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Abstract

With the continuingtechnolaogical trendof ever cheaper
andlarger memorymostdatasetsin databaseserves will
soonbe able to residein main memory In this configu-
ration, the performancebottlenes is likely to be the gap
betweerthe processingspeedof the CPU and the memory
accesdatency Previouswork hasshownthat databaseap-
plications have large instruction and data footprints and
hencedo not useprocessorcacheseffectively In this pa-
per, weproposeCall GraphPrefething (CGP),a hardware
techniquethat analyzeghecall graphof a databasesystem
andprefettesinstructionsfromthefunctionthatis deemed
likely to be called next. CGP capitalizeson the highly pre-
dictablefunctioncall sequencethatare typical of database
systems.We evaluatethe performanceof CGP on setsof
Wsconsinand TPC-H queries,as well as on CPU-2000
bendimarks.For mostCPU-2000applicationsthe number
of I-cache missesvere very few evenwithoutany prefetd-
ing, obviatingthe needfor CGR Our databasesxperiments
showthat CGPreduceghe I-cachemissesdy 83%andcan
improvetheperformanceof a databasesystenby 30%over
abaselinesystenthatusegsheOM tool to layoutthecodeso
asto improvel-cacheperformance CGPalsoachieved7%
higher performancehan OM with next-N-line prefetting
ondatabaseapplications.

1. Intr oduction

The increasingneedto store and query large volumes
of datahasmadedatabasenanagementystemgDBMSS)
one of the most prominentapplicationson today's com-
putersystems.DBMS performancen the pastwasbottle-
necledby diskaccesdateng whichis ordersof magnitude
slower than processorcycle times. But with the trendto-
ward denserand cheapememory databaseenersin the
nearfuture will have large main memory configurations,
andmary working setswill beresidenin mainmemory[2].
Moreover techniquessuchas concurrentquery execution,
wherea querythatis waiting for a disk accesss switched

with anotherquerythatis readyfor execution,cansuccess-
fully maskmostof theremainingdiskaccessatencies Ser-
eral commercialdatabaseystemsalreadyimplementcon-
currentqueryexecutionalongwith asynchronou$O to re-
ducethe I/O bottleneck. Oncethe disk accesdateng is
tolerated,or disk accessesre suficiently infrequent,the
performancéottleneckshiftsfrom I/O responséimeto the
memoryaccesgime.

Thereis a growing gap betweenprocessorand mem-
ory speedswhich can be reducedby the effective use of
multi-level caches. But recentstudieshave shovn that
current databasesystemswith their large code and data
footprintssuffer significantlyfrom poorcacheperformance
[1, 4, 12, 15, 20]. Thusthekey challengen improving the
performanceof memory-boundiatabaseystemss to uti-
lize cachesffectively andreducecachemissstalls.

In this paperwe proposeCall GraphPrefetdhing (CGP),
a hardwareinstructionprefetchingtechniquethat analyzes
the call graphof an applicationand prefetchesnstructions
to reducethe instructioncachemisses.Although CGPis a
genericinstructionprefetchingschemeit is particularlyef-
fective for large softwaresystemssuchasDBMSsbecause
of the layeredsoftwaredesignapproactusedby thesesys-
tems.CGPusesaCall GraphHistory Cacheg(CGHC)to dy-
namicallystoresequencesf functionsinvokedduring pro-
gramexecution,andusesthe storedhistorywhenchoosing
whichfunctionsto prefetch.CGPusesCGHConly atfunc-
tion boundariesand usesnext-N-line (NL) prefetchingto
prefetchinstructionswithin a function boundary We eval-
uatethe effectivenesof CGP usinga subsetof CPU-2000
benchmarks&nda databasevorkloadthatconsistsof a sub-
setof theWisconsin[3] andTPC-H[8] queries.

Our performancevaluationsshov thatmostCPU-2000
benchmarkslo notneedary prefetchingsincethesebench-
markssuffer very few I-cachemisses.On the otherhand,
the databasevorkloadsdo suffer a significanthnumberof I-
cachemissesandCGPimprovestheir performancdry 30%
over a baselinesystemthathasbeentunedup by usingthe
OM tool. OM performsprofile directedcodelayoutto re-
ducel-cachemisseswhich improvesthe performanceof a



highly optimizedbinary (C++ -O5 optimizationlevel) by

11%. Using CGPin additionto OM improvesthe perfor

manceby 45%over O5. But onedisadwantageof usingOM

is thatthe DBMS sourcecodemustberecompiledo gener

atethe profile informationthat OM requires. CGP alone,
without OM, doesnot needrecompilationof the source
codeandstill achievesa 40% performancemprovement.

Comparedto a pure NL prefetchingschemeCGP is-
sues3% more useful prefetches but the numberof use-
lessprefetcheds comparablgo NL. However, of the use-
lessprefetchedssuedby CGR 82% are issuedby its NL
prefetchethatprefetchesithin afunctionboundary CGP
reduceshe cachemissesof the DBMS workloadsby 10%
andimprovestheperformanceéy 7% elative to OM with a
pureNL scheme.

Although both instruction and data cachemissescan
have a significantimpacton the overall performancethis
paperfocusesonly ontheinstructioncachemisseslnstruc-
tion cachemissesare harderto maskasthey serializepro-
gramexecutionby stallingtheissuingof instructionsin the
processopipelineuntil the cachemissis serviced.Our re-
sultsshow thatsignificantspeedupsanbe achiezed by fo-
cusingonly on I-cacheprefetching;techniquesor reduc-
ing datastallswill furtherimprove the performanceof the
databassystem.

The rest of this paperis organizedas follows. Sec-
tion 2 describegrevious relatedwork. Section3 presents
anoverview of CGPanddiscusseshe architecturamodifi-
cationsneededor its implementation.Section4 describes
the simulationernvironmentandperformancenalysistools
thatwe usedto assesshe effectivenesf CGR Theresults
of this assessmerarepresentedn Section5, andwe con-
cludein Section6.

2. RelatedWork

Researcherdiave proposedseveral techniquesto im-
prove the I/O bottleneckof databasesystems. Nyberg et
al. [15] suggestedhat if dataintensve applicationsuse
softwareassistedlisk striping, the performanceottleneck
shifts from 1/O responsdime to the memoryaccesgime.
Bonczet al. [4] shaved that the query executiontime of
datamining workloadswith a large main memory buffer
pool is memoryboundratherthan /O bound. Shatdalet
al.[20] proposecdtache-conscioygerformanceuningtech-
niguesthatimprovethelocality of thedataaccessefor join
andaggregation algorithms. Thesetechniqueseducedata
cachemissesandareorthogonalo the goalof CGPwhich
tries to reducel-cachemisses. CGP may be implemented
ontop of thesecache-consciouslgorithms.

It is only recently that researcherfiave examinedthe
performanceémpactof architecturafeatureson DBMSs|1,
12, 25,10, 19, 9, 11, 14]. Theirresultsshowv thatdatabase
applicationshave large instructionand datafootprintsand

exhibit more unpredictablebranch behaior than bench-
marksthatarecommonlyusedin architecturaktudies(e.g.
SPEC).Databaseapplicationshave fewer loops and suf-
fer from frequentcontext switches,causingsignificantin-

creasesin the instruction cachemiss rates[11]. Lo et
al. [12] alsoshavedthatin OLTP workloads,the instruc-
tion cachemissrate is nearly three times the datacache
miss rate. Ailamaki et al. [1] analyzedthree commer

cial DBMSs on a Xeon processoandshaved that TPC-D
gueriesspendabout20% of their executiontime on branch
mispredictionstallsand20% on L1 instructioncachemiss
stalls(eventhoughthe Xeonprocessousesspecialinstruc-
tion prefetchinghardware). Their resultsalsoshaved that
L1 datacachemissesthat hit in L2 were not a significant
bottleneck,but L2 datacachemissesreducedthe perfor

manceby 20%.

Researcherbave proposedsereral schemedo improve
instructioncacheperformancePettisandHanser{16] pro-
poseda code layout algorithm which usesprofile guided
feedbackinformationto contiguouslylayoutthe sequence
of basicblocks that lie on the most commonlyoccurring
controlflow path.Romeretal. [18] implementedhe Pettis
andHansencodelayoutalgorithmusingthe Etchtool and
shaved performancemprovementsfor Win32 binaries.In
this paperwe usedOM [24] which implementsa modified
Pettisand Hansenalgorithmto do feedback-directedode
layout. This algorithmis discussedurtherin Section5.1.
Our resultsshowv that using OM with CGP improvesthe
performancédy 45% overan O5 optimizedbinary.

Next-N-line prefetding (NL) [21] is anotherprefetch-
ing techniquethat is often used. In this techniquewhen
a line is being fetchedby the CPU, the next N sequential
linesareprefetchedunlessthey arealreadyin cache.This
schemeavorkswell in programghatexecutdong sequences
of straightline code.CGPuses\L prefetchingor prefetch-
ing codewithin a function,andthe CGHC for prefetching
acrossfunction calls. We show that CGP takes good ad-
vantageof the nextline prefetchingschemeandalsooutper
formsOM with a pureNL scheméy 7%.

Researcherhave proposedsereral techniquedor non-
sequentialinstruction prefetching [22, 7, 13, 17]. Of
these,the work thatis closestto CGPis that of Luk and
Mowry [13]. They proposecdcooperatie prefetchingwhere
thecompilerinsertsprefetchinstructionso prefetchbranch
targets. Their approachhowever, requiresISA extensions
to addfour new prefetchinstructions:two to prefetchthe
targetsof branchesgnefor indirectjumpsandonefor func-
tion returns. They usenext-N-line prefetchingfor sequen-
tial accesses.Specialhardware filters are usedto reduce
the prefetchtraffic. By contrast,CGPis asimplehardware
schemethat discoversand exploits predictablecall beha-
ior asfound, for example,in databaseapplicationsdueto
their layeredsoftwaredesign.CGPusesNL prefetchingto



prefetchwithin a function boundaryand can benefitfrom
usingthe OM tool atlink time to make NL moreeffective
by reducingthe numberof takenbrancheswhichincreases
thesequentialityof thecode.HenceusingOM with NL can
effectively prefetchinstructionswithin afunctionboundary
andtherebyreduceghe needfor branchtarget prefetching
thatoccurswithin afunctionboundary By building on NL,
CGPcanfocuson prefetchindgor functioncalls. SinceCGP
isimplementedn hardware,it permitsrunninglegacy code
without modificationor recompilationwhich s particularly
attractie for large softwaresystemssuchasDBMSs.

3. Call Graph Prefetching(CGP)

DBMSsarecommonlybuilt usingalayeredsoftwarear
chitecturewhereeachlayer provides a setof well-defined
entry pointsto the layersaboveit. Figurel showsthelay-
ersin atypical databasesystemwith the storagemanager
beingthebottom-mostayer Thestoragemanageprovides
basicfile storagemechanismgsuchastablesandindices),
concurreng controlandtransactiormanagemenfacilities.
Relationaloperatorghatimplementalgorithmsfor join, ag-
gregationetc.,aretypically built ontop of the storagaman-
ager The query scheduler the query optimizer and the
gueryparselarethenbuilt ontop of theoperatodayer. Each
layer in this modulararchitectureprovides a set of well-
definedentry points and hidesits internalimplementation
details so as to improve the portability and maintainabil-
ity of the software. The sequencef function calls within
eachof theseentrypointsis transparento thelayersabove.
Although suchlayeredcodetypically exhibits poor spatial
andtemporallocality, thefunctioncall sequencesanoften
be predictedwith greataccuray. CGP exploits this pre-
dictability to prefetchinstructionsfrom the procedurethat
is deemednostlik ely to be executednext.

‘ Query Parser

‘ Query Optimizer
v

‘ Query Scheduler
i

‘ Relational Operators

‘ Storage Manager

Figure 1. Software layers in a typical DBMS

3.1 A Simple Call Graph Example

We introduceCGP with the following pedagogicakx-
ample.Figure2 shavs a sgmentof a call graphfor adding
arecordto afile in SHORE[6]. SHOREIis a storageman-
agerthatprovidesstoragevolumes B+-trees R*-trees,con-

curreny control andtransactiormanagementin this ex-
ample,Createrec calls Find_page_in_buffer_pool to check
if the relationinto which the recordis being addedis al-
readyin the mainmemorybuffer pool. If the pageis notal-
readyin thepoolthe Getpaye_from diskfunctionis invoked
to bring the pagefrom the disk into the pool. This pageis
thenlocked usingthe Lodk_page routine,subsequentlyp-
datedusing Updatepage, andfinally unlocked using Un-
lock_page.

The Createrec function is the entry point provided by
the storagemanageto createa record,andis routinelyin-
voked by a numberof relational operators,including in-
sert,bulk load,join (to createtemporarypartitionsor sorted
runs),andaggreate.Althoughit is difficult to predictcalls
to Createrec onceit is invoked Find_page_in_buffer_pool
is alwaysthe next functionto be called. Whena pageis
broughtinto the memaorybuffer pool from thedisk, DBMSs
typically “pin” the pagein the buffer pool to prevent the
possibility of its being replacedbeforeit is used. Givena
large buffer pool sizeandrepeatedtalls to Createreg, the
pagethatis beingupdatedwill usuallybe found pinnedin
the buffer. HenceGetpaye_from.disk will usually not be
calledand Lodk _page, Updatepage and Unlodk_page will
bethesequencef functionsnext invoked. CGPcapitalizes
on this predictability by prefetchinginstructionsneeded
for executingFind_page_in_buffer_pool uponenteringCre-
atereg then prefetchinginstructionsfor Lock_page once
Find_page_in_buffer_pool is entered,and finally prefetch-
ing instructionsfrom Updatepage after returning from
Find_page_in_buffer_pool, and for Unlock_page upon re-
turningfrom Updatepage.

Create_rec Find_page_in_buffer_pool
if NOT found i
Getpage_from_disk() | - Getpage_from_disk
Lock_page()
Find_page_in_buffer_pool() Update page 1 Lock page
Update_page() [

Unlock_page

Unlock_page() /

Figure 2. Call Graph for the Createrecfunction

3.2 Exploiting Call Graph Information

The mainhardwarecomponenbf the CGP prefetchelis
the Call GraphHistory Cache(CGHC) which comprisesa
tagarrayandadataarrayasshowvn in Figure3. Eachentry
in thetagarraystoresthe startingaddresf a function (F)
andanindex (I). Thecorrespondingentryin the dataarray
storesa sequencef startingaddressesorrespondingo the



sequencef functionsthat were called by F' the lasttime
thatfunction F wascalled. If F hasnotyet returnedfrom
its mostrecentcall, this sequencenaybe partially updated.
For easeof explanationhereandin Figure 3 we usethe
functionnameto representhe startingaddresf the func-
tion. By analyzingthe executablesusing ATOM [23] we
foundoutthatin ourbenchmark80%of thefunctionshave
callsto fewerthan8 distinctfunctions.Henceeachentryin
thedataarray asimplementedn our evaluationscanstore
up to 8 function addressesMoreover 8 function addresses
canbestoredin a cachéeline of 32 bytes,whichis the stan-
dardline sizeof our L1 dataandinstructioncachesSoa 32
byte line in the dataarray cancorvenientlyusesamedata
pathusedby L1 cachedo transferdatafrom the L2 level
CGHC(if atwo level CGHC designis used).If a function
in thetagentryinvokesmorethan8 functions,only thefirst
8 functionsinvokedarestoredin our evaluations.As shavn
laterin Section5.3,asmalldirectmappedCGHC achieves
nearlythe sameperformancesaninfinite size CGHC and
hencewe choseto usea directmappedCGHC insteadof a
set-associate CGHC.

Each call and eachreturn instructionthat is executed
makestwo accesse$o CGHC. In both casesthe first ac-
cessuseshetargetaddres®of thecall (or thereturn) to de-
terminewhich functionto prefetchnext; the secondaccess
useghestartingaddres®f the currentlyexecutingfunction
to updatethe currentfunction’sindex andcalling sequence
thatis storedin CGHC. To quickly generatehe tamget ad-
dressof a call or returninstruction,the processos branch
predictoris usedinsteadof waiting for the target address
computationwhich may take several cyclesin the out-of-
order processompipeline. On a CGHC accessijf thereis
no hit in the tag array no prefetchesareissuedanda new
tagarrayentryis createdwith the desiredtagandanindex
valueof 1. The correspondinglataarray entry is marked
“invalid,” unlessthe CGHC missoccurson the secondup-
date accesdor a call (say P calls F'), in which casethe
first slot of the dataarrayentryfor P is setto F'.

In general,the index valuein the tag array entry for a
function F', pointsto one of the functionsin the dataarray
entryfor F'. An index valueof 1 selectghefirst functionin
thedataarrayentry. Notethattheindex valueis initialized
to 1 whenever a new entryis createdfor F', andthe index
valueis resetto 1 whenever F returns.

Whenthe branchpredictorpredictsthat P is calling F',
thefirst (call_prefetd) accesdo the directmappedCGHC
tag arrayis madeby usingthe lower orderbits of the pre-
dictedtargetaddressF, of thefunctioncall. If theaddress
storedin the tag entry matchesF’, asthe index value of a
function being called shouldbe 1, a prefetchis issuedto
the first function addresghat is storedin the correspond-
ing dataarrayentry. Thesecondunctionwill beprefetched
whenthe first function returns,the third whenthe second

Tag Array Data Array

Func_Addr Index Sequence of functions invoked
Create_rec 1 Find_page.. Update_page| Unlock_page
Find_page.. 1 Lock_page | -t [ERRRREEEEEEEE
Update_page 1
On a CGHC hit, Index™~ oo
selects function to prefetch MUX Prefetch address
toL2

Figure 3. Call Graph History Cache. (state
shown in CGHC occur s as Lodk_page is being
prefetched from Find_page_in_buffer_pool)

returnsetc. The prefetcherthuspredictsthat the sequence
of callsto beinvokedby F' will bethesameasthelasttime
F was executed. We choseto implementthis prediction
schemebecausef the simplicity of its prefetchlogic and
theaccurag of this predictorfor stablecall sequences.

For the samecall instruction (P calls F), the second
(call_updatg accesso the CGHC tag arrayis madeusing
the lower order bits of the startingaddressof the current
functionP. If theaddresstoredn thetagentrymatche<P,
thenthe index of thatentryis usedto selectone of 8 slots
of thecorrespondinglataarrayentry, andthe predictedcall
target, F', is storedin thatslot. Theindex is incrementedy
1 oneachcall_update up to amaximumvalueof 8.

On areturninstruction,whenthe function F' returnsto
function P, thelower orderbits of the startingaddres®f P
areusedfor thefirst (return_prefetd) accesgo the CGHC.
Onataghit, theindex valuein thetagarrayentryis usedto
selecta slotin the correspondinglataarray entry, andthe
functionin thatslotis prefetched.

On areturninstruction,a corventionalbranchpredictor
only predictsthereturnaddressn P to which F' returns,in
particularit doesnotprovidethestartingaddres®f P. Con-
sequentlyamodifiedbranchpredictoris usecto provide the
startingaddres®f P. Sincetheentriesin thetagarraystore
only starting addressesf functions,the target addresof
areturninstructioncannotbe directly usedfor a tag match
in CGHC. To overcomethis problemthe processoalways
keepstrack of the startingaddres®f the functioncurrently
beingexecuted Whena call instructionis encounteredhe
starting addressof the caller function is pushedonto the
branchpredictorsreturnaddresstackstructurealongwith
the return address. On a return instruction, the modified
branchpredictorretrievesthe returnaddressas usual,and
alsogetsthecallerfunction’s startingaddressvhichis used
to accesshe CGHCtagarray

On the same return instruction, the second (re-
turn_updatg accesso CGHCis madeusingthelowerorder
bits of the startingaddres®f the currentreturningfunction,



F. Onataghit, theindex valuein thetagarrayentryis reset
toone.

Since CGP predictsthat the sequencef function calls
madeby acallerwill bethesameasthelasttime thatcaller
was executed prefetchingan entirefunction basedon this
predictionmay wasteprocessoresourcesf the prefetched
functionis notinvoked during the actualexecution. More-
over prefetchinga large function into the instructioncache
canpollutethe cacheby replacingexisting cachelinesthat
may be neededsoonerthanthe prefetchedines. Hencethe
prefetchalgorithmonly prefetchesV cachdines,where N
is aparametethatcanbebasedonthe cachesize,line size
andthe I-cachemisslateng. Sinceonly thefirst N cache
lines of a calleefunction are prefetchedfrom within the
callerfunction, the restof the calleefunctionis prefetched
after enteringthe callee function by using a simple NL
prefetchingscheme. We usethe notation CGP-N to rep-
resenta CGP schemethat prefetchesonly N cachelines
ratherthananentirefunctionon eachprefetchrequest.

3.3 Designconsiderations

Operationghataccessandupdatethe CGHC arenoton
the critical pathof the processopipelineandcanbe done
in the background.n ourimplementatiorthe prefetchand
updateaccesset the CGHCarein differentcyclesto elim-
inatethe needfor having a dual-portedCGHC.The CGHC
is accessednecycle afterthe branchpredictorpredictsthe
targetof a call or returninstruction. Sincethe CGHC s a
small direct mappedcache the tag matchof the target ad-
dressis completedn this cycle. A prefetchis issuedin the
next cycle afterahitin CGHC.TheCGHCis updatedn the
following clock cycle to reflectthe call sequencéistory.

OurcurrentCGPimplementatiorprefetchesnstructions
directly into the L1 I-cache. The traffic generatedy the
prefetchesandthe L1 cachemissesare servicedby L2 in
FIFO orderwithout giving ary priority to the demandmiss
traffic. Although the lack of priority may increasethe la-
teng of thedemandnisstraffic, it simplifiesthelL2 access-
ing interfacewithin theL1 cache.

4. Simulation Envir onment and Benchmarks

4.1 Methodology

To evaluatethe effectivenessof CGP we implemented
a subsetof the relational operatorson top of the SHORE
storagemanagef6]. SHORE:is a fully functional storage
managemwhich hasbeenusedextensiely in the database
researclcommunityandis alsousedin somecommercial
databasesystems.SHOREprovidesstoragevolumes files
of untypedobjects B+ trees andR* trees full concurreng
control and recovery with two-phaselocking and write-
aheadlogging. We implementedthe following relational
operatorson top of SHORE:select,indexed select,grace

join, nestedoopsjoin, indexednestedoop join andhash-
basedaggregate EachSQL querywastransformednto a
gueryplan usingtheseoperators.The relationaloperators
andthe underlyingstoragemanagemvere compiledon an
Alpha21264processorunningOSFVersiord.OF We com-
piled SHOREusingtheCompacC++compiler, version6.2,
with the-O5-ifo -inline andspeedlagsturnedon.

We usedthe SimpleScalarsimulator [5], for detailed
cycle-level processosimulation. Themicroarchitectur@a-
rametersveresetasshavn in Tablel.

Fetch,Decode& IssueWidth | 4

Inst Fetch& L/S QueueSize | 16
Reserationstations 64

FunctionalUnits 4add/2mult
Memorysystemportsto CPU | 4

L1 | andD cacheeach 32KB,2-way,32byte
Unified L2 cache 1MB,4-way,32byte

L1 hit lateng/(cycles) 1
L2 hit lateng/(cycles) 16
Mem latengy (cycles) 80

BranchPredictor 2-lev,2K-entry

Table 1. Microarchitecture Parameter Values

To evaluatethe performancesf CGPwe useda database
workload that consistsof eight queries(1 through7 and
9) from the Wisconsinbenchmark[3], and five queries
(1,2,3,5,and6) from the TPC-Hbenchmarl{8]. Wiscon-
sin queriesl through7 are 1% and 10% rangeselection
gueries(with andwithout indices)andquery9 is two-way
join query The selectedTPC-H queriesinclude queries
with aggreyationsandmary joins, andalsoincludesa sim-
ple nestedquery(query?2). TheremainingTPC-H queries
needmorerelationaloperatorghanwe have currentlyim-
plementecdandhencearenot evaluatedn this paper

We selectedqueriesfrom two different benchmarks,
Wisconsinand TPC-H, to demonstratédvow CGP performs
with mixed workloads. The resultsin this sectionevaluate
the effectivenessof CGPfor four differentdatabasevork-
loads.Theseworkloadsare:

1. Wisc-prof, a setof threequeriesfrom the Wisconsin
benchmark:query 1 (sequentiakcan),query5 (non-
clusteredindex select)and query 9 (two-way join).
Thesequerieswere chosensincethey include query
operationghat are frequentlyusedby the other Wis-
consin benchmarkqueries. Theseselectedqueries
wererun on adatabasef 2100tuples.

2. Wisc-large-1consistof thesamethreequeriesusedin
the Wisc-prof workload, exceptthat the querieswere
runonafull 21,000tuple Wisconsindatabas€10,000
tuplesin eachof thefirst two relations,and 1,000tu-
plesin thethird relation). Thetotal sizeof thedatabase



includingtheindicesis 10MB. This workloadwasse-
lectedto seehow CGPperformancalifferswhenrun-
ning the samequerieson a differentsizedatabase.

3. Wisc-large-2 consistsof all eight Wisconsinqueries
runningona 10MB database.

4. Wisc+tpach consistof all eight Wisconsinqueriesand
thefive TPC-Hqueriesunningconcurrentlyon atotal
databasef size40MB. In thisworkloadthe sizeof the
TPC-Hdatasetvas30MB.

The queriesin eachworkload were executedconcur
rently, each query running as a separatethread in the
databasesener. We useda small databaseize (40MB) to
allow the SimpleScalasimulationto completein a reason-
abletime. Even with this small databasethe total num-
ber of instructionssimulatedin wisc+tpc wasabout3 bil-
lion. Increasinghesizeof thedatasetincreaseshenumber
of instructionsexecuted put doesnot significantlyalterthe
typesandsequencesf functionscallsthataremade;CGP
performances in fact fairly independenbf the database
sizethatis used. To verify this claim, we simulatedCGP
onthewisc-lalge-2 querieswith a 100MB datasetandsaw
improvementgjuite similar to thosefor the 10MB dataset.

5. Results

5.1 FeedbackDir ectedCode Layout with OM

Beforepresentingheresultsfor CGR we briefly discuss
the feedback-directedodelayout optimizationof OM that
reduced-cachemissedy increasingspatiallocality. Since
CGPalsotamgetsl-cachemisseswe appliedCGPto anOM
optimizedbinary to seehow muchadditionalbenefitCGP
canprovide.

The OM [24] tool on Alpha processorsmplements
a modified version of the Pettis and Hansen profile-
directed code layout algorithm for reducing instruction
cachemisses[16]. OM performstwo levels of codelay-
out optimizationsat link time alongwith traditional com-
piler optimizationsthat could not be performedeffectively
at compiletime. OM'’s ability to analyzeobjectlevel code
at link time opensup new opportunitiesfor redoingopti-
mizations,suchasinter-proceduraldeadcodeelimination
and loop-invariantcode motion. In the first level of code
layout optimization,OM usesprofile informationto deter
minethelik ely outcomeof the conditionalbranchesndre-
arrangeshebasicblockswithin afunctionsuchthatcondi-
tionalbranchesremostlik ely nottaken. This optimization
increaseghe averagenumberof instructionsexecutedbe-
tweentwo taken branches. Consequentlythe numberof
instructionsusedin eachcachdine increaseswhichin turn
reduces-cachemisses.Thesecondevel of codelayoutop-
timizationrearrange$unctionsusinga closest-is-bestrat-
egy. If onefunction calls anotherfunction frequently the

two functionsareallocatedcloseto oneanothelin memory
so asto improve the spatiallocality. SinceOM is a link-
time optimizer, it hasthe ability to rearrangdunctionsthat
are spreadacrossmultiple files, including staticallylinked
library routines.

The profile information neededfor OM optimizations
was generatedby running two workloads, wisc-piof and
wisc+tpc to provide betterfeedbackinformationthanthat
providedby runningjustoneworkload. Eachof thesework-
loadswasrun separatelyandthe profile informationof both
runswasmeigedto generateherequiredfeedbacKile used
by OM. The OM optimizationswvereappliedto an O5 opti-
mizedbinary. OM’s ability to performtraditionalcompiler
optimizationsreducedhe dynamicinstructioncountof the
OM codeby 12%,relative to the O5 optimizedcode.

5.2 CGP and OM Performance Comparisons
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Figure 4. Performance comparison of O5, OM
and CGP

In thissectionwe presentheperformancémprovements
due to OM optimizations. We also presentthe perfor
manceimprovementsdue to CGP without OM optimiza-
tionsandthe performancemprovementgesultingfrom ap-
plying CGPto anOM optimizedbinary.

Figure 4 shows the execution cycles neededfor run-
ning the four workloads using the O5 optimized bi-
nary, the O5+0OM optimizedbinary, and the binary gen-
erated by running the CGP.N algorithm on the O5
binary and the O5+OM binary ~ We selected two
different values for N, the number of cache lines
prefetchedeachtime, namely2 and 4 (correspondingre-
spectvely, to barslabeled O5+CGP_2/05+OM+CGP_2,
0O5+CGP.4/05+OM+CGP_4 in the graphs).For theseex-
perimentsve useda two level CGHCwith 2KB in thefirst
level and 32KB in the secondlevel. Figure 4 shaws that
on averagethe OM optimizationsresultin an11%speedup
over O5 optimized code. In all cases,CGP alone out-
performsOM alone. CGP4 alone,without OM, achieves
40% speedupover O5. CGP4 with OM achieres 45%



speedupover 05, and 30% over OM alone. This shavs
thatCGPalonecansignificantlyimprove performanceand
usingCGPwith OM givesadditionalbenefits.
Oneobsenationmight help explainwhy CGPimproves
performancesignificantlyover OM. Namely the closest-is-
beststratgy usedby OM for codelayout is not very ef-
fective for functionsthat are frequentlycalled from mary
different placesin the code. For instance,procedures
suchaslock_recod() canbe invoked by several functions
in the databasesystem,and OM'’s closest-is-besstratey
placeslock_recod() closeto only a few of its callersby
replicatinglock recod(). Aggressve function replication
can causesignificant code bloat which can adwersely af-
fect I-cache performance. On the other hand, CGP can
prefetch lock_recod() from those functions that invoke
lock_recom(), without having to replicatethe function.

5.3 Exploring the designspaceof CGHC
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Figure 5. Performance of five diff erent CGHC
configurations

The performanceof CGP dependon the ability of the
hardwareto storeenoughcall graphhistory so asto effec-
tively issueprefetchedor repeatectall sequencesSince
CGHC storesthis history information,we exploredthe ef-
fectof varyingthesizeof CGHContheoverallperformance
of CGP Figure 5 shavs the performanceof CGP4 for
five different CGHC configurations,namely 1KB CGHC
(CGHC-1K), 32KB CGHC (CGHC-32K), 1KB+16KB two
level CGHC (CGHC-1K+16K), 2KB+32KB two level
CGHC (CGHC-2K+32K), andan infinite CGHC (CGHC-
Inf) whereeachfunctionin the programhasanentryin the
CGHC that storesthe entire function call sequencef its
mostrecentinvocation.

As seenfrom Figure 5, a 1KB CGHC is about12%
slowerthananinfinite CGHC.But the performanceyapbe-
tweenthe other threefinite CGHC configurationsand the
infinite CGHCis very small. Surprisinglyfor thewisc+tpd
benchmarkheperformancef theinfinite CGHCis slightly
worsethanall configurationsexcept CGHC-1K Sincethe

infinite CGHC cachesall the history information, it will
have morehitsandcausemoreprefetchesSomeprefetches,
however, will be uselesgprefetcheghatresultin increased
bustraffic andmay causecachepollution. Smallerconfig-
urationsthat eliminate lessrecentfunction call sequences
fromthe CGHC (via LRU replacementjnayretainahigher
proportionof the useful prefetchinformation, resultingin
alower percentag®f uselesgprefetchesIn wisc+tpc the
gainsof an infinite CGHC due to more useful prefetches
areapparenthyutweighedy thelosseglueto issuingmore
uselesgprefetches.

Among the four finite CGHC configurations that
were simulated,the performance®f CGHC-2K+32Kand
CGHC-32K are betterthan the remaining configurations.
But insteadof usinga 32KB onelevel CGHC with a one
cycle accesgime, we choseto usea two level CGHC with
2KB in thefirst level CGHC and32KB in the second.The
accesgimesto thetwo level CGHC aresameasthe access
times of the two level cachehierarchy On a missin the
first level CGHC, the secondevel CGHC s accessedOn
ahit in thesecondevel CGHCanentryfrom thefirst level
CGHCiswrittenbackto thesecondevel andthehit entryin
thesecondevel CGHCis movedto thefirstlevel. Onamiss
in the secondevel CGHC a new entry is allocatedin the
first level CGHC andthereplacedentry from thefirst level
is written backto the secondevel. The remainingevalu-
ationsin this paperare presentedisinga CGHC-2K+32K
configuration.

5.4. Comparisonwith Next-N-Line Prefetching
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Figure 6. Performance comparison of O5, OM,
NL and CGP

SinceOM optimizationgncreasehe sequentialityof ac-
cesseso acodesggment,a simpleprefetchingschemesuch
asNL, wherethenext N linesfrom the currentlyaccessed
cacheline are prefetched,might be more successful(in
termsof usefulversususelesgprefetchesyvhenappliedaf-



terOM. Figure6 comparesheperformancef NL prefetch-
ing with CGR whereeachis appliedto the OM optimized
binary NL_2 andNL_4 areNL schemeghat prefetchthe
next 2 and next 4 cachelines, respectiely, from the cur
rently accessedachdine.

Theresultsshav thatthe NL schemas indeedeffective
in improving the performancef the OM optimizedbinary;
but CGP still outperformsNL alone by about7% andis
within 19% of the perfectl-cacheperformancédlabeledas
perf-lcachein thegraph)in whichall accesset thel-cache
arecompletedin 1 cycle. The NL schemes effective for
prefetchinglong straightline sequencesf codewithin a
function. In our workloadson averageonly 43 instructions
wereexecutedbetweenwo successie functioncalls. This
frequentchangen the control flow limits the effectiveness
of theNL schemegvenwith the OM optimizations.

5.5. I-cachePerformance
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Figure 7.1-Cache miss comparison of O5, OM,
NL and CGP

Furtheranalysisshavsthereasongor theimprovedper
formanceof CGPover NL. Figure7 shawvs the numberof
I-cachemisses.TheOM reoiganizatiorreduceghenumber
of cachemissedy 21%relative to the O5 optimizedbinary,
but OM+NL reducescachemissesby 77% and OM+CGP
by 87%.

5.6. PrefetchEffectivenessind Bus Traffic overhead

Figure 8 shaws the prefetcheffectivenessof CGP and
NL by cateorizing the issuedprefetchesnto three cate-
gories. The bottomcomponentPref Hits, shovs the num-
berof timesthatthe next referenceo anL1 cacheine after
it wasprefetchedoundthereferencednstructionalreadyin
theL1 cache.The centercomponentDelayedHits, shavs
the numberof timesthatthe next referencdo a prefetched
cachdine findsthereferencenstructionstill enrouteto the
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DelayedHits
Pref Hits
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Prefetch Distribution(X 1077)
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Figure 8. Prefetch Timeliness of NL and CGP

cachefrom the lower levels of memory Finally the upper
componentlJselesPrefethes shavs the numberof times
that cachelines were prefetchedput replacedbeforetheir
next reference. On averageCGP.4 issuesonly 8% more
prefetcheshanNL _4 alone,andgenerate22%morehitsto
prefetchedcachelinesthanNL _4. Of the prefetchesssued
by CGP 4, 54%wereuseful;51%wereusefulfor NL _4.
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Figure 9. CGP_4 prefetches due to NL (left bar)
and CGHC (right bar)

To understandvhy CGP generatesiearlyasmary use-
lessprefetchessNL we splitthe CGPprefetchesnto those
that areissuedby its NL prefetcherandthosethat areis-
suedby CGHC. Figure9 shaws theresultsof this split for
CGP4. While only 40% of the prefetchesgssuedby the
NL portionareusefulprefetchesy 7% of the prefetchess-
suedby the CGHC portion are useful. Hencethe CGHC
portionis muchmoreaccuratehanthe NL portion. Since
CGP usesCGHC only to prefetchacrossfunction bound-
aries,andusesNL to prefetchwithin a function we might
expectthat CGHC andNL prefetchdisjoint setsof instruc-
tions. However, we seethat both the usefuland the use-
lessprefetche®f theNL portionof Figure9 arefewerthan
thosefor NL_4 in Figure 8. This shavs that someof the
prefetchesssuedby the NL _4 schemearenow beingissued
by the CGHC portion of the CGP.4 scheme. This could
occut, for example,if a calleefunctionis laid out closeto
its callerandNL _4 prefetchegastthe end of the callerto
thebeginninglinesof thecalleefunctiondueto thesequen-
tiality of the codelayout, whereassuch callee prefetches



would tendto occurearlierduring caller executionandfall
within the CGHC portion of CGP Thusthe CGHC allows
CGPschemeo issuesomeof the prefetchearlier(i.e. at
a moretimely point) thanthosesameprefetchesvould be
issuedby NL. TheNL prefetchof suchcachdinesin CGP
will be squashedincethe prefetchwas alreadyissuedby
CGHC. Thetotal delayedhits of CGP.4 arefewer thanthe
delayedhits of NL_4 which is anothermeasureof the in-
creasedimelinessof CGPprefetcheselativeto NL.

In anattemptto improvethetimelinessof NL, we imple-
mentedrun-aheadNL prefetchingwhich is a modifiedNL
prefetchingschemdresultsnotshavn here). This prefetch-
ing scheme,insteadof prefetchingthe next N sequential
lines from the currently accessedacheline, prefetcheN
linesthatbegin M cachelines after the currentlyaccessed
cacheline. Although this schemedid improve the timeli-
nessof somedelayedhits, the overall performanceof this
modifiedNL schemeas muchworsethanNL. With frequent
control flow changesand with an averageof only 43 in-
structionsbetweerntwo consecutie function calls, therun-
aheadNL schemeprefetchesoo mary uselessnstructions
from too far aheadin the instruction stream,and fails to
prefetchsomecloserlines that are neededtherebysignifi-
cantlydecreasinghe numberof usefulprefetches.

5.7. Applying CGP to CPU2000benchmarks

In this sectionwe show that althoughCGP is a gen-
eraltechniquewhich canbeappliedto applicationsn other
domains the layeredsoftware architectureof databasep-
plicationsmake CGP particularly attractve for DBMS. To
guantify the impact of CGP when appliedto someother
applicationdomain, we used CGP on the CPU-intensie
SPEC-CPU200®enchmarks. We selectedsesen bench-
marksfrom the CPU2000integer benchmarlsuite,namely
gzip,gcc,crafty, parser gap,bzip2andtwolf. Thesebench-
marks were compiled, as above, with the CompaqC++
compilerwith O5andthenOM. Thetestinput set,provided
by SPECwasusedto generateherequiredprofileinforma-
tion for OM. Thetrain inputsetwasthenrunfor two billion
instructionsto generateheresultspresentedh this section.

In Figure 10, thelastbarfor eachbenchmarkshavs the
executioncyclesrequiredwith a perfectl-cache,whereall
accesseto the I-cachearecompletedin 1 cycle. The per
formancegap due to usinga 32 KB I-cache,ratherthan
perfectl-cache,is 17% in gcc 9% in crafty, 2% in gap,
andlessthan1% for eachof the otherbenchmarksin fact
with a32KB I-cache for CPU2000thel-cachemissratios
arenearly 0% exceptfor gcc and crafty which have 0.5%
and0.3% I-cachemissratios, respectiely. The I-cacheis
thus not a performancebottleneckin most CPU2000ap-
plications,in which caseit is unnecessaro useprefetch-
ing techniquesuchasCGPandNL. For thoseapplications
thatdo suffer from I-cachemissesnamelygcc andcrafty,
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Figure 10. Effectiveness of CGP on CPU-2000
applications

NL prefetchingaloneachievesperformanceainssimilarto

thoseof CGR NL_4 and CGP.4 eachspeedup the execu-
tion of gccby 7 to 8% andcrafty by 4% relatve to O5+OM

alone. This shawvs that CGPis not especiallyattractive for

workloadswith small I-cachefootprintsand/or infrequent
functioncalls.

6. Conclusionsand Futur e work

This paperproposesCall Graph Prefetding (CGP) to
increasethe performanceof databasesystemsby improv-
ing their I-cacheutilization. With datasetsthataremostly
mainmemoryresidentCGPcanoutperformthe bestexist-
ing feedbacldirectedcompileroptimizationsby 30%, and
providesanadditionalspeedupf 7% over NL prefetching.
The hardwarerequirementof CGP are quite modest. By
addinga 2KB first level CGHC with a 32KB secondevel
CGHC,CGPachievessignificantperformancéenefits.

In this paper exceptfor the profile run of instrumented
coderequiredby OM, if OM is usedas a base,CGP is
implementecdentirely in hardware, which permitsrunning
legagy codewithout modificationor recompilation. How-
ever, CGPcanbeimplementecentirelyin softwareby hav-
ing a compiler insert prefetchinstructionsinto the code
basedon call graphinformationgeneratedrom profile ex-
ecutions.

We have demonstratedhe effectivenessof CGP for
databasapplications Someof themorecommonlystudied
benchmarkssuchas CPU-2000,exhibit very little I-cache
stall andthereis no needto useCGPfor suchbenchmarks.
We do, however, expectCGPto be usefulin otherapplica-
tion domains,suchaslarge Java and C++ programswhere
I-cacheperformancecan be a bottleneckand repeatedse-
guence®f smallfunctioninvocationsarecommon.
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