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the internaI organization of a prograa c._ gr.atly affect 

the p~rforaance of virtual aaaorJ ' sJsteas. 'fhere atist aur 
. 

reorganize paging prograas to that iaprove tJaeir , 

perforaance. rkis thesis exaaines several of these aethods and 

proposes a. ne" approach t hat bas produced ,better eJ:per iaental 

resai ts.. ls vell, a brief exaaiDation is aade of the effect of 

~ restruc,turlng on a prograa that executes on a sJste. vith 

prepaging a.iory aanageaegt. . ~ 
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L'o~9_i8ation' iaterne d'ull prograa •• pltlt' ufecter 

" cpnsid6rableaeat le fonctionneaent des 81 stlaes de .a.oire 

Yirttlelle. Il Y a .beaucollp d'algorith.es qui rOorganis8nt des 

'progra •• es pour aaOl.iorer leur fonction.aent de pagiDation. 

Cette th~se exa.ine plosieurs de ces .êthodes et propose UDe 

npuYell~' approche gui a produi t de bons rAsaI tats expAriaentaux. 

Il y a aussi. une brft'le dl;.scussion des effets de la rêorganisation 

d'un progra •• e <lui exêèute dans un syst'ae 0' la gestion de 

a'aoire se fait avec prlpagination. 
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'fhe influeDce of prograa
o 
organiza tiOA OD tlle perfora.Dce of 

yirtual aeaory systeas ls nov Ifell kDown. Oye-r the years, 

IUlaeroQ,S algorithas have been introduced vith the J goal of 

restructucing prograas so th~t ~hey run aore efficiently. fhese 

algorithas usua11y consist of two pbases. The first phase 

deter.ines the strength of intereonneetivity betveen prograa 

sections, while the seèond pbase uses this infaraation to reg~oup 

tb.ese sections. Althougb. Ilost algorithas foeus on the treataent 

of the first phase of processing, . the . regroupin9 Is of 

considerable iaportance as vell. 

This thesis ",ill exa_ine progrcu restrueturlng as a vhole -. 

vith particular attention beiDg paid to the regroupi.Dg or 

clustering problea. A Dev approach to tbis problea will be 

preseBted along vitll experiaental eYideDee of its perforaaoce • 
• 

ls vell, a brief exa_ination of prepaging for restructured 

prograas ia aade and expert_ental resalts dise ussed. 

) 

1.1 QrglDirzatj,oD of 'fieais 

Chapter 1 is an introduction to Yirtnal aeaory systeas. A 

fe.. aajor concepts iDcllldiag -addeess translation, .paging and 

are presented aloDg vi th the necessar J 

terainolog y. 
, 

Chaptee 2 prowides an io-depth analysts of prograa 
1 

as those, br Hatfield 
,\ 

restructurlng. 'Zaportant algorithas S)Ch 

alld Gerald, Ferrari and, aasuda are desciibed. 1 g.,neral 
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, cUscilssioD . of 'C~Qst.ri.Dg' a'ad seg.~llciag teck.1g__ la also 

illcluded. 

Chapter 3 br1eflJ diacQsses pre4ict.~~e .. aorJ .aDage.eny. 

llajor pollcies bl Joseph. Baer aad. ~ager. Triyadi and Buris are 

aa.ainad. 

Chapter .. presents a 
\ 

critical allalyais of ensting 

restructtl,tiDg algorithas aDd 1DtrodQces a nev .o~ified approach. 

~his approach is ,ollt1ined ia delail. 
" 

! x pe ri me n tal res.lll ta 

involviDg siaulatioDs of perrari's aethod co.pared to the Dev 

'technique are also preseated. 

Chapter 5 discusses the use of prepagiJlg 

efficiellcy--o.f restructQred' progra.s .. 

'il.. 1 
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1.2 Ipt'J:odgCtioR to Urtual alaorl ' 

~-"on,. of the aàjor- trends iD coapoters has' beeo 'tovarda aore 

Jlophist.~cated opera tiDg systelÏs.' This' sophistication lies Dot 
1 ! 

onl} in the degree of aultiprograa.ing or tbe rafe of progra.' , 
, 

througbpllt but in the abilitJ ta dlsassoclate the progra •• er fro. 
1 

~he co apu ter hardware. By 'actiDg. as 

Interface, tb.ese operatillg systeas have treed the .prograaaer froa 

8anJ tedious ta,sts. ln iaport~nt 'Io}advance.ent in thls area vas 
) ' .. 

- the introduction of Virtual aeaory (VIS). 

Ta properly discllss VIS, it is necessary ta distiD9llis<6 the 

concepts of "aùdress space" and "physical space"~ An address" 

space ls the set of ideo tif iers that _ay be used by a prog~a. to 

reference infor.ation, whi~e a physical space consists of tbe set 

of aain aeaory locations in vhich progr~a lnfor.ation aay be 

stored [.DBBR70]. V irtual. lIe.ory is tbus an addreff.5 space IIhose' 

si.ze i5 independent of the physical space. Ta li ,prograaaer, VI! 

" can give the i.l.lusioa 'that a aeaory space, a uch larger or s.aLler 

than is physically present, exist.s. 

In early co,puter syste.s" the 

/ 
1 

address space 
.\ /;..\ ,,{ 

and physical 

space lIere s.1Donyaous, that is, a one-to-one _apping could be 

aade. Once VII vas introduced the .apping concept had to he 

alte~ed since the eJltire Yirtual address space could not alvays 

he a.pped ioto physical aeaory at one ti_e. Inotber' factor ia 

.this .appiag arises IIhen aultiprogra •• ing is preseJlt. In this 
, 

enYiron.ent, there .ay eI~aany progra.s, eath vith their 01ln 

lfirtual _elor.1--- space,--but on1y one set. of: physical ae.ory 

1 locations. rhe operating syste. aust not on1-y .ap Yirtaal' 

addresses into' real addresses but in' those iDstances vhere 
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. , 
progral code is not ,~hared a,.OJIg different prograls, it a1l8t 

aaintain an isola tian bet.een these real addresses • 
• 

The 'aapping of addresses is usua~ly ,referred to as address 

translation and is co .. only perfot,ed by a lappiog table. ,1 

. lapping table can be iap~~lented as a linear arrai that is 

1 

, 
iodeJ:ed by a virtual address and vher~ each eleaent is a re 

address. Theoretica.lly, evety J,;ingle virtllal address that i.s 

referEDced coul.d be aapped, iAto any physica l loca tion. ~n other 1 

Ifords, the translated addresses do no t need to be consecutive 
, 
real addresses. The difficulty in this, approach i8 tha.t the 

~~ 

lapping table vould have to be as large as the physical)aelory,. 

One ,Iethod vhich circuavents this p.rohlea but stil~ allovs. 

lapping fl ex ibilit y i5 "paging t'. 

Pagi.ng i5 a lelory .aoage.ent technique in vhich the virtllal , 

aeaory , spaee, 1S divided 'into identical fiJ:ed-size seettons 
~ 

called "pages" and the physical. ae.ory (typieall.y 25,6-2K Ifords) 

d;ivided into a,atching-sized sect~ons ca lIed "page-,frales."_ The 

. translation pro cess is thus reduced to. a' lIappng of ' pages ioto 

page-fra.es. This ,proc~ss is perforled as foUous. t'he virtual 

address ia ed ioto tvo uhere 

indicate a page nu.ber and the 10v-
l 

vithin the pag , the ,page nua er is used to index a page .ap 

table vhich age-fra.e nu.bers. the appropriate 
~ 

page-fra.e Qu,ber is theo recoabined vith the offset to 9btai-n 

the real addr~ss (~ig_ 1). 
., ' 

In a aultiprograaaing environ.ent it is ofteo desireahle to 

protect against QDe progra. invalidly aceessing the aelory space 

of' aoother. This protection cao easily be accoaplished by addiDg 

l, 
L 
l' 
1 
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aèceas cont~ol bits ta the 'page .ap table (or bJ ha'riDg seperate' 

page aap tables for the differeot progeaas). 

beDefit of pagiDg arises .heD ae.ory regnests and releases occor 

· aSS1DchroDously_ ID the case of aultiprog'ra.aiDg syste.s, for 

exa.ple., progra.s cODtinuously eDter aD~ leave the sJstea, Jet 

the free .eaorl space is alvay~ in multiples of the page size. 

The cost of this feature Is that ,progra.s which are oot exact 

· aultipl.es of the page size will vaste so.e .e.orl OD the 1:ast 

page. This vastage «1 page/prograD), hove'rer, is 1ess than 

"vhat caD occur to aaiD aeàory vithoot so.e for. o~ pagiJag. 

ro. farther discoss pagiQg, it is DecessarJ ~o iatroduce 
, 

certain concepts a.nd ter.inology. As preYiouslj .entioDed, ooly 

a fraction of vit aaJ be capable of bei.Dg .apped ioto real .eaory. 

Those pages that hat'e'beeD lIIapped are ~id to be "resideDt" and 

· the group of resident pages is called the "resident set .... 

Ioevitabll. a resideDt page will atte.pt to refereoce an address 

of a noa-resident page t.hat is heing held iD secoDdary storage 
.,vA." 

(i. e. dist. drulI, tape,. etb;-f.. A refereDce of this, ..... ype is 

called a "page fault" or "page exceptioD". Before prograa 

executioD caD be contin~~d, the lIissiog page .ost be located and 

copied into a page-fraae. 7 his change ta tlae page .ap is 

refe~red to as "10adiD9", "pulling" or "fetching"_ If pages are 

loaded vhenever they are reguired theD lIilin .e.oI:Y vouId .ost 

~ertaiDly he filled after a short period of ti.e., thus it: is 

nece$sa~y to regolarly rellove certain pages a~d I:eturn the. ta 

secondary stor4ge. This re.oval is called page "replaceaeot .. , 

"pushiag~ or • discarding" • 

-5-

-----;---":r
'III:\b o. 

, . 
, 



( 

( 

, , 

It ia the 

the .oyeaent of 

deeisions are 

•• ~ __ r __ .. _ ... __ --!. __ .... _ ..... , __ "", ... _ ......... " _ .. __ ~ ... __ ... _"' ___ ~ ... ~ ~_ .. __ w 

r(.PO.~ihU1tf "Of tIle ;,perat:Dg sy";'e. to control 

~~a fro. secondarr ~o priaox, aeaor,. Paging 

bàsed on predetermined policies vhere certain 

para.eters .ay be dynamically altered in an ,effort to "fine-tune" 

the systea performance. Some of the decisions thht aust be sade 

are: selecting vbich pagels) sbould be loaded, d~teraining hov 

.ueh llain aeaory should be allocated to each progra. and choosing ,1, 
c' 

vhich pa~e(s) sbould be discarded. 

The, loading of pages falls under one of tvo categories: , 

deaand or non-d~aaDd paging. Deaand paging systeas, as the naae 

iaplies, ~oad ooly tbe page that is reguested .. On the other 

hand, non-ide.and 'paging . systeas are usually predictive, in that 

.. 

tAlel atteapt to load oue or .ore...\.pages at the salle tiae to trI to '1 

..... aYold future page Predictive .e.ory faul ts. .anage.ent, 
~, 

techniguèS are discossed in greater detail iD chapter 3. 

The discarding of, pages aud the allocat iou 'of .ain meaory is 

handled by,a page replacement policy. Polleies that aaintain a 

fixed nua ber of page-fra.es 'for each progra. are called 

"fixed-partition" replacement po~icies, vhile those that perait 

, the nuaber of page-frames to vary throughout the lifeti.e of the 
,1 

progra. are 'called "variable-partition" replaceaent policies. 

'ar~.ble-partition l=olicies are Qsed inaultiprogram.ed 

enTironmen'ts vhere each program 's allocation of page-fraaes ma.y 

yary., It anJ time, the system cau increase or decrease the 
• 

nu.ber of page-frames allocated to an individual prograa. BI 

sharing the available page-fraaes among sany programs and br 
redistrib'uting the meaory allocations dynaaically, an acceptable 

slste. performance can he aaintained. 

:y-- " 
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1.2.1 ril9d-Partitiol aepllceafat Pollcies 

. \ 
'Thare exist Duaeroas fized-p~tioa replac.a.at polleies. 

ODe of the siaplest aad easiest to ia le.eaeat is called First-In 

'irst-Out (FIFO). when a page fault oceurs and there are no free 

page fra.es, the page that vas loa~ed first, that is the oidest 

resident page, ls disearded and the sp~ce fi lIed vith the 

reguested page. FIFO can be aodelled as a bounded-length queue, 

whece nev pages enter at the tai~ and old pages ace discarded 

iro. the head. J' 

ADother popular policy is cal1ed Least-aecently Used (LBO). 

When· a page fauit occurs, the page that has been unrefereaced for 

the longest tilDe ls reaoved. Least-prequently (Jsed JLFO) 15 a 

policy that dlscards the page that'vas referenced the fevest 

nuaber of times sincE the prograœ started. As both LBU and LIU 

reguiee some sort of hardware couater ~or each page-frame thelr 

iap~e.entation can be costly coapaeed to othee pollcles. 

An inexpensive poliey that requires only one bit per page is 

called Use-Bit. WheneYer,~_ a page is referenced, its special bit 

,is set. At a fa~t, Use-Bit clears the bits that are set and 

-discards the first page encountered that has Dot been referenced 

siDce the Iast fault (bit:'O'). If ~l the pages have been 

referenced then one is selected at randoa. A variation on the 

Ose-Bit aethod is called Second-Chance or Clock. In this .ethod 

a cJclic pointer is aaintained vhen looking for a zero bi.t .. 

each fault, the search is resuaed froa the position of the last 

load. 

A detailed analysis viII reveal that certain policies are 

better suited to certain progra. structures. UDfôrtuDatel1~ 
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prograa flo. is Bot.alvaJs predictable aBd iB .anJ cases it viII 

changé in, natu~e~.s the prograa executes. The selection of a 
. "'-

replace.ent policy thus depends upon the cost of iapleaenlation 

and its c~abilitJ to handle a vide rang~ of progra.s vith an 

~cceptable fault rate. 

Before proceed~g to variable-partition 

policièS, it is Becessary to introduce tvo concepts that are 

extensivel} used. It is possible during the exécution of a 

prograa to .ooitor the references .ade to various pages. If 

these references ~re accuaulated then the activity of the prograa 

can be vieved as a seguence of page ref~rences_ As a siaplifying 

assuaption, it is often assuaed tbat the tiae ioterval bètveen 

references is constant; thus the index of a reference in the 

sequence can be used as ~ tiae measure. 

For a program consisting of n pages, let r(t} denote the 

page, referenced at tiae t, vhere 1~r(t) ~n ... !hen the page 

reference string, B, is defined by: 

B = r (1) r (2) _ .. r (k) --. 
In certain instances it is desireable to exa_ine onll a 

saall section of the reference string. This can be accoaplished 

hy using a nvindov"_ A ~indov is an interval of time (or a fixed 

number of references) over ~hich observations can be .ade. That 

is,. for a vindov of size' T, at ti.e t, the segaent of the 

reference string that can be exaained by looking backvards is:. 

_ r (t-T+ 1~ r (t-T+2) -- . r(t-1) rCt). 
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Vi.dov~ that look 

optiaal strategies. 

forvard are ~he allalysis 

; 

1.2.3 Il&iable=Pattiti9P l'ae lep~ac'I'At PQl!cies 

of 

One iaportallt cbaracteristic of prograas that is esselltial 
1 

la' cOllstructing good page replace.eot policies i8 "locality" 

'LDBiB70 J. Locality can be described as the pheDoaenon vherebJ a 

progra. strongly faYour~ a slovly changing subset of its pages 

(locality set) over an e~tended period of tile. Vhile this 

subset changes, i ts size .aJ also vary; indicating that the 

aeaory allocated ta a prograa should fluctuate as vell. Th~s i8 

the prillciple behind varlable-partition paging. Vith a, 

yariable-partition policJ, pages are added ta or re.oved fro. a 
J 

progra.·s resident set, so that an acceptable page fault rate i5 

laintained. Pi~ed-partltion policies have, in general, a 
1 

disadvantage over 0 va~iable-parti tian policies as their fixed 

ae.ory allocations aa, restrict. the Duaber of pages of a localit,y 

set tha t can he resident. 

There are tvo ve~l- knov. variable-parti t.ioo replaceaent' 

policies: iorkiQg Set (iS) and Page Pault Frequency (PPP). Bath 

policies e.ploy a vindov. 

The concept of a vorking set vas defined by DeDning in 1966 

(08111166] as the set of pages Ilsèd during thé .-ost-récent intecTal 

of tiae. This interval of tiae is defined by a aOYing vindov 

vhose fixed size, T, deter.ines bath the size and contents of tbe 

'vortiag set. At any given ti.e, t, the vorking set,"i, consists \ 

of thase pages referenced in the interval [r (t-r.l), r (t) ]. 
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, 1. .. e. I(t.!) = (~e 1 1 page 1 app.ars a.ong r,t-!.l).~.r(t)} 

where T~l and. Is the set of pages allocated to the progra .. 

the Korking Set po11Cy is a aell9rJ saaage.ent polic}' that 
( 

operate~ according to the folloving rules. A progra. aaJ run if 

and onlJ if its 1I0rkiog, set is.in ma1n aellory and a page aay not 

be re.oved if it is the lIellber of a vorking set of a running 

prograll. In othee 1I0rds" a page fault" c-lln occur IIhen a reference 

to a page that is not a aeaber of the vorking set is made .. The 

aissing page is loaded into aeao~1 and is added to the IIQrking 

set. when a page is not referenced for a period of time greater ., 
, thaOl' the lIindoli size, it ceases to be a .eaher of the vorking set 

and can be returnecl to secondary storage. .. 
BJ lengthening T, the 'lifetiae of pages 'in the lIorking set 

ls increased as is the average vorking set size .. , Saaller val ues 

of r decrease ~he average vorking set size but at the ezpense ,of 
'. 

"-.. 
Il greater''-llullber 

, "'",-

size can result 

of page faults. ., Thus, fine-tuning of the.windov 
\ , ' 

co.pro.ise bet wèen' the fault in an,acceptable 

rate and the avera~e lIellory allocation. 

... 

In 1972, Chu and Opderbeck [CBU72] introduced an easily 

iapleaentable replaceaent policy called Page 'ault freguency. ln, 

acceptable pa~e fault interval" T, is selected as a target. 1t a 

page fault/ if t~e tille 1nterval siDce the last tault is l~!ls 

than or equal to t, the lIisslng page ls loaded. If the interYal 

15 greater than T, aIl tbose pages not used sin ce the last fault 

are, discaxded and the a1ssin9 pa9~ retrieved. Ptf can be 

illpleaented vith' an iateryal tiaer and one us~bit per page. lt 

la 8as11 y incorp~rated into .ost e.18t1n9 co.pater, ~Jste.s. 
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Ixperi.ental eyideace iadicates that ppp and MS perfora egualll 

~ vell, ho.eyer, P'P is .ore sensitiye'to its control paraa.ter and 

can display faol t rate anoaalies for certain progra.s (GOP!'18, 

:ra&178j. 
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Yirtua.l I.ddress 

• , , 1 
1 page 1 offset 1 
t n~. 1 1 

• 
1 
a 
1 

• 1 • 
• 1 
1 • 1 1 

• • • ~. 

• 1 
1 

" 

Page" Sap 

.. · ~ 

à.al lddress 

• , i 1 fra_e 1 offset 1 
1 no. 1 1 

t t-
-J 

1 , 
1 1 
1 1 

• 1 
1 1 

• • 1--' 
1 
1 
1 

'\;' 
- .-~.i4ure la - lddress Transl.ation 

// 

\ 
\~ ; ,~ 

Virtual lddress Page Real lddress 
Space' Jlapping Space 

• • *' • 
1 • ~~ 1 
1 Page 0 1 rra.e 0 1 
1 1 1 1 
1 1 1 1 
1 Page 1 1 1 Fra.e 1 1 , j 1 • 1 • 1 1 

• • • - -
• 1 •• 1 
1 • r{ ~I 1 
1 Page • 1 1 lra.e Il 1 , • • 

ligure 11l - Page to Fra_e llapping 
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ls previously discussed, the concept of prograa locality is' 

thebasis for the vorking set aodel. !he localitl exhibited bJ a 

prograa at aay given tiae can stea fro. a concentration of 

instruction references in a subroutine, data references in a 

co.~oa storage block-or froa loops that cover a s.all set of 

pages. The vortiag set priDciple atteapts to iaprove paging 
1 

perforaance by all08ing groups of pages that cODstitute a 

locality set to reside together iD me.ory_ The locality set of a 

program does not, hovever. have to iaply groups"of pages but caB 

include saaller uaits. If a prograa caB be vieved as a 

collection of independent and relocatable blocks ,aodules) vhose 

sizes are auch saaller thaa the page siz~. theo tba principle of 
Il 

locality indicates that an "intelligent" placeaeat \~f 

blocks onto pages should 41so iaproye pagiDg perforaaDce. 

is the aotivation for prograa restructuring. , 

these 

This 

Zn 1967, Co.eau perfor.ed an experi.ent to deaoDstrate the 

~~fect that progra. ordering had OA page faults (C08B67]. Be 

coapared the page exceptions generated vhen blocks vere ordered: 

1) alphabetically. 

2) randoaly, , " 

3) using a knov1edge of the block functions aBd page size, 

4) using a knovledge of the blocks and a raco~d of paging 

perforaances generated vhile the job vas in execution. 

The last ~eordering shoved a ~_ i.pr~veaent oYer the vorst case 

alphabetical ordering and a 2:~aprOYeaent,over the second-bast 

intelligent ordering. 
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8clel1ar and cottaan, i~ a stady of aatrice., aDo.ad tkat 

~ 

considerable iaproveaents could·he achieved by proper assignaent . 
of aatriz eleaents to pag~s &Dd bl better organisation of aatrix 

operatlons {IICKE69 J. Tsall and 8argolin perforaed an analysi,s of 
, ~ 

factors that affect paging faults and shoved that the ordering of 

sllbrolltines vas aore significant than the replaceaent algorith. 

Ilsed {TSAU72]. 

llthough the benefits of good 'prograa stracture are nov vell 

tnovn, the aethods to achieve this goal re.ain diverse. The 

obviolls solution to the, progra. restructu~ing problea ià to 

insist that prograas be vritten vith their dynaaic behavior as 

local as possible. Several pa pers baYe been vritten ta tbis end 
1 

[8CKE69,'BBli10], yet it is i~ ganeral difficult to keep tract of 

the dynaaics of noraal size pr,ograas. 

virtual ae.ory provides little .otivation for prog,raa ~ocality .. 

rhe abu ndaDce of existing, poorly structured prqg raas i,s another 

consideration vhich aust he faced. An alternate approach i8 to 
ln 

aate locality decisions at the coapiler and/or loader level. 

This vould iaply that tbe transfer probahilities b~tveen 

subroutines or procèdures be taovn to tbe co.piler. In a .odlliar 

prograaaing environaent, where independent coapilation of 

routines can occur, this interconnection ~nforaatioD ls' not 

necessaril, available. 

The aost videl, accepted foras of pragraa restEtéfuri~g lise 

special "alltoaatic· algorithas that opera te on 'the en tire 

collection of blocks • and whose onlJ purpose is to assign blocks 

to pages. prograas caa be aodelled ,using a directed graph, 

whereb} tbe aodes and sdges 
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'goa~ of progra_a 

.If 
l ' 

') _ ~J _ 

t' 
-, , 

t 

\ 

·Asaociated vi th each edge ia a 

strength 'of, i~tercoanection~ The 

restru~u.ring i.s to 'group nodes 
1 

so that the 

iat'erconnectioa bel: veen di fferent grou ps is ainiaized, provided 

tbat the groups,' do not exeeed the -page ·size., 

For.all,y, the restructur)~Dg process involves four distinct 
~':r 

, . steps. The pre.1i.inaI:Y' step is the di vision of the progra. ill,to 

b~ocks vhich are relocatab!e iD virtual For 

,r,estructuring to be effectiye, the black sizes should be s_all, 

typically one-tenth ,to' one-third 'the page size [81TF11]. The 

second step eonstructs the graph of, the progra. as previously 

described. It is tbe assign.ent of veights to the graph edges 

vhich different1ates .ost restructuring algori~h.s. The third 

Dstep tates as input the prograa graph and using a clustering 

algorithll,' foras elus,ters of bloc~s vhile tryiDg to mini.ize 
" , 

intercluster'eonneetions. The final step assigns each c!uster to 

a pa.ge".,i.n virtual aeaorl_ This last step assu.es that clusters 

1 
" 1 

1 
1 

, 
/' " 

fit exact!l onto a page, othervlse special cODsid~~ation .ust be 

accorded' to blocks that overl,ap page boundaries.. 

The se~ond phase of the restructuring process. is vhere the-

aost attention has been paid • There are tvo class~s of 

algocithas vhieh are 

static and dynaaie. 

• used to eOJlstruct restructuring graphs: 

statie algorithas. are perforaed using a 

prograa's flo. chart prior to execution and assigns v~ights 

aceording to interbloek conn~tivity and Clclic charact~ristic$ 

(B • .aB12, VEBB11 J. DyDaaic aDalysis iB based on a bloc~. refereDce 

string geaerated darlng the executioD of a 'prograa ,and v,iqhts 
<\.-' 

are assigDed accordiag 
, ~~ 

ta >SU tisties aceuaulated fro. the 

-1,5-
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refereaces [81~P71J_ ........... 

There are 'ad~antages and 'disadvantages to hotb static an~ 

the advantages of tbe' static approach are 

that no reference data is required and ,that restructuring. is 
-

performed independently of the data that the ~r09ram operates on. 

'l'he dis,advan~ages to static algoritJïas are that thèy can ohe 'Iuite 

complex a'n'd experiaenta~ly have shown ta produee only lIinor 

and even anomalou5 results, ' [FBRR14a] .. The 
" . 

advantages of the dyna.ie approaeh are tbat no knowledge of the 

program structure is reguired, apart froll the blacks, and that 

experi.ental rèsults have ~consistently shown, signifieant 

iaprove.ents (BATF71" FBHR14a, ACH178]. The disadvantages of 

dynaaie algorith.s are tbat generating a reasonable length 

reference string can he expensive and tbat the prograll aust he 

aonitored while executing "ty'pieal" inpft dâta. The sensi~vity 

to input data has heen a aajor criticis. against dyna.ie 

restruct ur ing, 
1 

however,. nuaerous experiaen ts" [H1T~11, FEBD14a, 

ACBA18] have indieated that aany types of input invariant 
-prograas existe In general, dynallic restructuring algorithas 

,have hee.o showD to be a aore profi i7able area for research.' 

c 

There exists a ple~hora of dJnaaie rest~ucturing algorit~as, 
, -

eaeh gathering and interpreting a progra.'s reference string i~a 

different manner. 

the unrestructured prograa fet it is difficult to co.pare, these 

'algkit.has and arriYe at a "hast" one. rhe earl,. algoritlaas tbat 
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vere iDtroduced used si.ple and 'easy to iapleaent heu~istics and 

obtëilned rel.àtivel,y, good results .. ' Later algorithlls, called 

strategy-or~ented, atteaptedto get greater iapIo.ements br 

tailoring the restIucturing to s~ecific reflacement p~licies 

ouder vhich the restIuctured progra. would be run. still others 

presented ~lgoI'ithms that provided good rasults, -independent of 

tbe future replaceJlent pOl.ic,Y. Since the variou~ algorithlls are 

desighed to operate cn sfeci~c tYfes cf frograœs ander sp~cif~~ 

l ' { , 

~ , , 

/~ . 
, " , , 

replacement polici es--' and since the published resulta are all 1/-' 

based on experiments using different test prograœs, it is 

iapossible to reach any gl.obal conc1usions. The only observation 

tbat~ can be made is that the initial heuristics used in a 

restructuring algorithm provides ,the ,,, greatest improvements whi1e 

any, refinements regoire more and vmore effort to obtain sllaller 

and saaller gains. It is up to the user to ,decide bov lIucJl~be is 
, 

villing ta pay for the expected benefi t5. 

Dynalllc restructu.cing algoritblls base 
, 

decisiops on 
\)r 

comparative interconnection strengths betveen blacks., Therefore, 

a data structure is Decessary to maintain this infc+aation as the 

reference string i s ~rocess'ed.· The lIost COII.on da ta structure 
1 

Qsed i5 an nXD il1tel'collllectioll lia tl:ix, ... bere n is the nUlI\ber of' 

blacks. Accordin9 to the heuristics of the restructuring 

algorith •• el.ements in the array corresponding to block transfers 

are increaented. since references vithin tl 1110ck are of litt1e, 

restructuring interest, 

zero. 

the diagonal ~f the lIatrix is normally 
/' 

which require sYllaetric _atIice& it i5 
1 

aecessary to store ooly the upfer or 'lo~er ,triangular ma tri 'X •. 

-17-
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Soae Yery siaple restructuring algorithas 8ere'intro«uced br 

Achard et al. [ACH118] vhich laite use of 1vo' fundalenta1 

concepts. The first method ia based on the assuaptioD that a 
'il' 

, 
progral favors a aain nucleus of blacks. ,This )1 ucleus 

Constructing Aigorithm' (ICI) places blocks in virtual lelory in 

decreasing order of theie densities~ Di~ 
~' • -< 

Di = (,B(S)/Si)*ii, 

, ~vhere B (5) is the mean size of all blacks, Si the size of block i 

and ii the veight of block i. The veight" vi is the nUlber of 

tiaes block 1 

absent p~ge or 

pages of an BeA 
, 

A second 

il 
ensuring ,that 

~ 

vas inva.lved in a page fault by referencing an 

being referenced in an absent page. The first fev 

reconstructed progea. contains the n~cleus_ 

a1goritha 

blocks do 

atteapts ta reduce' page ~aults by 

not ov~rlap page boundaries. The 

difficulty vith this approach is' that unused sections of aeaory 

are 18ft at tbe bottoa of soae pages, spreading the progral over 

a geeat er expanse, of viet ual 'aeaory_ An optiaal' placeleot of 

bloclt~, so tbat there is a sinilua of vasted spaces, vould 

require the unrealistic ch6re of enuaerating a11 possible black 

The Great est _Section A.lgoriths (SA) is a 

s~b-opt,iaal aJ.goritha vhich fills a page vi th the g~test size 

block (aodulo, one pag~) vhlch caB be fit in the re.aining space. 

Thus, once the blocks are sorted in decreasi~g order of size, 
D 

repetitiYe scanning of the liat Is all that ia nece~sary. 

(> .1 third algoritha vas introduce4' ,as a co.proaise betveen the 

ICA 4nd'GSl lethods. The First Section Algorithl (FS1) lists the 

b~octs in decr:easlng order "of, density, then it filla t.he pages 
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vitQ blocks ia the sa •• order eacept tlaose .beœ ail oyerl:ap woald 
-occur. uDtil the -page is filled or the list ia co.plet.ely 

'exaaiaed.. The process .ls repeated for all pages until. the l.ist 

,la e:r;ha usted. 
, , 

. bperiaeatally, ,the YSl shoved the grea'test iaproye.ents in 

page fault Eeductioll co.pared to the Ici and GSA~ but at the cost 
< 

o~ iDcreased yirtual progra. space. ~he PSI '.produced block-page 

aaFPiDgs 8ith an a~erage 2: 8S" vast age co.pare,a _.lth 0.31 for the 
j 

GSA.. 'rlae ICl proYided bet.t.er resll1ts tba. t.he GS.l indicaUDCj the 
, ",ot, " 

iaportaDce of the n Bcleus cOJlce~t.. , 

2.3 tH 'elraeas 119t)lQd 

. , 
" 

t . 

Hist.orically ~De of the tlrst aJ.-gorith.s 'f()r a llt9dtic 

progra. restructuring vas presented by Hatfield aï,td G&~ld 

. [B.lf111 ]. fheir learaess 8eth od (III) foc asses upon the aearaess 

latriz, C. This aa t.rix Is generated bl increaent.ing' the ele.eat 
.. 

c(i,j) each tiae cODt.rol is transferred ,froa black i ta black j. 
q, 

Oace the nearDess .a t.rix has been .const.ruct.ed,' the blocks Qf the 

progra. are clustered using an "evaluator". 

1 reasonable eyaluat.or, if all bloçks are tàe sa.e fraction 

of a pa,ge size. aig h t be 

• L c (i,j)p (i~j), 
i..j=l 

Ifhere a is the nu.ber of blocks. and p (i. j) is the pro.babi~i.ty 

"7 that blocks' ~ and j are both in ph Jsical , ae.ory Ifheneyer eitlaer i 

or j ls in phJsical ae.ory_ If "blocks i and j are placed 'on t.he 

saae page then p (i. j) =1, so that for each page a. , 

-:-'19-
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'r c (i., j) 
i,,j e 'a 

is a ter. in tlae eYal.uator. 

, Si.iL arly, if bl.oek i. is OD page a and block j ail page b 

L 
i e a 

L cU.,j).p(a,b) i5 a ter. in the evaluator,. 
j e Il 

vhere p (a,hl is the prollability that pages a and b are both i.D 

pl1ys i:cal eitber is i.l1 physical .elory. 

unfortllDately, as Hatfield and Gera.ld state, the valŒes fdf 

p (a, b) are "coaputatio.nall.y exorbitant" to esti.ate aDd as a 

res.ul t the silpler, , 

E c (i, j) is Ilsed as a practical evaluator. 
i,j e a 

la ·:faet, this e.valuator aiDi.izes page faolts for a me.ory size 

of Dlle page. 

llth~U9~ the !UI gives good restructuring resolts, the Darrov 

ViDd01l (ad jacent 
, . block references) used 

.. . 
can gl.ve 1'001' ordering 

inf9r;llatioo. . For e.xalple [PEBR 74a J, consider t IiO reference 

strillgs 5'1 and 52 COll taining K occurrences of the pattero • ij ._ 

,In 51 the patterns are spread oot vhile in 52 they are 
./ 

co Dsectlti Ye. The value of c (i, j) in the nearness .auix viII be 

K for both S1 and 52 but c (j, i) is zero tor 51 and K-l for 52. 

Thus, the probability of clustering blacks i and j togetber is 

great.er'tor 52. Hovever, the FJ:obability of a .tault, if blocks i 

clJld j are .Dot c.lusterEd together, is greater for 51 {k tau.lts in 

"the vorst case) tban for 52 {a t .ost oue tault Iii th} any 

rèaSOllable replaceaent algol: it.bll). 

In geoeral, the DEarness lIethod~ iaproTes . pag in 9 perfor!lance 

ill terlS of a reductioD i.D page fau1ts and DecessarJ .e.ory 
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, ' 

al19cation. The conceF,~ of the' Ilearness llatrix provided a soli.d 

base frol vhiéh ot,hers have introdllcÉd .ore soph,isticatèd, 

restructuriDg, algorithas. 

) .. 
~aasyda'§ ftethod 

, 1 

A restructuring a~gorith. vas introduced 1)1 !asuda" e~ al. 
, 

Ilsing an extension of the nearness let hod, w i th the goal of 
, 

redllcing the average ljIorkiny set size [lIASU7Q J- This strategy' 

,dependent a1goritha. extends the HM hy considerin9 '"n'earness" to ' 

be not o.n1y the previous block reference bllt "rece.nt" references 

, as ,yè1l. 

7he approach used is basically a .iniature lIorti.Dg set vhere 

an ele.ent r (i,j) of the sy •• -etric vorkiJ1g set closeness latrix, 

B. Ï;r5 i ncre.ented each tile blocks i, and j are both resident in 

. this· w or tin 9 set .. flle set aelbership is the 
\ 

deterlÙned fro • 

blacks referenced vithin a vindov of size t. J, 

.i.. e. Ji' = {r (i , j ) } .for i# j i,j = l,2,:. ••• n 

(n = nu.ber' of blgcltsf. 

Theo .r(i,j) .LS de.fined as fo110vs: 

r (i,j) = L Dijk 
k 

{ 
, 

where Diji: = 1 if i,j are referenced i~ the illterval [ k-t,k] 

0 ofhervise. 

xt shou.ld be noted that iD the special' c~se vhere t= 1, the 
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:c.losèDess aatrix R ls idellticill- to Ha't'fleld an'd Gerald's nearlless' 

aa trix C. "The se~ectioa of a valUE for t ls' deterlined fra. the 

,',àaio aeaory size,. the degr,ee of multiprog ralllDing, the page 

replace.eut algorithll and the prograll referel1ce patterns. A, 
1 

reasonab~e value of ,t would be ~n the order of the average, 

4terva.1 between page fauJ.ts. 

{)Jlce li has been constructed, blacks are clus teIed using the, 

follolling strength of connection evaluator, 

Bfg ~ (1/ (st L- L + 5g» r li, j) 
) i € t j i: g, 

, IlÀere Sf iUld -Sg 'are the, sizes of cluster f and 9 respecti vell, 

that is, 
, 

- Sf ,;: s(j) and s(i) = size of block i.' 

'/ , 
the clustering proces,s sel.~cts the .ost ~troDgly conDected 

pair of ~lusters (WheIe a cluster consists of one or aare bloçks) 

oae after an6ther, iD a hierarcbical manner, as long as the 

'cl.uster si2e does not'exceed the page size. 

lIasuda' s methed Fred uces a sig nifica nt reduçtion in the 

lIol:king set size (35-401) and in general produces l:etter resalts 

than tbe nearness aethod due ta its broader, ,field of 

ob sen'a tion .. 

2.5, IBBMI Ilg0ri~la. 

A aodified versioD of Masuda'5 algori th. lias presented' bj' 

, Achard et al. under the name ARBRE [ ACHA18]. The eva,luator in 

.I!asuda' s aetho4 vas of the fora: 
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Bfg= L L r (i, j) for clusters f and g. 
.i e f j e g 

'l'he ~BBBB algoritbll uses the Jaccard index, 

S'fg = Big / (Uig + Vfg) vhere 

,Ofg = t L:. r (i, j) (interc6nnection betve~n cluster 
'" ~, i E f ;j ~ cJ f and ~ll clusters other tban g) 

and 'ftg- = L L r (i, j) {interconnectioD betveen cluster 
i • .f j e 9 g and aIl cl usters other than -f). 

Achard claias ail, illprovellent OYer ltasuda's al.gori th. of up 
\ ~ \ 1 

t,à 15J and bases this on the rel,ative importance of li~lts betlleen 

b-locks ra ther th,an the\ absolute illport ance. 
)0 

One of the 1I0st important co.cepts in, strategl-oxiented· 

progra. restructuring i5 that of "critical a190ri th.s'·. Tbis 

, class of algo~ith.s lias introduced by Ferrari [PEBB74b, 76] as d 

unifora lIethod for translatlng a block reference string int~ 

relevant locali ty information .. Regardles,s of the ,page 

replacellent policy ,being used, there exists a tan}' yiven tille, a 
group of resident blocks. If the next reference in the block 

.) 

reference string is to ,one of the resident hlocks then l:bat 

,reference viII Dot cau~e a page fault. If, hovever, the oext 

reference 'is a "critical reference", ·that is, a reference to a 

non-resident block, theo clustering this black vith the resident 

ones will pre ven t , a fauIt froll occurc ing. 

restructuring a~gorith. 'will increllent '(by one) the lIeights of 
. 

each 'edge con~cting the cri tica~ reterence tCl aIl of the bloçks 
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tAat are resident aecording,to the paging poliey. 

In restructuring algor'ithls, ~ grea t dea~ of pr,ocessing tille 

i5 "spent interpreting the'block reference strin~ arrd increllenting 

aa trix ele ments. BJ using a critical algorithm, only critical 

references cause ma trix updates, often re sulti09 in faster 
1 

pro~esst.ng • Allothe.c significant feature is that critical 

algoritbms can be aFplied to fixed and variab~e partition 

reF~ace.ent poli ci es as long as the portion of a progIal resident 
1. 

in-.ain memory at ail)' instant can be derived or estimated troll 

the behavior of the pro gram and the index to te aini.ized is tbe 

page fault rate [FERR76 J. 

POl' the most part, Ferrari has concentLated bis study of 

progra. res'tructuring on the working set environment [FER_R73, 

7"a, 75]~ The Crl.tical Worki.ng Set (CliS) allJori thm 1S designed 

to be- tuned to the working set page replacement pelie)' an~ in 

particular to the window size T beiny used. The CWS algorifhm 

defines a block working set, Wb (t, T), at time t, as thase blocks 

wbich are ce.fecenced by the black referenee stci 0 9 

S=r(1),c(2), ••• in 'the ,interval (t-X,T]. A block working set 

lib (t,!)" is said ta be critical if r(t+1) is not in Wb(t,T). In 

tbis case, r(t+l) is called a critical reference. The CilS 

algorithm Increments aIl the veights of the edges connecting a 

critically referenced .tlock to aIl the meabers of Wb ..,hen d ,;'; fz'( 

critical reference occurs. Pract~cally, the edge veigbts are 

represented by the CYS lIatrix C IIhere c (i,j) corresponds to the 

edge connecting block i to black j. If block i ~s a critical 

reference dnd block j is a lIellber of Wb then c (i,j) is 

incre.ented. If blocks i and j vere grouped togetber on the saae 
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,~a,ge, t.l1eo c (i,j) +c (j,i), cri"tical refereDces WQuld disappear. By 

définition, the diagona~ ele.ents of C are aU zero .. 
, 

Once the CliS aatrix is cOllpleted, a elustering ~gorit.hll is 

applied to determine the block-to-.t>aye mappings. If eaeh page 

contains no more thdD t .. 'o blacks 
~ 

then the CiS m~tbod is optillal. 

The froof" of optillality COII~S from noti Dg tha t for any 

cl ustering, the sum of in tercluster eonnectio ns is e~ual 1to the 

nu liber cf referellees t hat a re cri tieal in th,e bJoek reference 

string and non-cri tical' in the' page re.ference .. string., Thus, 

lIax illi% iog the ~ntereluster connections is eyui valen t ta 

Jlinillizing the nUlllber of page taults. If there are more than t .. o , 
blacks fer page, th~n this argument is no longer valid sinee the 

, .SUII of the intracl uster connections diffe rs frolll the n UII ber of 

eritieal ref~rences which became non-critical due ta clusteriog. 

There is no vay of com~uting this difference trolll the CYS matrix 

[PERB74aJ_ Por example, consider three blacks A, Band C vhere C 

is re.fecenced onl.}' once. If C is referenced .IIhen' A aod B are 

resident blocks then t."o el.~lIIeDts of the CWS matri x are 

inctellented, CliS (C,A) and CliS (C,B).. If C WdS then clustered, 

'along vith blacks A and B, one page fauIt,lIould be eliminated 

ev en t hough the intercluste r connections increased, by t.,a 

(CilS (C, 1j + CliS (C, B) ).. Thus, there is no discernible corr~l.a tion 

between the CilS matlix values and the reduction iA page faults 

for .ore than ho blacks per page. 

so 

The CliS lIethod can treat data and instructioD~ indepe,ndently 

that they cao lle cestructured ioto se~arate\pages. This 

uréaks the restrueturing iota tvo lIore lIanageab~e problells. The 

CliS .ethod gives . good experi.ental results, and shows 
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iaproyeaellt of 12-351 orec the aearn8SS aethoa. 

!rhe .ajority of progrll. .restructuring algorithas use soae 

fora of the vorking set concept ta isolate ptogra. localit.i.es. 

An extensive study!ly lIadlsoD and Batson of progra8 local1.ty, 

resulted in Il sodel of prograa behaV'ior that sllggests an 

alternate aethod to dater.ine localiti.es [8ADI16] .. 

The loca1ity" lIodel 1.s based on an Lau stack IIhere a black 's 

p<ifition in the stack is deter.ined froll its 80st recent ase, 
, 

~hat, is, the sost recently re,terenced black ls a t depth 1, the 

",secQnd aost receotly referenced block is at depth 2" etc.. For 
, 

- any position i. io the stack, the topaost i' blocks are the i 1I0st 

recentl y réferenced blocks. 8a41soD and' Ba tson define an 

extended LBU stack vhich ,lIaintains not only arder' of lIost recent 

ase bu t the tiae at vbieh the bl.ock a t depth i vas last 

referenced, si., and the tille at IIhich a reference vas Iast lIade 
, 

to Il pos1.tion g1"ea ter than i, Ti (Fig. 2b). ln "aetivity set",-

Ai,- at tille t, can then he /clefined as, the set of blacks at deptb 

i, in the LRU hierarchy in vhich every set, lIellber has been 

rereferented sinee the set Il,as foued, or equivalenUy, ,litt) is 

the top.ost i blacks for IIhich Si (t) > Ti (t) .. In Fig.. 2a the 

act.i'lity sets at t=30 are {D}. {C,D}. and (l,S,e,D). "ben a 

,'reference ls sade to a position belov a particu1ar act.ivity set 
, , 

, then it is terainated. Th,: li,fetiae of the acti vit y set. Li, is 

thus the interyal of t.i.e betveen set for.a tion (Ti) and 

ter.ination.. A "Bounded J.ocality 1nterval" is defined as t.he 

1 

" -26-
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2-tllple COJlais~iDg of an actiYitr set aeabersJalp, li, and its 

lifatiae, Li. ) 

If at ti.e t, tvo acti vit Y sets, Ai (t) and Aj (t) exist vhere 

i < j, 1 then by definition Al(t) is a subset of 1j (t) and Li < Lj • 

rhis property .eans that BLIs at a particular tiae deter.iAe a 

hierarchy in t~r.s of bath set le.bership and Iifetiae. .The 

,"level" of a 81.1\ is its distance dovn in the hie ra rchy , sueh that 

a BLl at Ieve~ 1 contains the largest aetivity set .. The lIigher. 

the level of a BL1, the s_aller its activity set and the shorter 

its lif etlle (Fig. 2). The three '.ain ,fea tures of BLIs ean be 

,su._arited as follovs: 

a) the} correspond ta aost int'aitive notions of vhat 

cODSti t utes a "local.itr" 

h) the definitioD is independent of paraaeters such as 

vi.ndow s 

, c) the hierarchical nature o.f locali,ties is i.pleleDted 
i 

in the definition. 

s~~ce BLIs are deterllined independent of para.etecs it: is' 

ve~l suited as a basis for strategy-independ~Dt restruetl1ring 

te~hlliques. ~~K~bayashi has, proposed a set of restructuring 

algorith.s vhich at te.pt.. to decrease the tesidell t set size of a 

progra_ bJ grouping together blacks o.f high level aeti vit} sets 

(KOB177J. The Aetivity Set llgori-thll-1 (151) incre.ents the edge 

weights betveen blocks i and j bJ the value of the level of the 
'" 

!i.allest activitr set (highest level) to vhich the} both belongoo

tlais is accolp~ished by increaeutiDg the lIeights bJ ODe eaeb ti.e' 

the' pail:' of blocks becoae .eabers ,of a -nev activity set. Olle to 
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the hierarchical. pro~er~y of BLIs, the blocksthat al:e aetivi ty 

set lIellbers at l.evel, 3, for exallple, are also .e.bErs at Ievels 2 

and 1, hence, increllentinq one at a tille is eCjuiva~ent to setting 
J 

the veight egual to three. 

If the oumber of BLI ~evels 01: the average size of l~fv!'tl 1 

activity sets is small, theo a simpler algorithu can be useâ • 
, ' 

The Activity Set Algorithm-2 (AS~) focusses on level 1 activity 

sets ooly and increments by one the edge weights betlleen blocks 

vhich belong ta an activi,ty set of level 1. 

One 'factor iohere,nt in hath A51 aod AS2 aLises froll the fact ' 
1 

Uat no ti.e par'àmeter is used in the establishlDen t of activi ty, 

sets. This deticiency can, result io unLefeLellced' lIIellbers 

re.ainiDq io the activity set. A aetbod sU9gested by Kobayashi 

for rellOY ing inacti ve lIellbers is ta introd Uce a paralleter ,A 

siailiar to the vortilly set windo'W. This allolls the d~finition 

of tbe strict activity set at Ulle t as an activity set, aIl the 

blocks of whicb bave ,been referenced after the tille t-A. strict 

activity sets do not alter the hierarchical structure, of BLIs .. 

If strict acti vi ty sets are used in ,place 0.1 reg ular activi ty 

sets' in the AS 1 and AS2 algor ithllS, then analagous strict 

lctivity ,Set AlgorithJt-l (SA S 1) and strict AcU vi ty Set 

11gorithra- 2 (SA52) can be considered .. 

Kobayashi coapared the four BLI-based a.lgoItithàs to strategy 

dependeot algorithllls in both a w<>rking set and LRU environment. 

The results shaved tha taIt hough algor ft:has AS1 and AS2 did not 

reduce page faults to the sale degree as the strategy dependent 

-algorithlli's, their 

surprising, aspect 

, ' 

perforlllance vas .. sa tisfac torily close". The 

of the experiment vas that the S151 and 5152--#,1, 
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algorithas v4itre Dot as effective as the ~S1 and 'IS2 algorithas'. 
\ 

Th~raaDC~ lias attribute4 to the relati v~ly ~olrg aYerage 

lifetiae of BLIs. 

2. e çJ.gs~e,iu ll.qoritb.§ 

10 alaost all of the restructuriog a1gor1 th.s l~resented, the 

eaphasis bas been 00 deteraining the streagth of, interconnections 

hetlleen progra. blocks. Once the iDtetdependence of these blocks 

has bee~ established, the prohle. of grouping or clustering these 

""4''' .. - .. :--

',' 

l ' 
, 1 1 

1 l, 

1 
l, 

'1 
, \ 

}-

blocks i8 faced. The reasoo aost restructuring papers skia over " 

the clusterin9 aspect is Dot because it' is of aioor i.portance, 

but rather that the 'subject is Ifell knolln and eXha'ustivelr 

'docuaented. 

Foraally, the clusteriDg prob1ea can be stated as fol10vs 

[ BIBa79]: 

. 
'Let V (X.i,lj) deo0teethe~tintercon~ection ~t'f'een cl.'lsters_-li 

and ~j, then, ;' 

Y{Xi,Xj) = L L, SkI,' 
,k e Xi 1 e Ij 

vhere skI is the interçonoectioD betveen blocks k and '1. Por à, ' , \ 
, \ 

, 'parUcular page aappiog of c clusters, the total interconoection ') 

betveen pages is gi Yen by, 

C = c (X1. ~2, • .,.. Xc) ':: L 'y (Xi ,.Xj) 
1-Si<jSc 

Thus, C 18 a \ a.asare of the page faul.t rilte for -a particular 

aapping. por a aeaory size of one page, C vou.ld he in fact the 

actila.l, page 'falllt ra;te. 
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T'he idea~ goa:l 

'tbe" Dumber of 

of the cl usteting procedure 

pages reg uired and 2) the 

is to miniaize: 

interconnection 

betlleen,. pages. 

~.f ODe considers the interconnection of blocks in terms of 

the restructuring graph the clustering prob.lell is a subset of the 

vell known "graph partitionillg problell1" {KERN69J_ ,As well, 

71 uster ing is an ex tension of the "bin packing prolllem~ [JOH N74 J. 

Given a set of bins 'of Ilnit height ,and , " se911eots of length 

a(i) € (0,1] i=1,2,_ ... ,n find the assignlIIent of 5~gments to bins 

',that ainimizes the number of biJls use!'! provided the sum of the 

1engths of seg men ts in each bin is at lost one. 
, 
Regar~less of what Dame i5 used ta describe the distribution 

1 

of program code, the problem is NP-complete, t~at is, a(J0vn 

a1gorithIIIs may require the enumeratioD of all possibl.e mappings 

in the 11 or st case. Ta appreciate the magnitude of ~his problelD 

consider a' proyram ot n Fages, b blocks and assume b/n hlocks per 

page. The nu. ber 0 f unigue pactitioD5 is:-

P = b! 1 (nI ((b/D)!)Un) {PAR'I79]. 

If, for example, a 10 page program conrists of QO blocks 

vhich are distributed 

IPdi5tinc t parti tions .. It 

as, 4 bl.ocks/page, there ar-e 3.5 x 1027 

is cl.early .futile to enumerate aIl the 

partitions and the r:robability of hitting upon an optimal , , 
sol.ution at candoll is exceeding1y slla~l, Even i.f hundreds exist. 

( 

In .. ost cases, warrant J:estructucing are 

significantly larg~r than the exallple given, which indicates the 

need for sub- optima~ heuristics ... 

1 unify ing feature of' .ost heuristics foc prog raa 

restrocturing . is t.hat . of hierarchical clust.ering. consider a 
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sequence of partitioDs vhicll group Il objects tato cSn cl~sters. 
,1 

-Tite initial partiti~n contains n c1usters of one object each. 

The second partition contains u-1 clnsters, t.he third n-2, and so 

on unti1 the ~-th partition in vhich all the objects fo~. on'e 

c~aster_ A position in the sequence la denoted hy a levei 

nu.ber, IIhere leve1 k oecurs ~he leve1 1 

correspond to c=n and level n to c=1. If the sequence has the' 

property that .. henever tvo objects are grouped togetber at leve! 

le they reuin toge ther at higher le vels then the sequence la 

'ca;lled a hierarchical clastering [DODA 73]. 

Uierarchical cl.usterings can be graphi.c:allJ displayéd using 

a tree called a "dendrograa" ("arborescence ft (lCHA18])- Fig. 3 

ill.ùstr ates a dendrogra. for a cl uateri,Ag of six objects. 

';ariations of the de,1ldrogra. are often used IIhere the yertical' 

axis d enotes the strength of cODnection hetveeD cl asters aS 

op posed to the le'e 1 J: fUSU 7 Il, lC HI18]. 

llost restructuring a1gorithas [l'EBi7J, IUSD711, lCH118] Use 

c~nstra.ined st.epllise opti.aal cl.uster ing_ 

{~ABB79 J descri..be this procedllre as fo~~ovs: 

Barrese -aad Shapiro 

.. 7 Ste!>. 1: 

, ~step 2: 

set c=n and Xi={bl.ock il, i=1,2, ••• ,D. f' 

Find a pàir of ,clusters Xi and Xj that r~dllce the 

cost functioD (page in t.ercolln.ectioDs) as lIuch as 

possib1e sllbject ta the constraint that: 

. L s (k) :5; PS i.e. ~he page size is Dot 
k e (Xi. 0 Ij) 

exceeded ( s (k) =size of block k, PS=page size J. 

X:f no Buch pair exists,' then halte 
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step J: Replace Xi Dy (li u Xj) IIhere i(j, delete Xj aod . 
set c=c-l. 'f 

/ 

Step Il: fJpdate b~ock intercoAnections [Sij l. 

step 5: Go to 5tep 2. 

The "constraint" of the alg,oritha is .:be page size 'liait alld 
, 

the "stepvise opti8a1ity" results fro.' the fact that for each 

Iteration the hest c1uster iDg is made. 
r 

Though the cl ustering 

he 9. ri st,ics described are sllb-opti.al, the results~ of Ferrari aDd 

others indicate that their perforaance is acceptab1e. 

2. 9 ~!leDçing Al.g9,i.~h.§ 

The aajor constraint in pro9raa restructurin9 i8 the p~ge 

l' t ,size liait iaposed OD t.he c1usters. A reason for this cODstraint 

is to achieve an independence betvee.ll pages. If b10cks do Dot 

ove.r1ap page boundari.es then there is no illplied continllity 

b~tveen consecut.ive pages in virtua1 lIea.ory_. This i8 an 

iapol:ta.nt' point if the restructured prograa is to be raD, IInder 

various page replace_e'nt po~icies or onder an LBU 

varyi.ng ae.ory allocatic!0_ As far as vorking set policies are 

cODceroed, ftasuda [1I&5U14] suggests that a1.}.0ling clllsters to 
\ 

cov~r several;, pages vithout cOAsiderat;l.oD. of pag, size aight be a 
" 

bet.ter approach_ " 

If one aaintains the page size liait on clusters; as .ost 

do, t.hen another prob1ea arises. SiDce the blocks of prggraas 

ury great1y in Bize .it is ineYitab,le - that gaps or ho1es will 
, 

occur vhen clusters are aapped ~onto pages- ls Batfie1d aDd 
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Gerald [81IF71] state, the presence of holes spreads tàe clusters 
~. 

OTer a greater Tirtual space. 'lhis requires, OD the average, 

.ore pages to be in physica1. .eaory for the saae Duaber of 

instructions executed vithout a' page fau1t.. Clear1.y this ls 
, . 

detriaental to the goal of restruct ur ing. Ols an ~1.~èJ:'nat.ive 

approach, clusters can be packed together across page boundaries 

lea vil1g no ho1es. Batfield and' Gera1.d indicate the relative 

success of this approach trom theïr exp~rience. Ferrari [FBBR73] 

packs his c1.usters as weIl, but peraits theïr sizes ta be 

"s1.ight1.y larger" than the page size in the hope of balancing 

things out. 
,1 

If the blacks are a1.l01led to' cross the pa'ge boondaries then 

it ~is i.portant ta seguence the clusters intel1.igent1.y 
/ 

since a 

block • t hat crosses a boundary vill probably reg uire that bath 

pag:es he in physical me.ory vithin a short \ period of time. 

Batfield and Gera1.d define" the seguencing prohlem as f011.01ls. 

If t:he strength of interconnection betveen t1l0 c1.usters 1 
"~ 

and 1 can be considered as the SUII of interconnections c (i,j) of 

blocks. froll one cluster ta blacks in ~nother, 

i.e. 

then an 

L 
i ~ 1 

~ c(i,j) = a~,Y) 
j e y 

optiaal sequencing can be fou~d by solviag the aaXimal 

tour '(travelling salesaan) prob1.ea on the aatrix 1= {a}. This 

means fjnding a circuit of clusters that maxiaizes the sum qf the 

transition val ues a (1,1) 'betveen adjacent clusters. since the 

tra veUing sa1.esaan problea is a ve11 known BP-coaplete problea 

[GARE79], Hat'field and Gerald suggest a siaple heuristic approach 

vhich they c1aia gi ves °good results. The "nearest city" or 
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~'gree4l· algoritba begins hl sel.ecting a~ arbitrar! clust9r. 1. 

aDa p.laciag after it tàe cluster. 1. vith the largest .. alue of 

~l(I.I). rhe process is repeated for eaCÀ additioul cluster, at 

eacÀ step selecting the best candidate. Hatfield and Gerald 

suggést that the sequencing caB be iDitially hiased hl sel~cti.g 

tàe tvo c1usters vith the, greate$t transitioA walue in 1. 
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e".pt •. 3 

" . 
lÀ deaand paging systeas, only t4e, page' causing a fault is 

fet~hed. Intuitively it wou~d see. reasonable to 10a4 not only 

the a1ssing page but also those pages that wil~ ~e regu1red in 
, 

the ~ear future. The ability to deterlline the future ciccessing 

of pages is normally a difficult task. Rovever, prograa 

rasteuct'ur ing provides page interconnec ti vi ty information. 

, O'tilizing this inforllatio~ to ,predictively reducé page faults 

'appears to be an area worth examining. 

Unlike standard aemory manageaent technigues that are basad 

on cause/effect actions, predictive meaory aanagement uses past 

experience to predict future , prograa behavior. Predictive 

elements can be fO,uud in even classical delland paging policiês 

sucb ' as 1"11"0, LiU and ifS. These polieies base resident set. 

aeabership on the prediction that the lIembers are 'likely ta be, 

referenced in the near futuce... Predictive strategies can also be 
1 

'found at the CPU level in instcuction 'look-aside bufters and 

cache .e.ories ... Both cOllaon devices ,provide excellEm t resul'ts 

since the loca~ity prin,ciple predicts a slow change, in the active 

section of a prograa at the aicroscopic leve~. ' 
1 

, The interest in predictive aeaory policies and in'partieu~ar 

predictive fetching ,(prefetchipg. pcepagingj • steas fcoa 

observa tions of progra. locality characteri-stics: Prograas can 

be aodelled as a seguenc~ of stable, relatively long-lived phas~s 

during vhich, a smal1 sabset of, pages ace referenced [flADI16-].. 

These s'ubsets chélnge aeabership slowly dllJ?'i"ng a phase 50 that 

doud, pagi.og technigues are sufficie,n t. During tral,l8Î tions froa 

-\ 
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oue phase to another, hovever, the contents of 

can he raaicaIIy aitered. In tact, tbe aajority 

occur during phase transitions. Theability ta 

set aellbership J:"apidIy and correctly by 

a~gorithms ls theretor~ potentially of value. 

the resident set 

of page taults 

change resldent 

using prepagi~g 

When a page tauit occurs, prepaging pOlicies attempt ta load 

not oniy the demanded page, but any ~ther pages that might be 

referenced soott atter. By prefetching a page that is referenced 

10 the oear future, a,fauit is elimioated. If a bad prefetch is 

made, the cost to the sys~em ls that a good ~age aay have been 

discarded (LRU) or the memory size is increased by one page for 

the duration of the ~indov (WS). One important assum~tion used 

in just1fying pre~aging i$ that there is na significant cost 

ditferential between loadlng one page or several fages. Since 

the access, times far existing externai mellory deviç~_s ~ are lIuch 
o 

10Dger tban the transter times, this assumption appears to be 

a~proximately valide 

!any predictive management strategies, have beeu proposed in 

the past but none have proved ta te practicai tor ilpleaentation 

on a large scal~. Althaugh the imlrovemeots made by predictive 

algorithas are legitillate, it is important to consider the. in 

the pro~er contexte In lIost cases, the gains made by predictive 

a~gorith~s are at the e~pense of increased page tratfic (fetches 

an d replacements).. E'yen thaugb a prog ram is not being e~ecuted 

whi~~ vaiting for a page traDsf~, it is resident and tyiog up 

raal resol1rc:;es. The incx:eased page tr~ffic has a dire,ct beariog 

00 t~e throQghput of a computer sy,tem and ia 

to maDJ predictive al'gorithms. DJpitE all these factox:s, the 

'----~ 

a major objection 
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ga.i.ilS that CaB be aade by ~pref·etching algorithas are still 

significant. Bence, predictive aeaory aanageaent techniques are 

of iDterest in those cases vhere the be'Defits outveigh the costs. 

One-Block Lookahead (OBL) is thè classical prepagiDg 

algoritha introdoced by Joseph [JOSE10]_ The strategy atte.pts . 
to load the demanded page into main mellory, along vith the 

following page, if that neighbor is bot already'resident. 08L, 
, 

beiDg a fixed-partition algorithll, provides a special buffer 

page-frame into whicb prefetched pages are loaded. If this page 

is referenced before the next fault then it is retained in 
1 

_eaory, othervise it i8 overvritten vith the next prefetch. 

• Thos, the space cast of OOL is 'one extra page. 

Onder certain conditions such as matrix manipulations, data 

references in a prograa vhich alternate betveen 
. 

one group of 

pages (ftatrix ~) and another (Batrix B) may cause the OBL buffer 
* 

to, be continuously reveitten, desteoying useful prefetches. This 

def iciency la corrected in another algorith_ suggested by Joseph. 

Siaple Prediction (SP) opera'tes the saae as OBL except tbat no 

special buffer is used. Unlike OBL, a bad prefetch in SP vil1 

reaain resident ontil the standard replaceaent policy discards 

it. This last factor explains the increase in aeaory reguired 

for SP applica tions. 

In ,siaolatioDs perforaed by Joseph [JOSB10], tbe fault rate 

vas foand to decrease by 25-351 for OBL and 50-151 for SP. ~he 
, 

space-t'iae product, hOllever, increased br a factor of 1-151 for 
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,OBJ. and 20-301 for SPa lnotber side-effect - of predicti~e 

algorithas is~be increase in page discards due to failed 

prefetches. 

a 201 rise. 

POl' 'OBL" this increase vas about 50" "bile SP sho.ad 

In 1976, Baer and' Sager introduced a pair 'of prepaging' 

to iaprove paging algorithas [BAER16]. Theil' 'intention vas 

perforaance hy dynamically alterin9~ the page predictions during 
",/ 

progra. execution. The rationale bebind this approach ia that 

sequential prefetches (OBL) are not alvays beneficial and for 

tbese Cases 1t is desirab1e to change predictions for future 

faults. Hopeful1.y, as prograll e xecuti on prog resses, the 

prepaging po1icy vi11 correct poor prefetches by replacing the. 

vith "hetter" on~s. 

The Spatial Locality (st) algoritha keeps track of vhicb 

page to prefetcb hy usiog a predecessor fnAction, PRED. Given a 

\' fault ta page l, PBBD(~) viII iodicate vàich page ahould be 

pretetcbed. 1 variable LAST is also used ta record the la st page 

that faulted. I~itially, PKED(I)=I.1 for all Fages land LAST'is 

set to so.e nul1 Taiue. The starting predictions are seguential 

as in OBL. Consider during progra. execntion, a reference to 

page q vhich causes Cl fauit. If preloading did Dot occur on the 

prewious fault or if the pre~oaded page vas Dot referenced (bad 

prefetch) then update PBED,LAS7)~g. If PBBD(q) is not resident, 

theli preload it iato the position of lo.est priority accordiag to 

the replace.ent policJ~ Pinally, set L1ST=q. 
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%he Te.poral Locality (~~) .ethod operates the sa.e as SL 

except that LAS~ records the page referenced i • .ediately prior to 

the fault-causing page. 

5i.,,1at10n results [ BABB76] indieate the relative 

s~per~ority of both SL and TL over OBt. The .ajor disadv~nta~e 

to these algorithas is the overhead reguired ta perfora dyna.ie 

c.llanljes aod the cast of fast register storage to i.p.le.ent the 

PllBD table. / 

f ' 

3.3 lree~Dg ~lLf,JtPI!dlll'g Ilg2IUIII! 

1 class of algor i th.s lias presented by Tri.edi ( TRIV711. 76, 

77 ] vith the objective of using predictive paging techniques to 

suppleaent rather than replace existing demand paging aigorithms. 

The key to Freeing D,e.and' 1'agin9 Algorithas (FDl'ls) is that 
, 

uuIike seguentiai prefetching schemes, the isolation and r~.ovai 

of the old locality set is of egual, if, not more importance than 

the Ioading of the De~ locality set. FDPls require the existance 

of t1l0 special priaitives that "suggest" paging actions to the 

operating syste.. These priaitives are inserted into a progra. 

either bl the progra •• er or the coapiler, in an atte.pt to 

iodicate the prograa's lacro-behavior. The priai ti va FREE (1) is 

used IIhen page X will not be usea in the -near- future, while 

PllB(I) is inserted IIhen it 18 desirable to prefeteh page 1. 

The operating system treats the Aboye priaitiY8S as adyiee 

rather than coaaands. The priaitives aaJ he executed 

iaaedia tell, deferr,ed or eyell ignored. The 8yatea will not a1lo1l 

,prefetches ta occur at the eJ:pense of, useful pages alreadl 
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residaDt. fhe ayai~abl~ space that, arises vhen reguests are aade, 

to free pages i8 Dsed for prèfetching pur poses. 1 t i 8 assuaad 

that prefetch reg~ests are usually valid .. so prefet,?hed pages :are 

not replaced unlesa they are referenced a,t least once. These 

ce'1uire.~nts are ,iaple.ented toprevent the aisuse of aeaory 

space hy naive nsers. 

siaulations using an FDPA in an Lau environaent vere 
\ 

perforaed on array aaniplllatiJ;.s vi th good resul ta - (TR1V16 l. 

Fault rates lover tban LBU were attained at large allocatiQns Qf 

aeaory for aIl aatrix operations while page fetch, traffic for one 

siaulation approached th~t of LBU. 

Stadies by Burris "and POQch hàve re8ulted 'in nu.erous p~ge 

~lustering algoritbas whieh are used, to predict a progra.'s 

loeality based upon' dynaaic ,beha vior [ POOC16a. 16b]. One 

algoritha in partieular, the Dynaa~e !~trix Bodel (D8!). bullds, 

drnaaie clusters of ,pages during progra. execution aecordlng ,to 

"tiae and reference" relations [BU~B17]. These clusters are tbem 

nsed to ainiaize future' page faults and overall aeaocy space. 

IYerr page has assoolated vith it, a clnster of, pages. 
1 

"'aGnever a page faults, aIl the aeabers of its cluster are loaded 

tato aeaory if they are Dot already resident. As vell, those 

resident pages that ,are not in the current c~uster are reaoYed~ 

The physical aeaory reguired bI, a, progeaa ls thus d,pend,ent upo~ 

tae size of the claster a~sociated vith the .ost recently 

'refereaced page. When control is 'transferred froa one residèut 
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page to another, pages Dot in the cluster of the nevl, referenced 

, pag'e aaJ be re.oved. 

Burris goes into great detail about hov the clusters are 

Ba~ica~11, the algotith. ill'volves a cODtinuous' 

Qpd~tin9 of a binary satrix vhere the .atrix eleaents correspond 

to page interreferences. Whenever page i faults, the non-zero 

elements in row i of the matrix indicate cluster seabers. The 
1 

actual pro cess is so.evhat sore complex and includes a ~ethod for' 

l~.iting the size of a cluster. 

, The simulation 
\.. 

iaproveaen't ~ both 

t'esui ts, of Burris [BOBIl77] indicate, an , , 

fault rate ·and .e.ory size over standard , 

, ~paji.ng algorJ.thas, hovever, no 'mention is made of the type ~f 
, . 

programs being'simulated and the ~eference strings used are guite 
, 

short (5000 to 9000 references). l .ajor drawback to this and 

siailar algorith.s is the treaendous overhead required by the 
, , ' 

operating 'syste. to aaintaiD c~uster infor.atlon" for eyery 

resident progra •• 
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In chapter 2 a nuaber of progra. restructuring algorithas 

vere presented. For the aost part. these algorithas<eaphasized 

:' the accuau;lation of interconnecti vit Y inforaa tiOJl as -opposed to 
C" 

, " 

the clustering of blocks. Although the greatest perfo~aance 

i.pro~e.ents can be attributed ta the isolation of localities. 

further red,uctions can still· bé .acie hy a aore intelligent 

clustering. 

By "far the least ile.ll-defined aspects of c~ustering concern l' 
clust.er size and 'the aapping of clusters onta' pages. 'l'heoretica1 

. 
analysis ,usually assumes the' unrealistic case of equal-sized 

black.s th'at are a s8all traction ,of the page size. This type of 

analysis aight perait a bett~r understanding of the algoritba but 

it provides no indication of nov the algoritha should be applied 

to ft real n progra as. Most restruèturing algocithas specify a 

aa~iau. cluster size of one page. If these clusters are aapped 

directly onto pages, there are no blacks split over page 

boundaries~ !his desirable feature has the unfortunate side 

effect of wasting space at the eDds of aost' pages. Obviously the 

restructur~d prograa aust then be stretched ovec a greater auaber 

of' pages and viII often reguire a greater a vez;age aeaory size. 

Batfield and Ger,a1d's experience, has indicated t.he u~uitabilitJ 

of. this appro_ch {81'1'1'11]. 

One aethod that could be atteapted to aiDiaize the uDused 

.e.ory on pages Mould be ta fill this spaèe .ith blocks that did 

Dot get clust~red. Although there are alaost alvaJs aaaJ of 

the se blacks left over, their Duaber ls depeadeat UpOD the lengtk 
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of the ~ference string used for 
./ 

restructuring and the data used 
1. 

hy the progra~. :It ia Dot realistic to aasuae Uat . there are· 

alvays enough free' blocks to reduce the vasted space to ~ 

negligible a.ount. 

If this approach ls abandoned then clusters aust be packed 

one after another 'onto pages. The seguencing of cl,usters then 

becoaes important since blacks 'vill . "be split over .page 

boundaries, frequently requiring tvo consecutive pages to be 

resident vithin a short period of tiae. The greedJ algoritha 
, , 

outlimed by H~tfie1d and Gerald [HATF71] ls a reasonable lIethod 

for sequencing and has provided 'l adequate results to date. t'here 

are, hovever. certain inadequacies in hov this general algoritha 

pertains to a specifie problell. 

The greedy algorith., as described in chapter 2. illplies il 

unidirectional sequencing of clusters. In other vords, clusters 

are added to the sequence at one end only and there exists only 

one sequ~nce at a tt.e. In the case of c.lustering. blocks could 

he added ta either end of il cluster and lIélny clusters erist at 

ODe tiae. Clearly the c1ustering algoritha provides .uch greater 
r 

. flexibility than the; greedJ sequencing aetbod. It vould 

therefore see. logical to group together clusters iD a aethod 

akin to the clustering of blacks •. The difference bet.een t~e tvo 

probleas is that ia segueDcing there is no page size cODstJ:aint. 

ls vell, the addi tion o'f il cluster to a sequence should he 

dependent upon the "nearest" clusters alld not those clusters at 

the opposite end" of the sequence. 

l, 
1 
l, 
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ae can therefore propose the folloving sègaeBci~g algorith. , 

(A1gor1 th. SEQ): 
> 

5tep, 1: 

Step 2: 

~tep 3: 

5tep 4: 

~ons~der every cluster of blocks as a sequence. 

Evaluate the iDtercODnectioD veights for all pairs 

of sequences. 

Select' the largest veight fro. Step 2 and coabiDe 

the corresponding tvo sequences. 

Repeat Steps 2 and 3 while Step 2 returns non-zero 
~ 

veights. 

Obviously the key ta algoritha SBQ is Step 2. BI placillg 
" appropriate constraints on step 2 the algorith. caD be reduced ta 

the greedy aethod. A reasonable eval uation vou.ld be to consider 

only the end clusters in a sequenc~ Por exa.ple. consider tvo 

sequences 51 and S2 eadh consisting of aanJ "page-Bize" clusters~ 

If 52 ~ere to be placed after 51 in ae.ory. the block that vou.ld 

o,!erlap the page bOUildary vould al.ost certainly occur in thé 
/ 

last cluster in 51 or the first cluster in 52. Therefore. it 

see.s sufficient to evaluate the interconnection strengths 

betveen the ter.inal clusters of segueDce~. Tbis analysis is 

valid assuaing - the clusters are aIl ' approxiaately one page iD 

size. unfortunately this assa.ption is not'alvals correct. 

ahen dealing vith real progra.s, the sizes of blocks do var, 

greatly. If clusters are li.ited in size to exactly one page. 

Il ill probably end up beiDg 8iga!f Ica ntly s.aller tban 
1 

a 

page., 'errari suggests tbat clusters be all~ed to grov sUghtly 

larger tban tbe page size in an' effort to balaac~ Oqt tbis 
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di.ffereace [P'Baa73 l- Since the key to cluster 

the accurate prediction of page' boundaries, a saall variance in 

the cluster sizes can accu.ula te and ca use con~iderable 

aisalignaen:t vith respect to page bollndaries. liJ'ith' the greedJ 
.,. 

algorith:,.' one end of the sequence is fixed so that the page 

boundaries are alvays known during the segllencing process.. If an 

algoritha sùch as SEO ls used, hovever. the boundaries are not, , 

knolln until the final iteration. The cost of greater f.lexibi.lity 

in sequenping ls the loss of, page bOllndary inforaation .. 

lnother important aspect of block sizes that ls glossed over 

~i-
la aost 

~ 

algorithas is the frequent occurrence of large blocks 

(i.e. larger than 'a page slze). It is Dot uncollmon to have 

certal~ blacks, such as initialization or I./O routines, that are 

.an}' tllles the average black size. The~ are essentially tvo 

standard ways of handling these blocks. They can be .a~ua1.1J 

split lnto s.aller blocks or they cu eac,h be treated as a single 
~ • Ii 

(, 

cluster [PEBB7iJa]. 7pe forler appJ=OaCl1 requîres a ltnovledge of 

the source or object code for the bloçk; hovever, 1091cal 

boondaries lIay Dot alvaYs be evident. The problea 1I1th the 

latter .ethod ls that these clusters caB have aUJ size, 

destroJing the careful align.eat of page boundaries. If large 

blacks are poor1y seguenced and fregllently executed, the page 

faolts resultiDg fro. referellces vJ..thin a black. can overshadov 

thé gaiDs .ade through restructuring the saall blacks. 
" 

The 

effects of tb.ese blocks OB the rest.ructuriug process are Dot 

ve~l-kn'l)VD and DO algorltll. 'to date has realist.i,cally attelpted 

to aéco •• adate thea. 
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"4.1 A çOablned Cluste.riDqlSegu§ucing Algocitlal 

rt is '. clear that existiD9 restructuring algari~has cantain 

- inherent ueaknesses and lilitations. Ta correct these 

deficiencies, an alternate approach lIust be taken ta perforlll the 

clusteriug and seguellcing of blockS. It has lleen sholfll. that a 

flexible sequenèiDg aethod resul ts in a loss of page boundacy 

inforaa tion. If page boun dar ies cannat be accurately predicted 

the.n ,the u,se of page-size clusters becolles q uestionable_ rt is 

therefore proposed that a. probabilistic tecbçique be ellployed 

lIhich takes into acccunt t.he page boundaries "at the clusteriDg 

level': such a tec,bDi9Ue should Ferait clusters of aJl] page size 

but shoul.d veight the int.-ercoDnectivit.y contributions .betvee.n 

" , blocks according, , to t.he probability of the b~ocks being on the' 

sa_e page_ ',)\ 

Consider, for exa.ple, the intercoaDec tivity betveen tvo 
, , 

clusters A and B containing blocks 'i alld j respect ively. ihil.e 

lost" seguencing algorithas lIoul.d include the interreferenc& 

'contribution of i and j with aJi equal lieightiDg cOllpared to other 

bloc.ks in the cl.usters, it is proposeà that a veighting he used 

that takes into aeCOUD t the distance betlleen b locks. The fartber 

~part tvo blocks lie, the grEater the probabilit.y of a page 

boulldary separating them. Thus, if i and j ax:e far apart,. tbey 

should contribute less to the total. interconnectivitj of A and B 
J 

thall hlocks that' are c~ose togEther. 

Clustering algorithlls norlall.y require an intereonnection 

aatrix as a basis fer connectivi ty. The fa llolling c)iscussion 

assuaes the existance pt li'errari's CliS aatrix .fthe CilS lIethod bas 

coasistently pro1rided good restructurin9 results) altbough aDY 
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siailar type of aatrix can be substituted. The standard 

s~gue.Dcing approach uses a forllula of the fora: 

L L ClIIS Ci,j) + CliS (j,i) .. 
i e A j € B 

Illat i5 proposed .:.i"s a veighted version of the above fox.nla: 

L L W (i, j) *C ilS (i,j) + W (j,i) *CWS 'j,il _ 
, ,. i e A j 'E B 

A suitable weighti.ng function V can be obtained froID the 

.folloving ob5ervatioDS4 Data references can l1or.ally be ignored 
, '! , 

siqce .ost progra.lllliDg 1anguages maiotain se}?axate data areas. 

l'or tbos,~ .languages that aaintain local da ta (e.g_ FORTRAN), 
. 

passed variables lIustbe troll recently e.lecuted blacks and 

the.re~ore should not resul.. t in ,critical data reter~nces. 

Critical instruction references from black i te black j can arise 

.trolll' tvo sources4 Either block i is cal.ling black j'or ,block i 

is returning froll a ca11 ,made by- black j. Onfor t una tely, the cas 

aatrix does not provide this informatioD. Ve vill, hovever, make 
/ 

) 

t.àe ,assu.ptian tha t cri tical references are e.lC,lusi ve~y calls as 

opposed to returnS4 This assumFtion is Ilecessarl' for the 

derivations that folloll. It can be justi.fied i.f the CiS vindoil 

is relatively large cOlpared to the average 1!lcclt sïze_ In other 

vords. if a critical ca11 occursl and the windov si2e i,s large, 

the probabi.lit:y of the routine re'turniDg "ithin the dndo", is 

high. This iaplies that the vast lIIajority of cri tic al references 

should he ca1.1s • 

.Figure qa i11ustrates critical J:eferences fIom :b.lock j to 

black i for a possilJle ordering of cluste~s, naREly, cluster B 

follolling cluster A .. The nu.ber of tilleS that black j vas 

resident vhen a Don-resi.dent hlock i lias reterenced is givEll by 
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CilS (i, j). ,1s ve have no infor.a'tion cODcerning the structure of 

hl.oclt j, ve caB on~y assu ae that any iastruc-tipll in j could' have 
" _ , 1 

'referenced block i. lie dena t~ the location of tbis arbit.raI;f 

iastruction by 1. On the other sid~, ve aaj ~ot knov to vhich 

instruction in b.lock 'i control VclS transferred... Ne can denote 

t4e location ot tilis instruction in block' i bj E. If, durin,9 the 
\ 

eJtecution of' the prograll, a reference 15 made frol.x to E and 

lB-l' is ,great~r tban the page size then Ile arE guaranteed that a 
, 

page boundary separates the tvo meJllory locati ons. For this 

1 condi'tioJl, the CYS (i,j) contribution should be excluded, that i5,' 

a zero veighting shculd be apFlied. If JE-X, i5 less than the 

page size, the probabilitj that a page boundary dCJes not oce,ur 

betveen i and j can .Ile Used as an appropriat e veight.. Forlllally, 

, 

,Prob (E and X are not separated by a page boundaryJ 

.:: {(oPS, - lE-X J) /,l'S' if JE-X, ~ PS 

~bervise 
'\ ' 

'vhere PS is the page si~E!. J 
'In the ~ folloving experillents, control transfers are 'alwa:Js 

aade' to the beginning, of blocks. ln other vords, ~ vas alv~1s at 
, 

th e beg inning of a block. ThE derivations that follov also use 

1 
l, 

- ( 

; , 

i 
t 
l ' 

L , 
r 1 

y 

! : 
1 / 

') ,'1 

tus constraint. For those cases vher~ this candi tion does not 

apply, a modification to the intEgral formulae would lle re'{uired. 
, 

ie cann ot pre dict v hich instr uction i.o bloele j will ,referen ce _ 

b.lock i. In the absence of any information, t.he forllula for 

il (i,j) lIust be an .int~gra~ over all the' locations in j. Let Dij 

represent the distan'ce (du.g ta intervening blocks) between the 

ena of block i jJld tlle begiDuing ~ b~ock j aJld let, Si and Sj 
~J 

denote the size of block.i and j respectively_ ~he for.ulae for 
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8(i,j) are thus: 
, > 

, If Si+Dij ~ PS, 

i(i,j) = 0 

,1 

PS 
'W (i, jl ;:: J Si+Dij 

(PS-x)/ (PS*Sj) dx' , , 

= ,PS-Si-DijJ2/(2PS~Sj) 

If,' Si +Dij +Sj < ES, 

" Si+Dij+Sj .,- ,/ 

li (i, j) = 'f Si+Di,j 
(P S-x) 1 (ps*s j) dx' 

= (2PS-2Si-2Dij-Sj) /lPS 

the' derivation of III (~, j) lI'hich veights the in~errEtel:eJlCe 

cODtributioD from b~ock i to block j (Pigure 4b) p.roduces si.ilal: 

foraulae: 

,If Dij ~ PS, 

w(j,i) :,0 

li (j,il = (pS-Dij) 2/.PS 

If Dij+Si < 'PS, 

li (j,i) :;' (2PS-Si-2DiJ) 12 ES 

, , 

o 

t~e differeuce betveeD the tormulae for 8(i,j) and i(j.i~ 

, arises troll the assuDption tbat ceotrol transfers enter at the 

'OO9inoin9 of a black. 

USiDg thé the Ifeighting forllulae, a cOllbined 

clusterillg/sequenci~g a1gorith. is presented (11gor'ith.1 CS):, 

, ' 

"Step ,1: Initia111, consider ever} black· as a cluster. 

~51-
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1 
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'step 2: 

step J: 

~tep 4: 

!yaluate the intercODnection streDgths betveep 

eyerI pair of clusters ill both orde.rs. 

Select the larges~ value froll Step 2 and co.bine 

th~ tao clusters ~o fo.r. a nev 1111:ge c'luste..r. , 

,Bepeat- steps' 2 and 3 ,unt.il onl1 one ~atge cluster 

..re.aus. ' 

The ,processing reguired bI tbis 'algorith. i8 Dot as 
, 

expensive' as it lIigbt appear. .For eacll it.eratioD ooly those 

pairs involvi-ng the Delli cl.uster need to be cOllputed. As well." 

coaputation of thE lIIeighting forllulae 're'1uires 0.011 a scan 

through the blocks of a cll1ster un til the page size is exceed~d .. 

f' 

,70 ,sqllilarize this nelll restructuriog approach: 

1) It appears that the method cao te applied to anI type 

ot intercOlUlection lIatrix' (not only the CVS aatrix). 

2) Separate clustering and se'1ue.ocing algorithlls haVE' been 

replaced hy one process .. , 

3) The veighting ,of interreferences is iutuitively co~rect 

in that the fart'her apart tvo b'locks" 'lie, the 
, 

less 

likely they are to he on the salle page and, the less 

tber contribute ta ioterconnectivity_ 

4) Large, blockS cont..ribute less to in terconnecti vi ty than 

silail blocks as th'e probability of a page boundary 

occurriDg aithin these b~ocksJ is significant:' .. 

l' 
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4.2 laallli __ critcrii 
, 

ro be abbl to jodge the perfor.ance of 'different afgor i,thas' 

in a vorlti.llg set environ.eat, .i t ie essential to e~tablish 

certain criteria. The two .ost iaportant statistics are the page 
- ! ' 

fauit rate and the average ,vorkiag' set size., %he J>4,ge faul t rate 
~ 

is si.ply the nu.ber of faults divided bJ the reference string 

length. The, average lIocting set size ia the integral of the 

resident size over the tiae the prograa ls ranning (a1so referred 

to as the Space-Tiae productj di vided bJ the refeJ:ence string 

length. There' are -anJ var iati~DS of these aeasuJ:es. but, these 

tvo are usually cGneidered to be sufficieDt. 

Both statistics can be der ived fro. one pass through a 

p'rogram '8 reference string [DEBli72]_ 

Let» ::: {l,2, ..... n} 

. Let a = r(1)r(2) ••• r(k) 

be a set Qf n pages of a prograa., 

denote a finite seguence of Je page 

referenees vhere r (t) e B, 1St~i. 

If, for a page reference r ft) at tiae t, there exists a 

previous reference r (z) vhere: 

aad 

r (z) = r (t) 

r (II) '1 r (tJ 

for z < t 

for z < • < t 

then- the iaterreference inteJ:val x (t) = t-z, othervise K Ct)::: 0() 

Let C (K) be ail array defiaed over the indices lS~k and x= co 

and iaitialized to zero. If for ever} refereace io the, seguenee 

B, the corresponding c (x (t») i~ increaeDted hf ~ne, then C vill 

aaintaiD a set of iJlterreference distaace couPters. The d_8ta b 

C i8 accululated independenUy of 'a lIiodov size hut i5 suff.icient 
/ 

to geaerate lIorking set statistics' for any viodo» size .. 
, 

The nu.ber o.f ,page faults .. ith a "iodoll of size T ls,' 

• 
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k ' 
F (Tl = L C(t)r+ C (00) • 

t=T+l ' , 

.' The first ter. is the nu.ber of int.erreference distances 
, , 

vhich vere greater than the wiodov. while the second tera i~ the 
! 

nuaber of initial' 10ads. 

The Space-Tiae Product lIith a vi.doM of size T i8# 

k. T 
ST(T) = 2: C(t) *T + 

t=T+1 
\' C (t.) *t + 

é='l ' 
lihere p is the set of' referenced pages and B (p) 

2: dn (T.B (~)) 
P 

i5 the distaDce 

betlleen k+l and' the last reference to page p_ ~he first tera 

accounts fQr a1l:. pages that vere resident for 1 T tiae uBits and 

t'hen ,discarded. The second tera adds those pages that .rcter~ 
rerefer enced "ithin the vindo" and thus, bad a.n' eIten ded life. 

The third tera is the' end correction 'factor for fiDi.te length ' 

strings. This 'tera picks up the fages, that vere discarded fro) 

the vorting set' ~nd n,ver referenced again, as ve~l as addiog in 

the final vorking set .. 

Slntz and :t',raïger (SLDT74) have shoVJ1, 'that the end 
" , 

correction factor CiUl be ignored in certain cases since the, 

error, E, involved i5 O:SE~nt/k. If the reference string length 

is large coapa~ed to the nuaber of pages and t.he, vindo,1I size, 

then this error beco.es ne9~igib~e .. 

One ~isturbin9 aspect iD t.he'area of progra • .t~struct1lrl.ng 

is th~ ~ack of uuiforaity vhen co.pa ring different algorith.s. 

BaDI peopie, includiJlg Ferrari and 8asuda., have, grap,bed their' 

results in teras of faül ts vs. viDdov size.. Thi,s type of 

aaalysis ean b~ ais~eadiag. ls the goal of progra'a œst.ructuring 

'i8 ,to reduce both, the Au.ber, of faul~s and, the .eau ae.ory size, 
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" a11 coaparisoDS iD tbis the sis vill be, based on botA criteria. 

SiaùlatioDS of various restructuring algor1 tllas v~re 

, 
perforaed on tvo programs. The fi.rst proCJl:aa ia a Pascal 

co.piler "rit t.en ' in Pascal and the second is a PPOBT Verifiei 

vritten iu FORTilH~ The prograas ,vere selected based on t.heir 

size, nu.ber of blocks and tl1e difference in their structures. 

The blocks of the progra.s lIere deterllined ' di~ctly fro. the 

CSECT lBap generated by a linkage edi tor. The CSECTs or Control 

Sections are, groups of relocat.able object code vhich have a 

unigue ent,ry point at one end.' 

The Pascal prograll is the first pass of a co.piler and là 

responsible for the ge,neration of p-code vhich is used by the 

- se,cond pass. Pigure 5 provides the salient characteristics of 

tae progral as far as res~ructuriAg is concerned. 1 page sizE! of 

2048 by tes vas select.ed due to its reasonable lI~ock/page ratio .. 
\ ,"{ 

The prOST Verifier is a prograa tha~ exa.ines a FORTlllH 

progra. for adherence ta PFOiX, a portable subset of ANS~ FORTRU 

[IU~B73 ] .. The Verifer taxes as 

provides , various diagnostics 

input, 
1 

such as, syllbol tables, 

cross-reJ:erences and erraI' aessages. The Verifier is ,itself 

lIritten iD PFORT. The progra. ' characterist.i'cs are outliued in 

Figure 5. A page' size of 14096, bytes vas selected ... 

bcludinq the source languages of the progra.s, the .ajo,r 

difference betlleeD the tvo, 8tructQra~ly, ls iD tAe' haDdÜ.Dg of 

data areas. Pascal créates data stor~ge dyDaai.çally (i.e., at 
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ex ecution ti.~) so tbe CSIC; blocks ,coatain instruction 

,inforaa t10n a.nd, constants) only_ PORTRAI, on tbe other hand" 

creates data storage at co.pile tille 50 that the CSBCT blocks .ay 

also contain 'data in.foraati9n. Tbis explains tbe large size of 

the FORi' RA III blocks c~.pared to the Pascal blocks. This' also has 

an effect on the efficiency of restructuring based on instruction 

reterences. 

A trace prograa which inter prets object code vas used to 

.oDitor and reçord the executioD of the test J:rogJ:a.s~ Althougb 

both instruction and data referances can be used in the 

restructuring pro cesS (i.e. in the generation of the 

interconnection lIatri%), cost considerations peraitted only the 

instruction references to be 1I0ni tored. A st'ring of 

approxiaately "75,000 references vas generated for each prograa. 

'This c?rresponded to i 1,151 non-repetitive Pascal' block 

references and 1 Il,351 non-repetitive, FOSTRAI block references. 

,1'0 genera.te the cas .atrices for the prograas. a vindo~ si2e· 
, 

of 3000 referencesvas selected. This appeared to be a 

reasonable value considerin g tbe reference string lengtb and ~t 

provided Cl sufticient nu.ber of critica1 referenees to perfor.' 

the res tructuring. ~here'were 1123 'eritical referenees in,the 

Pascal referenee string and 1016 cri~ical. references in the PFORT 

1 reference string. iJaea perfor.ing Per'rari 's cl Qstering , 

'algoritha. a aargiD. - of overflov lias per.itted whea creati.ng 

clusters. ,~his aargin vas deteraiDed fro. ,the page size and the 

block sizes. A aargin of 128 bytes .,as alloved for in the Pascal 

prograa Ilsi.ng a 21t page size. The .argiD vas increased . to 2~6 

, b.rtes' for the POB~Jll. prograa osing a Ill( p.age size. 
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ThJ;ougho,ut this chapter an assullption vas aade that, the 

aegueocing of c.l usters vas an iDtegr~1 part of restructuJ:ing_ .n 
ia.itial sillulation J;un lias made to exaaine this assumption. 

Figure 6 contains three curves: the non-restJ;ucturèd Pasea.l 

pJ:ograll, t he r~struct:ored Pascal prograll using pe;rrari' s clusters 

DQt a randoll sequencE of the clu~ters and the J;estructur*:!d Pascal 

prpgrall using Ferrari' s c.lusters and the greedy seguenci~ 

'" 
algoritha4 This 1 gJ;a fh clearly illustra te oS, the tremendQus , , 

illportance tha t intelligent seÇjuencing haSe The graph indicates 

that intel.ligent, sel;lueDcing can account for a t least 501 of the 

iaprovellents .. 

ftaoy ditfeI;ent seguencing algoritJuls vere attelllpted du'ring 

this research' in an etfctt to illprov~ upon the greedy heuristic. 

Altho'ugh several of these al.gorithms produced favo-rable results 
, , 

on certain sillul.aticlll J;uns, they did not 'frovide consi.stent 

iapro vè .en ts .. Their failure 
1 

can be attributed, in part, to the 

vary iDg c.l ustel: sizes and tbus the varliDg 10ca tian of page 

,boUDdaries. ADother experillent toot thE greedy seguencing and 

biased t.be page œaPFiDg by one-hal..f page, tha t is, instead, Qf 

placing the first black at l.o,cation 0 of page l, the block vas 

shitted dovn. This slig.bt bias caused a fault increase of up to 

35... Cléarl.y the location of a page, bouzâ'dary, eleJl 'vithi,n, the 

saae black, can affect tlle results. ADother problel in tbe 

seguencing algorithlls 'atteapted, . vas the haAldling of large 

hlocks. In tho'se cases where the res't+ucturing l:Educed inter~age 

taults to a aiDi.al level, ,faults due ta intrablock references 

disto.rted 'the 'overall statistic~. Poor alignaEPt of large blacks 
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ofto' result.ed in aore page boundaries vitlli. the blocks thu 

appeared acc~ptab~e. ' 

7he inconsistency of lIodified segueDciag a~gori th.s and the 

sensi ti vit} of the restructuring to certai.n paraaeters reguired a 

radica.l chaage in the c~us~eriDg alld Sequeilc~~ 1.1goritha CS 

alon9 vith the probabilistic veigbting function vas proposed and 

co.pared against the tvo test progralls. The b~ock/page ratio of 

the siaulati.on progralls are co.~arable to those of Ferrari's 

[FIB874a]. :If there are aore blacks per page, the perfor.aDce of 

Ferrari' s ,aethod i.aproyes, as the cluster sizes becolle 'aore 

unitora. Havever, the prograas used here ,are presollab.ly typica.l 

and their 'results should be judged accordingly_ 

Figure 7 il.lustrates the restructuring results of the Pascal 

prograa. aoth restructured versions pro,duce a tre.endoos 

decrease in faolj.:.s coapared to the un.restructured prograa. Ta 

the left ot the knee. the, iaproved aetbod ls definitely superior 

to the standa~d approach.' In tact, tbe d.i.fference videns as the 

average working set size decreases or, eguivaj,ent.lJ, as the 
, 

~ vorking set viodov approachs the CilS vindov. 70 the r.ight Of the 

knee. a slight allo.alr tates place. Althollgh t.~is difference 

aight appear as a sigDificaat percent~ge,' if the iaitial load 

faults vere discdunted. the actual' rav nu.ber of additioDa~ page 

.fa'iitts vould be qllite saall. 

Pigure a il.lustrates the results of ,restncturing tbe PF08f 

'" progra.... The o.erall characteristics of these curves are guite 

different fro. those o.f Figure 7. Ibis .i~ht be due to the' 

different function of the progra., an inherent feature of POB~Bl. 

cod4:' and/or the preseBce of .aoJ distiDCt local! tiea.. 00 ce 

':'58-' 

, , 
~ ~ w ___ :- .... , _____ ..- .."... I"~ _~I< .. _~ .... .......-~_'111\~ .... _ .. ~_.~4r'.._ .... ~ .... t""'_~". ....... _- ......... ~_. 

1 

;t, - , 

i 
l 

j 
l 
l 

,1 

1 



• 1 

l 
1-
1 
1 

1 
1 
f 

t 
r ' 

1 C~ 
1 , 
~ 

)-

i 

1 
l 
) , 

- - - --~~-----------"' ...... r----....-........ ~~ 

agaiJl, tJae iaproyed aetJaod pro vides Ue best. resul.ts, especiaJ.lf 

for s.l.1er .e.~rl' sizes.. 1'here is a1so a slall. ano.aly for a 

ae àD. vo rJting set si ze of ap 'proxi lia tel y 22 pages. ~his difference 

is Jleg1.igible for the saae r8ason as .for Pigurè 7. 
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sealeatAll ir_paging 2f Be§tr,cl",d P'QgrtiS 

•• 
As discllSsed in Chapter '''3, the .aiD issue ia prepagi.Dg ls 

deteraining whlch pages are aost likely to be used in the Dear 

future. A .etbod such as Joseph's OSL, prefetches pages 

seguentlally based on the assu.ption that 

page QJ overlap on to the fOlloving page .. 

a black of code OD one 
\ 
\ 

It vould be desirable, 

if the folloving page is prefetched, ,that not only the 

overlapping code he executed, but the rest of the page as vell. 

This 
, , 

would iaply . soae sort of sequential flov fro. block to 

block. Since aost pr'ograas do 'not follow a strict. seguence of 

routines, ve can .odify 1;.his' eharacteristic.. For any block, the 

folloving block should be the one ,.ost likely to be ex~euted 

next. lf this, eondi tion vere fOUDd in a 'progra., tben a 

pfepaging, poliey ,tha t ~eteh~s pages sequential1J should increase 

the syste. perfo,raanee. Onfortunately " t~is type of, progra. 

characteristic does not naturaily appear,. 
\ \ 

The goal of progra. restructuring lB to group together, on 

one 'page, prograll b19CkS 'that are aost,>likely to be executed \ 

vithin a short period of ti.e. As ve1l, ~ blacks overlap pages, 

a sequencing is Dsed that selects ,the next page based on th'e 

llkellhood that blocks on that page, ,'vill be ,execu'ted next. , 

,. clèarly. tbe res1kructur.lDg process ,creates black segùencing that 

.la .ore desirable for a prepagiDg èDvironaeD t than , 

non-restructured prograas. , ' 

ro test tbis ',hypothes.1s, a IIorking set, version of Joseph's , 
,,, 

S2 ,algoritha vas used. lt a iaol~, t. he page i •• ediately 

follovïl1g th'e reguested page ls added' to the vorkiag set' if It Is 
~ 
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Ilot alre,ady ~ .e.ber. siaulations usiag this 'p~epaging strategy, 

unlike th~ stalldard vorkiag ,set p~-licy. r~guires 'ODe pass ~'hroug:a

the ref,arence striJlg for each ~nd a va~y villdov size d8$ired. 

ilhen dealing vith a balf-.illioD' referenceS the co st 'can beco.e 

'guite prohibitive. As a result,only a fev data points vere 

accuaulated for each si.ulatioD run .. , " 

Prepa,ging fault rate statistics lIere gat.h'ered for the 

Don-restructured Pascal progra. and-" the" restructured Pascal 
, . 

prograa using the standard perrari clustering and, sequencing • 

Ilhat 15 of iDterest i.s the decrease in .faults for the 

restructured prograll as cO,apared to the n'on-restructur~d prggraa. 
1 In other lIords, ve, should expect that the benefi.ts obtained hy 

prefetching the restructured prograa should be greater than ,those 
~ 

for the non-restructured pr'ograll .. 
, , 

Pigure 9 illustrates the percent iaprov~.ant in page, faults 

hJ 'Ising prepaging ~nstead of the nor.al lIorking set polley for'a 

,range of aean aeaory sizes.. The restruetured progràa cl~arly 

Iprovl~es the greatest iaproveaents. Qver ~he rang'e shown, the 

restructured progra. ,is 4' Detter. 

large as' aight have been expected .. 

, 
%his Illpro .. eaent is .not as 

A possihle'reasoD aight be 

the relatively short referanee string length 'co.pared t9 the 

vi.nd08 Bize (a slightly 1arger viGdoM size is neeéssary to ,nsure 

that'the prefetahed-pages do not get discarded pre.aturely). The 

hellefits' of'efficient prepaglDg, arè, aore aignificant ovec - a' 

10Dger perio~ of tiae vhea the initial load faults are DO longer 

a factor. Onfort,unate.ly •. it vas aot possible to atteapt lO4ger 

to the costa involved. 
, 1 

iegardless of the reference strings due 

.agnitude of the iaproye .. ent, the experiaeat does lndicata that, 
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Various aajot res~xuctoriog algoritbas' vere presented along 

with aB ana~ysis,of inherent deficieDcies. Hariicu~r attention 

vas paid to the, problea of clusteriDg progr~a' blocks and to the 

seguenciDg of these clusters. An aDalysi~ revealed that a 

'flexible sequencing 'J;:rocess resolts iD a less of ,page boundary 
1 

inforaa tiOD. ,It, vas also showD that of' page 

houndaries i5 aD iDtegtal part of restruct~ring. 

As a resl1lt, a Dev approach to the clusteriog/seguenciDg~ , 
, 

problelD lias introduced. This aetÂod begins bJ cODsidering each 

individual block as a CInster. Clusters are then iteratively 

grooped according to the greatest intercODDectipn streDgths. The 

intercoDnectivity is d,eterllined by lIeigh ting the interblock 

cODt~i.bu:tions according , to the probability of a page, bouDdar'y 
, 

"oCcurring between the blocks. In other vords, the farther apart 
\ , 

tva blocks lie, the, less they contribute tq the overall 

COQnectivity 
_L',: 

of tllO 'clusters. This lIethod vas tested, - using 

Ferrari's CilS 
, 

aatrix as a basis for interconDecti~ity, and 

coa.,pared against the standard' Ferrari techDigue. Si.ulations 

,osing tllO test 'prograas shoved tha t 
\ 

, ,-

,slgnificaDtly hetter results. 

'" 

Q 

the ,ne ... method 

A biiei 'ExamiDatioD of prepaging lias made and a fev, 

vell-JùulIlD strategie~ ,vere 'descrihed., The c}Jaracteristics of 

restructured' programs suggest that a segueDtial prepaging policy, .. 
/ / / 1 

silch as DBL, should enhaace the paging perforaance., 1 sillple 

experiaent lias perfor.~d coapariDg a non-restLuctured progr,all ta. 

a ~estructured version iD a Frepaged vorking set environaent. 
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t'iae results iadic:atea tlaat the b •• efits of prepagiag are greater 

for reatructured prograa. tlaaa ~or non-restructured~ 

.1thollgla ,the goal of ,tUs research vas to iapro.,~ 'the 
1 

aethods for prograa ,reatrueturiag, 'the Il •• aethod presea ted ~s by 

DO a~ps perfeet.. t'here are 'still cèrtain areas where 

~apro.e~eats 'can 'be aade. /oae at:ea in particQ).ar is the 
i" 1 

treat.aeut of large blocks. , The, CIS approach, ~reata blocks as 

single elitities so- that the aatriK èntries pronde Do"inforaation c, 
\ 

as to vhich sec ti o'n of the 1 b'lock vas aost active in 

,inter~e.fer~ncing. 'If blocks are sa.11 coapar~d, 1:0 t.he page si,ze, 

this 1ack of infor.a tion pro vides ,no haDdicap.. ,0siDg the 11e" 

aetJaod on l'arge, blocks, hovever', this inforaation vopld be 

uset~l. Ihat ls suggested' ls that large blacks be split into 

saa11 blacks for the generation of/the CYS aatrix. ~he first 

step in th~ cluster'ia-g, ,~ro..cess v601d / then be to !:'ecoabiae the~e 
, 

saa11 blocks back ~DtO' large' oneS. ,The ditterence ' 80V, ,is that , ' 

, , 

ve caa group, these large b10cks 'Ising a _i.glating of t;.he 
, 

,sub-blocks. This ,a~dification aig.ht proye beneficial. ' 

Ilnoth~r area worth 'exaaiàing i~ tha t of the veiglating 

fnnction for interreferences. Th~ novel t'y of the algori th. 

,'pr~se'nted is, t.he use of a 'weighting ta refle9! the probability of 

bouDd'ary Occurring betveen b10ck~. 
/ 1 

, r 

The' faDcU on ,used, 

~-"~~~~rJ'siaple liaear weigbtiDg. The 'use of a aore 
l " , , 

veightiDQ could produce ~ettei results. 
! .... ~ , 

1 

8,speriaeAtal,' results pr'eseated '00 prepag1nQ ',prpvided 

a hint of. vhat 'perfora An ce ' gaiD~ c~n be eJÇpected. The 

prepaging st~ategf 'that vas se~ected ,.as si~ple to siaulate and 

reqaiœd DO ~nvieldJ tables.., ~here are still valS t.o i~prove 
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, if" " 

restructuriug Is'· used. '!hl:s, coald illvolve prefetclaiag ,tlle', 
, 

preeeding page iDstead ot' or as vell as -the follolliag page since 

. interco.a~ctivitJ ·can, be b i-directioa.a 1. , aasearch i~to ' \~ .oré 
\ , 

efficient prepaging polie! vo~ld a180 be ,val~~ble in teras of 

si..aulatiGD cost~. "' sucb a '~olicy vould 'pérai t 10llger refereace 

strings'to be used therebr producing aore aceurate resalts. 

l' 

, , 

: ' 

" , 
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