
Fine-Grain and Multipr ogramming-ConsciousNanothreading
with the SolarisOperating System

Dimitrios S.Nikolopoulos EleftheriosD. Polychronopoulos TheodoreS.Papatheodorou
High PerformanceInformationSystemsLaboratory

Departmentof ComputerEngineeringandInformatics
Universityof Patras

Rion26500,Patras,Greece

Abstract Thispaperpresentsthearchitectural andim-
plementationdetails of a nanothreadsruntime system
customizedfor the Solaris operating system. A nan-
othreadsruntimesystemaddressesjointly threemajor
performanceissues; exploitation of fine-grain paral-
lelism,efficientexecutionof arbitrarily nestedtaskand
data parallelism and scalability of multithreadedpro-
grams in multiprogrammedshared-memorymultipro-
cessors. Thenanothreadsruntimesystemin Solarisis
implementedasa highly tuned,thin threadinglayer on
topofSolaristhreadsandexploitseffectivelytheSolaris
kernel supportfor scheduleractivations.Nanothreads
areimplementedwith aggressiveoptimizationsandsev-
eral critical pathsin the runtimesystemare either re-
ducedor eliminatedto make thecommoncasefast.So-
laris scheduleractivationsprovide a fast communica-
tion pathbetweenthenanothreadsruntimesystemand
theSolariskernel,which alongwith non-blockingsyn-
chronizationenablethescalabilityof nanothreadedbi-
nariesin a multiprogrammedenvironment.

Keywords: nanothreads,multithreading,multiprocess-
ing/multiprogramming,runtimesystems,operatingsys-
tems.

1 Intr oduction

As modernsharedmemorymultiprocessorsmove
towardslargerprocessorscalesandbecomeheav-
ily multiprogrammed,theneedfor supportingfine-
grainparallelprocessingintegratedwith multipro-
grammingbecomesmore acute. Although sev-
eral researchefforts in the pastinvestigatedfine-
grain multithreading[4, 5, 17] and the interfer-

encesbetweenmultiprocessingandmultiprogram-
ming [1, 11], little effort hasbeenpaid to address
both issuesjointly [2, 3]. Furthermore,the adop-
tion of theseresearchproposalsin modernoper-
ating systemsis so far quite limited. Solaris is
probablythe only vendoroperatingsystemwhich
provides a stableuser-level threadsarchitecture,
coupledwith an implementationof schedulerac-
tivations [1] to enhancethe robustnessof paral-
lel programsin thepresenceof multiprogramming.
Although Solaris threadsconstitutea convenient
platform for genericmultithreadedprogramming,
raw performanceissuesmakethemunattractive for
fine-grainedparallelprograms.On theotherhand,
theexportedfunctionalityof scheduleractivations
in Solarisis currently limited to preemption-safe
locking, althoughscheduleractivations is a very
powerful tool for tuning the behavior of parallel
programsin amultiprogrammedenvironment.

This paperpresentsthe architecturaland im-
plementationdetails of a nanothreads [12] run-
time systemin Solaris, for symmetricmultipro-
cessorsbasedon theUltraSPARC-II processorar-
chitecture. A nanothreadsruntime systemad-
dressesjointly threemajorperformanceissues;ex-
ploitationof fine-grainparallelism;multilevel par-
allelization and efficient execution of arbitrarily
nestedtaskanddataparallelism;andscalabilityof
multithreadedprogramsin 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 programs[3, 12, 14]. To our knowledge,the
work presentedin this papercontributes the first
integratedruntimesystemfor Solaris,which sup-
portsefficiently fine-grainandmultiprogramming-
consciousmultilevel parallelism.

The rest of this paperis organizedas follows:
Section2 outlinesthe implementationof the nan-
othreadsruntime systemin Solaris. Section 3
presentsearlyperformanceresultsof our working
prototypeon a Sun Enterpriseserver. Section4
concludesthepaper.

2 Implementation

Four major designissuesguidedthe implementa-
tion of thenanothreadsruntimesystemin Solaris:

� The cost of creatingand executinga thread
shouldbeascloseaspossibleto thecostof a
functioncall. Eachthreadshouldmaintainthe
absolutelyminimal architecturalstateneeded
to switchto a differentexecutionflow within
the sameaddressspace. Moreover, threads
stateshouldbemaintainedonly whenneeded.

� The runtime systemshouldprovide a struc-
ture for maintainingnestedthreadcontexts
with parent-childrelationshipsto enablemul-
tilevel parallelization.

� Theruntimesystemshouldemploy a mecha-
nismto poll thestateof kernelthreadswithin
a parallelprogramandreactto kernelthread
preemptionsand blocking, which implicitly
reflectkernel-sideschedulingdecisions.Ex-
portingtheseschedulingdecisionsto therun-
time systemis essentialto render the pro-
gram responsibleof managingits own ker-
nel threads,in awaythatensurestheprogress
of theprogramin thepresenceof unfortunate
threadpreemptionsfrom the operatingsys-
tem.

� The implementationshouldexploit as much
aspossiblethevendor’soperatingsystemsup-
port for multithreading.

We implementedthe nanothreadsruntimesys-
tem in Solarisas a very thin threadinglayer on

top of theSolaristhreadslibrary, asshown in Fig-
ure1

�
. Thisapproacheasedtheintegrationof nan-

othreadswith the multithreadinginfrastructureof
Solarisandhasdeemedadvantageous,particularly
with respectto multiprogrammingscalability.

We implementednanothreadsfrom scratch,us-
ing the minimal representationof a thread in
the UltraSPARC-II architecture:a heap-allocated
stackand the architecture-dependent registerfile,
which consistsof 8 input registers(six input pa-
rametersfor the thread,the programcounterand
the framepointer),plus 8 local registerscontain-
ing callee-save automaticvariables,for a total of
16registers.

We used non-preemptive threads to reduce
threadswitchingoverheadandavoid maintaining
extra threadstatesuchassignalhandlersandper-
threadpriorities. Besides,preemptive user-level
schedulingis of no practicalimportancefor nan-
othreadedparallelprograms.Putsimply, assoonas
aprogramis decomposedinto anumberof threads
that reflectsits degreeof exploitableparallelism,
thereis noreasonfor theuser-level schedulerto as-
signpriorities to threadsthatcooperateto execute
thesametaskandpreemptdeliberatelyonethread
in favor of another. Among otherpotentialprob-
lems,preemptiveschedulingmayalsomotivateex-
cessive threadswitches.The importantexception
to theprevious rule areidling threads,which may
bethreadsthatstarvewaitingto enteracritical sec-
tion, or theuser-level schedulerthreadsthatdonot
find any work to executein therun queues.In the
nanothreadsruntimesystem,idling threadsemploy
aself-blockingdisciplinewhich is handledin a lo-
calscopewithin theprogram,in coordinationwith
thekernel.This topic is discussedlaterin this sec-
tion.

The trickiest detail of the nanothreadsimple-
mentationon theUltraSPARC-II wasthehandling
of active register windows [16]. We used the
flushw instructionof theUltraSPARC-II, which
spills registerwindows with a conditionaltrapand

�
Solaris uses a three-level multithreading architecture,

where parallel programs are decomposedinto user-level
threads,user-level threadsaremappedto executionvehicles
calledlightweightprocesses(LWPs),LWPsaremappedone-
to-oneto kernelthreadsandkernelthreadsarefinally mapped
to physicalprocessorsby theoperatingsystem.
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Figure 1: Solaristhreadsarchitectureand nanothreadslayering. Dashedboxes indicateblocked kernel
threadsandLWPs.

reverts to a nop instructionif thereareno active
register windows to spill, which is the common
case. This implementationled to a fasterthread
context switchcomparedto previous implementa-
tionsof fastthreadson theSPARC [6, 17].

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

Weappliedaggressive optimizationsin thenan-
othreadsruntimesystemto makethecommoncase
fast. We exploited the semanticsof the nanoth-
readsdependence-driven executionmodel [12] to
provide a fast executionpath for all nanothreads
theregisterfile of which neednot besavedduring
a context switch (e.g. all slave threadsin a mas-
ter/slave parallelconstruct).At thesametime, we
completelyeliminatedthreadingfor singleandin-
nermostparallel loops,by usingwork descriptors
in placeof nanothreads[8]. A work descriptoris a
datastructurewhich encapsulatesa pointerto the
body of the loop andits arguments.The nanoth-
readthatactivatesa loop putsthework descriptor
in a specificmemorylocationprivateto eachpro-
cessor. A processorthatfindsa work descriptorin
thespecifiedlocation,executesawrapperfunction
to obtain the argumentsof the loop body, pushes

someof them to the stack if necessaryand exe-
cutesthe loop bodywith a functioncall. The im-
plementationdoesnot requireany synchronization
operationsand usesone-way producer-consumer
communicationwith asinglecacheinvalidationon
eachprocessorto scheduletheparallelloop.

Work descriptorsarealsocompliantwith mul-
tilevel parallelization. Several threadsmay gen-
eratemore than one work descriptorssimultane-
ouslyandput themin distinctcachelinesfor exe-
cution,againwithout any synchronizationinstruc-
tionsneededto executetheloops. In orderto sup-
port also irregular andunbalancedparallel loops,
we implementeddynamic work descriptors,i.e.
work descriptorsenhancedwith additional loop
schedulinginformationand synchronizationcon-
structs to supportdynamic schedulingand load
balancing.

Dependence-driven executionof nanothreadsis
basedon a task-queueexecutionparadigm. The
nanothreadsruntime systemusesdistributed run
queuesto assistlocality-basedschedulingand a
centralrunqueueusedfor loadbalancingpurposes
[13]. In orderto alleviate theoverheadof queuing
we implementedthe run queuesas non-blocking
stackswhich allow concurrentupdates[15]. The
run queuesare coupledin a one-to-onemanner
with memorypoolsusedfor recycling threadcon-
texts. The memorypoolswerealsoimplemented
as non-blockingstackswhich take advantageof
reusingcachedthreadcontexts [10]. Spin-locks
werenot employed in order to avoid introducing
hot spotsin thememorysystem.A strongadvan-



tage of non-blockingqueuesand memory pools
is that the associatedsynchronizationoperations
areimmuneto inopportunepreemptionsof threads
from theoperatingsystemandthereforerobust in
thepresenceof multiprogramming[9].

Thekey featurethatenablesmultiprogramming
scalability of nanothreadedprogramsis a shared
arena[3, 12], usedto export kernel-sideproces-
sorallocationdecisionsto theprogram,aswell as
the stateof kernel threadsthat serve as the exe-
cution vehiclesof the program. This information
is usedfrom a nanothreadedprogramto expose
to the runtimesystema degreeof parallelismthat
matchestheactualnumberof processorsallocated
to the programat any point during its execution.
Basedon this functionality, the user-level sched-
uler is able to apply intra-programcontrol of the
ownedexecutionvehicles,to consistentlyassistthe
progressof theprogramalongits critical path.The
notableadvantageof a sharedarenainterface is
that it allows parallelprogramsto exchangecrit-
ical schedulinginformationwith the kernelusing
simply loadsandstoresin sharedmemory.

We were surprisingly fortunate to find that
thenative implementationof scheduleractivations
in the kernel of Solaris 2.6 and later versions
usesa sharedarenaas the communicationmech-
anismbetweenthe kernelandmultithreadedpro-
grams.Thekernelallocatesa datastructurecalled
sc shared in a page,mapsthis pageto theuser
addressspaceandpins thepageto physicalmem-
ory. Thesc shared structurecanthenbe used
to communicatethe stateof LWPs to the Solaris
threadsruntime system. Although a numberof
modificationsto the Solariskernel were still re-
quiredto implementtheinterfacewith thenanoth-
readsruntimesystem,the bulk of necessarysup-
port wasalreadyat handandthe requiredmodifi-
cationsweresimple. The mostimportantmodifi-
cationsneededwere: (1) to communicatethe ac-
tualnumberof physicalprocessorsallocatedto the
programat runtime,(2) communicatethepreemp-
tion aswell astheblocking/unblocking of Solaris
LWPsthroughthe scheduleractivationsinterface,
(3) let any LWP poll the stateof any otherLWP
in thesharedarenasincetheoriginal implementa-
tion allows a LWP to poll only its own stateand
(4) modify LWP schedulingand priority control,

to implementdeterministicprocessoryielding, i.e.
let anLWP yield its processorto anotherspecified
LWPthroughthesched yield() call.

Nanothreadedprogramsexploit theinformation
in thesharedarenato consistentlyadjustthegran-
ularity of their parallelism,in order to matchthe
number of available physical processors. The
sc shared structureis usedto poll the stateof
theLWPsallocatedto arunningnanothreadedpro-
gram. Polling of LWP stateis doneto minimize
LWP idling andassisttheprogrammake progress
along its critical path. Eachidling LWP (i.e. an
LWP with no nanothreadto 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-preemptedLWPs,
LWPs which were previously blocked and sub-
sequentlyunblocked in the kernelandpreviously
idling LWPs,which now have a nanothreadto ex-
ecutein their local run queue.If any of theLWPs
of that kind exists, the idling LWP blocks itself
andhands-off its processorto resumethe higher-
priority LWP.

3 PerformanceResults

In this sectionwe presentperformanceresultsof a
prototypeimplementationof thenanothreadsrun-
time systemin Solaris2.6. Theexperimentswere
conductedon a SunEnterprise450 Server with 4
UltraSPARC-II processorsclockedat 300MHz, 2
Megabytesof secondarycacheper processorand
256Megabytesof mainmemory.

Figure 2 illustrates results from microbench-
marks used to evaluate the overheadof thread
managementin the nanothreadsruntime system.
Theleftmostchartis extractedfrom amicrobench-
mark whereeachLWP forks empty nanothreads
and joins for their termination repeatedly, until
the programcompletesthe executionof a million
empty nanothreads.The figure is drawn in log-
arithmic scaleand shows that the total runtime
overheadof nanothreadsis one order of magni-
tude lessthan the runtime overheadof user-level
Solaristhreads,which is in turn oneorderof mag-
nitude less than the runtime overheadof Solaris
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Figure2: Evaluationwith microbenchmarks.Theleftmostchartis extractedfrom amicrobenchmarkwhere
processorsfork empty threadsand join for their termination. The middle chart is extractedfrom a mi-
crobenchmarkwhereprocessorsexecuteonemillion parallelloopsof 100iterationseach,with emptyloop
bodies.Therightmostchartis extractedfrom a microbenchmarkwheretheprocessorsexecuteonemillion
enqueue/dequeuepairsto asharedqueue.

kernelthreads.Theaveragecostto create,context-
switchto,executeandsynchronizefor thetermina-
tion of ananothreadis 2.2 � sin theabsenceof con-
tentionandno more than3 � s with system-wide
contentionfor the run queuesandmemorypools.
Context-switching to and executinga nanothread
costroughly1 � s. Nanothreadcreationandqueu-
ing latenciesvarybetween0.5and1 � s,depending
oncontention.

Themiddleandrightmostchartsin Figure2 il-
lustratetheperformanceadvantagesof usingwork
descriptorsinsteadof threadingfor the innermost
parallelloopsandnon-blockingqueuesinsteadof
standardmutual exclusion with spin locks. It
is importantto note that work descriptorsreduce
the overheadof multithreadingregular and irreg-
ular fine-grain parallel loops and non-blocking
synchronizationdemonstratesa solid performance
improvement over spin locks, which is magni-
fied whenthe degreeof multiprogrammingis in-
creased.

Figure3 illustratesthe executiontime of three
parallel applicationkernels(blocked LU decom-
position,Jacobiiterative methodandcomplex ma-
trix multiplicationwith appropriatelyscaledprob-
lemsizes),whichoffer opportunitiesfor multilevel
and fine-grainparallelization. We appliedmulti-
level parallelizationfor blocked LU andcomplex
matrixmultiplication,with staticparallelizationof
theinnermostloopsusingwork descriptors.In the

Jacobiiterative method,we parallelizedthe inner-
most loopsusingdynamicwork descriptors.We
producedtwo versionsof eachbenchmarkusing
nanothreadsandSolaristhreadsandexecutedthe
benchmarksin a dedicatedsystem. The results
favor clearly nanothreadsfor multilevel andfine-
grain parallelization.The performanceof Solaris
threadscan only be improved by applying more
staticparallelizationschemes,which arehowever
inadequatefor abroadspectrumof applications.

Figure 4 shows early performanceresults of
the nanothreadsruntime system with multipro-
grammedworkloads.Thecomparisonin this case
is betweena multiprogramming-oblivious version
of the nanothreadsruntime system which uses
the native Solaris threads infrastructureand a
multiprogramming-conscious versionof the nan-
othreadsruntimesystemenhancedwith a prelimi-
naryimplementationof theshared-arenafunction-
ality basedonuser-level extensions.Thedegreeof
multiprogrammingcorrespondsto the numberof
instancesof eachapplicationkernel launchedsi-
multaneouslyduringanexperiment.Eachinstance
requestsinitially 4 processorsto run on, therefore
a constantdegreeof multiprogrammingis guaran-
teedin eachcase.Despitetheclearadvantagesof
the multiprogramming-conscious mechanismsof
thenanothreadsruntimesystem,thereis plentyof
room for improvements.We arestill working on
the integrationof thenanothreadskernelinterface
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Figure4: Multiprogrammedworkloadsperformance.

in Solaris, focusingmainly on the integration of
the interfacewith dynamicspacesharingschemes
in theSolariskernelscheduler.

4 Conclusions

We presentedtheimplementationdetailsof a nan-
othreadsruntimesystemfor multiprocessorsrun-
ning the Solaris operatingsystem. The goal of
theimplementationwasto provide fine-grainmul-
tilevel parallelizationandmultiprogrammingscal-
ability at affordable runtime costs. We applied
aggressive optimizationsto reducemultithreading
overheadand make the commoncasefast. The
designof the nanothreadsruntime systemis not
orthogonalto Solaris threads. Nanothreadsaug-
ment the Solaristhreadsarchitectureand exploit
the underlyinginfrastructureto the maximumex-
tent possible. SolarisLWPs serve as the execu-
tion vehiclesfor nanothreadsand existing kernel

datastructuresare usedeffectively to implement
multiprogramming-conscious mechanisms. The
overall threadsarchitectureprovides an environ-
mentfor efficient parallelizationandexecutionof
applicationson multiprogrammedshared-memory
multiprocessorsbasedon theSPARC architecture.
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