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Abstract

The trend in computer performanceover the last 20
years hasindicatedthat the memoryperformanceconsti-
tutesa bottlned for the overall systemperformance As
a result,smaller fastermemorieshavebeenintroducedto
hide the speeddifferential betweerthe CPU and memory
From the beginning of this process,an essentialquestion
hasbeenthe determinationof which part of main memory
shouldresidein the fastermemoryat ead instant. Several
on-line and off-line algorithmshavebeenintroduced,the
bestknownand mostusedof which are LRU and MIN re-
spectively This paperintroducesa new appmoad to page
replacemenin thatit allowsthe compilerto enterthe deci-
sionprocess.in introducingcompilerhelpto pagereplace-
ment,informationavailableat compiletimeis passednto
new hardware addedto theregular memorywith theoverall
effect of markedly deceasingoverall memoryaccesgime

1 Intr oduction

Beginning around 1980 and continuing through the
presentanincreasingerformanceaphasexistedbetween
memoryand CPU performance.As a resultof this trend,
the techniquesusedto concealthis performancegap have
becomeanissueof increasingmportancein computerde-
sign. Nowadays,two level memorycachegshat are larger
than the entire memory of primitive computersare com-
monplaceandthreelevel cacheshave begun beingimple-
mentedin commercialpersonalkcomputers.With growing
miss penalties- in termsof CPU cycles- for eachcache
level, memorymanagemenrdlgorithmsthatmake betteruse
of bothspatialandtemporallocality areoneof theprincipal
waysin which the memoryand CPU canbe madeto work

*Thiswork s partially supportedy NSFgrantsMIP95-01006andNSF
ACS96-12028 MIP-9704276andJPL 961097

NelsonL. Passos
Departmenbf ComputerScience
MidwesternStateUniversity
Wichita Falls, Texas76308

“in synch’

Recentlyanumberof new on-linealgorithmshave been
proposedor varying purposesandwith varying degreesof
overall efficiency. Oneimportantconcepthathassurfaced
is the LRU/Kk [11], togetherwith its moreefficient 2Q im-
plementatio10]. LRU/k is anextensionto the LRU page
replacementonceptjn which thelastk accessearetaken
into considerationn preemptinga pagefrom memory Like
otherexistingalgorithms L RU/k setsprioritiesaccordingo
pagehistories.A notableproblemwith historybasedorior-
itiesis theoriginalaccesso apage aswell asfirst accesses
aftera periodof inactwity. By usingcompile-timeinforma-
tion, our algorithm assignsappropriatepriorities to pages
on all accessesncludingthefirst one.

In [7], the algorithmcenterson applicationswith repet-
itive accesgatterns.However, it waits for a problem- in-
crease@ccesgost- to occurbeforeit attemptdo resoheit.
Additionally, the decisionto changeto replacemenpattern
hasto be madeat run time, thusincurring run-time over-
head. By usingthe compilerto detectsuchpatterns,our
algorithmallows for the avoidanceof suchproblems.

Othereffective approachebave includedvariable-space
memorymanagementechniquessuchasthe working set
algorithm[5, 6,9, 12]. However, thesetechniquesequire
asizeableamountof extra hardwareto performa prefetch-
like operationin which they pre-determinavhatpageswill
be neededy the executingprocessn the nearfuture.

Currentlythemostwidely usedon-linealgorithmsfor in-
formationreplacemenin the cacheareleastrecentlyused
(LRU) andrandomreplacement.Studieshave shovn that
LRU performsslightly betteroverall in termsof the cache
hit rate[2, 8]. Our studieshave showvn thatin the caseof
loop structuresLRU performancecan be improved upon.
It is in this contet that this paperproposeswo new algo-
rithms.

Thesealgorithmsdiffer in their complexity andtheiruse
of compilerinvolvementin the memorymanagemenpro-
cess.Thefirst (Basic)algorithmrequirescompilersupport
anda minimal amountof hardware,while the second Ex-



tended)makes increaseduse of information derived from
the code being executedand requiresadditionalhardware
for implementation.

Considerthe caseof the Infinite Extent Impulse Re-
sponsdilter (1IR) below, originally describedn [3].
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Thisfilter canbetranslatedo: A

y(n1,m2) = o(n1,na) + Yi,—o Xoppmo ki, b — 2)
y(’l’L -1- kl,”Q - kg) for kl,kz # 0.

In simulationsrun on this filter in a five level memory
systemthe new pagereplacementalgorithmobtainedim-
provementof upto 20%in memoryaccessime overtradi-
tional LRU.

In orderto describethe new techniquessection2 intro-
ducesthe backgrouncconceptsandthe basicideasusedin
this paper The new on-line algorithmsare introducedin
section3, while section4 containsthe testresults together
with theconfigurationsised.A summarysectionconcludes
thepaper

2 Fundamental concepts

This paperdealswith memoryhierarchyandspecifically
with ways of transferringdatabetweendifferentmemory
levelsin suchaway thatthe memorylateng is minimized.
It considerghe generalkcaseof ak-level memoryhierarchy
In this casethereare a total of k levels of memoryin the
systemwith the first level beingthe primary cacheandthe
kth level beingthe mainmemory

As mentionedn theintroduction,the mostwidely used
pagereplacementlgorithm in existing systemsis LRU,
which can be easily extendedto multi-level memory sys-
tems.

A key obsenationto be madeaboutnestedoop imple-
mentations,s that when multi-dimensionalstructuresare
used regularexecutiondoesnot make the bestpossibleuse
of thelocality of referenceresent.To take betteradvantage
of this locality of referencethis paperusesthe technique
of partitioning. The fundamental®f this techniquecanbe
seenin thefollowing example.Considerthecode

fori=1to 100
forj=1to 100
Ali,j] =B[i,j * 5+B[i-1,]]

If arrayA is modelledas a two-dimensionakntity, the
loop executionproceedsasseenn Figurel.
Betweenthetime whenA[1,0] is computedandthetime
A[2,0] is aboutto be computedthe pagecontainingB[1,0]
- neededor boththeformerandthelattercomputations is
unlikely to befoundin theprimarycache.Thephenomenon
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Figure 1. Regular execution sequence

cascadesuchthatlessthanoptimaluseof memoryis made
on practically every accesdo memorylocationsthat have
beenusedin a row prior to the onein currentexecution.
Theendresultis adeterioratiorin the overallmemoryper
formanceof the system. A countermeasureto this phe-
nomenonis to divide the iteration spaceas seenin Figure
2.
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Figure 2. Partitioned execution sequence

In this case,the reducednumberof iterationsbetween
the computatiorof A[1,0] andA[2,0] allows the pagecon-
taining B[1,0] to remainin the primary cachelong enough
to avoid the extra penaltyincurredin the previouscase.To
ensurehatthe pagemeededstaycloseenoughto the CPU,
several modificationsaremadeto the pagereplacemenal-
gorithm.

3 On-line Algorithms

In this section,two new on-line replacemenalgorithms
arepresented Eachalgorithmwill consistof two parts: a
compiler part, in which decisionsare maderegardingthe
priorities associatedvith eachaccessanda run-time part,
in which the priorities are assignedo eachaccessegage.
The first algorithm s very efficient while executionpro-
ceedsalongarow. However, it incursrelatively significant
penaltiesuponrow switches. The secondalgorithm adds
the obsenationthatin nestedoopstherearetwo levels of



order Thefirstlevel, presentlonganindividual row, states
thatelementsusedin aniterationarelik ely to beusedagain
in the next. The secondlevel of orderconcernghe tran-
sition from onerow to the next. Sinceexecutionproceeds
from left to right in eachrow, the pageghataregoingto be
reusedalongthenext row aregoingto bereusedn roughly
the sameorderthatthey wereoriginally used.Thus,by the
time the end of eachrow is reachedthe pagesthat have
beenusedin thatrow needto bein alast-infirst-outorder
It is this additionalorderthatis implementedy the second
algorithm.

Thealgorithmsis to introducecompile-timeinformation
into the run-time priority assignmenprocess.To illustrate
compilerassistedriority, considerthe lIR filter described
in sectionl. In termsof aprogrammindanguagethisfilter
canbeimplementedvith someindex shiftsas

fori=1ton
forj=1tom

yliil =x[i,j] +c[2](2] * y[i-2][-2] +c[2][1] *
y[i-2]i-1] +c[2][0] * y[i-2]0] +c[1][2] * y[i-1][-2] +
c[L[2] * y[i-1]{-1] + c[1][0] * y[i-1][j] + c[O][2] *
ylilii-2] +c[O][1] * y[i][i-1]

If we considerthe region of matrix y thatis accesseth
iteration(2,2), we obtaintheregionin Figure3.

Figure 3.y array data referenced for square
(2,2)

In Figure 3, when calculatingthe value that shouldbe
placedin thetop right cornerof each3 x 3 squarearegion

correspondindo the shadedbart of the squares accessed.

For easeof understandingye introducethefollowing defi-
nition.

Definition 3.1. Anaccesgegionis thetotality of themem-
ory locationsaccessedvithin oneiteration.

With this definition,thedescriptionof thefirst algorithm
follows.

3.1 BasicOn-line Algorithm

It canbe seenthat, in regular execution,advancingone
iterationwithin thesamerow simply shiftstheaccessegion
onecolumnto theright. As aresult,the memorylocations
accesseth the secondcolumnof the accesgegion will be
the first-columnelementgo be accessedh the next itera-
tion. By the samereasoningappliedin the optimal off-line
algorithm, theseelementsshould be assignedhe highest
priority. In the basicalgorithmspriorities aresetonceper
iterationfor eachaccesseg@age.Thus,sincea pagecanbe
accessednultiple timesin aniteration,a flag is neededo
signalif the priority for a pagehasalreadybeensetin the
currentiteration.

Definition 3.2. A priority flag is a one-bitfield associated
with eadh page, thatindicateswhetherthe priority hasbeen
setfor that page in the currentiteration. Priority flagsare
seton thefirstaccesdo a page in ead iteration and then
clearedat the endof ead iteration.

In asimilarfashion prioritiesshoulddecreas&vith each
columnmoving off to the right from the secondwhile the
priorities for elementsaccessedn the first column of the
executionregion shouldbe setto zero. Theimplementation
of thesystenrmeededor thisassignmentanbeadditionally
simplified by allowing the compilerto relocateinstructions
in sucha way that accesseso pagesthat will be usedin
the following iterationstartingwith the datain the second
columnof theaccesspacearemadecloserto thebeginning
of eachiteration.

The next stepin the compilerinvolvementactually re-
quirespriority assignmentt eachpageaccesseth aniter-
ation. In thecaseof nestedoopswith regulardependencies,
analyzingthe executionin eachrow revealsthe simpleac-
cessstructureshovn above. In this context, the priority of a
locationin executionspacewould not changewhile chang-
ing from aniterationto the next within the samerow. As
aresult,arelationcanbe setup betweentheindex of each
accessn anaccesspaceandthe priority relatedto it. The
algorithmis describedbelow, in its two componentparts:
thecompileraid andthe hardwareexecution.

The compilersectionof thealgorithmis basedngroup-
ing certaindependeng vectorstogetherbasedon certain
propertiesof their componentsFor a betterunderstanding
of thesepropertiesthefollowing definitionsareintroduced.

Definition 3.3. An iso-y subsetis a subsetof the depen-
dencyvectorsetthat containsdependencyectors of equal
y componentand whosex componentgorm an ordered,
uninterruptednterval on theintegers.

Definition 3.4. A maximal iso-y subsetis an iso-y subset
sud that the addition of any dependencyectorwould re-
sultin thesetnotbeinganiso-ysubset.



Both the basicandextendedalgorithmsassignpriorities
to eachpageonceevery iteration. Oncethe priority is seta
booleanvariableassociatedvith eachpageis setto TRUE
andchecled on subsequenticcessesThis variableis reset
to FALSE at the beginning of eachiteration. Eachpriority
is directly relatedto the dependeng vectorsthat resultin
accesseto the page. In particular the priority dependn
the maximaliso-y subsetghat the dependeng vectorsare
partof andtheir positionsin thatsubsetAs aresult,a strict
order needsto be establishecamongdependeng vectors.
In our casetheorderinginvolvesarranginghe dependeng
vectorsin ay-descendingx-descendingequence.

Definition 3.5. A set of dependencyvectos, {d} =
(ds,dy) is in y-descendingx-descendingrder if, giveni
andj integers sudh thats < j, thend; andd; satisfyoneof
thesetwo conditions:

1. 4d;, <dj,,or

Jy

2. diy = djy anddim < dj$

This sequencingnethodnaturally createsthe maximal
iso-y subsetof the dependengvectorset. For easeof pri-
ority assignmentthe processbelow is used,startingwith
thefollowing definition.

Definition 3.6. Theindex of a dependencyectoris the po-
sition that dependencyectorwithin the reordered depen-
dencyvectorset.

Algorithm SPRT (sprite) Compiler

Input: A setof dependengvectorsD = {dy,ds, ...,d,}
in y-descendingx-descendingrder

Output: A setof priorities for the memoryaccessese-
latedto thesedependencies.

1. Find all maximaliso-y subsetsey, €, ..., €,

2. Foreache = {41, da, ..., 01}
Priority(d1) « 1
forj=2tok
Priority(d;) <—| D | - Index(d;) + 2
Priority(d,) =0
end

This algorithmis run separatelffor eachmaximaliso-y
subsetwith eachdataarrayhaving separatéso-y subsets.

Onethingto benoticedis theaddedconstan® to thepri-
ority associateavith mostaccessesTheconstants needed
for the lastmaximaliso-y subset.lts absencevould result
in thefirst andlastelementsn thatsubsehaving the same
priority and,asaresult,a pagethatwould be neededagain
might be moveddown in thememoryhierarchy

It wasalsonotedin ourexperimentghatoneplacewhere
LRU was consistentlybeing outperformedby the optimal
algorithmwasthe lastaccesdo a page. In the basicalgo-
rithm the solutionadoptedfor this problemwasto reverse
thefirst two accessem eachmaximaliso-y subsetvith two
or more elements. This way; if the first two dependeng
vectorsresultin accesse$o the samepage,the pagewiill
be accesseth the next iterationandthe priority is sethigh
dueto the seconddependeng vector If the two accesses
aremadeto differentpageseachpagegetsthe priority set
by the correspondingectot

Algorithm SPRT Run-time
Input: A pagetogethemwith the priority associateavith
thecurrentaccessatcompiletime
Output: Thepriority for thepage
if the currentpage.sepriority =0
setcurrentpage.priority— compiletime priority
for currentaccess
currentpage.sepriority «+ 1
Returncurrentpage.priority
end

With theseconsiderationghecontinuoussectionof exe-
cutionthattakesplacein eachrow is servicedataratevery
closeto optimalin termsof memorycost. For furtherim-
provementsthe secondalgorithmneedso beexplored.

3.2 ExtendedOn-line Algorithm

This algorithmgoesinto moredetailin assigningpriori-
tiesto pagesto theoverall effect of minimizing the penalty
incurredattheendof eachrow fragmentn executionspace.
An additional requirementfor better performancecomes
from the obsenation that while locality is important,in a
numberof practicalcasegheinformationis only accessed
oncein eachlocation. In this case,|t is of a substantiahd-
vantageto be ableto determinewhenthe last locationin
a pageis accessed.The advantagedlerived from this are
evidentin the secondof thefilters thatthe algorithmshave
beentestedon. Thus,in theinstancesvhereno furtherac-
cessesare expectedto a page,a very low priority canbe
set.Finally, with the useof partitions,onemoreproblemis
generatedpriorities beingsetevery iteration, the priorities
setin thelastiterationin eachrow remainsetunlessexplic-
itly changedy alatteraccessThemainimplicationis that
pageswith high prioritiesremainto reducethe effective us-
ablespaceof low memorylevels. Thus,anadditionalbit is
neededo markthosepagesusedin thelastiteration. Since
thosepageswill mostlikely not beuseduntil theendof the
next row, atthe endof the lastiterationthe priority of each
pageis setdowvn to 1.



A sideadwantageof this approacho pagereplacemenis
obtainedfrom the factthatthe algorithmreplacepagesn
anon-preemptie manner The endresultof the processs
thatatthe endof eachrow, the pageghathave beenusedin
thatrow will be foundin memoryin roughly LastIn First
Out order Thus, the inherentworking of the algorithms
reduceghe additionalcostincurredovertheoptimal.

It shouldbenotedthatthecompile-timeprocess(named
XPRT compiler)is identical for the two algorithms. The
differencen efficiency is gainedatthe hardwarelevel, with
additionalchecksfor thelastmemorylocationin apageand
thelastiterationin eachrow of a partition.

Algorithm XPRT Run-time
Input: A pagetogethemwith the priority associateavith
the currentaccessat compiletime andthe iterationin the
currentrow
Output: Thepriority for thepage
if the currentpage.sepriority =0
if the accessis the first in a maximal iso-y
subsetand it accesseghe last location in a page, cur-
rentpage.priority« -127
if the currentiterationis the lastiterationin the
row, currentpage.lasiteration+ 1
setcurrentpage.priority«— compiletimefor cur-
rentaccess
currentpage.sepriority < 1
if theendof the lastiterationin the currentrow has
beenreached
for all pagesn memory
if page.lasiteration=1
page.priority+ O
Returncurrentpage.priority
end

In conclusionthe mechanisnfor settinga priority is as
follows. If a priority hasnot beenset, setthe priority ac-
cordingto the guidelinesbelow.

1. If informationfrom the pagebeingaccesseds not re-
quiredin a differentrow thanthe currentoneandthe
accessds not to the last locationin the page,setthe
priority to O.

2. If in the above situationthe accesss to the lastloca-
tion in the page setthepriority to thelowestallowable
by the hardware (-127 in the caseof an 8-bit priority
field).

3. Otherwise setthe priority accordingto the numberof
the accesdn the iteration. This value is decidedat
compiletime andis programmednto thememorycon-
troller.

It shouldbenotedthatthepriority bitsareresetattheend
of eachiterationin boththebasicandextendedalgorithms.

4 Experimental Results

In this sectionthe simulationresultsof seseral applica-
tion relatedcodesequencerin undervariousmemorycon-
figurationsarepresentedTheresultsaregivenin theform
of total memoryaccesgime underthefollowing criteria:

1. The systemconsistsof five memorysizes,eachlevel
having doublethe capacityof the previous one, with
the exceptionof the lastlevel, which is consideredo
have infinite capacity

2. Thecostof fetchingapageis takenasonelessthanthe
numberof the memorylevel thatthe pagewasfound
in, wherethe first level is the primary cacheand the
fifth level is themainmemory

3. Thedatais assumedo bestoredin arow-wisemanner

With theseassumptionsthe resultsobtainedin running
thefilter previously presentedh this paperareseenn Table
1.1

LRU | Basic | Extended| Memorysize | Pagesize
22589 | 17469 | 16643 | 4,8,16,32x 12
28528 | 23920 | 21437 | 4,8,16,320 8
12706 | 12706| 11880 | 8,16,32,64x 12
16877 | 16877 | 16205 | 8,16,32,64x 8

Table 1. Memory access costs for IIR filter

Anothefrfilter, presentedh [13], wasalsotested.Thisfil-
ter exhibiteda smalleramountof locality andthatis evident
in theresultsfrom Table2.

LRU | Basic | Extended| Memorysize | Pagesize
36647 | 33605 30013 | 4,8,16,32%x 12
41663 | 38686| 35533 | 4,8,16,32x 8
25246 | 25246 | 24593 | 8,16,32,64x 12
32436 | 32436| 31913 | 8,16,32,640 8

Table 2. Memory access costs for second fil-
ter

A third testwasrunon afilter designedaccordingto the
Fettweismethod4] to solveacircuit transmissiomproblem.
Theresultswereasfollows.

Finally, a fourth testwasrun on livermoreloop 18 with
thefollowing results.

1The memorysizesaregivenin termsof the numberof pagesthatcan
be storedin eachmemorylevel



LRU | Basic | Extended| Memorysize | Pagesize
76799 | 76799 | 76799 | 4,8,16,32x 12
82943 | 82943 | 78336 | 4,8,16,32x 8
76799 | 76799 | 66476 | 8,16,32,64 12
82943 | 82943 | 73728 | 8,16,32,64x 8
Table 3. Memory access costs for Fettweis
filter

LRU Basic | Extended| Memorysize | Pagesize
147025| 134225| 131865 | 4,8,16,32x 12
182368 | 166240| 147040 | 4,8,16,32 8
109747| 96307 93411 | 8,16,32,64x 12
143681| 124817| 115517 | 8,16,32,64c¢ 8

Table 4. Memory access costs for livermore
loop 18

It canbeseerfrom abovethatimprovementontheorder
of 20% canbe obtainedon aregularbasiswith the new on-
line algorithms.

5 Summary

The desireto keepthe CPU operatingas much of the
time aspossibleleadsusto continueto strive to find more
efficient waysto utilize the memoryin high speedcaches.
This paperhasdemonstratedhat with minimal hardware
alterationandcompilersupport,it is possibleto greatlyin-
creasdhe effectivenesf pagereplacemenalgorithms. It
haspresentedwo algorithmswhich far exceedthe perfor
manceof both the online standardfor memory manage-
ment.

Theonlinealgorithms SPR andXPRT wereintroduced
and described. Both algorithms measurablyoutperform
LRU, the commonlyacceptednostefficient algorithm for
online pagereplacement.The key conceptbehindthe on-
line algorithmsresidesin the fact that by utilizing the lo-
cality of referencenherentin nestedoopsandinformation
from the compiler; it is possiblefor an online algorithmto
gain an approximationof the foresightthat an off-line al-
gorithmwould have accesgo, andto approactthe perfor
manceof an off-line optimal algorithm. Thesealgorithms
outperformLRU by upto 20%while requiringonly amod-
estamountof modificationto the currenthardwaremodel.
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