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Abstract— Checkpointing of single-threaded applications has
beenlong studied [3], [6], [8], [12], [15]. Much lessreseach has
beendone for userlevel checkpointing of multithr eadedapplica-
tions. Dieter and Lumpp studied the issuefor LinuxThr eadsin
Linux 2.2.However, that solution doesnot work on later versions
of Linux. We presentan updated solution for Linux 2.6, which
usesthe more recent NPTL (Native POSIX Thread Library).
Unlike the earlier solution, we do not need to patch glibc.
Additionally, the new implementation can take advantage of
the ELF architecture to eliminate the earlier requirement to
patch the user's main routine. This Ils in the missing link
for full transparency As one demonstration of the robustness,
we checkpoint the Kaffe Java Virtual Machine including any of
several multithr eaded Java programs running on top of it.

Index Terms— checkpointing, userlevel checkpointing, multi-
threaded,Linux, NPTL, NAS Parallel Benchmark

|. INTRODUCTION

SMP computersarebecomingmoreprevalentthroughcom-
modity dual-core chips, and the roadmapof at least one
prominentvendor calls for quad-corecommodity chips. This
malkesimperatize the needfor checkpointingof multithreaded
programs.Kernel-larel checkpointingpackagessuch as [7]
require modi cations to the kernel (or in somecaseskernel
moduleshatmustbe updatedalongwith new kernelversions).
Application-level checkpointingpackagessuchas[2] require
the end userto add codefor checkpointing.

We presenta userlevel checkpointingmethodthat provides
transparentibrary-basedcheckpointingof multithreadedoro-
cessesDieter and Lumpp demonstrateén initial implemen-
tation for LinuxThreadsfor Linux 2.2 [5]. Unfortunately that
versiondoesnot work beyondthe Linux kernel2.2. The user
level checkpointingpf multithreadegrogramswve presentuns
with NPTL (Native POSIX ThreadLibrary) on Linux 2.6. We
describethe issuesencounteredn this implementation.

The package checkpointsuser addressspace (including
libraries,data,stack,heap,etc.),threadsppen le descriptors,
signal state, mutexes, and processervironment. It does not
support checkpointingof sharedmemory processids, and

soclets, sincethoseare relatedto a collection of processes.

As a demonstrationywe checkpointand restartan entire Java
Virtual Machineincluding a running Java program.

a) Portability: This implementationis known to run on
Linux 2.6 systemsWe wrap the clone systemcall in order

to maintaina list of threadsn the processheingcheckpointed.
Notethatin Linux, pthread _create callsclone . Writing
awrapperfor clone insteadof pthread _create allowsus
to capturethelocationof the stack(anargumentof clone),and
thereforewe can specify the location of the stackon restart.
We alsousethe proc lesystem to retrieve the memorylayout
andopen le descriptorlist at checkpointtime.

b) Full transpaency: Currently we require the userto
link againsta library and add oneinitialization call. In future
eventhis will notbeneededlt is possibleto addanadditional
sectionto an ELF binary containinga wrapperfor main and
then modify the entry point of the binary to refer to that new
code.

¢) Layoutof paper: Sectionll describeghe implemen-
tation. At the time of checkpoint,all memory sgments(as
readfrom /proc ) aresavedto disk, alongwith their original
addressn memory

Sectionll-A describeghe checkpointingprocess.The sys-
tem checkpointsa processhy rst, at programstartup,spavn-
ing acheckpointingcontrolthread.This threadwill checkpoint
the programon a user de ned interval. To checkpoint,this
checkpointinghreadgainscontrolof all otherthreadsy using
signalsand then writes out all stateto disk, after which it
resumeghe suspendedhreadsthen hibernatesuntil time for
anothercheckpoint.

Sectionll-B describegherestartprocessRestaris doneby
callinganindependenapplicationmtcp_restart . This rst
munmays all of its own memorysegmentsoutsideof program
code.lt thenretuilds the original processby rst remapping
the checkpointlibrary mtcp.so from the checkpoint le.
Control is transferredto that routine, which then continues
readingthe checkpointle into memoryto restoreremaining
addresseghat were in use at the time the checkpointwas
taken. Finally, all threadsare restarted.

By checkpointingall memory segments (instead of just
read/writesggments),we avoid the dif culty of the random-
ized addressspacefeature of Linux 2.6, whereit will load
librariesat randomlyselectecaddressesachtime a particular
programis loaded.Thekerneldevelopersdo thisto slov down
the progressof remote,automatedvulnerability attacks.See
Sectionlll for detailsof how this is handled.

We demonstratescalability by checkpointingNAS Parallel



Benchmarksboth the C versionthat usesOpenMP and the

Java versionunderKaffe. This hasthe potentialto checkpoint
all Java programssimply by checkpointingthe Java Virtual

Machine.For detailson this seeSectionlV.

A. RelatedWork

Transparentcheckpointing refers to checkpointing tech-
nigues that can be applied directly to application binaries.

additional ELF section containingour initialization routine.
The new sectionis madethe entry point. It usesdlopen and
disym toloadandcall mtcp_init , afterwhichit callsthe
original entry function (main ) of the users binary
Sectionll-A describediow mtcp.so savesthe stateof the
users programto disk. Sectionll-B describeshow the restart
utility, mtcp_restart  , reconstructaand restartsthe users
processSectionll-D discussethemoretechnicalissueof how

This can be a corvenience(no sourcecode transformations to make systemcalls during restart,whenevenlibc.so  is

needed)or a necessity(vendorprovided software in binary-
only format). There are two forms of such checkpointing:
kernel-level (modi cations to the kernel or use of kernel
modules);and userlevel (no kernel modi cations). (A third
checkpointingstyle, application-leel, requiresend usersto
male possiblynon-trivial modi cations to the sourcecode.)

Userlevel checkpointingvasimplementeddy Libckpt [12],
followed by variations [3], [6], [8]. Variations have been
introduced for more recent architectures,such as the Intel
IA-64 underLinux [15].

Much less work has beendone on transparentuserlevel
checkpointing.Dieter and Lumpp were the rst to produce
a userlevel checkpointingprogram for multi-threadedpro-
cessesin Linux [5]. Unfortunately that work is basedon
LinuxThreadsand runs only on Linux 2.2, which is nowv
obsolete Abdel-Sha etal. presenuserlevel threadmigration
and checkpointingon Windows NT by taking adwantageof
the Brazosrun-time parallel system[1]. The current work
describesthe issuesfor Linux 2.6, which usesthe NPTL
(Native POSIX ThreadLibrary), insteadof LinuxThreads.

Otherwork on transparentheckpointingof multithreaded
programs includes the application-l@el checkpointing of
OpenMP applications[2], and a kernel-level checkpointing
packagewith the additionaladwantageof checkpointingmul-
tiple processe®n a network [7]. SafetyNet[14] provides a
hardware-assistedsolution for sharedmemory multiproces-
sors. See [11] for a web page listing other checkpointing
packagesThe work of this papergrew out of earlierwork [4]
on single-threadedheckpointingo ef ciently supportmaster
worker parallelism.

1. IMPLEMENTATION

The acrorym MTCP stands for MultiThreaded Chedk-
Pointing. The checkpointingimplementationrelies on two
binaries: mtcp.so and mtcp_restart . The main idea
is that mtcp.so  periodically sases the stateof all threads,
memory and list of open les to a checkpoint le. The
mtcp_restart utility can reconstructthe processon de-
mand from that checkpoint le. mtcp.so is the runtime
library addedto the usersapplication.mtcp_restart is the
commandline utility usedto restarta checkpoint.

Currently to add checkpointingto an existing application,
the userneedsonly to link againstour mtcp.so andadda
call to ourinitialization routine,mtcp_init , atthebeginning
of their main routine. In the next version (in progress)we
eliminate even this minor lack of transpareng This is done
by providing a utility to modify the userbinary by addingan

not yet resident.

A. Initialization and Chedpointing

The initialization and checkpointingis summarizedn Fig-
urel.

Theinitial routineregistersa signalhandlerfor somesignal
(con gurable) thatis not usedby the application.A wrapper
function around clone can modify the input and output
of clone , while using dlopen /disym to call the actual
clone library code.It then setsup internal data structures
so that these wrapperscan track creation and deletion of
threads.Finally, it spavns a chedpointing contol thread
which arrangedor periodic checkpoints.

Periodically when it is time for a checkpoint,the check-
point control threadsignalsall otherapplicationthreads.The
signalhandlerscausethosetarget threadsto save their integer
registersto their stackthroughsetjmp/longjmpIn additionto
setjmp/longjmp an assemblyroutine writes the oating point
registersto the stack. The target threadsthenwait on a futex
(Linux native conditionvariable).The checkpointthreadthen
writes the stateto disk. The stateconsistsof:

1) the contentsof all memory regions, including stacks,
code,heap.ary dynamicallyloadedibraries(via dlopen,
etc), mmap'edregions, etc. This alsoincludesthe regis-
ter setsfor eachthread,sincethey were saved on their
respectre stacks.

alist of open le descriptorsandthe positionwithin the
le they are pointing to. Only “regular” les and ttys
are saved.

3) and perthread storageareadescriptorsand perthread

signal masks.

The details of saved thread state can be found in sec-
tion II-C.

Whenthe checkpointle is written, thethreadsarereleased
from waiting, andthe checkpointthreadsleepsuntil it is time
to write a new checkpoint.

The checkpointcontrol threadexecutesthis loop:

2)

Loop:

Wait for a few seconds

Signal all known threads to suspend
and check for exited threads

Wait for those threads to all suspend
also check for exited threads

If all known threads have exited,
then this thread exits, too

Write the checkpoint  file
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Fig. 1.

Resume the suspended threads

The wait operationconsistsof a simple nanosleep call.
Nanosleep was preferredto sleep becauseit doesnot
dependon SIGALRM which maybein useby the application.

We loop through our internal list of known threadsand
use the Linux-speci ¢ systemcall, tkill , to senda user
con gurable signal (e.g. SIGUSRL1 or other signal not con-
icting with the programlogic). The Linux-speci ¢ clone
wrappersetsup a signal handlerfor the threadsthat, when
called, will:

1) save the threads state(registers,tls parameters);

2) setsa ag in its statestructureindicating that its state
is saved;

3) wake the checkpointcontrol thread;

4) andthensuspenddy waiting on a futex cell.

To preventtroublein caseof a crashduringthe writing of a
checkpoint le, the checkpointis rst written to a temporary
le. Then,whenthetemporaryle is completethetemporary
le is renamedto the permanentname, thus replacing the
previous checkpointonly with a complete checkpoint. If
desired,it is easyto extend this schemeto save the last “n”
checkpointsor addedsafety

B. Restarting

To restart a process from a checkpoint le, the
mtcp_restart commandis invoked with the nameof the
checkpoint le asits agument.The contentsof the address
rangethat was mmap'edfrom mtcp.so at the time of the
checkpointare written to the beginning of the checkpoint
le. The mtcp_restart routine directly reads this into
memory at the same addresswhere it was found in the
original application.Thus the mtcp.so  portion of memory
is restored.The mtcp_restart routine then calls a restart
routinewithin mtcp.so .

The above assumesthat there is no clash betweenthe
addressesused by mtcp_restart and those used by
mtcp.so . Due to addressspacerandomizationin future

Internalsof MTCP (Multi-ThreadedCheckPointing)

versionsof the Linux kernel, this may not always be true. If

therewerea clash,it would be possiblefor mtcp_restart

to be linked at two widely separatedaddressesThen if a

con ict occurswith one mtcp_restart image againstthe

mtcp.so  being restored,the alternatve mtcp_restart

canbe automaticallyloadedand the restartcan proceed.
The restartroutine then performsthe following steps.

1) Switch to an internal stack area containedwithin the
mtcp.so images addresgange.

Unmap everything in user addressspace except the
restored mtcp.so image. All of mtcp_restart
libc.so , etc. are unmapped.Speci cally, we call
munmapon two addresganges:from addresd to the
beginning of mtcp.so ; andfrom the endof mtcp.so
to the beginning of kernel space.

Readthe rest of the memory contentsfrom the check-
point le into exactly the sameaddressedrom which
they were written. There can be no addressclash,
sincemtcp.so wasreadinto memoryfrom that same
checkpointle.

Restore le descriptorsand the offsets within
Restoresignalhandlers.

Createa new thread for each thread that existed at
the time of the checkpointand have eachthreadagain
wait on the original futex. (The thread is created
using the Linux-specic clone call, and the orig-
inal stack is passedto clone . The thread calls a
restart_thread routine,which callslongjmpto re-
enterthe original signal handlerroutine and again wait
on the original futex.)

Resumeall the threads.We call futex oncefor each
threadto unlockthethread.Eachthreadwill thenrestore
its registersand signal masksfrom its own stack and
resumeexecutionwherethe checkpointwas taken.

The checkpointhreadthensleepauntil it is time to write
anothercheckpoint.

2)

3)

4) les.

5)

6)

7)

The restorationof memory associateshe original mapped



les as much as possible,by saving the state indicated by
the lesystem information from /proc/self/maps . This
information consistsof the memory addressrange, the ac-
cesspermissionsand a lename (if ary). Thus, subsequent
checkpointswill have this information available. Also, by
using/proc/self/maps to determinethe currentmemory
con guration, a programis free to mmapand munmapseg-
mentsat will, andthe checkpointis ableto sase an accurate
memoryimage.Finally, by using/proc/self/maps , it is
not necessaryo placewrappersaroundmmapand munmap.

We found it necessaryto wrap the clone system call
to track the creation of threads(see sectionll-A). By in-
tercepting the child _tidptr parameterand forcing the
CLONECHILD_CLEARTID ag, we are ableto detectwhen
athreadhasexited andthuswe know we do not have to signal
it to suspendvhenit is time for a checkpoint.

Thereare somepoints aboutitem 2, above, that are worth
noting. First, by unmappingall other addressesutside of
mtcp.so , it hasalsounmappedibc.so . Hence,it cannot
male calls, even systemcallsin libc.so , that are not part
of themtcp.so imageitself. The solutionto this is described
in Sectionll-D, below.

Second,during the restartprocessmtcp.so  cannotref-
erenceary memory outside the mtcp.so image address
range,such as would be provided by malloc , asit might
interfere with restoringthe restartedprocess'memory areas.
This implies that somesystemcalls, suchas fopen , cannot
be usedfor restarting,becausehey call malloc .

C. SavedThread State

We also save information abouteachthreadin memory so
thatit will be checkpointedThis informationincludes:

1) tid — the thread-id as returnedby gettid() . It

is usedto determinewhich is the 'current' thread. It

remainsvalid even after the threadhasexited.

mtcp state — the state mtcp considersthe thread
to be in. This is an int who's possible values
are RUNDISABLED (running with checkpoint dis-

abled), RUNENABLEDrunning with checkpoint en-
abled), SIGDISABLED (hasbeensignaledto suspend,
but checkpointsare disabled and so it continuesto

run), SIGENABLED (has been signaled to suspend
with checkpointsenabled),SUSPINPROsuspendn

progress)and SUSPENDERstateis saved, waiting to

resume).The state may be updatedonly via atomic
updateqin practice by thethreaditself or by the check-
point thread).The Linux futex systemcall is usedby

threadsto wait for a changeof the mtcp state

parent , children , siblings — theselinks are
used to keep track of the thread hierarcly. This is

necessargothat,uponrestorethethreadsarere-created
with the samehierarcly, in casethe applicationdepends
on that hierarcly.

clone_flags , parent_tidptr — theseare the

values the application originally passedto the clone
throughpthread_create . Mtcp detectghesevalues

2)

3)

4)

via a wrapper around clone. It saves the values in
orderto recreatethe clonewith the original ags during
restart. See given_tidptr and actual_tidptr

for exceptions.

given_tidptr , actual_tidptr — thesearenor-
mally copiesof the child_tidptr parametepassed
to the wrapperfor clone asits sixth agument.How-
ever, mtcp usesthe child_tidptr functionality of
the clonesystemcall to detectwhena threadhasexited.
The Linux systemwill clear (zero out) the location
pointedto by child_tidptr when the thread exits
(sinceLinux 2.5.49).Sincethe child_tidptr is an
optional parametetto the clone call, if the original call
from usercodedid not call this value,thenthe the mtcp
clonewrappermust Il in this parametewith alocation
of its own beforeinvoking the actualclone systemcall.
Sigblockmask , sigaction , jmpbuf , fs, gs,
gdtentrytls — these elds are usedto save the
threads state while it is suspendedThey are saved
and restoredjust like any other memory location in
the restoredimage. When a restartis performed,our
restartthread function will load thesevaluesinto
the correspondinghreads kernelcontext andthe thread
will resumeprocessingas before. Restartthread
doesits work via the systemcallsset_thread_area

(for gdtentrytls ), sigaction , sigprocmask
(for sigblockmask ) andan assemblemov instruc-
tion to load the fs and gs registers.Finally, it calls
longjmp on jmpbuf to restorethe stackpointerand
otherregisters.

5)

6)

D. Making SystenCalls during Restart

We needto have all referencesby the mtcp.so
routineresohedwithin themtcp.so imageitself, since, when
mtcp.so restartis running,it canonly dependon addresses
within its own image mapped. Everything else, including
libc.so , hasbeenunmapped(SeeSectionll-B.)

Simply performinga staticlink of mtcp.so  with libc.a
presentsa problem.Suppose restartroutinewithin mtcp.so
referencesa systemcall such as read . This leadsto the
following problematicscenario.

1) Linking mtcp.so staticallydutifully includesread.o

from libc.a  in mtcp.so .

2) Whenthe application linked to mtcp.so , is run, how-
ever, the dynamicloaderlinks the restartroutine’s read
call to the externallibc.so  ratherthanto theinternal
copy of read.o

3) When the restartis attempted,the mtcp.so restart
routine points to the read within the applications
libc.so . Butit no longerhasaccesgo this dynam-
ically linked read , asit hasnt beenrestoredyet. The
internal, statically linked copy of read , though still
presentjs not referenced.

To work aroundthis problem,for eachsystemcall usedby

the restartprogram,we:

1) extractthe object le from libc.a ;

restart



2) disassembl¢o a source le; and
3) includethatdisassembledourceaspartof theassembly
of the restartmodule.

Since all sourcesfor the restartmodule are assembledas
one source le, as far as the dynamic loaderis concerned,
it hasno external symbol referencesasthey are all resolhed
at assemblytime. Thus the dynamicloaderwill not be able
to redirectary referencedo libc calls, suchasread,to the
external libc.so . If the routineswere simply extractedin
objectform fromlibc.a  andlinkedin themtcp.so image,
the dynamic loader would seethe 'external' referencesand
directthemto an externallibc.so  imageat runtime, thus
breakingthe requirementthat mtcp.so  have all references
be internalto itself.

Currently the system calls that are disassembledand
statically linked into mtcp.so are: close , dup, dup2,
getppid , Iseek , mmap mprotect , munmap open,
read , andwrite

The disassemblyis done automatically by a utility we
provide that is invoked by the male le, so ary updatesto
thosesystemservicesn glibc will betakeninto accountby re-
makingthe mtcp.so image.Shoulda future changeto glibc
male this methodunworkable,anothemossibility would be to
link mtcp.so with a staticlibc.a , then post-processhe
mtcp.so imagewith a utility thatwould resole thelinkages
internally to the mtcp.so image.

In fact, we use “nocancel” versionsof the abore system
calls, such as __close_nocancel . This is becausethe
standardversion close refers to the tls  (thread local
storage),which hasnot beenrestoredyet. We don't needto
referto threadlocal storagesincewe have notyetrestoredary
threadsat the time that we malke thesesystemcalls. We are

consideringeeplacingthecallsto __close_nocancel by a
directsystemcall, for examplesyscall(SYS_close, fd) .
This avoidsthe unwantedglue codein libc.so . Thishasthe

further advantageof removing the requiremento disassemble
routinesfrom libc.a

I1l. ADDRESS SPACE RANDOMIZATION

Addressspacerandomization(since Linux 2.6.9) and the
exec-shieldpatch (commonly usedin someversionsof Red
Hat and FedoraLinux) are additionsto the Linux kernelthat
randomizetheinitial locationof the stackandof the baseload
addressof dynamically loaded libraries such as libc.so
This is an attemptto thwart attackson a systemby exploiting
bugsin coding,wherethe programwill allow erroneousnput
to corrupt the programstack. Such an exploit will causea
returnaddresson the stackto be overwrittenthus causingthe
programto execute code that will compromisethe system,
allowing unauthorizedhccessTheseexploits rely on codeand
databeingat known positions.By randomizingthemto some
degree,an attacler will needto try several possibilitiesbefore
succeedingthusdiscouragingor delayingthe attack.See[13]
for further analysis.

By using addressspacerandomization,there will be no
x ed addresdor the addresf a buffer on the stack(for the

buffer overrun)and no x ed addresdor the exploit code(in
somedataseggment). This makesthe job of the attacler more
dif cult. However, it also makes the job of the checkpointer
more dif cult if the imageloaderwill not guarantedo load
a code or data sggmentinto the requestedmemory address
range.For this reasonwe mustquerythe kernelvia the proc
lesystem to determinewhere libraries are actually loaded.
The detailswere discussedn Sectionll-B.

IV. EXPERIMENTAL RESULTS

In our rst test (Figure 2) we attemptedto see how
scaling memory usagewould effect the time to checkpoint
a program.Here we checkpointa single threadedprogram
usinga variableamountof memorysetto randomvalues.The
memory is allocatedin 1 MB chunksusing malloc . The
resultsshows that, with our hardware, thattime to checkpoint
scaledinearly with memoryusageat the rateof approximately
0.3 secondsper 100 MB of memoryusage.Thereis also an
additionalcostof checkpointingbecausedhe operatingsystem
writes datato disk asynchronouslyThis leaves two timings
to report (a) interruptionin execution of the usersprogram,
(b) time for checkpointdatato asynchronouslyeachdisk. We
approximatelymeasurehis “time to reachdisk”, by timing the
command‘sync”.

In our secondest(Figure3), we attemptto seehow scaling
the numberof threadswould affect the time to checkpoint
a program. Here our test program createsa predetermined
numberof threadsusing pthread_create . This testwas
run on a single processomachine,but all threadswait on a
mutex sothatthe checkpointingroutinewill not be staned for
CPU cycles. Thesetestsalso shav a linear increasein time
with the numberof threadsbut take longerthan expected.

The extra time hereis becauseve do not (yet) optimizefor
zero-pageswhich arenot mappedo physical memory When
apthreads createdapproximately8 MB of memoryaddresses
are resered for that thread,but thesepagesare not actually
allocateduntil they are rst written to. Our currentcodewill
write all 8 MB of addressspaceto disk. So the 100 thread
test, produceda checkpointof approximately800 MB. Not
handling zero-pagesspecially also has the disadwantageof
forcing the physical allocation of all pagesof memory on
restore, thus increasingthe memory usageof the restored
program. Optimizing the handling of zero-pagess planned
for a future version and will greatly increasethe speedof
checkpointingprogramswith mary threads.

To test our checkpointingsolution with a real world ap-
plication we ran NAS Parallel Benchmark(NPB) [10], with
our checkpointingpackage NPB hasbeenportedto several
different programming languages,we chose the OpenMP
version becauseit provides an example of a multithreaded
processfor usto checkpoint.

As a more robust test, we checkpointedthe entire Java
Virtual Machine (JVM) including the Java programon which
that virtual machine was running. Speci cally, we check-
pointedthe Kaffe implementatiorof the JVM. We successfully
checkpointedKaffe running mary small Java test programs



Fig. 2. Left: Delayin executionof userprogramto createcheckpointasthe size of memoryincreasesRight: Time for checkpointdatato asynchronously
reachdisk asthe size of memoryincreases.

Fig. 3. Left: Delayin executionof usersprogramasnumberof threadsincreasesRight: Time for checkpointdatato asynchronouslyeachdisk asnumber
of threadsincreases.

NAS CLASS Size | Checkpoint| Restart NAS CLASS Size | Checkpoint| Restart
W 33x33x33 0.07s | 0.07s W 175MB 0.7s 0.6s
A 64x64x64 0.19s | 0.17s A 632 MB 12.0s | 19.7s
B 102x102x102 0.95s | 051s Fig. 5. Timings runningthe benchmarkVMG from NAS Parallel Benchmark

Fig. 4. Timings running the benchmark_U from NPB2.3-omp-Cj9] (in ¢ =~ NPB-3.0-&V (in Java, on top of the Kaffe Jaa Virtual Machine)

| OpenMP derived from NAS Parallel BenchmarkNPB-2.3-serial)

Linux 2.6.12. The last two timings, concerningKaffe and
and the Java port of the classic NAS Parallel Benchmarks OpenMR were run on a Pentium4 2.4 GHz processomwith
(NPB) [10]. 1 GB of RAM, runningLinux 2.6.12.

All timings, exceptfor the last two were run on a Mobile Figure 6 demonstratethat the time for restartinga process
AMD Athlon 64 processoB000+with 512MB RAM, running grows linearly with memoryusageattherateof approximately



Fig. 6. Time to restarta processwith 4 threadsas the size of memory
increases.

25 MB/second.Sincethis is a mobile hard disk (2-1/2" ATA
disk), we assumehatthe restartprocesss limited only by the
bandwidthof disk.
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