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Abstract

The trend in computerperformanceover the last 20
years has indicatedthat the memoryperformanceconsti-
tutesa bottlneck for the overall systemperformance. As
a result,smaller, fastermemorieshavebeenintroducedto
hide the speeddifferential betweenthe CPU and memory.
From the beginning of this process,an essentialquestion
hasbeenthe determinationof which part of main memory
shouldresidein thefastermemoryat each instant.Several
on-line and off-line algorithmshavebeenintroduced,the
bestknownand mostusedof which are LRU and MIN re-
spectively. This paper introducesa new approach to page
replacementin that it allowsthecompilerto enterthedeci-
sionprocess.In introducingcompilerhelpto pagereplace-
ment,informationavailableat compiletimeis passedon to
newhardwareaddedto theregularmemory, with theoverall
effectof markedlydecreasingoverall memoryaccesstime.

1 Intr oduction

Beginning around 1980 and continuing through the
present,anincreasingperformancegaphasexistedbetween
memoryandCPU performance.As a resultof this trend,
the techniquesusedto concealthis performancegaphave
becomean issueof increasingimportancein computerde-
sign. Nowadays,two level memorycachesthat are larger
than the entire memoryof primitive computersare com-
monplaceandthreelevel cacheshave begun being imple-
mentedin commercialpersonalcomputers.With growing
miss penalties- in termsof CPU cycles - for eachcache
level,memorymanagementalgorithmsthatmakebetteruse
of bothspatialandtemporallocality areoneof theprincipal
waysin which thememoryandCPUcanbemadeto work�
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“in synch.”
Recently, anumberof new on-linealgorithmshavebeen

proposedfor varyingpurposesandwith varyingdegreesof
overall efficiency. Oneimportantconceptthathassurfaced
is the LRU/k [11], togetherwith its moreefficient 2Q im-
plementation[10]. LRU/k is anextensionto theLRU page
replacementconcept,in which thelastk accessesaretaken
into considerationin preemptingapagefrom memory. Like
otherexistingalgorithms,LRU/k setsprioritiesaccordingto
pagehistories.A notableproblemwith historybasedprior-
ities is theoriginalaccessto apage,aswell asfirst accesses
afteraperiodof inactivity. By usingcompile-timeinforma-
tion, our algorithm assignsappropriatepriorities to pages
on all accesses,includingthefirst one.

In [7], thealgorithmcenterson applicationswith repet-
itive accesspatterns.However, it waits for a problem- in-
creasedaccesscost- to occurbeforeit attemptsto resolveit.
Additionally, thedecisionto changeto replacementpattern
hasto be madeat run time, thus incurring run-timeover-
head. By using the compiler to detectsuchpatterns,our
algorithmallows for theavoidanceof suchproblems.

Othereffectiveapproacheshave includedvariable-space
memorymanagementtechniques,suchasthe working set
algorithm[5, 6,9,12]. However, thesetechniquesrequire
a sizeableamountof extra hardwareto performa prefetch-
like operationin which they pre-determinewhatpageswill
beneededby theexecutingprocessin thenearfuture.

Currentlythemostwidelyusedon-linealgorithmsfor in-
formationreplacementin the cacheareleastrecentlyused
(LRU) andrandomreplacement.Studieshave shown that
LRU performsslightly betteroverall in termsof the cache
hit rate[2, 8]. Our studieshave shown that in the caseof
loop structuresLRU performancecan be improved upon.
It is in this context that this paperproposestwo new algo-
rithms.

Thesealgorithmsdiffer in theircomplexity andtheiruse
of compiler involvementin the memorymanagementpro-
cess.Thefirst (Basic)algorithmrequirescompilersupport
anda minimal amountof hardware,while the second(Ex-



tended)makes increaseduseof informationderived from
the codebeingexecutedandrequiresadditionalhardware
for implementation.

Considerthe caseof the Infinite Extent Impulse Re-
sponsefilter (IIR) below, originally describedin [3].�������
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In simulationsrun on this filter in a five level memory
system,thenew pagereplacementsalgorithmobtainedim-
provementsof upto 20%in memoryaccesstimeovertradi-
tionalLRU.

In orderto describethenew techniques,section2 intro-
ducesthebackgroundconceptsandthebasicideasusedin
this paper. The new on-line algorithmsare introducedin
section3, while section4 containsthetestresults,together
with theconfigurationsused.A summarysectionconcludes
thepaper.

2 Fundamental concepts

Thispaperdealswith memoryhierarchyandspecifically
with ways of transferringdatabetweendifferent memory
levelsin sucha way thatthememorylatency is minimized.
It considersthegeneralcaseof ak-level memoryhierarchy.
In this casetherearea total of k levels of memoryin the
systemwith thefirst level beingtheprimarycacheandthe=!L�M

level beingthemainmemory.
As mentionedin the introduction,themostwidely used

pagereplacementalgorithm in existing systemsis LRU,
which can be easily extendedto multi-level memorysys-
tems.

A key observationto bemadeaboutnestedloop imple-
mentations,is that when multi-dimensionalstructuresare
used,regularexecutiondoesnot makethebestpossibleuse
of thelocality of referencepresent.To takebetteradvantage
of this locality of reference,this paperusesthe technique
of partitioning. The fundamentalsof this techniquecanbe
seenin thefollowing example.Considerthecode

for i = 1 to 100
for j = 1 to 100
A[i,j] = B[i,j] * 5 + B[i-1,j]

If arrayA is modelledasa two-dimensionalentity, the
loopexecutionproceedsasseenin Figure1.

BetweenthetimewhenA[1,0] is computedandthetime
A[2,0] is aboutto becomputed,thepagecontainingB[1,0]
- neededfor boththeformerandthelattercomputations- is
unlikely to befoundin theprimarycache.Thephenomenon
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Figure 1. Regular execution sequence

cascades,suchthatlessthanoptimaluseof memoryis made
on practicallyevery accessto memorylocationsthat have
beenusedin a row prior to the one in currentexecution.
Theendresultis a deteriorationin theoverallmemoryper-
formanceof the system. A countermeasureto this phe-
nomenonis to divide the iterationspaceasseenin Figure
2.
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Figure 2. Partitioned execution sequence

In this case,the reducednumberof iterationsbetween
thecomputationof A[1,0] andA[2,0] allows thepagecon-
tainingB[1,0] to remainin theprimarycachelong enough
to avoid theextra penaltyincurredin thepreviouscase.To
ensurethatthepagesneededstaycloseenoughto theCPU,
severalmodificationsaremadeto thepagereplacemental-
gorithm.

3 On-line Algorithms

In this section,two new on-linereplacementalgorithms
arepresented.Eachalgorithmwill consistof two parts: a
compiler part, in which decisionsare maderegardingthe
priorities associatedwith eachaccessanda run-timepart,
in which the prioritiesareassignedto eachaccessedpage.
The first algorithm is very efficient while executionpro-
ceedsalonga row. However, it incursrelatively significant
penaltiesupon row switches. The secondalgorithm adds
theobservation that in nestedloopstherearetwo levelsof



order. Thefirst level, presentalonganindividualrow, states
thatelementsusedin aniterationarelikely to beusedagain
in the next. The secondlevel of orderconcernsthe tran-
sition from onerow to the next. Sinceexecutionproceeds
from left to right in eachrow, thepagesthataregoingto be
reusedalongthenext row aregoingto bereusedin roughly
thesameorderthatthey wereoriginally used.Thus,by the
time the end of eachrow is reached,the pagesthat have
beenusedin that row needto bein a last-infirst-outorder.
It is this additionalorderthatis implementedby thesecond
algorithm.

Thealgorithmsis to introducecompile-timeinformation
into the run-timepriority assignmentprocess.To illustrate
compilerassistedpriority, considerthe IIR filter described
in section1. In termsof aprogramminglanguage,thisfilter
canbeimplementedwith someindex shiftsas

for i = 1 to n
for j = 1 to m

y[i,j] = x[i,j] + c[2][2] * y[i-2][j-2] + c[2][1] *
y[i-2][j-1] + c[2][0] * y[i-2][j] + c[1][2] * y[i-1][j-2] +

c[1][1] * y[i-1][j-1] + c[1][0] * y[i-1][j] + c[0][2] *
y[i][j-2] + c[0][1] * y[i][j-1]

If we considertheregion of matrix y that is accessedin
iteration(2,2),weobtaintheregion in Figure3.

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

In Figure 3, whencalculatingthe value that shouldbe
placedin thetop right cornerof each3 x 3 square,a region
correspondingto theshadedpartof thesquareis accessed.
For easeof understanding,we introducethefollowing defi-
nition.

Definition 3.1. Anaccessregion is thetotality of themem-
ory locationsaccessedwithin oneiteration.

With thisdefinition,thedescriptionof thefirst algorithm
follows.

3.1 BasicOn-line Algorithm

It canbe seenthat, in regularexecution,advancingone
iterationwithin thesamerow simplyshiftstheaccessregion
onecolumnto theright. As a result,thememorylocations
accessedin thesecondcolumnof theaccessregion will be
the first-columnelementsto be accessedin the next itera-
tion. By thesamereasoningappliedin theoptimaloff-line
algorithm, theseelementsshouldbe assignedthe highest
priority. In the basicalgorithmspriorities aresetonceper
iterationfor eachaccessedpage.Thus,sincea pagecanbe
accessedmultiple timesin an iteration,a flag is neededto
signalif the priority for a pagehasalreadybeensetin the
currentiteration.

Definition 3.2. A priority flag is a one-bitfield associated
with each page, that indicateswhetherthepriority hasbeen
setfor that page in thecurrent iteration. Priority flagsare
seton the first accessto a page in each iteration and then
clearedat theendof each iteration.

In asimilar fashion,prioritiesshoulddecreasewith each
columnmoving off to the right from the second,while the
priorities for elementsaccessedin the first columnof the
executionregionshouldbesetto zero.Theimplementation
of thesystemneededfor thisassignmentcanbeadditionally
simplifiedby allowing thecompilerto relocateinstructions
in sucha way that accessesto pagesthat will be usedin
the following iterationstartingwith the datain the second
columnof theaccessspacearemadecloserto thebeginning
of eachiteration.

The next stepin the compiler involvementactually re-
quirespriority assignmentsto eachpageaccessedin aniter-
ation.In thecaseof nestedloopswith regulardependencies,
analyzingtheexecutionin eachrow revealsthe simpleac-
cessstructureshown above. In thiscontext, thepriority of a
locationin executionspacewould not changewhile chang-
ing from an iterationto the next within the samerow. As
a result,a relationcanbesetup betweenthe index of each
accessin anaccessspaceandthepriority relatedto it. The
algorithmis describedbelow, in its two componentparts:
thecompileraidandthehardwareexecution.

Thecompilersectionof thealgorithmis basedongroup-
ing certaindependency vectorstogetherbasedon certain
propertiesof their components.For a betterunderstanding
of theseproperties,thefollowing definitionsareintroduced.

Definition 3.3. An iso-y subsetis a subsetof the depen-
dencyvectorsetthat containsdependencyvectors of equal
y componentsand whosex componentsform an ordered,
uninterruptedintervalon theintegers.

Definition 3.4. A maximal iso-y subsetis an iso-y subset
such that the additionof anydependencyvectorwould re-
sult in thesetnot beingan iso-ysubset.



Both thebasicandextendedalgorithmsassignpriorities
to eachpageonceevery iteration.Oncethepriority is seta
booleanvariableassociatedwith eachpageis setto TRUE
andcheckedon subsequentaccesses.This variableis reset
to FALSE at thebeginningof eachiteration. Eachpriority
is directly relatedto the dependency vectorsthat result in
accessesto thepage.In particular, thepriority dependson
the maximal iso-y subsetsthat the dependency vectorsare
partof andtheirpositionsin thatsubset.As aresult,astrict
orderneedsto be establishedamongdependency vectors.
In ourcase,theorderinginvolvesarrangingthedependency
vectorsin a y-descending,x-descendingsequence.

Definition 3.5. A set of dependencyvectors, N
OQP �� O?R 	 O?S  is in y-descending, x-descendingorder if, given i
andj integerssuch that TVU�W , then O?X and O�Y satisfyoneof
thesetwo conditions:

1. O X[Z UCO Y\Z , or

2. O]X Z � O�Y Z and O]X_^�UFO�Y8^
This sequencingmethodnaturally createsthe maximal

iso-y subsetsof thedependency vectorset.For easeof pri-
ority assignment,the processbelow is used,startingwith
thefollowing definition.

Definition 3.6. Theindexof a dependencyvectoris thepo-
sition that dependencyvectorwithin the reordered depen-
dencyvectorset.

Algorithm SPRT (sprite) Compiler
Input: A setof dependency vectorsD = N�O �
	 O ��	a`[`#`[	 O " P

in y-descending,x-descendingorder.
Output: A setof priorities for the memoryaccessesre-

latedto thesedependencies.

1. Findall maximaliso-y subsets,b �
	 b ��	a`[`#`[	 b�c
2. For eachb � N
d � 	 d � 	�`#`[`[	 d

6
P

Priority(d � ) e 1

for j = 2 to k

Priority(d�Y  egf�hif - Index( djY ) + 2

Priority(O � ) = 0

end

This algorithmis run separatelyfor eachmaximaliso-y
subset,with eachdataarrayhaving separateiso-y subsets.

Onethingto benoticedis theaddedconstant2 to thepri-
ority associatedwith mostaccesses.Theconstantis needed
for the lastmaximaliso-y subset.Its absencewould result
in thefirst andlastelementsin thatsubsethaving thesame
priority and,asa result,a pagethatwould beneededagain
mightbemoveddown in thememoryhierarchy.

It wasalsonotedin ourexperimentsthatoneplacewhere
LRU wasconsistentlybeingoutperformedby the optimal
algorithmwasthe last accessto a page. In the basicalgo-
rithm the solutionadoptedfor this problemwasto reverse
thefirst two accessesin eachmaximaliso-ysubsetwith two
or more elements. This way, if the first two dependency
vectorsresult in accessesto the samepage,the pagewill
beaccessedin thenext iterationandthepriority is sethigh
dueto the seconddependency vector. If the two accesses
aremadeto differentpageseachpagegetsthe priority set
by thecorrespondingvector.

Algorithm SPRT Run-time
Input: A pagetogetherwith thepriority associatedwith

thecurrentaccessatcompiletime
Output:Thepriority for thepage

if thecurrentpage.setpriority = 0
setcurrentpage.prioritye compiletimepriority

for currentaccess
currentpage.setpriority e 1

Returncurrentpage.priority
end

With theseconsiderations,thecontinuoussectionof exe-
cutionthattakesplacein eachrow is servicedat a ratevery
closeto optimal in termsof memorycost. For further im-
provements,thesecondalgorithmneedsto beexplored.

3.2 ExtendedOn-line Algorithm

This algorithmgoesinto moredetail in assigningpriori-
tiesto pages,to theoveralleffectof minimizing thepenalty
incurredattheendof eachrow fragmentin executionspace.
An additional requirementfor better performancecomes
from the observation that while locality is important,in a
numberof practicalcasesthe informationis only accessed
oncein eachlocation. In this case,it is of a substantialad-
vantageto be able to determinewhen the last location in
a pageis accessed.The advantagesderived from this are
evident in thesecondof thefilters that thealgorithmshave
beentestedon. Thus,in the instanceswhereno furtherac-
cessesare expectedto a page,a very low priority can be
set.Finally, with theuseof partitions,onemoreproblemis
generated:prioritiesbeingsetevery iteration,thepriorities
setin thelastiterationin eachrow remainsetunlessexplic-
itly changedby a latteraccess.Themainimplicationis that
pageswith highprioritiesremainto reducetheeffectiveus-
ablespaceof low memorylevels. Thus,anadditionalbit is
neededto markthosepagesusedin thelastiteration.Since
thosepageswill mostlikely not beuseduntil theendof the
next row, at theendof thelast iterationthepriority of each
pageis setdown to 1.



A sideadvantageof thisapproachto pagereplacementis
obtainedfrom the fact that thealgorithmreplacespagesin
a non-preemptivemanner. Theendresultof theprocessis
thatat theendof eachrow, thepagesthathavebeenusedin
that row will be found in memoryin roughly Last In First
Out order. Thus, the inherentworking of the algorithms
reducestheadditionalcostincurredover theoptimal.

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

Algorithm XPRT Run-time
Input: A pagetogetherwith thepriority associatedwith

the currentaccessat compile time andthe iteration in the
currentrow

Output:Thepriority for thepage
if thecurrentpage.setpriority = 0

if the accessis the first in a maximal iso-y
subsetand it accessesthe last location in a page, cur-
rent page.prioritye -127

if the currentiterationis the last iterationin the
row, currentpage.lastiteration e 1

setcurrentpage.prioritye compiletimefor cur-
rentaccess

currentpage.setpriority e 1
if theendof the last iterationin thecurrentrow has

beenreached
for all pagesin memory

if page.lastiteration= 1
page.prioritye 0

Returncurrentpage.priority
end

In conclusion,themechanismfor settinga priority is as
follows. If a priority hasnot beenset,set the priority ac-
cordingto theguidelinesbelow.

1. If informationfrom thepagebeingaccessedis not re-
quiredin a differentrow thanthe currentoneandthe
accessis not to the last location in the page,set the
priority to 0.

2. If in the above situationthe accessis to the last loca-
tion in thepage,setthepriority to thelowestallowable
by the hardware(-127 in the caseof an 8-bit priority
field).

3. Otherwise,setthepriority accordingto thenumberof
the accessin the iteration. This value is decidedat
compiletimeandis programmedinto thememorycon-
troller.

It shouldbenotedthatthepriority bitsareresetattheend
of eachiterationin boththebasicandextendedalgorithms.

4 Experimental Results

In this sectionthe simulationresultsof several applica-
tion relatedcodesequencesrunundervariousmemorycon-
figurationsarepresented.Theresultsaregivenin theform
of totalmemoryaccesstime underthefollowing criteria:

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

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

3. Thedatais assumedto bestoredin arow-wisemanner.

With theseassumptions,the resultsobtainedin running
thefilter previouslypresentedin thispaperareseenin Table
1. 1

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

Table 1. Memor y access costs for IIR filter

Anotherfilter, presentedin [13], wasalsotested.Thisfil-
terexhibitedasmalleramountof locality andthatis evident
in theresultsfrom Table2.

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

Table 2. Memor y access costs for second fil-
ter

A third testwasrunon a filter designedaccordingto the
Fettweismethod[4] to solveacircuit transmissionproblem.
Theresultswereasfollows.

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

1Thememorysizesaregiven in termsof thenumberof pagesthatcan
bestoredin eachmemorylevel



LRU Basic Extended Memorysize Pagesize
76799 76799 76799 4,8,16,32,k 12
82943 82943 78336 4,8,16,32,k 8
76799 76799 66476 8,16,32,64,k 12
82943 82943 73728 8,16,32,64,k 8

Table 3. Memor y access costs for Fettweis
filter

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

Table 4. Memor y access costs for livermore
loop 18

It canbeseenfrom abovethatimprovementsontheorder
of 20%canbeobtainedon aregularbasiswith thenew on-
line algorithms.

5 Summary

The desireto keepthe CPU operatingas much of the
time aspossibleleadsus to continueto strive to find more
efficient waysto utilize the memoryin high speedcaches.
This paperhasdemonstratedthat with minimal hardware
alterationandcompilersupport,it is possibleto greatlyin-
creasetheeffectivenessof pagereplacementalgorithms.It
haspresentedtwo algorithmswhich far exceedthe perfor-
manceof both the online standardsfor memorymanage-
ment.

Theonlinealgorithms,SPRT andXPRT wereintroduced
and described. Both algorithmsmeasurablyoutperform
LRU, the commonlyacceptedmostefficient algorithmfor
online pagereplacement.The key conceptbehindthe on-
line algorithmsresidesin the fact that by utilizing the lo-
cality of referenceinherentin nestedloopsandinformation
from thecompiler, it is possiblefor an onlinealgorithmto
gain an approximationof the foresightthat an off-line al-
gorithmwould have accessto, andto approachthe perfor-
manceof an off-line optimal algorithm. Thesealgorithms
outperformLRU by up to 20%while requiringonly amod-
estamountof modificationto thecurrenthardwaremodel.
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