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Abstract

Typical translation lookasidebuffers (TLBs)can map
a far smdler region of memay than application foot-
prints demam, and the cost of handing TLB misses
therefare limits the performance of an increasing num-
ber of applications. This battlened can be mitigated by
the use of supempages mutiple adjacentvirtual mem-
ory pagesthat can be mgped with a single TLB en-
try, that extendTLB reach without sigrificantly increas-
ing sizeor cost. We analyze hardware/softwae trade-
offs for dynamicdly creating superpages. Thisstudy ex-
terds previous work by using exeation-driven simua-
tion to compae creating superpages via copying with
remayping pageswithin the memorycontroller, and by
examiring how the tradedfs change when moving from
asinge-issueto a superscdar processr mocel. We find
that remagping-basedpromdion outperformscopying-
based promotion, often signficantly. Copying-based
promdion is slightly mare effectiveon superscalar pro-
cessos than on singe-issue processrs, and the relative
performance of remapping-basedpromdion on the two
platformsis application-deperdert.

1 Introduction

The translation lookasde buffers (TLBs) on most
modern processa's support superpages groups of con-
tiguous virtual menory pagesthat canbe mapped with
asingle TLB ertry [7, 16, 28]. Usingswpepagsmakes
more efficient use of a TLB, but the physical pages
that back a superpage must be contiguous and properly
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aligned Dynamically coalescingsmaller pages into a
superpage thus requires that all the pages be reseved
a priori, be coinddentally adacen and aligned or be
copiedsothatthey became contiguous. The overhead of
promoting supempages by copying includesboth direct
ard indirect costs. The direct costs come from copying
the pagesand changng the mappings. Indirect costs in-
clude the increasechumber of instructions executed on
each TLB miss (due to the new decisionmaking code
in the misshand er) and the increasecdcontertion in the
cache hierachy (due to the code and datausedin the
promotion process). When deciding whether to create
superpages all costs must be balarced againstthe im-
provemernsin TLB peformarce.

Romer et al. [24] study severd different pdlicies for
dynamically creatirg supepages. Their tracedriven
simuations and analysis shov how a pdlicy that bal-
arces potertial performance benefits and promotion
overheads can improve performane in some TLB-
bound applications by abaut 50%. However, at least
two significant architedural trends have emeped since
Romer et al. peformedtheir study. First, superscalar
out-of-order proces®r pipelines have replaced sinde-
issuejn-orderdedgns. Secord, in respmseto the grow-
ing “memory wall” problem, archtects have proposed
a number of smart menory systemdesgns [5, 14, 20].
Our work extendsthatof Romer et al. by considering the
impactof thesenew architectual featureswhendesign
ing a dynamic superpage promation mecharsm. For
exanple, Swansonet al. denonstrate that applications
can crede suwempages without copying using the Im-
pulse menory contrdler’s physicalto-physical address
remaping capabilities[29]. The resultirg systemnyields
a two-fold increasein TLB reachand a 5%-20% im-
provemert in the peformance of a mix of SPECint%
ard Splasl? apgications. We also exterd previouswork
by enmploying an executim-driven simulation erviron-
menttha more accuratelymodds both the dired ard in-
direct costsof a givenpromation algorithm. Our results
shawv that the differencesin accuacy betweenthe two



simuation approachesare significart, egecially when
studying complex interactions betweenoperaing sys-
temsand modem architedures.

We draw several corclusions from this reseach.
Conbining thework of Romeretal. and Swarnson etal.
changesthe tradedfs in desgning an online suyperpage
promotion palicy. Romer et al. find thata competitive
promotion policy that tries to balancethe ovethead of
creating superpageswith their berefitsachievesthe best
average peiformarce. Our experiments confirm this re-
sult when promotion is performed via copying, but we
find thatfor aremaping-basedmectansm a more ag-
gressve policy that promotessuperpages assom asall
of their constituert sub-pages have been touched per
forms best. In addition, we find that the performarce of
Romer’s compétitive promation palicy canbeimproved
by tuning it to crede superpagesmore aggessvely,
evenwhen copying is enployed. Whenthustuned, on-
line superpage promation via remapgng achieves per
formancecomparable to the hand-coded sugerpagepro-
mation mecharnsm enmployed by Swansonretal.

We use anaugmertedversion of theRSIM [21] simu-
lation environment for all of our experiments. The sim-
ulator modelsa MIPS R1000-based workstation ard a
BSD-like micro kernd, including software TLB miss
handers. We modd both a single-issue ard four-way
superscalarversionof the processor pipeline, vary the
TLB sizefrom64 to 128 ertries,and corsider two mem-
ory systens. a corventional memory controller and the
Impulse memoty cortroller [5], with its sypport for dy-
namic addressremapgng.

By using a detailed executim-driven simulatar, we
identify the impact of several perfformancefactors not
covered by Romer et al.’s trace-tased study, suchas
the detrimental effects of the cacle pollution induced
by copying. In particuar, the direct and indirect costs
of copying canlead to poor performance(as mud as
a 55% slow-down), whereaspromation via remapgng
performs well on al apdications (rangng from a 230%
speedp to a 5% slowdown). Copying-basedpromaion
ddivers fairly corsistert berefits on bath processr ar
chitectures but remajping-basedpromotion yields es
pecially high berefits on superscalarprocessas for ap-
plications with high degreesof instrudion-level paral-
lelism. Finally, we find that lost potertial instrudion-
issue slotsare a sigrificant hidden source of TLB over-
headin superscalamachines

The remairder of this pager is organized asfollows.
Section2 surveys relatedwork. Section3 describesim-
pulse,compaesour simulation ervironmert to Romeret
al.'s,and outli nesthe two superpage promation pdlicies.
Sectiond describesour benchmark suite and experimen-
tal mettodology, ard givesthereaullts of our study. Sec-

tion 5 summaiizesour condusiors anddiscussesfuture
work.

2 Redated Work

Competitive algorithms perform online cost/beefit
aralysesto make decisiors that guaranteeperformarce
within a corstant facta of anoptimal offline algarithm.
Romer et al. [24] adat this approachto TLB man
agement, and employ a conpetitive stratgy to decice
when to perform dynamic superpage promotion. They
alsoinvesigateonline sdtwarepoliciesfor dynamiaally
remapping pagesto improve cachepeiformance[3, 23].
Convpetitive agorithms have beenusedto helpincrease
the efficiency of other operating systemfunctions ard
resources,including pagng [26], synchronization [12],
ard file cacte managemernt [4].

Chen et al. [6] repat on the performarce effects
of various TLB organzatiors and sizes. Their re-
sults indicate that the most importart facta for mini-
mizing the overheal induced by TLB misss is reach,
the amaunt of address spacetha the TLB canmap at
ary instart in time. Even though the SPFEC bench
marks they study have relatively small menory require-
ments, they find that TLB missesincrease the effec-
tive CPI (cycles pe instrudion) by up to a factor of
five. Jamb and Mudge [11] conpare five virtual mem
ory desigrs, including combinatiors of hierarcical ard
inverted page tables for both hardwere-manayed and
softwaremaraged TLBs. They find that large TLBs
are necessuy for good pefformarce,ard that TLB miss
handing accauntsfor much of themenory-managment
overhead.They alsoprojectthatindividual costsof TLB
miss trapswill increasen future microproces®rs.

Proposedsolutionsto thisgrowing TLB performarce
bottlereckrange from charging the TLB strudureto re-
tain more of the working set(e.g, multi-level TLB hi-
erarchies [1, 8]), to implementing better managment
policies (in software[10] or hardware[9]), to maskirg
TLB misslateng by prefetching ertries (again, in soft-
ware [2] or hadware[25]).

All of theseapproachescan beimproved by exploit-
ing swempages Most commercial TLBs support supe-
pages, and have for severd years [16, 28], but more re-
seach is neeckd into how bestto make gereral use of
them. Chenet al. [6] sugged the possibility of using
varialle page sizesto improve TLB reach,but do not
explore the implications of thar use. Khalidi [13] ard
Mogul [17] discussthe berefits of systems that support
superpages and adwocatestatic allocation via compiler
or progranmer hints. Talluri etal. [18] repat on mary
of the difficulties attendnt upon gererd utilization of
superpages most of which result from the requrement



that superpages mgp physical memay regions that are
contiguous andaligned

Onasystemwith four-kilobyte base pages, Talluri et
al. [19] find thatjudicioususeof 32-kilobyte supepages
canreduce theimpact of TLB misseon CPlby asmuch
asa factorof eight. Exclusive use of the larger pages
increasesapplication working setshy asmuch as60%,
though. Mixing both pagesize limits this bloatto around
10%, ard allowing the TLB to mapsupetpageswithout
requiring that all the underlying base pagesbe presemn
eliminatesthebloat.

3 Experimental Parameters

We measue the performarce impact of no-copy su-
perpage promotion and instrudion issue width for the
two online promaion algorithms proposedby Roner et
al. [24]. In this sectionwe describe the Impulse memay
contraler, compae our processr models to Rome’s,
ard review Romer’s promation policies.

3.1 Impulse Superpage Promotion

The Impulse memay system [29] supports an extra
level of addressremaping at the MMC (main mem-
ory cortroller): unusedphysicaladdres®s areremaped
into “real” physicaladdessesWe refer to the remapped
addressesasshadow addresses Fromthe point of view
of the processor shadw addressesare usedin place
of real physical addresseswhen nealed Shadav ad-
dres®s will be insertedinto the TLB as mappngs for
virtual addessesthey will appea as physica tags on
cacte lines, and they will appearon the memay bus
whencachemissesoccur. The memay cortroller main-
tainsits own page tablesfor shasdw memay mappngs.
Building supempagesfrom basepagesthat arenat phys-
ically cortiguous entails simply remapgng the virtual
pagesto propely aligned shalow pages. The memay
contraler then mgps the shasw pagesto the original
physical pages. The processors TLB is nat affectedby
the extra level of trarslationthat takesplace at the con-
troller.

Figurelillustrates how sypempage mapgng workson
Impulse. In this examge, the OShasmapeda contigu-
ous 16KB virtual addessrange to a singe shadov su-
perpage at “physica” page frame0x80240. Whenan
address in the shaaw physical range is placedon the
systemmenory bus,the memoty cortroll er detectsthat
this “physical” address needsto beretrarslated using its
local shadaw-to-physical translatiortables.In theexam-
plein Figure 1, theprocessa translatesn accesgo vir-
tud addess0x00004080 to shadawv physical addess
0x80240080, which the controller, in turn, translates
to real physicaladdress0x40138080.

3.2 Processor Models

Our studies use the URSIM [30] execution-driven
simuator, delived from RSIM [21]. URSIM models
a microarchtecture closeto MIPS R10000 micropro-
cessor [16] with a 32-entry instruction window. It can
be corfigured to issue eithe one or four instructions
per cycle. We model a 64-kilobyte L1 datacacte that
is non-blocking, write-back, virtually indexed, physi-
cdly tageed dired-mapped, and has32-byte lines. The
512-kilobyte L2 datacacte is non-blocking, write-back
physicallyindexed, physically tagged, two-way assoda-
tive, and has128-byte lines. L1 cachehits take one cy-
cle,and L2 cachehitstake eight cycles.

URSIM models a split-transaction MIPS R10000
cluster bus with a snoopy coherenceprotool. The bus
multiplexes addresgsand data, is eight bytes wide, has
a threecycle arhtration delay and a one-g/cle turn-
around time. We model two memay cortrollers: a
conventional high-performane MM C basedon the one
in the SGI 0200 sener and the Impulse MMC. The
systembus, memory cortroller, and DRAMs have the
sane clock rate,which is one third of the CPU clock’s.
The memory systemsupports critical word first, i.e., a
stalledmemay instruction resunes execuion after the
first quadword returns. The load latercy of the first
guadword is 16 menory cycles.

The unified TLB is sinde-cycle, fully as®ciative,
softwareimaraged ard combined instruction ard data.
It employsaleast-reently-usedredacemat pdicy. The
basepace size is 4096 bytes Superpagesare built in
power-of-two multiples of the basepage size, and the
bigged superpagethatthe TLB can map contairs 2048
basepages. We model two TLB sizes: 64 ard 128 en
tries.

Our systemmockl differs from that modeled by
Romer et al. in several significart ways. They enploy
a form of trace-diven simuldion with ATOM [27], a
binary rewriting tod. Thatis,they rewrite their applica-
tions using ATOM to monitor memay references,and
the modified applicationsareusedto do on-the-fly “sim-
ulation” of TLB behavior. Their smulatedsystemhas
two 32-entry, fully-asscciative TLBs (one for instruc-
tions and one for data) usesLRU replacenert on TLB
ertries,and hasa basepage sizeof 4096 bytes.

Romer et al. combine the reallts of their trace-
driven simulation with measued baselineperformarce
reallts to calclate effective speedyp on their bench
marks. They exeaute their bendhmaks on a DEC Al-
pha 3000/700 running DEC OSF/12.1. The processa
in that systemis a dud-isswe, in-order, 225 MHz Alpha
21064. The systemhastwo megabytesof off-chip cacte
ard 160 megabytesof main memay.
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Figure 1. An Exampleof CreatingSupermgesUsing Shadw Space

For their simulaions,they assumethefollowing fixed
costs, which do not take cacte effectsinto account:

e eachlKbyte copiedis assgneda 3000-cycle cost;

o theasap policy is charged 30 cycles for eachTLB
miss;

¢ and the approx-online policy is chaged130cycles
for eachTLB miss.

3.3 Superpage Promotion Policies

We evaluatetwo of the online supempage promo-
tion padlicies developed by Romer et al. [24], asap and
approx-online. Note thatapprox-onlineis asimplifica-
tion of a more complex online policy [24]. Romer [23]
shaws that approx-online is aseffective asonline, but
has much lower bookkeepng overheal.

asap is a greedypadlicy that promotesa setof pages
to asuypempage assoon aseach page hasbeenrefererced
The algorithm minimizesbookkeepng ovetheal by ig-
noring referercefrequeng for the potertial sypempages.
The price for this simficity is thatthe asap policy may
build supempagesthat will rarely be referercedlater, in
which casethe benefitsof having the superpageswould
nat offsetthe costs of building them

approx-online usesa competitive strategy to deter
mine when superpagesshauld be coalesced If a super
page P aacrues mary misses,probably it will be ref-
erenced again in the future, ard promating it shauld
prevent future TLB misses. Such promdaions effec-
tively prefetch the trarslationsfor arny nonrresdentbase
pagesthat the supempage contains. To track referene
information the approx-online algorithm maintairs a
prefetd charge counter P.prefetd for each potential su-
perpage P. On a missto basepage p, P.prefetd is in-
cremerted for each potertia swermpage P tha contains
thereferercedpagep and atleast onecurrert TLB entty.
Ead swermpace sizeis givena miss threshadd; whenthe
prefetch charge for a superpage reachesits missthresh-
old, that superpageis created

The choice of threshdd value usedto decice when
to promote a set of pagesto a supempace is critical to
the effectivenessof approx-online. The idealthreshdd
must be small enaugh for usefd superpagesto be pro-
motedeaty enough to eliminatefuture TLB missespn
the other hard, it must be large erough that the cost of
promotion doesnat dominate TLB overhead

Romer et al. choose an appropriate threshdd value
by using a conpetitive strategy — a cdlection of pages
is promoted to a superpage as som asit hassuffered
ermough TLB missesto pay for the cost of the promo-
tion. Theowrtically, the promotion threstold shaild be
the promation cost divided by the TLB miss peralty.
For example, if the averageTLB miss peralty is 40 cy-
clesard copying two base pagesto a contiguous two-
page suypempage costs16,000 cycles, the threshold for
superpage promotion would be 400 (16,000 divided by
40). Romer [23] proves that a systemthat emgdoys
approx-online cansuffer no more than twice the com
bined TLB miss and superpage promaion overheads
that would be incurred by a systememgoying an opti-
mal offline promation algaiithm. Although the theoret-
ical threshdd bounds worst-casebehavior to anaccep-
able level, we find that smallerthrestolds tend to work
betterin practice.

4 Resaults

The pefformarce resultspresentedhere are obtained
through complete simuation of the berchmarks. We
measureboth kemel and application time, the direct
overheadof implementing the sugerpagepromotion al-
gorithmsard the reaulting effectsonthe system, includ-
ing the exparded TLB misshardlers, cacte effectsdue
to accesing the page taldes ard mantaining prefetch
counters, ard the overhead associaté with promoting
ard using supempageswith Impulse. We first presentthe
reaults of our microberchmark expetimerts to explore
the break-even paints for eachof the superpage promo-
tion poli ciesand mectarisms, andthenwe present com



2.0 4

copy+asap
------ copy+aol4
— — — - copy+aoll6
—-—-- copy+aol128
——— copy+aol128

speedup

iterations

(a) copying

speedup

2.0 4

15 e

remap+asap

1 R 7 S e remap-+aol2

1.0 - /’ - v — — — - remap+aol4
R / / — - —-- remap+aol16

] e 7/ / ——— remap+aol64
0.5 — R a /s

] . . /

] Pt _

.-~ ~ ~

—_—

0.0

iterations

(b) remapphg

Figure 2. Microbenchmarkperformance aoln: approx-online with thresholdn.

parative performance reaults for our application berch-
mak suite.

4.1 Microbenchmark Results

The number of TLB missestha must be eliminated
per promotion to amortize the costof implementingthe
promotion algorithm is animportart pefformancefactor
when comparing online superpagepromotion schenes.
This cost includesthe extra time spert in the TLB miss
hander determning when to coalescepages and the
time spen performing the actualpromotions (via either
copying or remaping). To explorethecaost/performance
tradedfs for eachapproad, we run a synthetic mi-
crobenchmark that corsists of aloop that touches 4096
differentbasepagesfor a corfigurade number of itera-
tions:

char A[ 4096][ 4096] ;

for (j =0; j <iterations; j++)
for (i = 0; i < 4096; i++)
sum += AL J[j];

Without swperpages,eachmemay accessin the syn-
thetic microbenchmaik suffers a TLB miss. However,
sinceevery pageis touchedrepeatedly superpagescan
be used to redwce the aggegate cost of these misses.
This expeiment determines the breakeven paint for
eachapproach i.e., the number of iteratiors at which
theberefit of creatingsuperpagesexceedsthe cost.

Figure2(a)andFigure 2(b) illustratethemicroberch-
mak resuts for online suypempage promation via copy-
ing andremaping, respetively. The microbenchmark’s
working setis sufiiciently large tha performanceis the
samefor bath a 64-entty and a 128-ertry TLB. The z
axesindicatethe number of loopiterations (ard thusthe
number of timeseachpageis referened). Thesegraphs

enphasizetheperformancedifferercesamongthe copy-
ing andremapping policies.

Copying-based asap pefforms much worse than
remapping-basedasap, especiallywhen pages are sel-
dom referenced Executin time with copying is 75
times greaterthan execution time for remappng when
each pageis touchedonly once. Copying-basedasap
only becanesprofitabe aftereachpageis touchedabout
2000 times,but remayping-basedasap breaks evenafter
only 16 references per page. The meancostof a TLB
miss increasegrom around 37 cyclesin the baselineto
412 cycles for remappng asap, andto 8100 cyclesfor

copying asap.

Performance for all approx-online configurations
suffers whenthe threshdd is larger than the number of
referencedo eat page. The addtional ovethead in the
TLB misshander dominae the microberchmark's ex-
eaution time. In gererd, the remappng-based policies
deliver pefformarce benefits at much lower threshadds,
ard all pdlicies and mechaisms peiform well when
pages are referercedatleast4096 times. The number of
referencesrequired for approx-online to be profitabe
increaseswith the threshdd, and for a given thresh
old, the numbe of referencesper pagerequredto make
copying-based promotion profitalle is at leasttwice the
number for the remaping-basedappoach. The TLB
miss penalty goesfrom about 37 cyclesin the basdine
to 1100 cyclesfor remappng approx-online and 2300
cyclesfor copying approx-online.

For the microbenchmak, asap outpeiforms
approx-online when remappng is employed but
approx-online beds asap when copying is used
approx-online carefully chooses the supe&pages to
promote but the histoly mectanismusedto make the
decisiors is expersive. Since promoting superpages
by copying is expensie, the cost of this promotion
policy is justified. In contrast, the lower ovetheadof



the remagping mechanismallows for more aggessve
promotion of pagesto superpages

4.2 Application Results

To evaluate the different superpage promotion ap-
proades on larger problens, we use eight programs
from a mix of saurces Our benchmak suite includes
three SPEC95 berchmarks (conpress, gcc, and
vort ex), threeimage processingberchmarks (r ay-
trace,rotate,ardfilter), onescierific berch-
mak (adi ), ard one berchmark from the DIS berch-
mak suite (dm) [15]. All benchmaiks were conpiled
with Sun cc Workshop Compiler 4.2 and optimization
level “-xO4".

Conpr ess is the SPEC95data compresson pro-
gramrun on aninput of tenmillion charcters.To avoid
overestimatig the efficagy of superpages, the conpres
sionalgarithm wasrun only once,instead of the defaut
25times. gcc is the ccl pass of the version2.5.3 gcc
compiler (for SFARC architectures) usedto compile the
306-kilobyte file “1cp-declc”. vort ex is an object-
orienteddatdaseprogram measued with the SPEC95
“test” input. rayt race is aninteractve isosurfacing
volume renckerer whose input is a 1024x1024x 1024
volume its implementatio is based on work done by
Parkeretal.[22] fi | t er performsanorder129 bino-
mial filter on a 32x1024 coor image. r ot at e tumns
a 1024x1024 cdor image clockwise through one ra-
dian. adi implemerts algaithm alternaive direction
integration. dmis a datamaragenentprogramusingin-
put file “dm07.in".

Two of these berchmarks, gcc ard conpr ess, are
also included in Romer et al.’s benchmak suite, al-
though we use SPEC95versiors, whereasthey used
SPEC92ersiors. We do not usethe other SFEC92 ap-
plications from that study, due to the bencimaks’ ob-
solescene. Several of Romeretal.’s remaining berch-
maks were based on tods usedin the researchenvi-
ronmentat the University of Washirgton, andwerenaot
reaily availalde to us.

Table 1 lists the characteristicsof the basline run of
eachberchmark with a four-way issuesuperscalarpro-
cessorwhereno superpagepromotion occurs. TLB miss
time is the total time spent in the data TLB miss han-
dler. These benchmaiks denonstrate varying sensiti-
ity to TLB performarce: on the systemwith the smaller
TLB, betwea 9.2% and35.1% of their executian timeis
lostdueto TLB misscosts.Thepercentag of time sper
handing TLB missedalls to betweenless than 1% and
33.4% onthesystenmwith a 128-ertry TLB.

Figures 3 and 4 shov the normalized speedips of
the different combinatiors of promotion pdlicies (asap
ard approx-online) and mechanisms(remayping and

Total Cache TLB TLB

Benchmark | cycles | misses | misses miss

(M) (K) (K) time

64-entry TLB
compress 632 3455 4845 | 27.9%
gcc 628 1555 2103 | 10.3%
vortex 605 1090 4062 | 21.4%
raytrace 94 989 563 | 18.3%
adi 669 5796 6673 | 33.8%
filter 425 241 4798 | 35.1%
rotate 547 3570 3807 | 17.9%
dm 233 129 771 9.2%
128-entry TLB

compress 426 3619 36 0.6%
gcc 533 1526 332 2.0%
vortex 423 763 1047 8.1%
raytrace 93 989 548 | 17.4%
adi 662 5795 6482 | 32.1%
filter 417 240 4544 | 33.4%
rotate 545 3569 3702 | 16.9%
dm 211 143 250 3.3%

Table 1. Charateristicsof eachbaselinerun
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Figure 3. Normalized speeduys for eachof two pro-
motion policieson a four-issuesystemwith a 64-entry
TLB.

copying) compaed to the baseline instarce of eah
bendimak. In our experiments we found that the best
approx-online threstold for atwo-pagesuperpageis 16
on a convertional system andis 4 on an Impulse sys-
tem Theseare als the threstolds usedin our full-
application tests Figure 3 givesresultswith a 64-entiy
TLB; Figure 4 gives resultswith a 128-ertry TLB. On-
line supempage promation canimprove pefformarce by
up to a facta of two (on adi with remaging asap),
but it also can decreaseperformarce by a similar fac-
tor (when using the copying version of asap on r ay-
trace). We can make two orthogonal conpatisons
from thesefigures:remayping versuscopying, ard asap
versts approx-online.

421 Asap vs. Approx-online

We first compare the two promation algaithms, asap
ard approx-online, using the results from Figures 3
ard 4. The relative peformance of the two algo
rithmsis strongly influencedby the choice of promotion
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Figure 4. Normalizedspeedps for ead of two pro-
motion padicieson a 4-isste systemwith a 128-ertry
TLB.

mecharism, remappng or copying. Using remappng
, asap slightly outperforms approx-online in the aver-
ace case.lt exceedsthe pefformanceof approx-online
in 14 of the 16 experiments,andtrails the performane
of approx-online in only one case(on vort ex with
a 64-erry tlb). The differercesin performancerange
from asap+rema outperforming ao+remapby 32%
foradi with a64-ently TLB, to aol+rema outperform-
ing asaptremapby 6% for vort ex with a 64-ertry
TLB. In gereral, however, pefformarce differencesbe-
tweenthetwo pdlicies aresmall: asap is on average7%
better with a 64-entry TLB, and 6% betterwith a 128-
enry TLB.

The results change naticeally when we enploy
a copying promation mectanism  With copying,
approx-online outperforms asap in nine of the 16 ex-
periments, whil e the pdli cies pefform almostidentically
in three of the other seven cases. The magitude of
thedisparity betwee approx-online ard asap resultsis
alsodramatically larger. The differencesin performance
rarnge from asap outperforming approx-online by 20%
for vort ex with a 64-ertry TLB, to approx-online
outperforming asap by 45% for r ayt r ace with a 64-
ertry TLB. Overall, our resultsconfirm those of Romer
et al.: the bestpromation policy to use when creating
superpagesvia copying is approx-online. Taking the
arithmetic meanof the performancedifferercesreveals
that asap is, on average, 6% betterwith a64-eriry TLB,
ard 4% better with a 128-erntry TLB.

The relatve performarce of the asap and
approx-online promotion policies changes when
we emgoy differert promotion mectanismsbecawse
asap tendsto createsupepagsmore aggessvely than
approx-online.  The design assunption underlying
the approx-online agorithm (and the reasonthat it
performs better thanasap when copying is used) is that
superpagesshould nat be creaed until the cost of TLB
missesqudsthecost of creatirg thesuperpages. Given
tha remagping has a much lower cost for creating
superpagesthan copying, it is not surprising that the
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Figure 5. Normalized speedyp on a single-issugpro-
cessomwith a64-entryTLB

more aggressive asap policy performs relatively better
with it than approx-online does.

4.2.2 Remappingvs. Copying

When we compare the two supempage creation mech
arnisms, remayping is the clea winner, but by highly
varying mamins. The differencesin performarce
betweenthe best overall remaping-based algarithm
(asaprremayp and the bed copying-based algarithm
(aonlinet+copying) is as large as 97% in the case of
adi on both a 64-enry ard 128-entty TLB. Over-
all, asgp+remapoutperforms aonline+copying by more
than10%in elevenof thesixteenexperiments,averaging
33% betterwith a 64-entry TLB, ard 22% betterwith a
128-enry TLB.

4.2.3 Single-issuevs. Four-issue

The TLB misstime shavn in Tabe 1 includesonly the
cyclesspentin the TLB misshander. Thistime is the
primary causeof TLB miss overheadon a singe-isaue
machire. On a superscalar machire, however, TLB
missesalsoleadto unusalle issueslots betweenwhen
amiss s detectedby the TLB and whenthe fauting in-
struction reachesthe headof the instrudion queue. At
this poirt, the processorflushes the instruction quele
ard the program trapsto an appropriate TLB misshan
dler. Thesdost issueslatsrepresent apotertially seriaus
performance problem.

To detemine the importanceof these lost potential
issueslots, we compae the performarce of the vai-
ous promotion algorithms on both a singe-issue ma-
chine (Figure 5) and a suwperscdar madine (Figure 3),
both with 64 TLB ertries. We find that the impact of
copying-based promotion is fairly constart acrcss plat-
forms. However, five of the eight benchmarks (com
press,gcc,vortex,filter anddn) berefit more
from remappng-based sup&page promotion ona supe-
scalarprocessorthan on a singe-issueprocessr. For
the othe three, remapgng-based superpage promotion
is more effective on a single-issueprocessar



Single-issue Four-way
Benchmark | Gipc | Tipe | Handlertime | Lostcycles | G;pe | Tipe | Handler time | Lost cycles
compress 0.75 | 0.62 24.5% 1.0% | 1.22 | 0.89 27.9% 3.9%
gce 0.90 | 0.77 8.0% 0.4% 1.55 | 1.02 10.3% 1.9%
vortex 0.90 | 0.78 16.1% 0.9% | 154 | 1.01 21.4% 2.4%
raytrace 0.45 | 0.53 28.8% 3.1% 0.57 | 1.05 18.3% 43.0%
adi 0.41 | 0.59 44.5% 18.7% 0.51 | 0.96 33.8% 38.5%
filter 0.83 | 0.77 36.1% 1.4% | 1.07 | 1.03 35.1% 8.7%
rotate 0.56 | 0.74 23.2% 25.7% 0.64 | 1.09 17.9% 50.1%
dm 0.91 | 0.80 7.2% 0.3% | 1.67 | 1.14 9.2% 1.9%

Table 2. IPCsandcycleslostdue to TLB misseswith a64-entryTLB

To understand why remapping-based promation
sonetimesimprovesperformane moreon asuperscalar
machine thanon a singe-issuemachine, while copying-
based promotion is always most effective on a super
scalarmachine, one must consider a number of spe-
cific application chamlcteristics.Tale 2 presentghe in-
strudionspercycle (IPC) for the non-TLB hander code
(Gipe, for “globd IPC"), the IPC for the TLB misshan-
dler (Tipc), the perceriageof application cyclesspentin
thedataTLB misshardler, ard the percentace of paten-
tial issue slotsthatare lost dueto TLB missesfor each
application.

The TLB lost time canbe significart for someof the
applications. For exanple, on a 4-issueprocessr, r 0-
tate,raytrace andadi waste50%, 43%, ard 3%
of their potertial issueslotswhile TLB missesare perd-
ing, respetively. With supempagswe found thatthese
lost cyclesdrop below 1% of total execttion time for all
theberchmarks.

Two fadors influerce the effectivenessof superpage
promotion: the percertage of apgication cycles spen
handing TLB misses ard the cost of supepage pro-
mation. For Impulse, sypepage promaion overhead
is negligible, ard so the relative impact of remaping-
based supempage promation on thetwo platformsis con-
trolled by theratio G;p. /Tipe. Whenthis ratiois greater
than 1.0 (asis the casefor conpr ess, gcc, vor -
tex, filter and dm), remaping-basedpromaion
has a greaterimpad on a superscalarmadine than
on a sinde-issie machne. This is becawse G, /Tipe
above one meansthat the non-TLB misshanding code
has greate instruction-level parallelism than the TLB
miss hardling code. Therefore, avoiding TLB misses
is patticularly bereficial on a superscalamachne. The
converse is true for the three applications with smaller
Gipe/Tipe Vaues. Therelative performance of copying-
based promotion, on the other hand tends to be domi-
naed by the costof the copying itself, whichis smaller
on the sugerscalarprocessr than on the single-issue
processa. However, for adi, raytrace, andr o-
t at e, copying doublesthetotal number of instructions
execued. This ovewhelrs the potential performance

cycles per 1K average baseline
bytes promoted | cache hitratio | cache hit ratio
gcc 10,798 98.81% 99.33%
filter 5,966 99.80% 99.80%
raytrace 10,352 96.50% 87.20%
dm 6,534 99.80% 99.86%

Table 3. Average copy costs (in cycles) for
approx-online palicy.

bendits of avoiding TLB misseseven whenthe costof
copying is reducedby running on a sugerscalamproces-
sor.

4.3 Discussion

Romer et al. show that approx-online is generally
superior to asap when copying is used. Whenremap
ping is usedto build superpages,though, we find that
the reverse is true. Using Impuse-styleremayping re-
sultsin larger speedps and consunmesmuch lessphysi-
cd memay. Sina superpage promotion is cheaperwith
Impulse,we canalsoafford to promote pagesmore ag
gressvely.

Romeretal.’stracebasedsimulationdoesnot model
ary cacheinterferene betweenthe apgication andthe
TLB miss handler; insteadthat study assumesthateadh
superpage promotion costsa total of 3000 cycles per
kilobyte copied [24]. Talde 3 shavs our measurd per-
kilobyte cast (in CPUcycles)to promae pagesby copy-
ing for four representatie berchmarks. (Note that we
also assime a relatively fasterprocessr.) We mea-
sure this bound by subtracting the execttion time of
aol+rema from that of ad+copy ard dividing by the
numberof kilobytes copied. For our simuation platform
ard benchmark suite,copying is atlead twice asexpen
siveasRomeretal. assuned. Forgcc ardr ayt r ace,
superpage promation costs more than three times the
cost chargedin the tracedrivenstudy. Part of thesedif-
ferercesaredue to the cacheeffectsthat copying incurs.

We find thatwhen copying is usedto promate pages,
approx-online pefforms betterwith a lower (more ag



gressve) threshold thanusedby Romer et al. Spedfi-
cally, the bestthresholds that our experimentsrevealed
varied from four to 16, while their study useda fixed
threshad of 100. This differerce in threshold has
a sigrificant impact on performane. For example
when we run the adi  berchmark using a threshdd of
32, approx-online with copying slowspeiformance by
10% with a 128-ertry TLB. In contrast, whenwe run
approx-online with copying usingthe beg threshold of
16, performanceimprovesby 9%. In geneal, we find
that eventhe copying-basedpromotion algorithms need
to be more aggressive abaut creating superpagesthan
was suggestedby Romer et al. Given that our cost of
promoting pagesis much higher than the 3000 cycles
estimatedn their study, one might expectthat the best
threshadds would be higherthan Romer’s. However, the
cost of a TLB miss far outweighs the greater copying
costs; our TLB misscosts areabaut anorder of magni-
tude greaterthan thoseassunedin his study.

5 Conclusions and Future Work

To summarize wefind thatwhencreatingsupepages
dynamically:

e Impulse delivers greater (often much greater)
speedps thancopying, dueto lower direct andin-
directoverheadsin settingup the sugerpajes.

¢ To beeffedtive, the differen online sypempage pro-
mation algarithms needto be more aggessve than
suggestedn Romeretal.’s pager. We find that us-
ing a more modern simuation mocels make a big
difference(quartitatively and qualitatively) in the
resuts. In our experiments, asap works best for
Impulsestyle promation, but approx-online still
ddivers better performance for copying promaion
mecharisms.

¢ Theeffectivenessof promotion usinglmpulseis af-
fectedby both the percentage of time thatthe appli-
cation spends hardling TLB misses and how full
the pipeline tends to be whena TLB missoccurs.
For applicationswith low IPCs (whete the pipeline
terdsto advanceslowly), Impuse-tased promaion
terdsto have a largerimpacton a singe-issuema-
chine. For applications with high 1PCs, Impuse
terdsto have a biggerimpact on a syperscdar ma-
chine. The benefit of promotion via copying is
largely deternminedby the percentaye of time anap-
plication spends taking TLB misses— copying is
only bereficialwhenTLB misstimeis high.

e The time betweenwhen a miss is flagged by the
TLB andwhentheinstruction reachs the front of

the instruction pipeline (ard the trap actudly hap
pens),cangive rise to the loss of mary potential
instruction-issueslots. Thesearea significart, hid-
den source of TLB overheadin a superscalama-
chine.

Although our resultsfor copying-based promotion
are qualitatively similar to Romer et al.’s, they differ
quartitatively. Romer et al. usetrace-diven simua-
tion; thus, their cost model for promation is quite sim-
ple. Basedon our measuemerts, the costs for copying-
basedpromation are significartly higher in a red sys-
tem, largely due to cacle effects. In addtion, we find
that the promation threshdds used in Romer et al.’s
approx-online simulationstend to be too high.

As applications continue to consume larger anounts
of memay, the necesiy of using supempageswill grow.
Our most significart resuts are: given relatively sim-
ple hardware atthe menory contraler, astraichtforward
greed/ policy for constructing superpagesworks well;
ard lost potertial instrudion-issue slots are a sigrificant
hiddensouceof TLB ovetheadn superscalamachines.

Further work in this areashould look at how the dif-
ferert promaion medarisms and padlicies interad with
multiprogramming. When multiple programs compete
for TLB space, it is possble that the choice of which
mechanism and pdlicy is bestwill charge. In particw-
lar, the penalty for beingtoo aggressve in creatingsu
perpagesincreasesvhen the memay sutsystemmight
be forcedto tear down superpagesto support demand
paging. Our intuition is that remayping-basedasap will
likely remain the best choice, becawse it combinesthe
cheaper promotion pdlicy with the cheager promotion
mechanism.
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