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Abstract Thispaperpresentshearchitectural andim-
plementationdetails of a nanothreadsuntime system
customizedor the Solaris operating system. A nan-
othreadsruntime systemaddressegointly three major
performanceissues; exploitation of fine-grin paral-
lelism, efficientexecutionof arbitrarily nestedaskand
data parallelism and scalability of multithreadedpro-
gramsin multiprogrammedshared-memorymultipro-
cessos. Thenanotheadsruntimesystenmin Solarisis
implementeds a highly tuned,thin threadinglayer on
top of Solaristhreadsandexploitseffectivelythe Solaris
kernel supportfor scheduleractivations. Nanotheads
areimplementedavith aggressiveoptimizationsaandsev-
eral critical pathsin the runtime systemare eitherre-
ducedor eliminatedto make thecommorcasefast. So-
laris scheduleractivationsprovide a fastcommunica-
tion path betweerthe nanotheadsruntime systermmand
the Solariskernel, which along with non-bloking syn-
chronizationenablethe scalability of nanotheadedbi-
nariesin a multiprogrammeckrvironment.

Keywords: nanothreadsnultithreadingmultiprocess-
ing/multiprogrammingruntimesystemspperatingsys-
tems.

1 Intr oduction

As modernsharedmemorymultiprocessorsnove
towardslarger processoscalesandbecomehear-
ily multiprogrammedihe needfor supportingine-
grainparallelprocessingntegratedwith multipro-
grammingbecomesmore acute. Although sev-
eral researchefforts in the pastinvestigatedfine-
grain multithreading[4, 5, 17] and the interfer

encesetweermmultiprocessin@andmultiprogram-
ming [1, 11], little effort hasbeenpaidto address
bothissuegointly [2, 3]. Furthermorethe adop-
tion of theseresearchproposalsn modernoper
ating systemsis so far quite limited. Solarisis
probablythe only vendoroperatingsystemwhich
provides a stable userlevel threadsarchitecture,
coupledwith animplementatiorof schedulerac-
tivations[1] to enhancethe robustnessof paral-
lel programsn thepresencef multiprogramming.
Although Solaristhreadsconstitutea convenient
platform for genericmultithreadedprogramming,
raw performancéssuesnake themunattractie for
fine-grainedparallelprograms.Ontheotherhand,
the exportedfunctionality of schedulerctiations
in Solarisis currentlylimited to preemption-safe
locking, althoughscheduleractivationsis a very
powerful tool for tuning the behaior of parallel
programsn amultiprogrammedenvironment.

This paperpresentsthe architecturaland im-
plementationdetails of a nanotheads[12] run-
time systemin Solaris, for symmetric multipro-
cessordasedon the UltraSFARC-1I processoar
chitecture. A nanothreadguntime systemad-
dressefointly threemajorperformancéssuesgx-
ploitationof fine-grainparallelism;multilevel par
allelization and efficient execution of arbitrarily
nestedaskanddataparallelism;andscalabilityof
multithreadegrogramsn multiprogrammedenvi-
ronments. Our work builds on previous research
donein multithreadingruntime systemsfor mul-
tilevel parallelizationon SGI and Intel multipro-
cessorplatforms [5, 7], as well as kernel-level
supportfor multiprogrammingscalability of par



allel programg3, 12, 14]. To our knowvledge,the
work presentedn this papercontritutesthe first
integratedruntime systemfor Solaris,which sup-
portsefficiently fine-grainandmultiprogramming-
consciousnultilevel parallelism.

The restof this paperis organizedas follows:
Section2 outlinesthe implementatiorof the nan-
othreadsruntime systemin Solaris. Section3
presentgarly performanceaesultsof our working
prototypeon a Sun Enterprisesener. Section4
concludeghe paper

2 Implementation

Four major designissuesguidedthe implementa-
tion of thenanothreadsuntimesystemin Solaris:

e The costof creatingand executinga thread
shouldbe ascloseaspossibleto the costof a
functioncall. Eachthreadshouldmaintainthe
absolutelyminimal architecturaktateneeded
to switchto a differentexecutionflow within
the sameaddressspace. Moreover, threads
stateshouldbe maintainednly whenneeded.

e The runtime systemshould provide a struc-
ture for maintaining nestedthread contexts
with parent-childrelationshipgo enablemul-
tilevel parallelization.

e Theruntimesystemshouldemplg/ a mecha-
nismto poll the stateof kernelthreadswithin
a parallelprogramandreactto kernelthread
preemptionsand blocking, which implicitly
reflectkernel-sideschedulingdecisions. Ex-
portingtheseschedulinglecisiongo therun-
time systemis essentialto renderthe pro-
gram responsibleof managingits own ker
nelthreadsjn awaythatensuresheprogress
of the programin the presencef unfortunate
thread preemptionsfrom the operatingsys-
tem.

e The implementationshould exploit as much
aspossiblehevendors operatingsystensup-
portfor multithreading.

We implementedthe nanothreadsuntime sys-
tem in Solarisas a very thin threadinglayer on

top of the Solaristhreaddibrary, asshavn in Fig-
urel!. Thisapproacteasedheintegrationof nan-
othreadswith the multithreadinginfrastructureof
Solarisandhasdeemecdhdwantageousparticularly
with respecto multiprogrammingscalability

We implementechanothreadfrom scratch,us-
ing the minimal representationof a thread in
the UltraSFARC-II architecture:a heap-allocated
stackandthe architecture-deperdt registerfile,
which consistsof 8 input registers(six input pa-
rameterdor the thread,the programcounterand
the frame pointer), plus 8 local registerscontain-
ing callee-see automaticvariables,for a total of
16registers.

We used non-preemptie threadsto reduce
threadswitching overheadand avoid maintaining
extra threadstatesuchassignalhandlersandper
threadpriorities. Besides,preemptie userlevel
schedulingis of no practicalimportancefor nan-
othreadegbarallelprograms Putsimply, assoonas
aprogramis decomposeahto anumberof threads
that reflectsits degree of exploitable parallelism,
thereis noreasorfor theuserlevel scheduleto as-
sign prioritiesto threadsthat cooperatdo execute
the sametaskandpreemptdeliberatelyonethread
in favor of another Among other potentialprob-
lems, preemptie schedulingnayalsomotivateex-
cessie threadswitches. The importantexception
to the previousrule areidling threadswhich may
bethreadghatstane waitingto enteracritical sec-
tion, or the userlevel schedulethreadghatdo not
find ary work to executein therun queues.in the
nanothreadeintimesystemidling threademploy
a self-blockingdisciplinewhichis handledn alo-
cal scopewithin theprogram,in coordinatiorwith
thekernel. Thistopicis discussedaterin this sec-
tion.

The trickiest detail of the nanothreadsmple-
mentationon the UltraSRARC-1l wasthe handling
of active register windows [16]. We usedthe
f | ushwinstructionof the UltraSFARC-II, which
spills registerwindows with a conditionaltrapand

!Solaris usesa three-leel multithreading architecture,
where parallel programsare decomposednto userlevel
threadsuserlevel threadsare mappedto executionvehicles
calledlightweightprocessefl WPs),LWPsaremappedne-
to-oneto kernelthreadsandkernelthreadsarefinally mapped
to physicalprocessorby the operatingsystem.
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Figure 1: Solaristhreadsarchitectureand nanothreadsayering. Dashedboxes indicate blocked kernel
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revertsto a nop instructionif thereareno active

register windows to spill, which is the common
case. This implementationled to a fasterthread
contet switch comparedo previousimplementa-
tionsof fastthreadsonthe SFARC [6, 17].

The nanothreadstackswere organizedsimi-
larly to the conventional organizationof stacks
in modernprogramminglanguageswhich canbe
optimized from the tamget compiler Nesting of
threads,a prerequisitefor multilevel paralleliza-
tion, was provided by a simple mechanismof
parameterpassingbetweenthreadsi.e. children
nanothreadaccessvariablesof their parentswith
pointerspassedo themasregular function argu-
mentg[5].

We appliedaggressie optimizationsn thenan-
othreadsuntimesystenmto make thecommoncase
fast. We exploited the semanticsof the nanoth-
readsdependence-dmen executionmodel[12] to
provide a fastexecutionpath for all nanothreads
theregisterfile of which neednot be saved during
a context switch (e.g. all slave threadsin a mas-
ter/slave parallelconstruct).At the sametime, we
completelyeliminatedthreadingfor singleandin-
nermostparallelloops, by usingwork descriptors
in placeof nanothreadf8]. A work descriptolis a
datastructurewhich encapsulatea pointerto the
body of the loop andits aguments. The nanoth-
readthatactivatesa loop putsthe work descriptor
in a specificmemorylocationprivateto eachpro-
cessarA processothatfindsawork descriptorin
thespecifiedocation,executesawrapperfunction
to obtainthe agumentsof the loop body pushes

someof themto the stackif necessaryand exe-
cutesthe loop body with a functioncall. Theim-
plementatiordoesnotrequireary synchronization
operationsand usesone-vay producerconsumer
communicatiorwith asinglecachenvalidationon
eachprocessoto scheduleghe parallelloop.

Work descriptorsare also compliantwith mul-
tilevel parallelization. Several threadsmay gen-
eratemore than one work descriptorssimultane-
ouslyandput themin distinctcachelinesfor exe-
cution,againwithout ary synchronizatiorinstruc-
tionsneededo executetheloops. In orderto sup-
port alsoirregular and unbalancedarallelloops,
we implementeddynamic work descriptors,i.e.
work descriptorsenhancedwith additional loop
schedulinginformation and synchronizatiorcon-
structsto supportdynamic schedulingand load
balancing.

Dependence-drén executionof nanothreadss
basedon a task-queuexecution paradigm. The
nanothreadsuntime systemusesdistributed run
queuesto assistlocality-basedschedulingand a
centralrun queueusedfor loadbalancingourposes
[13]. In orderto alleviate the overheadbf queuing
we implementedthe run queuesas non-blocking
stackswhich allow concurrentupdateq15]. The
run queuesare coupledin a one-to-onemanner
with memorypoolsusedfor reg/cling threadcon-
texts. The memorypoolswerealsoimplemented
as non-blockingstackswhich take adwantageof
reusingcachedthreadcontets [10]. Spin-locks
were not emplgyed in orderto avoid introducing
hot spotsin the memorysystem.A strongadwan-



tage of non-blockingqueuesand memory pools
is that the associatedsynchronizationoperations
areimmuneto inopportungreemption®f threads
from the operatingsystemandthereforerobustin
the presencef multiprogramming9].

Thekey featurethatenablesnultiprogramming
scalability of nanothreadegrogramsis a shared
arena[3, 12, usedto export kernel-sideproces-
sorallocationdecisiongo the program,aswell as
the stateof kernelthreadsthat sene asthe exe-
cution vehiclesof the program. This information
is usedfrom a nanothreadeghrogramto expose
to the runtime systema degreeof parallelismthat
matcheghe actualnumberof processorsllocated
to the programat ary point during its execution.
Basedon this functionality the userlevel sched-
uler is ableto apply intra-programcontrol of the
ownedexecutionvehiclesto consistenthassisthe
progres®f the programalongits critical path. The
notableadwantageof a sharedarenainterface is
thatit allows parallel programsto exchangecrit-
ical schedulinginformationwith the kernelusing
simply loadsandstoresin sharednemory

We were surprisingly fortunate to find that
the native implementatiorof scheduleactivations
in the kernel of Solaris 2.6 and later versions
usesa sharedarenaas the communicationmech-
anismbetweenthe kernel and multithreadedoro-
grams.Thekernelallocatesa datastructurecalled
sc_shar ed in apage,mapsthis pageto the user
addresspaceandpinsthe pageto physicalmem-
ory. Thesc_shar ed structurecanthenbe used
to communicatethe stateof LWPsto the Solaris
threadsruntime system. Although a numberof
modificationsto the Solariskernel were still re-
quiredto implementhe interfacewith the nanoth-
readsruntime system,the bulk of necessangup-
port was alreadyat handandthe requiredmodifi-
cationswere simple. The mostimportantmodifi-
cationsneededwvere: (1) to communicatehe ac-
tual numberof physicalprocessorallocatedo the
programatruntime,(2) communicatehe preemp-
tion aswell asthe blocking/unblockig of Solaris
LWPsthroughthe scheduleractivationsinterface,
(3) let any LWP poll the stateof ary other LWP
in the sharedarenasincethe original implementa-
tion allows a LWP to poll only its own stateand
(4) modify LWP schedulingand priority control,

to implementdeterministigprocessoyielding, i.e.
let an LWP yield its processoto anotherspecified
LWP throughthesched _yi el d() call.

Nanothreadegrogramsexploit theinformation
in the sharedarenato consistentlyadjustthe gran-
ularity of their parallelism,in orderto matchthe
number of available physical processors. The
sc_shar ed structureis usedto poll the stateof
theLWPsallocatedo arunningnanothreadegro-
gram. Polling of LWP stateis doneto minimize
LWP idling andassistthe programmalke progress
alongits critical path. Eachidling LWP (i.e. an
LWP with no nanothreado executein its local
run queue)polls the sharedarenato find out if
there are other LWPs with higher intra-program
priority which are not executing. LWPs with
higher priority include kernel-preempted WPs,
LWPs which were previously blocked and sub-
sequentlyunblocled in the kerneland previously
idling LWPs,which now have a nanothreado ex-
ecutein their local run queue.If ary of the LWPs
of that kind exists, the idling LWP blocks itself
and hands-df its processoto resumethe higher
priority LWP.

3 PerformanceResults

In this sectionwe presenperformanceesultsof a
prototypeimplementatiorof the nanothreadsun-
time systemin Solaris2.6. The experimentsvere
conductedon a SunEnterprise450 Sener with 4
UltraSFRARC-II processorslocked at 300 MHz, 2
Megabytesof secondarycacheper processoand
256 Megabytesof mainmemory

Figure 2 illustratesresults from microbench-
marks usedto evaluate the overheadof thread
managemenin the nanothreadsuntime system.
Theleftmostchartis extractedfrom a microbench-
mark where eachLWP forks empty nanothreads
and joins for their termination repeatedly until
the programcompleteghe executionof a million
empty nanothreads.The figure is dravn in log-
arithmic scale and shaws that the total runtime
overheadof nanothreadss one order of magni-
tude lessthan the runtime overheadof userlevel
Solaristhreadswhichis in turn oneorderof mag-
nitude lessthan the runtime overheadof Solaris
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Figure2: Evaluationwith microbenchmarksTheleftmostchartis extractedfrom a microbenchmarkvhere
processorgork empty threadsandjoin for their termination. The middle chartis extractedfrom a mi-
crobenchmarkvhereprocessorgxecuteonemillion parallelloopsof 100iterationseach with emptyloop
bodies.Therightmostchartis extractedfrom a microbenchmarkvherethe processorgxecuteonemillion

enqueue/dequeymirsto asharedqueue.

kernelthreads Theaveragecostto createcontext-
switchto, executeandsynchronizdor thetermina-
tion of ananothreads 2.2 ;,sin theabsencef con-
tentionand no morethan3 us with system-wide
contentionfor the run queuesand memorypools.
Contet-switchingto and executinga nanothread
costroughly 1 us. Nanothreadtreationandqueu-
ing latenciessary betweerD.5and1 s, depending
on contention.

The middle andrightmostchartsin Figure?2 il-
lustratethe performancedwantage®f usingwork
descriptordnsteadof threadingfor the innermost
parallelloopsandnon-blockingqueuesnsteadof
standardmutual exclusion with spin locks. It
is importantto note that work descriptorsreduce
the overheadof multithreadingregular andirreg-
ular fine-grain parallel loops and non-blocking
synchronizatiordemonstratea solid performance
improvement over spin locks, which is magni-
fied whenthe degree of multiprogrammingis in-
creased.

Figure 3 illustratesthe executiontime of three
parallel applicationkernels(blocked LU decom-
position,Jacobiteratve methodandcomple ma-
trix multiplicationwith appropriatelyscaledprob-
lem sizes) which offer opportunitiefor multilevel
and fine-grain parallelization. We applied multi-
level parallelizationfor blocked LU and comple
matrix multiplication, with staticparallelizationof
theinnermostoopsusingwork descriptorsin the

Jacobiiterative method,we parallelizedthe inner
mostloops using dynamicwork descriptors. We
producedtwo versionsof eachbenchmarkusing
nanothreadand Solaristhreadsand executedthe
benchmarksn a dedicatedsystem. The results
favor clearly nanothread$or multilevel andfine-
grain parallelization. The performanceof Solaris
threadscan only be improved by applying more
static parallelizationschemeswhich are however
inadequatdor a broadspectrunof applications.
Figure 4 shavs early performanceresults of
the nanothreadsuntime systemwith multipro-
grammedworkloads. The comparisorin this case
is betweena multiprogramming-obliious version
of the nanothreadsuntime systemwhich uses
the natve Solaris threadsinfrastructureand a
multiprogramming-conscieuversion of the nan-
othreadguntimesystemenhancedvith a prelimi-
naryimplementatiorof the shared-arentunction-
ality basedon userlevel extensions.The degreeof
multiprogrammingcorrespondgo the numberof
instancesf eachapplicationkernel launchedsi-
multaneoushduringanexperiment.Eachinstance
requestsnitially 4 processors$o run on, therefore
a constandegreeof multiprogrammings guaran-
teedin eachcase.Despitethe clearadwantageof
the multiprogramming-congaus mechanismsof
the nanothreadsuntime systemthereis plenty of
room for improvements. We are still working on
theintegrationof the nanothreadkernelinterface
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in Solaris, focusingmainly on the integration of
theinterfacewith dynamicspacesharingschemes
in the Solariskernelscheduler

4 Conclusions

We presentedheimplementatiordetailsof a nan-
othreadsruntime systemfor multiprocessorsun-
ning the Solaris operatingsystem. The goal of

theimplementatiorwasto provide fine-grainmul-

tilevel parallelizationandmultiprogrammingscal-
ability at affordable runtime costs. We applied
aggressie optimizationsto reducemultithreading
overheadand make the commoncasefast. The
designof the nanothreadsuntime systemis not
orthogonalto Solaristhreads. Nanothreadsug-
ment the Solaristhreadsarchitectureand exploit

the underlyinginfrastructureto the maximumex-

tent possible. SolarisLWPs sene asthe execu-
tion vehiclesfor nanothreadsind existing kernel

datastructuresare usedeffectively to implement
multiprogramming-consciesumechanisms. The
overall threadsarchitectureprovides an erviron-
mentfor efficient parallelizationand executionof
applicationson multiprogrammedhared-memory
multiprocessorbasednthe SFARC architecture.
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