • /1 
3 0 ,J '/: \.I3RKING DAYS 

..... ..rl- . . - -
L_L...J I....J.---L-- I I! I-'-l..-L • I L_L~' 

(; 20 ';0 GO 
Tli"1r:: IN 0,'\ YS 

Figure 2 

... 

INTERREFERE[\!CE TH"iE DISTRIBLJTISN 
J t I I' I I I I" I ""'--',' i it i I I t IJ 

>-
f--...... 
-..l 

en 
-< 
m 
tSJ 
O~ 
Q 

LU 
> 
>-< 

~.!.~,~~~~~.~;:;~,~~,~ .. ~ .... :.- :~.'.'.'.:':.'.'.'.'.' .. :.~ ....... ~j 
. -"~--I ........ J 

:'f\X,'/"'., - -" , .. ,.................. I 

j /' ...... \. \lL FllES 
, i .. ·•• 0T"ER FILES J 

~ F!T' 1 
j 

1.0 

0.8 

1--
-< 
-..l 
~ 
L: 
::J 
U 

• . ! 
0.6 ~-I ' --; 

~ f!~ACTlVE FILES i 

L
· J 
i I.J::lRKIi..;3 Of, YS J 
. I 

0.4' . -, 
'. . _,L..;.......L~! I! ' ~--L-..l-l~ 

o 10 20 3J . 40 ~o 

TH-:E IN 0/\ ,(S 
Figure 3 

EXPECTED TIi·T T0 NEXT REFERENCE, 
50~1 I j , I I I I' n'1"TTTTTT-rrtl .... TTT7T"TrrrT I' , I , I' I i I I' . !~l 

\.fZRKiNG C!\YS f. ,('-', ,,I '3 
• 40 - _ ~ . "":1- I - ~ ~ ~_-;::,~ 

LL ~ _~J--... __ >..-:,(' .. r . .,!. .. .......... ~, ............ I .. ,( ........ . 
tIl .:::::;';~-:;?!::::~:-::::::::":~:::':J:::~l.: '" -..,.Jr.-:-'-.J-4 
cr i/,;:" / II Ij ~~ ~ ... :.·.:.:,..", .... · .... '\i .. ·\7" ........ ~ 

20 -- ;/ ,), -.- • . ~ 1 _1 
f,- 1- // I " -;. -" -; ~ -1-: r.. '7C \ - ..j x f; {If _.;bc,!t.r.: w

"-,,, T lZuS,_~·4.:J J 
LlJ - f' .1' . j 

L' 0 - ' I I I -' . =- ' I I '-1 
- I -1 '-1-1. I I -1 I I' ,! tIl ,t. I • 1 I l' I I I • I . .....1 

8 !+t-1+H+ ,-HT ' '-;-rd ''j-++r,y'T-1+++HFT'' I I I .. "'::: 
f- ~O;- ~/ ;:,_l~~:L- _ -1- _-:~ 

U.J ~ •• ~.'" . ''''~~'''7:-:-i-;'li::J/''~ :,J ... · ... ·Y'·~·:-:.--:.~·~··-: .... .I.·l .... ~. ."- -01: , I I • ~ 1\ I ,'- ,j.-.. 1 -1--' • >,/\ / --,-.. I" . / -.. . ., "'.: I" -, \- - :F :': : / ';, ( .:.1 
r. t I /, _]1- V':" ~"·\f .. ·rlv"-" • 20'!,- l ! f! --=:- r I ( \ .... J 

~ : ff L0GSIZE-O.l ~: '; LOGS!ZE:-G •. AU... j 
LLl 10 t- (: . -..1- I -~ : : =j: 1:- :j _. f J 

o :_LL.~LJ..J..J..lJ..LLLLLLJJ~1;~iLLL~11_1.L1L..LuJ..JJ.L.I~..L~~i 
o 20 .;U 60 80 WO 0 20 /'0 60 80 IGC 

Tn1E SIr'-JC[ LA~;T RfT[F~G,lCE 

Figure It 



Hyers, 1977) • Various independe~t soft~are vendors (e.g. 

uec, 1977) also have available file migration packages. 

The spreading popularity oJ file migration has not beell 

acc08panied by the research results needed to ~elect good or 

even satisfactory algorithms for the fetch, placement and 

repl;~;:c~ent of files. The problebs are: when to migrate a 

file from mass storage to disk (fetch algorithm), "where on· 

disk Lo place it (placemeut algorithm) and when to remove that 

file to mass storage" when the disk space is again needed 

(replac emen t algori t hm) • In t.his paper r He develop \"n d 

evaluate, based on real file ~ystem access data, a nunber of 

file replacement algorithms. Our data does not permit us to 

consider the fetch problem in a useful uay and ~e choose at 

this time not to consider the placeffient algorithm problem. 

There has been considerable study of the replacement 

algorith~ problem in the context of main lliemory paging. He 
------------------------------------------------------------------------------

refer the reader to Smith (1970a) for an extensi.ve 

bibliography on the subject. "With regard to files, hOHever, 

the only useful study of file migration, because it use$ real 

data, is" one by Stritter (1977); He use the same data as he 

collected, hut our analysis goes considerably further. To our 

kno~ledge, the only other set of data in existence suitable 

for similar research is that desribed by Revelle (1975) f and 

he has not consiclered file migration algoI:'ithI:ls. Zcheb and 

Boies (1978) describe the algorithm that they implement, but 

their system is specialized and no comparative evaluations or 

d a t a a r {~ 9 i v en. 

A numbc~ of other researchers have considered the ~ilc 

L1iqritliOii probleu1[ cithec ie g8noci3.1; descripti'.!c terns or h}' 

llsinCj nn~."a.lidr1tr~,d matl~cDat.iccl ~0(jt~ls4 
4 
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tiC note papers 1'· " ·'1 Boyd (1~78) . ancl Eastla ke (197,). 

CatLe~atical ~odels and mathematical optimizatioa results are 

presented by Horgan (1974),. !'iorgan and Levin (1977),. LUf!: at 

al. (1975) and segall (1976). So~e of these a~thors provide 

gore thorough considerations of some of the issues than ~c 

bave space to do here, and the interested reader- say vis1I to 

refer to SOIDe of those paper-s for background. 

As noten earlier., this paper is cor.cerned ~ith the 

development and compa['ative evaluation of al.gorithr:ls for- the 

migration of files from disk back to QdSsstorage. Our 

enphasis thoughout is on the use of measured file systec data 

to both construct algorithms and then to evaluate them. In 

the companion paper to this {Smi th, 19~!8b) t .... e discuss th~ 

origin and features of this data in detail and analyze it 

extensi vel y. 11 brief summa;:y of this illformation is provi.ded 

in the next t~o sections (II and III) 1--but---t-he-E-ea-d-eE--i-s-u-F-~ed--·---

to refer to the paper referenced. ge then consider principles 

and criteria for replacement algorithms and that discussion is 

followed by u section in which file Lepl~cement algocithms a~e 

e~plained and/or developed. Experi~ep.tdl comparisons and 

parameter values appear in section VI. SONe consideration of 

va~ious implementation ishues appears in the last section. 

DATA DESCRIPTION 

Our data consists of a rQcD~d of each ~ylbur (Fajm~n and 

Borgelt, 1973) text editor datd set th~t existed over n 38~ 

da.y per-iod ('971}·~5) at the St~r.ford Linear: ;~cceler(i.tor Centpr:" 

This data ~as collected by E. P. stritt~~ and a p~clininarr 

an~lysis of it appon~s ill his ~isse~tatiGn (5trittcr, 1S77)u 



\!hethec or not. that file w().s refereGced that day_ Also 

c<vailable is tho file nc.me, the account id of the file's 

ownc r, the date on iihich the: file llas cr.eated, the date (i f 

(l n y) on IoIhich the file \.las sera tched and the file size (in IBM 

2314 disk tracks; 1 track is approxihlately 7000 bytes). No 

infor~ation is available as to whether the file was read or 

written, or how many times per day it ~as used. 

He were able to classi.fy files both hy size and "class". 

Files were placed into seven size groups, based on the base 2 

logarith:n of tIIeiI:' siz.e in tracks. The file size gI:'OUpS 

( n U I!l b (~ Led 0.. • ~ 6 ~ call e d "logs i z e II 0 r " Lsi z e " 0 r r~ L II ) \: ere: 1 

track, 2-3 tracks, 4-7 tracks, 8-15 tracks, 16-31 tracks r 

32-63 tracks and )=64 tracks. There were three file classes: 

files ~ith the name IIActive" were created by the system to 

save Wylbur text editor data sets in usc at th~ time of a 

syste~ crash or an automatic logout. Piles whose nanes began 

\lith IILib" ;.:ere classified as partitioned data sets and. uer:e 

placeJ. in a class called "Ii t[" ar ie$:\ c All other files vere 

placed in a class callee "other: file.s ll 
.. Some of our 

replacement algorithm~ use both the size and class groupicgs. 

The 384 day period during ~hich the system ~as obsecved 

consistl?d of vor-king days r holidc:.ys( veekends a.hrl 15 dell'S 

durin9 vhich either no data ~as collected or the system was 

down., Since file migration would likely occur on wo~king days 

only, ue have r:estricted our: uork in this papor to using the 

data for ~orking days only. ~pcci~ically, ~e have c&pped ~ 1 , l...o. ___ 

file everts (create r sc!:atch~ reference) onto the llext vOl:}:iag 

day aft(c'r the given holidvy, \iec};cnd or u:.rK2surcd Jay~ Thu;') 

,:ould be > -a.Cl.('O r·p0L 

c 



follo~ing Monday. The intent is to represent a syste~ ill 

which the file cpplaccment program would run every workinq da1 

at midnight,. using "time since last refeccnce" based onl.y on 

\{od:1.c·~ dil ys. 

III. FILE REFERENCE PATTERNS 

As noted earlier, file reference patter.ns \otere 

extensively analyzed in part I of this p<lpr:r: ~sr::ith, 1978b). 

Hece ~e summarize the essential findin~s ~~d present some 

results not shown earlier. 

It was observed that most files were used on a s~all 

nusher of days half of all files \{crc accessed on t~o or 

fewer days during the measurement period. The meaD nu~bcr of 

days files were referenced, houover, was 10 .. 6; thus the 

distribution of day-references/file is highly ske~;ed~ ~e were 

thereio re a ble to sta t;i..stica 11y a llal yze th __ ~_re ference p_r-,o_c,-e-"---,,,-s~s ______ _ 

to only a fraction of all files (about 20~) ; the remainder had 

been referenced so fev times that no statistical analysis uas 

possible. Of those files tested, about 1/3 were found to shov 

a declining ~ate of reference with age. Considering only 

those files with ho trend, about 5% showed statistically 

;;:i.gnifical!t seLic:l correlatic:l of thG interTcferncG :1.ntE:I.:"vals 

(positive in ~18ost all cases) and about 40~ ~e~e found to 

have intezrefer<::nce time distribu'cior.s tha.t v.er-e mOJ:"8 sKcl-:cd 

that the geometric distribution. Siqtiificact differc~ces in 

various para~eters (inter-reference tiEe distributions, 

of refercDces r etc.) were found bet~een files of diff0~ent 

sizes and classen. 

t.o £i:: the 

7 



I.ct g(i,L,C) be H:c emoi[" ica 1 in terrefereace title dist!: ibn t ion . . 
for files of the given size class (L) arrd class (el, and let 

gf(irL,C)be the filted dist~ibution. Then gf{i~L,CJ is of 

the forI!l: 

gf (i,L,C) = a b (I-b) ** {i-1} {- (1-a) c (i-c) ** (i-1) (1) 

The method of moments was used to select the values of a, b 

and c (O<=a<= 1, O<h< 1 r O<c< 1) for e2.ch .si7.c/clC).ss cO!llbination 

and the results are shown in table I. Although the chi-sgua~e 

goodness of fit test sho~ea that in most cases the fit vas· 

unsatisfactory, ~e do cake usc of the fitted distr~bution 

later in this paper and find it useful. 

Figures 2 and 3 show the empirical inter~eference time 

distributions for references to files and fitted &istributions 

to all files. TheSe figures give the results for vor~iDg days 

(as does table I) as compared to table VIII and the figures in 

(Soith,1978b) which shows similar information for all days. 

IV. PRI~CIPLES, CRITERIA AND COMPUThTIOJS 

Fon FILE REPLA CI1 E;; T ALGO RITH 115 

In order to compare file replac2nent algcrith~s and 

select one as beina better than another, it is necessary to 

bi'lvc s():ne criteria for evaluati()n~ Our critcri<l is defined as 

f::>llo\;s: let :'; (1;, P) be the fro.etion of .::.11 file ~trefere:nce3(! 

lJhic~; Leguire a tct.'ch frOLl mass stOLe (l':iss ['atia) n 

usc:d 0;, d 9i\,(~!l oay: it is ciS3uneci thc.t -til'::!::; stay resic.ent 

~:r.i.t(~~.> Ol:" o2cns f4rc iq:i<1r<:J in O~l:~~ cer:.IlutatiQn!:l~) S(l~,!.'} ~.;.; 

8 



7i1ble I 

1I<.>l:}:ing Days 

Size Clc15::.; Pitted Para~~ter Values l\irc:iE 
(tracks) I a I h I c 

Librarie~ .924 .612 .035 189 
2-3 • ') 52 .523 .07.9 en7 
1),-7 • ') 24 • 6 1) ~ • O~ 7 tl302 
8-15 .')7~ .612 .039 14')47 

16-31 .981 .719 .051 21099 
32-63 .%5 .851, • 126 7320 

>=6l1 • ')11') .fl02 .01l8 1792 
r.ll .977 • (,77 .043 51036 

1 Othe~ .835 .458 .0)2 237'<5 
2-3 7ilcs .fiSO .lIl0 .029 2S5(}O 
/)"-7 <l 1 ' 

• . ,0 .lJG6 .0Jl 211il')3 
6-15 • ~ll) 1 .1l91 .032 22821l 

i6-31 • 'J 5 t) .543 .0 J1l 15223 
32- 6 J .960 • S97 .027 1057') 

)=6 1: .982 .7t:<) .0115 991i1 
All .91 !: .490 .031 132575 

1 ]..cti":e .818 .200 .026 3661l 
2-3 .793 .362 .032 1017 
1.-7 .923 . .265 .020 5i6 
13·· 1 5 .9:·8 .379 .017 216 

1(,-31 .875 • e7J .045 1]9 
J.?-£,J 56 

>=64 3 
All .8£:) .2(18 .026 561 1 

'.0 1 All .836 .4 i7 .\)30 27598 
2-3 fU'."s • 8 7'J • l; 13 .030 27 .. O!~ 
1:-7 .922 .468 .0Jl 29711 
'J-' S .. ~S~· .527 .033 379.87 

1G-31 .972 • Ii 27 _ 0)7 )6 (~G' 
32-63 • 'iil7 • () 55 .02~ i3~52 
>=6~ .9U3 .756 .045 11~C~ 
H1 .930 .518 .031 189222 

I 
'r 

'l'abl~ III 

P~racetcr Values 

:ilgot'ithn rtiss Ratio 
1'; 5"' " 10lo: 

\lor%ing Set 57 15 7 
srW$ 5 110 2:Z5 1ltO 
Etnc(~9izpEClass) 570 20) 1 10 
Etn::: (Lsi C') 52() 200 '20 
Zt~rf~Ls 7.e0Cl~s~j 620 7.10 i05 
:~ t:~ rf: (L$ 2(:) 700 2iO 100 
S'.2P '* ~t 1 .. ll· 18-)0 450 2G() 

Table I I r-

Stochopt Pile Poolentlon reriod 

:ile ~i$s r:J. t io 
Size 1:Z:; 5,; , 0'; 

1 226 2"" ,,0 226 
2 2JJ 235 23 
3 235 uq 16 
4 2!l6 2B 12 
5 246 17 9 
6 21<6 17 6 
7 172 13 6 
a 78 12 6 
9 78 , 1 6 

10 1:6 10 6 
, 1 ~O 9 5 
12 110 8 ij 

13 38 7 4 
11l 35 7 II 
15 24 6 4 
16 35 7 4 
~O 16 6 4 
25 13 5 3 
30 12 11 3 
35 10 4 2 
/10 10 :: 2 
115 9 J 2 
50 7 3 2 
tiD 7 3 2 
70 6 3 2 
SO 6 2 2 
90 6 2 

., 
'" 

Table IV 

Tracks Transfercd per Day I 
Fraction of Volu~e of OnliDe Files 

fl1gorithQ 

STliS 
Etnr(Lsize&Class) 
~tncf(Lsizc&C1ass) 
STp*.o.1.11 
Stochopt 

H 

540/.020 
600/.033 
540/.019 
300/.015 
370i.~13 

Hi!>s Ril-tic 
5~ 

3500/.1 110 
1600/.07) 
HaO/.060 
2200/.090 
14:t0/.061 

10~ 

5900/.252 
3500/.20,) 
3<100/.155 
5000/.220 
21(':0/.101 



tile lr,eau llurther of di!>r. tracl:s occupied by on-line files" 111\" 

denotes the file replacerr:ent algor.ithm in use and "r" the 

spccificpard~etcr value in U3~ for that algorithn. The pair 

(5 (Ttl' P) ,n (h, P)} constitutes un operating point and nay be 

plotted on an x-y plot as shown in figures 6-15. 

!.n operating point (XO .. YO) is considered to be b~tter 

than an operating point (X1 r Y1) iff (6.) XO<,=X1 and YO<Y1 0[' 

(b) XO(X1 and YO(=Y1. It should be clear that it is possible 

tvo operati~g points to not be ordered as better or ~orse 

(e.,CJ· XO<X1 f YO)Y1). An algod.thw '\ is COllsidcreu to be 

unifor-mly better than an algorithm B if for all operating 

pvillts (XA,Yl\) for A and (XB,YB) for- nr XA=XD ===) YA<YB~ 

(The bettor algorithm has an (5 r H) curve which is to the left 

and below the ~orse algorithm). Algorithms uhich are not 

uniformly better or worse Day only be conpared at specific 

Ther-e are tvo important observations to be mad~ about our 

c~ilcria for co~parison. First, we have treated all file 

misses as equally important. In particular. a missing large 

file is considered to be nb m~re costly than a missing sm~ll 

file. Since the largest file observed (252 tracks) can be 

trans~itted in less than '.5 seconds and since the ~ean acces~ 

time for most forms of mass storage is upwards of 10 seconds 

( [lo["e likely several minutes) f igr:oring size seems to be 

appropriate. (S~.rittcr (1977) does sho~ scm~ results based 0 " .. 
filo si7.el" hovevcr-j. Second f \IE:! have "at selected. a specif:i.c 

In contrast, a very popular c~itcricn fur 



algorithms, since the Ic1il.iraal space-tiLle proJuct Day lJot 

indicate Lhe correct o~eratinJ point in a Rultiprogramming 

environment. This criterion is not at all applicable in the 

context of file roig~alion. ~e prefer to leave' it to the 

reader or system iaplenentor to pick the reost suitable 

operdting point. In some cases, a miss ratio of 10% may be 

tolerable, in other cases, i % or less ~ay be appr:op!:"iate~ 

It is fairly straightforvard to compute the values for 

S (.'\ I ?) an G ~.; (,; ~ r) for a 9 i '; e n a 1 go r i t it r.~ han d par a n B t e r P. He 

llla.i:r:~ the fol1~i<iilg definitions to aid in OUi: computations~ 

Nref(i) - number of times (days) that file i is 

referenced. 

Sref -total number of references to all files ·(=213 f 692). 

Ni!:"ef(i) ~ Dumber of interreference intervals to file i = 

Nrcf(i)-1 if Nref(i»=1; a otherwise. 

Niref - total nUDbcr of interreference intervals to all 

files = 189,222 .. 

5z(i) - size of file i in tracks (someti~es abbreviated 

to 5z). 

Dayno - the number of days in the ~easurement period (256 

v. u r kin 9 a a Y ~; j .. 

I(i,j) - .the length of the j'th inte~referccce inter7al 

for the lIth file. 

For each interrcference interval I(i r j), the file ~ill be 

~etained in ~e~oty after the !:"eference beginning the interval 

foe SOW8 "u~ber of days KP(~rVri,j)r where A and P are again 

the algorithm and the pn~ametez value. 

abbreviate this as Kp(i,j). We define this in such a way t~at 

1) 



there is a fault ~t th~ time of the· next refe~eccC, othe~wise 

there is ~o fault. 1. e t F fA , P , i , j} (abbreviated F(i,j) be 

either 0 if there is no fault 6r 1 if there is a fault. Then 

!.'e co::;pul.e ~(A,P) and l'iU,~P) as follows: 

S(;"P)=: I (!:lir.[Kp(i,jj ,I{i,j) ]Sz(ij/f)ayno 
i,j 

M{A~P)= I ?(i,j)/Niref 
i,j 

(2) 

(J) 

~2 note that our method of computation implies a s~al1 

inacc!lL"acy. We have ignored the boundary condition of a 

finite measureoent period - files in existanceat the end of 

our measurement period have an cnknown inte~refer~nce 

interval( as do files in existance at the beginning. We have 

chosen to omit the co~t~ibutioc to M(A,P) in both cases, aGd 

net counted the first reference to a file as causing a 

fault. Ttus we assu:.e that the file is resident on the c1isk 

at the time of the fi~st reference to it. He are interested 

only in (;omparative results {amofJg a190rithns} and there is no 

reason to think that the direction of the comparison Hoald 

It should ~c clear th~t the~e is a trad80ff of space for 

file- fauJ.Ls UllstanC0.S of a ~1.$S].ilg filel. That is, if 

Kr{i,:i) reJuccd, the value of eitheI: 

o r. r e lil a i !l U:e SilBe, al~d the valt~e of S U'rPj \fill oecrcCi.se. 

More generzllys for ~ll stac~ algo~ithffis (1:attson et aL r 

1970) t i~" Cdr. be ShOifP th2.t the (S,r;j Cllrve: 1.s r.lOnotol:ica11y 

12 
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egs. 2 and J} to cake large files much better candidates for 

replace~ent than small· files. 

Fro~ equations 2 and 3, it :can be se~n lhat an optimal 

loor.ahead algorith:u would select arty O.le wtich has just been 

reterenced and remove it iff for its upcoming interreference 

i n tc~ r. 1/ a 1 f S Z (i) (I (i, j) - 1) > P : 0 t han: i set he f i 1 e va u 1 d be 

retained until the next refer~nce~ Dy varying P, an (S,t1) 

cueve is traced out. This algorithm is variously known as 

vvn:u~ or VOPT (sea Denni.ng and Slutz, :1977 for details); \Ie 

choose to call it VVMI~ to maintain consistency with the 

related vrlIH algoI:"ithlil (Prieve and Fa.l.Jr-y, 1976). VaIN is the 

algorithm which removes all files (or pages) \lhose tine to 

next reference is greater- than P. VAIN is optimal only in the 

case ef fixed size files or pages. V~In and VVMIN will be 

used for purposes of comparative evaluation l~ter in this 

paper. 

v. REPLACE~ERT ALGORITHMS - DEFINITICNS AND DERIVATIONS 

In this section we describe and/or derive the remaining 

file repla~enent algorithms considered. All of the algorithns 

specified viII be of the flva:ciable space ll variety, \thich Beans 

that the total volu~e of on-line files may vary even though 

the pa~ameter value P fer the replacement algorithm r2Dains 

fixed. This is in cobtrast to the fi~~d space algorithcs such 

LRU,FIr--O, i·;IIl, etc., uhich al~ays 2aintain a fi(cd volume 

of online filGS or pages. 

There a~e tvo reasons for dealing only ~ith vRri~hlG 

space algorith~s. 

f:. 
,- . ... 
.:.l..L '2 
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computation ti~e is ~ept lou both in a ~eal syste~ and in ou~ 

trace iriven simulations. Secondj i~plcnentin9 most fixed 

space algorithms exactly would require. !OICr.~ infot'iUutioI'! than 

we have. For example, LHU ~Quld requir.e the full sequence of 

file references (or opens ana closes) and not just kno~lcdgc 

of w 11 i c it f i len as use don w h ic h d a}' • 

At the ond of the last section, we desc=ihed the optimal 

lookahcad replacement algorithffis VHIN and VV~IN. ~e proceed 

j.t; this s{!ction to consider realizable (l].gorithtilS,. bcginnin~ 

\; i t h proba bilis tic all}' "opt i ~a:" I, 0 ne s a.li c1 lilO\.' i ng to a Igor i t hms 

which are successively more ad hoc aud less likely to perforru 

veIL 

h. A Stochasticall}, optiual Algo~ith~ 

It ~asnoted earlier that the oFtimal but unrealizable 

algorit.hns Vl:iJN alld VV1HH used the knoup time to next. 

reference to determine when to remove a file. A realizable 

algo~ithm must of course deal only with knoHP informaticn~ 

past history, and therefore it can at best estimate 

1>:hich file i{ill "not be uscd_ He derive a strate~H to d.:J this 

as follo~!s: 

Let Q(l'.,ifrt.Sz,C,P} be the policy for whetheL to r-(!L10Ve a 

sp~cifies \:het.her the tile 

should be kept or re~0ved, giveu the values of the parameters. 

A is the algoi-ithL~ - thr-otl)hout this section {L (,) \~("!" shall 

ccnsi:Jcr the ~,tochas".:.icall:i C!?tir-llll [olicy (nc:lOt.ed Stochc-pt, 

ab~reviated Sopt) only_ Un10ss it ~ould cause confusion, y~ 

0r referonce 

of l !\o file, 

fetcilill'cr 1. \;(! 

to {. }, n , ...... - E i 10., t i:;; t ht~ t.il!~0 (Jate) 

C i::; 

F' , 
A.11, (' 

t!:G' cJ =="r-,c'" 
\,L .':'';:> ot t h(~ file c~ n Ct 

k;!,~11 it i.(.; !l l'X 1; r.':':~(!C(,f'"C0:j 
J.~ 

I! 

e Sz is thl'3 size 

J.S the HC~;:.;tii of 



to rewove it) • Pin this case i~ the pard~ctcr and villbe 

varied to prot.1ncc tt,,=! ",Sf!,i) curve; its vc;J.UC is only llseful" ir. 

specifying an cpcrating poi~t~ UO have air-cady assu~~d that 

files ace independclIt (!) of each otr.er, s(\ tlie optimal polic}' 

Q incllldes only info["!!!Cltion rele\'ant to the file in question .. 

;'urther, for files ;:ith ii3el',tical values of H, t,. Sz, C c.na P,. 

the policy "ill be tll€ senne. 

It is both possible to reduce the DUDber of pura~eters 

for Q {sjnG~ sone of theril ars not: hcJ.pf!.ll} and d~siLuble 

{sinco there ar(: !Han! iJarar.1eters lh'3n ·1~E~ can deal Hitl.!}. He 

first assume that file reference patterns are independent o! 

time, all other things being egual. To so~e extent this is a 

si.mplification, since summer uf;age patt~r.i15 should differ- r:r~"}:" 

winter, etc., but it doesn't appear to be unreasonable. Thus 

F :: rep 1 ace It t Ii a sap a r a ;,; e t e r ~d t 11 " a. 1! for t r~ e a]l'~ 0 f t 11 e fit 0 

(in days since it was created). 

has shown little i.f any serial corrslation betwecfi 

interrefer2nce intcrvals v so we choose to replace H( the 

entir8 pL"P\'io'.1s r-efeL"cnce history uf t.he file \!ith h f the tilde 

since the last reference. f: c also C}LO() !:,-::e to CC:\SiC2.c on1.y 

d(~~(l!ld fetch policies: i.ot6 oa J. y tha.t fGtch algorith:i' uh i(; h 

I nth i s cas 0., the 0 p t i i1 2:.1 i? 0 Ii c l' Q C 0 Ii t a j.1i :.; :'lor e in for t; a i: 5.<.i :"i 

thill1 nece3sary, since Ltc file ..... i.11. only be rC:tloveG. once in 6.11 

interr8ference inte~val. 

is to he kept resident fru~ an~ iu~ludiug its last day of 

) 1: 
" ~. 



HcfetTing to earlier- notation, Kp(i,j) ~lil1 in each ~iJ.$(! be 

computed using the pbllcy K. 

K must be computed probabilistically. based on ernpir-ical 

distributions. W(! would. thus like to r;.casu!:'e n{a,Sz,C} k'hich 

is the empirical distribution of ti~e (in days) betveen 

references to a file, given that it is of size 52, class C and 

is age a at the date of its last reference. ~gain the size of 

the parameter space is too large, primarily in that we have 

insufficicfit data to estimate dis tr i.bu tions reliably., 

T[H~:cefore, in almost (lll cases "a" is dr-opped as a ?Q.LametcL- r 

and 5z is replaced by Logsize (L); .i..e. the size class into 

which 5z falls. The resulting distribution is referred to as 

g(i,L,C), ~hich is the empirical distribution of the tiQes 

betueen references to a file of size class "Ln and type class 

nC'l D G (i,L,C) is the cumulati'!e distribution and gf(i,LrC} 

and Gf(i,L,C) are the fitted distributions (see egnation 1). 

Finally, \Ie make OIle addi tiorwl . sir.lplification~ 

Experiment~ vhich appear in the next section (VI.Bl tend to 

indicate that the class C of the file is ~ot very useful in 

selecting o. file for replacement. For ,. . 
r.hl.S reilson, and 

because the ~ize of the computation is unpleasantly large (see 

equation 4' I ~ we have also dropped the class C from our 

COI(IPU ta tions~ 

Computing K(Sopt,Sz,P) (these are t~c only parancters 

left) iss t 1:' a i g h t for ... a r d g i v.:! n l h (; r1i s t 1:' i but ion 9 (i r L f :« ) ( II 7" II 

5.nd.ic3.te.s t.hat the di.stLibuticH~ Las be2n c::.ggn:::gai;.eC cVC-:r" all 

values for that parameter). Thus: 

l( 
!: (S 0 P t t S z y P) = (k I IT: i n [ I 9 (i - 'j ( L , ~,) ,i -2) S Z f-

l·: i:::l 
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+ {1 - G (}: •. 1 , L , *)) « k - 1) S z ~. P) J } 

Thi3 equation simply selects th~t value of k which minimizes 

the cost of an interreference interval, vhe[c the cnst ot a 

fault is given by the paraMeter P. 11tis is equivalent to 

specifying the cost of the algorith~ as a whole as: 

L r.:ili[Kp(i,:i) rI(i,j)) x sz(i) + 
i,j 

~ T:'/~ l')P 
L. ... \ .:. ; t. J.. 

i,j 

:: S (A I P; }: Day n 0 + I; ( 11 , r) x Hi!" e f ,: P 

{S } 

(6 ) 

k'here (P x Nirei)/Dayno is just the constant of 

proportionality that TPlates the relative impact of SCArP) and 

H U,I' P) on the total cost of t~e replacement policy. ~ie ha ve 

selected a policy !( (Sopt,Sz, P) that m5.niT:lizes (6) ~ i..,e., it 

impli(;i t.ly specifies an 0 [era ting--FG.i-n.t-.--n-y---:-v-a-~f-i-ll-g-p-,-C\ 

cu.z:-ve in the (S,r-j) plane is traced out. 
~'. 

T.her~ is one pr:-olJJ.em vhich ,,!ill occur in OU1:' evaluation 

of the Stochopta:!.-]or.ithm; for the rr;ost. part( i·rc shall Use the 

espirical intc~reference distribution to deter~iDe g(i~Lf~) 

aud K(Sopt,Sz,P) and then go back and co~putc H{Sopt(P! and 

S (Sopt,!?) over the same inte!:'r::ercrcnce inten'a.1.s", '1~his# 

First, ue note that 

there are 189,222 inte~rcfcrcnce intcr¥dls; thus the influence 

of a single interreference interval in distortirfg' 

distribution sLoulJ be n G g 1 i gil; 1 t! ~ 

.r.:.r ..... 

.'_0 '4 



L".lllge of .si"ze5 Sz a!!d [or tho::;e values of P ~":hich yield vJ.l\4;}s 

of H (So pt, P) of 1%, 5% and 1 Or.. 

B. txpected TiDe to Next RefQL"once 

A si~ple[' approach than that used above to selecting the 

file \! hose {(time to next reference) x (size)) is maximal is 

to estimate the (mean) expected tic~ to next reference. This 

"Iethod is not optimal, since using the C:,:p0ctej t.i:::(: to next 

L"cfercnce is only an approximation to the approach of the last 

sec tiorl. coup-ter example showing pro'/ided in 

Coffr,lCln. and Denning (1973) for fixed size files (i .. ea pages) .. 

The reason for this non-optimality can be shoun by the 

folloui.ng example: Let tho distributiuH of time to the next 

reference be hi-valued, with the prohebility D~ that the 

refeL"eacc is in 1 day Dnd .5 that tho refe~ence is in 99 days; 

optiQdl policy would likely keep the fil~ for one more day 

(uhich means that there is a 50% chance or using the file) and 

then if it isn't used, dizc&rd i~~ A pelicy based on tLe 

expected time to next reference uould probably discarQ the 

file iffiaediatclYr since the expected tiDe is so l~rge. 

The e ;: pee ted tim e ton e xt ref ere n c e (E (i l' 1 ~ C), \! he 1" e i is 

the l1ur.:her of G.ays sinc~~ t!:e file \:(15 la.,st refer.{~l'G(;~d; i:"O 

i.ruplies that thr.! file was t'eferencc:d that day) can be cO:i1pt:tecl 

fro~ the interreference distribution g as follo~~: 

00 

EO-?trC)= I g(j,L..,qU--i}/{1-G(i{L f C}} 
j=i+l 

(7) 

Tbe i:!lgoJ:'ith:n for file, p?D(;val ':'.5 tho?n to rer:ove u!l)' file for-

uhich 

... 



(E(i,t,C)-1) x Sz > p (8 ) 

It is also possible to suppress either or both of Lana C and 

jus!: cOwpute L{j.,~::C), E(irL,-q or E(l,*,':'jG The file ["cooval 

decision can then be based' on only one or neither ofL and c~ 

\{e note that the size of the complltation is no longer a 

problem, so it has not been necess:u:-y to l:"cducc ti,c paLat~cter 

space as '.:as done in Stochop t. 

by equation 8. Then we can define b policy K{El~CrS~rCf?! aH 

fol10'l.5: 

K (E t n r, S Z r C, P) :;: [i I [:1 i n r {( E ( :1., L f C) _. , ) y. S z ) ) p .J } 
i 

(9 ) 

The fitted distribution gf can be used in place of the 

e~piricaldistribution g. The algorithm in that case is named 

ClEtnrfll {f for Hfitted il } and 1;'e conputc it in the sarue ~1anner 

as in equa tioD (7): 

0:> 

Ef{i,trc}= I g£(j,l_q C) {j-i}/(1-Gf{i t L"C}} 
j=i+l 

~o defin8 the policy K(E~nrf,SzrCfP) as: 

(10) 

lqEtnr):'"Sz,C.;P}=(5.!min[ (~Ef(i:r..,Cl-l} x Sz } > P J} (11) 
:i. 

This seems counter-intuitivQ to DailY p~0p12; 
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bro additional aftel: the· day on \!hich are 

referenced. 

1« E t n r b I S Z , C I P) =: m a x ( 3, (i ~ rn i n[ ( (1:: (i r 1. , C) -- i) X S z) > P]} ~ {1 2 ~ 
i 

In figure q we show plots of E(i~Lf*) 

Fig u :c e 5 d i oS r 1 o. y ~ the va 111 es 0 f E (i r ,~ .. C; and E £ ( i ~ *' , C;.. 'I he 

dotted lines in all cases show Ef. There are t~o iruportan~ 

obs~rvCl.tiollS to be r:!ade from these figur0s~ 

expected time to ne~t riierencc. is generally incl~eilsin'J 

the time since the last reference; thu~ the desir~bility of 

retaining a file .... i11 decline lorith the time since U!e last 

reference. Seccnd r the val U2F, of Ef are a. meo.io.:;re l:it at 

best to E. Despite this l:e lao ti vely !)oor fi t, it \:i11 be 

obs2r:ved when. ~e ShOH 011 r experil12ntal ['esul ts that the 

K(EtnrfrSz,C,~) policj is reasonably useful. 

---------..:E-a-r-l-ie-r-i-n-s-es-t-5;-0·n-V-i.-e-e-1-e.G-t@d-t.o-d.I..:.c-p-fil.e-a-9.e_e.,S_a. ______ _ 

paraceter for a replaceoBPt algctithffi, on the hasjs that the 

space of parameter values was too large. We do try one age 

hased. algorithlJ in OUl: .(>;~l'erimf'nts, hO'Jeverc 

to be the rate of reference to a file of age i, given that i.t 

is of th~ sppclfied size and clDss. Sp~)ci Lically, 

is the pi..'obabiliLy that a fil0. t.hat is cKa.ctly i dc.ys elO i-:i12. 

be referenced on the iYtb day of its lifetime. In {5mith.~ 

1970b) F values for RA(i,LrC) \·Ie iteratively 

conputo the cxpectcG ti~e to ll2Xt reference as a function or 

the iile age i, and the file 2izu a~a class 

( 1 ~ \ 
,~ ; 
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~hcrc a Ydluc is selected for some Ea(ifL,C) fot uhich i is 

.s u [ f i c i en t 1 y le. r: 9 e ; the i u Xl c t i 0 II be Ii a ve sin sue h a \j 01. Y {s i I. C e 

{l- [UI (i ~ 1.1' L" C) ) < 1) that for ~ufficiantly s~allcr i , the 

boundary condition is ir~elevant~ 
The algorithm ~orks as .folloHB: COr.lputo the. value f(~L 

Ea (i, Lr C) for the file on th~ day it is refB~enced. .,.. .r.: 
1.. 1. 

(Ea(i,!.,C) ~ Sz) > t', rernove the file im(;iediately; othen!lse 

hOld the file ul1til the n~xt re:tel:encc. (This algotithm ~ould 

likely be improved by rec~IDputing eacb day the file ~as 

on-line). We refer. to this algocithu: as "Ztnr-a," and the 

policy can be specified as: 

infinity.othBrI:ise .. (14) 

'l'his a.lgor.ithm is used in our experiments later .. 

c. Time and Space-Tine Algdrithns 

All of the realizable al£o~ithos defined thus f·· ,
-( ..... 

(Stochopt f EtI)r I et.c.). ha ve I"C' 15.<: d en interr€l:f:!rence ti:ile 

distcibutions for the file reference p~oc~ss. :t tis a is 0 

data, but implicitly assume so~a Dodel of file refecence 

behc.vioL In this section; V8 dcfiue al0orith~s cal10a 

~! 0 r k i L g Set 

i .I ... 
4 l. 

" . H n I.e p 



account 'of file siz!:', 3.nd thus small files are as lil:ell' to be 

removed as larg~:, filcsc We let 1I~:Sll ref.(>l~ to the 'tiorkiIH} .S(!t 

algorithm. Then the poU.cy K(H5,P) way h~.! defined il.S: 

K (H 5, P) = p", 1 ( i 5 ) 

Space TiQC ~orking Set is the straightforward an~ obviocs 

'e y.t.~ ns i on of 'oJorki 11 9 set; it cetloves any [i Ie fo r vhic b th (> 

p~oc1'..lct (tilJ(> since lc.::;t rererence) x (f:5.1e !'d.zn) is g:'catcr 

tha.n the parJ:r.etcr P .. The ircplicit a.ssu~'ption hC~;:2 ~s tLc.t 

the file that i5 li}~eJ.y to incur the largest cost 0;:: retunti.ol'. 

to the nert reference is t~at ~hich bas already accumul~l2d 

the largest retention cost since thE last ref0reDce. The 

policy in this case may he written~ 

(1 (;) 

It can be observed from figures 4 and 5 that the ~xpect0d 

time to next refcr-ence cl.imbs (initially) guite sLu::ply vith 

ti~e ~iuce last reference. I.. ( S ::d. t h ! 1 97 S b} ii: va;. s h c) ',; ~l 

tl,(\t 1a Lger files aLe used rr.ore fr.eguently than .si..1c.ll~T rilps .. 

T t!E' 5 e t ~f 0 fa c t s 'i 0 U 1 d S!.l g 9 est tl: a. t C: t: 0 0 if i cat i 0 r~ c f S '1' ~;' S 

file size should perform hetter than STUS. 

stands fo~ sp~ce-time ~ccdcctr Y is a p0rJmeter and ** i.s the 

exponentiation opc~ator in ~acy p~ogra~~i~g lan9u~gQs,~ For 

1-0f.~j:(~:1CC is [llised to the: (r(~c.l V(\}.Hf·:~J '':;~.pC'::0.llt '::'~ 
') 'j 
1._,,) 



value of the exprcs~ion given is ~rcater than the par~~ctcr P, 

the file is recoved. ~his policy can be c~pressed as: 

K(STP**y,Sz,P) - "'_ (P/Sz) ** (1/y) _I .. , {17j 

Our selection of exponentiation as the vay to increase the 

veighting of tiroc ielati~e to file size is based simplY,on 

convenience; cany other functions could have been defined 

i!lstead. 

D. Bernoulli Process Algorithms 

In Stritter (1977) it was stated that most files observed 

displayed reference patterns that could be characterized as 

"Poisson"Q We assume that Stritter treated what was a 

discrete time time series as a continuous time ti3e ~eries. 

In any case, we found in (Smith, 1978b) that of those files 

tastable r the rnajocity could not he characterized as Be~noulli 

(and presunably therefore not poisson)~ Never the less, we 

decided to experiment with some filn replacc~ent algcrithss 

based on t~e assumption that the actual file reference pc?cess 

vas Bernoulli for each file {\;ith a possibly different rat.e 

for cdch file}. The Bernoulli process (gcoruetric interarriv~l 

til;, e s} i oS sue h t h <I t the. e Y. p <2 C leO: t i IT: e l' n til the i\8 J: t r e ~ f! C (n~ c ~~ 

Thus the replace~ent decision can be made iDncdi~t2Jy after 

reference to a tile: the £il~~ i:il1 eitJl<2C be 

(that night) or te ~ept u~til the file is use6 
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A sinple way t,) cst.l..uate the ,time to the next r.efeccnc.e 

in a Bernoulli process is to usc the lCexponential" estimator 

as follo¥s: Let Z(i) be the eurrent estimate of the expected 

til!ie to ne;;:t r~fcrcnc8 for- th8 file .. Let~n additional 

inter- r-e fercn ce in t ("I:"'" a,l occu r- 0 f len 9 Lll W co ThE:n the lie id va J.ue 

of Zeit1) is 

Z (i + 1) -= Y Z (i) + ( 1 -1 ) \; for 0 <= )' <= 1 (18 ) 

This type of cstill:ator is dis'.;ussed hy Denniag and Eisenstein 

li971) .. It is not optihlal if the refer-once process is 

completely stationary (in which case the simple average of 

previous iDte~reference intervals is batieI:') ~ but if there is 

a slow trend in the reference process, this estimator sbould 

ada.pt bet t.RI:' ti:an the simple B,ver-a.g8. 

vIe ini t i<:l 1i ze Z (wh ieh ... e can caJLZ t~U to t he r~ean t i.l'lG 

be~wecn references for the size and class of the file in 

question. Ther-ea fter f a se para te v al U(~ 0 f Z is l~r:'pt for: ~ac h 

file. 

Our nota.tioD for the algorithm dc:;scribed is HE;{p~y" ~;her.e 

Y is the para~Pte~ shown in equation (18). It is tedious to 

specify this algorithm precis~ly as a r~licy (since it depends 

un allot the pa.;5t history in U:c COtilputation of: Zr the 

C! X pre S 5 ion s get c u !:i J:. e 1~ .s 0 me), D u t t h r,: f 0110 I: in g sit 0 U 1 d bee 12 a. r 

enough: 

( 'i g) 

\ ' 1) 'r r, ~,. I IJ' 'J - ':" I 0 1 ,.. ) 
.. , \.... J.... ,:,', '\. • - 6J \ ~ .~ U, J1 \. .. # ~s co~putGd [rom Z(i) 



y ~;bo:.tld tab~ ono Our experiment!;. tested thisalgor.it.hm. \:ith 

five valuer; of y: y=O.Ot.2~, .50, .. 75 and 1~OO. 1'=000 r.:eans 

that the csticate for the next interreference icterval is th&t 

it will be of the same length as the current interval. y=1.0 

says that every interreference interval is expected to be O r.: 
1. 

the same length as the mean interreference interval for this 

size and class. The other values for y have intermediate 

Eleanings. 

VI. EXPERIMENTAL RESULTS 

L Hethodology 

As noted earlier, our data consists only of one bit for 

each file for each day specifying whether that file uas used 

that. day. Tlwrefore, I;'e have had to do our experiments in 3. 

manne~ compatible ~ith that rest~iction. Thus lie assume the 

follo;.:ing: all files Lefere n(:co OIl a gi \'en day aTe fetched c. t 

midnight + e (e->O) of that diy and are retained on the disk 

until the end 6f the 24-2e hour pe~ioa at midnight-e. At that 

time, file migration takes place, ana any file which is to be 

rernoved is rcnoved at that ti~e. Thus eV2ry time a file J
• c-

• .:> 

it ::-cmains on a dis 1: fa '( 0. t leest one full 

Also, it is vossiblc for a file to be ~e(erenc0d CD t~o 

consecutivp days and still cxper1~cce a file fau~t on tbe 

second of those days. ~e have st~ted earlier tt~t ~e &rc 

omHtir:g the inti31 file faults from our fault CCH\fIU; {se(:, 

section Yab) end are ornittiug the ~p~cc contribution by a file 

after the ti~~ o[ its last reference. 

Our a 1 9 0 f.' i t h;a for c cpr 'I ti T". <J l'i (Ii c P j a l~ d S ( II , P) i:~ as (J i \" <.:: fl 

~n pguations 2 and J • . \ 

?6 

o , 



iater-val in tU["fI foe {;(.Ich al(.prit.hr.; and r~i:allietCl: lialue. 

B. Miss Hatio Cc;npiirisoIl!:; 

Figures 6 through 13 9i~c the performance of each of the 

algor: it hl'lS dC5cri. hpd in t he last 1;\10 sec·tions. Each is 

discussed belol;;'. 

Fig u r e (, S h 0 'f; S the b € ho. vi 0 r 0 f the V V i1 n; , V IH H , S 'n! s l' 

~orking Set and Stochopt algorithms. We see that VYMIH, as 

expected, is the best of all of the algorithms hy a 

substaTltial F., .:n: gill ; it exparienccs a @is$ ratio about 

one-tld.rd as high as the best realizable algori.thm (Stochopt} 

througout much of tbe cnnge of opcr~tion. VMIH. converselYr 

performs relatively poorly because it doesn't consider file 

sizes, eVCll though it is a look-ahead algocithn .. Vorking Set 

also docs very poorly for the same [eason~ ST1'lS~ which dOGS 

tak.e into account ~L(' file sizG, c3.C'!::S fairly well ~ilo\'e about 

28,000 tracks r but isntt vGry good for srrallcr:- spi'!.ce 

U 110CiJ. t ion s .. 

The Et~r clQSS of a190~ithms (equations 7-12) are shown 

in r: " .(lCjurc 7. He see that Etnr (Lsize~('~lass) and EtnI:' (Lsize) 

pe~£o~~ wall 5nd are very close to Stochapt. EtnL'(a.ll files) 
I 

and Etf!)': {cl Z!ss} perform relatively poorly. In teresting ly f 

and 

Etn=(Lsize,rlass} is not unifo~~ly Lctte~ than Etnr(Lsize) a 

not. ill (li,y Sei!.';>C 0pti.r.al~ it ";!us ('~pt::cteJ that the ~lOre 

ace U.I;' 0. L (.. 'C" (i,-l'-) t li::~ oW I 

a 1 g C'r i ll: i.: _ ~.~ find t ha t 

C' I' ," .. ~., ,I. 

DC tt t:~r the perfo::~:1anc;e of t 1'~ f;: 

t .. i ,- ,lot r~ c c.'c; s s a r i 1 Y r: ·f! i3. ),50 !1l~; ., SOe 

dcci~~~:; G:: to (~~·:"cl \,1'.1.;:;.:- tj~(! c:1D.s~~ in th(~ 

I.} 



co:~p~ta t.ion . of ::; tochopt. (i'll-though. tl;c functio;1S E(ir~'fC) 

5) vary \.'idely with the cl~ss, the Lu~ber of 

intcr.referenc~ intei:val~ fo;: ·D·lti~h F {i,j)s~:itches bct\:ecn 0 

affectcd. I. e. only about 30% of the intc::;:'refcrcnce 

inLervals ilC?lorlg to libr-aries. or active files,. and of thos(!~ a 

very lar:ge fractior. (about 65f,) ace int(:c;.ef~l"(:nce inte::v.1.1r; 

of 1 to lihrarics.) 

The fitted function Ef(i,L,C) is used for the results 

prcs0nted in figuri B.Comparing this figure Kith figure 7, 

\1 e s (~C t hat the use 0 f .8 t. Dr f is a 1e 0 S t ass uti s fa c tor y 2. S the 

use of Etnr despite the poor sruality of the fit. bet~ecll 

and E f( i r L r C} 0 ~his cOffirarj.son Is shown ag3~n 

directly in figure 9 ~here the anc. 

policy results are both givGn. Ti:e::i r 

closeness is again evidont. 

at least 2 Gxtru days; other~ise ~se thG Etnr algorithm} and 

Etnra (remove base~ on expected time to ne~t reference 

calculated as a function of age at last referenc0). 

all files a c0uple of days as a ruinimum appears to be a poor 

pelier; 

A vuripty of spuce-tice ~lSQ[ithrns a~e compared in figure 

10. As ~e observed earlier, an algorithu ~hich ~eisht~d the 

S 'i' r: .. '" 1., L: I 

tv l' .:::::; L ( .. ~ . ',~ 
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i!.!.lJorith::ls~- Fat"a::Jctcr values were t.C!stcd 

(~;TPt>~L5t STP* it 1.(;, S'l'p':' >I; 1. J) and these results are sho.:n in 

These three acd STP**1.4 all perform about equally 

\.:ell, but noce of them seems to be a good substitute for 

stocnop t. 

The probl~m of creating stochopt on the basis of measured 

(!ata and thE~n testinCJ it.. against the saDe data \:0.$ !:Ientioned 

J. :: :-;octioc V.A. • " test for the ~o~ustness of Stochopt and 

Y-:L!.;: (1" C) \-Jus run by crEating the Stochop:':' and EtnL (L,C) 

policies (equations 4,9) using half of the files on the system 

and then measuring the ~iss ratio on the other half of the 

fil(~s. This was done and the results app2ar in figuLe 12p 

uhere neasurements for Stochopt, Etnr(L,C) and STP**1.~ are 

given. It can be seen that Stochopt and Etnr continue to 

perfot8 ouch better than STP**1.4. (l:e also obse!:ve t. ha t 

stochopt is no J.cng(~r uniformly better tho.~! Btnr) ~ 

algorith~s are given in figure 13~ yhere it can be seen that 

nune of these ~lgoLithms are 8veo close to performing 

acceptdblYiThis constitutes fairly strong evidence that the 

bull: of the file reference processes cannot be cba~acterized 

~s Bccnoulli or Poisson. 

c~ Pa~a~etc~ Selection 

Each of the algorith~s pceseDted in this paper contains a 

c. f i }. e i r 0 i1 the d i sL, I n g C' r; '2 :: a. 1 t 0 \\ L i :: t ere s t .i. oS n (} tin t 11 e 

L' .1.11 yiolc1 

is a~ acceptabl~ miss r~tio? '.: ho is 

O!I 

" , 
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file f~oru [lidSS ~;t.or(ige to di~;:: \tcre to t.af:e or.e minut.~, then" 

1% Inis:.; ratio \/oulr1 L~r"ly .OJ!I' c:an-Dinute.s/user/daYG 1~ l"ilean 

of 183.5 users log 60 per day, so the loss would be 6.2G 

[.::tn-rain u tes/tlay. A 10~ miss ratio uould give a figure e~actly 

tel! tit;!('s as lar.<](! or a litt.lc>r:tore thar. a man-hour. per day .. 

1:1,0 oTie J;;inute figure ca.y be far too optinistic, hO\IevcE, 

since it ilSSU~CS no queueing de!ays. (Tho average access tiQe 

O!J UlO::;t !Uas~, storage devices ~ such as the IB!I 3850, the Ampex 

the CDC J8500, etc. is on the order of 1 

ti i n u. t e 0 r:: 1 cos s. ) For example, at the Lawrence Livermore 

l.aDora.toL), ~ l!ccess times, i~cluding queueing (a.nd device: 

i.Jalf u.nc tion) dela]'s, can stretch to hours to get a data set 

off of tho photostore and tens of minutes are typicala ~e 

note in particular a batch aEriv~l phenomenon r by which cost 

users ~ill lng OD early in the day and attenpt to read several 

of thGi 1: f)'l es; thus the nas s storage de\' ico lToul.d he vet'}' 

c:onge.s!~ PII eeil . .-! y in the day., Our intuitive· feeling is that 

8iss ratins on tte order of 1; to 10% wriuld be the maxiuuu 

tolerable by most users. 

For several of our algorithus( ·the app~o~imatQ paraseter 

\'(l.lues yield 5% and 1% rni~s ratios are given in 

te'.bIc TTY 
~- - ~. J"l:h tlS th (~ reader \:'ishing to ii:Jplemr!!!t OILe of 01J.l~ 

a. J. 9 0 [' i t ]1 [i": S can j u::t use the f i. C; l1[ CS g 3 .. vcn" ThE.~ policy 
e \ 

i~(Sopt,,5z) -3.ppear:ed caLlier in tahle II~ 

ru.li:..~.'.:; gi VCH in. 

STP*~1. Q ~lgorithns. 

D. variahle Srace Buffering 

t ir::c~ 
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STWS algorith~ with a ?aramcte~ P=20~ and tho total volu=~ 

on-).iIl2 files il~ the original, unnligrated system. !\s loS 

evidcr.t, the volum~~ o[ on-lillC! f:iiE!s va:::-ies con;.ider;tblr fro!:; 

day tu Jay and ~onth to month. ~e note that the figu~es for 

Working Set and ~THS do not become stationary (i.e. reach 

\1 a r n s tar t) un til .3 0 a r. d 2 0 0 day 5 res p-9 c t i v:::1 y fro n. the s tar t 

of th~ measu~em0nt period. Initially, all files arc assu~ed 

to be:: offline., 

to 'lariaU.cn in the 

~olU~G of on-line files is ttat {aJ the parameter value used 

to reduce tbe number of o~-lino files may ha~e to c~ange from 

day t. 0 day a n a ( h ) en ell 9 h s P 4 C e has tab e 1 eft 0 nth 6 (1 :i. s k s 

after a migration rfn that use~ file fetches are unlik~ly to 

cause space to run out during the fol16~i~g day_ Ke also note 

that ~any of our fi18 migr~tion algorith~s favor the la~ger 

f i l(~ s for :r e p 1 ace men t; t h us the f i 1 e [; fe-t:,c-h-<~rJ.~-r.;@-~l-l-s-c-l-ike-Ly'--____ _ 

t.o be large" 

Table IV shows the a?pro~i~a~e wean volu~e of the files 

fetched/day for. ~everal of the algorithms discussed and fo~ 

three dif[~~ent ~iss ratio values~ hlso given is the volUffiG 

of files fetched as a ratio to the ~8an ~olu~e of on-line 

VII. COliCLUSlorS, APPLICADIIITY OF n~SULTSi FUTUkE ~ORK 

~0 found thot the 



~hich Jl::;() nSf.; $ this il":fon!,ati.on, did al;::Qst ?os 

.Ugorith8s \;:liGlius~d less or no in[orr~ntioD about f1.1.e 

~Ufer0uae r~ttcfcS generally performed pocrly. 

G'~~ tIle Ot}:Cl- algorithms \las th(~ STP:;-'~:1,,1~ a19or.ithr., vhir..:h 

;:isht provije: 2-eceptable pcr:formancc .. 

The (>v;:,luaticn of the alg~i:-ithr.ls pr02sentl';d \.,dS done u.sir:g 

file reference data taken at SLAC for Wylbur text editor data 

TJ,prc is no L('t;l,SOn to feel t.ha.t teyt edito .. or: t5,:::c 

!:: ~ ~ ,1[' i Il g c1 a t a set .3 TSO) uould ba ~eferenced v0~1 

~iffeLently in another systeR; ue thorO~0re believe that o~r 

cpsul.ts are applicable to sach systemsc 

liot CCIlCCl:ne,Q ~;ith la.rg~ data fil\~s, systCf.l. files or: scratch 

files anJ no co~clusions can be drawn about migr~ting such 

fi.12s b(l.::;e~ olithe r-:J:Fo!:' imen ts de.5cri.bc;cl in this paj:-(!1~., 

Fu:!:ther, OUi7 ["(',Sults 
, .. 

8.1g1: a. t.~Ojl ~ 

~S, uigcation that occurs over p0~i0ds of days, weeks DC 

r; 0 1I t~. ;;.:, I~ ~&ny systems, 1t ~ould be necessary for migLatiun 

to Gccur ove~ ti~0 periods of hours a~d our elperime~ts h0!:'C 

I?l:ov'itie nc gui.danc.e in .such· cases. 

!~!l ir:,port;:;.:.t pointr ~:hich !'lust bc noted: is thB.t EOL filE: 

that th~ user has tc expend significant effo~t in 

; r 
~ .. ::» , 

tl;,:t their 

E .. sr;rs \"5.11 

. J. 
n.\-

-.1 .: 1 , 
I . .L. _ .. ...ti .. ( c To :: ':'11 

, ' 

, \ 



Livcr~oru LaLoratory (which scratches disk copies of fi10s 

over pariodi of hours) and at IBO Researcb, San Jose, {\"~ll0 C I, "i . U 

ciyrdtes files over pe~iods 6f weeks}. A good iDple~cntation 

fer (ile ~igtation veuid leave the ~ser in comple~e . ignorance 

of the actual location of his file; occasionallYr getting to a 

I' .1 
file might take one or tvo minutes ralher than 10 or 20 

(That one or two reinutes can easily been hidden in 

the r. c S po n set h~ G S 0 f r:: any s y s l e 111 s c ) 

\i e f 0. un -:"':. t h ('. t OJ::. 
J.1.. file mi~ration is 

3. t C il n S lIb s l ant i. a 11 y red u co the v 0 ll! r,~ e (I f 0 n ~). i He f i 1 e s 

vithout inflicting an unacceptably high 8~SS r~tio on illost 

l1.sers. 

A number ofadcli.tional investig?tiolls are possible u.sj.ng 

the J~t~ av~ilable. Algorithms Hhich use the file age mc~n 

intelligeD~ly can be investigated. Prefetch algorithms r based 

on more so~bisticatedpolicies than the class of de~aGd 

policies that ~e consider, rua~ be wortlHlhilc .. Placement 

algorithms can be considered to some extent. Some I:targiu3.1. 

improvements can be ottained by investigating these additional 

itens; we believer ho~ever, that in. this paper yc have 

pL'esc:tted th::: D..:.lk of the usetul iDforr;.ation~ 

CODputer s~stc~s in order to make co~pari50ns possible &nd in 
I , 

order to i~v0sti9ate the range of applic~Lility of our 

" . I:esults. 

delta. t).nd Cdl"C ~1-. ·ilv.tlil;:~blo· t.o t.h0 j3U/~.b::')!: f(}T.' t.hi_s I:(!:..~.:~i!."chl:' This 
;', -,:' 

work was supported by the U. S. Department
3
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