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1 Intr oduction

Thisdocumentcollectssomerandomthoughtsonruntimeissuesrelatingto concurrency, threads,GUI’sand
thelike. Someof this is extractedfrom recentR-coreemail threads.I’ve tried to provide lots of references
thatmight beof use.If anyonehassuggestionsof thingsto addpleaselet meknow.

While intendedmainly for R, I amhopefulthatsomeof thiswill carryover to XLISP-STAT aswell.

2 Concurrencyand Parallelism

Butenhof[7, pages4,5] givesdefinitionsof thetermsconcurrentandparallel. Hereis abrief version:

Concurrency: Thingsappearto happenat thesametimebut mayhappenserially.

Parallelism: Concurrentsequencesthatproceedsimultaneously.

UNIX processeson a singleprocessormachineareconcurrentbut not parallel. UNIX processesrunning
on separateworkstationsrun in parallel. To beableto useparallelalgorithmsof somesort to obtainspeed
improvementsby usingmorethanoneprocessorrequiresparallelism.To beableto programconceptually
concurrentbehavior, suchasrunninga longsimulationwhile doingsomeplot, requiresonly concurrency.

Threadsystemsaremainly intendedto allow the managementof concurrentcomputations.They are
not the only way to do this: Many single threadedsystemsprovide somesort of event loop combined
with asynchronousIO facilities that canbe usedto manageinput on several channelsconcurrently. Tcl’s
fileevent commandis anexample.

R currentlyhasa smallamountof concurrency; how muchdependson theplatform. On all platforms,
sincethememorymanagementchangesin 1.2,thereis now thepossibilitythatfinalizerswill berunconcur-
rently with othercode.On Windows Rgui andon ClassicMacOSsomeeventhandlinghasto occurin the
midstof interpretedcalculationin orderto allow thedelivery of userinterruptactionsvia theGUI. With the
Windowsmenufacilities,andwith tcltk , thismeansthateventprocessingandevaluationof R commands
occurconcurrently.

The concurrency that alreadyexists raisessomeproblems,in particularwith respectto dynamicstate
andsynchronization.Oneexampleof dynamicstateis theoutputconnection.A sequencelike

sink("simout")
runsim()
sink()

is intendedto changetheoutputconnectionfor theevaluationof thecall to runsim betweenthetwo sink
calls. If a userhadaddeda menuitem in Rgui to print theelapsedexecutiontime andselectedthatmenu
itemwhile runsim is executing,thenonewouldprobablywantthetheexecutiontimeprintedin thelistener
window, not thesimout file. Currentlythetimewouldgo to thefile.

Adding theconceptof threadsto R will allow usto think moreclearlyabouttheseissue.We couldfor
examplemake specificationslike thefollowing:
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� Every threadof executionhasits own input andoutputchannels.

� Therearethreeseparatethreadsof executionin anR process:

– a threadrunningtheread-eval-print loop (REPL),calledtheREPLthreador thelistenerthread

– a threadrunningtheGUI eventloop

– a threadrunningfinalization

� asynchronousIO actionscanbe registeredfor connections;they will be executedin the event loop
thread.

This descriptionmakesit clearwhatwill happen:If a listenercommandusessink thenthis will affect only
theoutputchannelfor the listenerthread;if an IO actionis triggeredandrunsfor a long time thenit will
blocktheeventloopthread(whetherit blocksotherthreadsaswell dependsonschedulingandotherthings).
I’m notsuggestingthatthisspecificationis necessarilythewaywewantto dothings,but addingtheconcept
of threadsallows us to talk clearlyaboutwhat it is we want to do; it providesthe languagefor discussing
concurrency issues.

I believe that explicit concurrency managementtools (i.e. a threadstoolkit) arewhat we really need
in R at this point. Parallelismof someform would benice,but it neednot comefrom theR-level threads
mechanism.It could,for example,comefrom usingOSworker threadsfor handlingvectorizedarithmetic
operationsandperhapsa vectorizedBLAS [27, 60]. As an aside,I did a little experimentwith this on a
dual processorLinux box. For a daxpy -like calculationthe break-even point for splitting the work onto
two worker threadsis arounda lengthof 200.Below thattheoverheadof threadmanagementoutweighsthe
benefit.Obviously this is very muchdependenton everything.

3 Concurrencyand Dynamic State

By dynamicstateI meancertainglobal valuesthat affect a computationandmaybe temporarilychanged
for thedurationof a computation;I alsoincludeglobalsettingsthataremanipulatedby theruntimesystem
andreflectthestateof thesystem.Someexamples:

� options settings

� thecurrentdevice

� possiblypar settings

� thestandardIO connections

� thecurrent(internal)evaluationcontext

3.1 Options Settings

Optionscanbe usedfor several differentpurposes.Differentusesare likely to have different intentions
in termsof whetherthey shouldapply only to thecurrentamongseveral concurrentcontexts or theentire
process.

� Thebrowserto usecanbechangedwith options(browser =" mozi ll a") . The intent is most
likely to changethebrowserfor theentireprocess.



March5, 2001 4

� A packagecouldaddapackage-specificoptionby executingoptions(foo=xy x) in its initializa-
tion function. This ought to remainavailableat the processlevel aslong asthe packageis loaded.
(Assumingpackageloadingremainsat theprocesslevel, asit probablyshould.)

� An expressionoptions(show.err or =FALSE) might beusedin conjunctionwith try . This is
likely to bemeantonly to applyto the try expressionandto beundoneafterthe try completes.

� Settingoptions(na.act io n=.. .) or options(contra sts =. .. ) might occurduringan
analysis. Usually the intent will be to changethesesettingfor the particularanalysisonly, not for
otheranalysesthatmightbegoingon in separatelistenerwindows(if atsomepointmultiple listeners
within thesameR processwereto beallowed).

Theshow.error examplewouldoftenbedonesomethinglike this:

olderr <- options(show.error=FALSE)
try(...)
options(show.error=olderr)

Unfortunatelythis maynot bequiteright sinceerrorsmaynot betheonly non-localexit thatcanbetaken.
For example,in Splus5.1

for (i in 1) {try(break); print(1)}

doesnot print, sothebreak is jumpingout of the loop. In R thatcurrentlydoesnot happenbut probably
should.

To dealwith this possibilitywe would needto useon.exit . Sinceon.exit is quitecoarse-grained,
asit appliesonly to thewholefunction,we might wantto localizeit with

dotry <- function() {
olderr <- options(show.error=FALSE)
on.exit(options(show.error=olderr))
try(...)

}
dotry()

But now we wouldneedto worry thatthe try getsevaluatedin theright environment.
This is prettyawkwardto do andget right, so it might bea goodideato abstractit out into something

like

with.options <- function(expr, ...) {
old.opts <- save old options
on.exit(restore old.opts)
eval(expr, env=the right place)

}

sothatwecouldthenuse

with.options(try(...), show.error=FALSE)

It mightevenmakesensetoseparatelypickoutthelocalizedon.exit issuebydefiningunwind.protect
(to usetheCommonLisp name)somethinglike

unwind.protect<- function(expr, cleanup) {
on.exit(eval(cleanup, env=the right place))
eval(expr, env=the right place)

}
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andthendefinewith.options usingunwind.protect .
In thepresenceof concurrentthreadsof evaluationsaving andrestoringoptionvaluesaroundapieceof

codeis problematic.If we hadawith.options mechanism,thenfor codeof theform

with.options(try(...), show.error=FALSE)

is seemsreasonabletoassumethattheintentis tochangetheoptiononly for theevaluationof thetry(...)
expression.If this codeis evaluatedin the listenerthencodeevaluatedin theevent loop shouldnot beaf-
fected.Without sucha declarative mechanism,theintentof codelike

olderr <- options(show.error=FALSE)
try(...)
options(show.error=olderr)

is harderto interpret.Harderstill is

options(show.error=FALSE)
try(...)

Is theintentreally to make apermanent,process-widechange,or did therestorejustgetforgotten?
We needto think throughhow this shouldwork in thecontext of concurrency. Onepossibleapproach

is to startwith a setof optionssettingfor the processmain thread. Eachtime a new threadis startedit
inheritsa copy of theoption settingsof the creatingthread.A variationwould be to have a process-wide
setof optionsandthenhave eachnew threadinherit a copy (the differenceis that the parentthreaddoes
not matter). Both make introducingnew optionsdifficult. An alternative would be to allow optionsto be
marked somehow asthreador processoptions. Processoptionswould alwaysbe sharedby all threads;if
onethreadchangesa processoption anotherwould seethe change.(This may requirereader/writerlock
synchronization.)Threadoptionshave process-level valuesthatarecopiedto thethreadon threadcreation.
Threadscouldalsobeallowedto make additionaloptionslocal to themselvesasthey run. As Kurt Hornik
pointedout in a discussionof this issueon R-core,this is similar to the ideaof buffer-local variablesin
emacs.

Theapproachof changinganoptionsetting,executingsomecodewith thenew optionsetting,andthen
restoringtheold optionsettingis essentiallya mechanismfor dynamicallyscopingvariablesimplemented
usingshallow binding. (Shallow bindingmeansusinga global locationto hold thecurrentvalueandsav-
ing/restoringold values.Thealternative, deepbinding,would usea stackof values.)Usingon.exit for
restorationis fairly heavy-weight—it might makesenseto dosomethinglighter internally.

3.2 UserDefinedOptions

Usersor packagewriters canaddnew valuesto options . Onedrawback is that this makes it hard to
keeptrackof optionsandalsoraisesthepossibilityof nameconflicts.An alternative would beto allow the
creationof options -like entities(with all the right concurrency handlingsupport),with options then
beingjustoneexampleof suchabeast.A packagefor mapsmight thendefineamaps.options function
thatmanagesa process-level optiondatabase specifyinga network locationwheremapdatais available
anda thread-specificoptionprojection specifiesthemapprojectionto use.

3.3 Devicesand Par Settings

Thecurrentdevice is anothercandidatefor beingdifferentfor differentconcurrentthreads(differentinter-
preterwindows say).
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At timesit might beniceto beableto createa device that is intendedto beprivateto a setof functions
(the tkdensity demofor example). At this point I think all you cando is work in termsof thecurrent
device index, but othercodecanusethataswell.

On the otherhandwe maybe quite happy for two listeners,say, to sharea device, but thenwe might
askhow par settingshouldbe treaded.Shouldchangesmadethe device from onelistenerbe viewed as
affectingthedevice,andthereforeaffectgraphicscommandsgivenby theotherlistener, or not?Having par
specificto thedevice,sosharedif thedevice is shared,seemsmostnaturalto me,but I couldseearguments
theotherway too.

3.4 Standard Connections

The R processcurrentlyhasstandardinput, standardoutput,andstandarderror connections(at leastin-
ternally). If we allow multiple threadsto be used,for example,in multiple listenerwindows, theneach
window’s threadwould needits own connections.As alreadymentioned,redirectingoutputin onethread
usingsink probablyshouldnotaffectotherthreads.

3.5 The Context Stack

Currentlythereis oneinternalcontext stackthat liveson theC stack. It is of courseusedby thecurrently
executingcodebut alsoby profiling; it alsoneedsto beavailableto thegarbagecollectorsinceheappointers
arestoredthere. Concurrency, even of the limited form usednot, raisessomeissuesthat needthinking
through.For example,underno circumstancesshouldanerror in aneventhandlerthathappensto execute
duringevaluationof a listenercommandbeallowedto abortthatcommand.

3.5.1 Synchronization

With any approachto concurrency, even thecurrentinformal one,thereis someneedfor synchronization.
One particularpoint is promises. Currently when a promiseevaluationstartsthe promiseis marked as
underevaluation. This is to detectcycleswherepromisesdependon themselves—witha singlethreadof
execution,attemptingto evaluatea promisethatis alreadybeingevaluatedis anerror. With severalthreads
though,it is only an error for the threaddoing theevaluationto attemptto evaluatethepromiseagain. If
a secondthreadattemptsto evaluatethepromisewhile thefirst oneis evaluatingit, thenthesecondthread
shouldblock andthefirst threadshouldsignalit to resumewhentheevaluationis complete.TheHaskell
folks call this creatingablackhole.

This is justoneof themoreesotericthingswe will needto dealwith; therearecertainlyothers.

4 GUI EventsAnd Blocking IO

Wewould like to beableto simultaneously

� work with a rangeof GUI systems(R’s graphicsdevice, tcltk , etc).

� allow simultaneousmanagementof multiple slow IO connections(suchassockets)

� allow longcomputationsandIO operationsto beinterrupted

An wewould like to beableto provide this in awaythatis ascommonaspossibleacrossUNIX, Win32and
MacOS.
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4.1 UNIX Issues

OnUNIX prettymucheverythingin thewayof IO wecareaboutgoesthroughfile descriptors.(In principle
theremaybeotherthingsalso,suchasmessagequeuesandsemaphoresbut I’ ll ignorethose.)Multiple IO
channelscanbehandledby waitingusingselect or usingoneOSthreadperblockingcall. Interruptscan
behandledby longjmp calls. I ama little nervousaboutallowing longjump squiteasliberally aswedo
now, but with selective enablingaroundblockingcallsI think we areOK.

Unfortunatelynot all blocking calls make a descriptoropenlyavailable. For example,gethostby-
name is averyconvenientwrapperaroundtheDNSprotocol.It canblock for quiteawhile waiting to geta
response,andthereis nowaywecandoanythingelsewithin asinglethreadthatis waitingonDNSbecause
we don’t have theconnectionfd to usein a select . To beableto make this play nicewith event loops
on UNIX we would needanopenimplementationof theDNS interfacethatwe canhookour socket layer
into. I don’t know off handwhatTcl/Python/Perlhavedoneaboutthis,but I think they mayincludesuchan
interface.For DNStheremaybea solutionin theGNU adns library [1].

Anothercomplicationis thattheinteractionof signalswith someof thesocket functionsis abit complex.
For instance,if connectis interruptedaccordingto Stevens[58] youshouldselectonthesocketbeforetrying
to reconnect.

GUI systemsfor UNIX/X11 usuallyeachmake theirseparateX11 connection,whichdeepdown means
eachonehasits own file descriptor. Gettingaccessto thatfile descriptormaybetricky, but if we cangetit
andif theGUI library providesa way to processa singleevent at a time, asthey usuallydo, thenwe can
handlea GUI just like any otherIO source.Alternatively we canplaceeachGUI in a separatethreador
evenprocessandmake theconnectionto R throughIO channelswe create(seeSection4.6).

4.2 Win32 Issues

On Win32 therearetwo sourcesfor input: kernelobjects(which includefiles, sockets,pipes,semaphores,
andlots more)andmessagequeues.Eachthreadhasits own messagequeue.A threadcanwait for eithera
messageor oneof severalkernelobjectsby callingMsgWaitForMulti ple Obje ct s .

A window that is createdin a threadwill alwayshave its messagessentto the creatingthread. If we
want to run severalGUI librariesthis createsan issueof which oneis in charge of managingthemessage
queue.Fortunatelythis is not a very big issue.TheWindows librariesrequirethata callbackberegistered
with Win32 for eachwindow. Thestandardeventloop in Win32 lookssomethinglike

while(GetMessage(&msg, NULL, 0, 0)) {
TranslateMessage(&msg);
DispatchMessage(&msg);

}

That is, thecodenever needsto look directly at themessage.It just getsit off thequeueandpassesit on
to two systemfunctions;DispatchMessage calls the registeredcallback. As a result,it really doesn’t
matterwhichGUI library runstheeventloop aslong asoneof themdoes.

Windows doesnot have propersignalhandling. Somelevel of fake signalsis available,but I do not
believe it is sufficient at this point. It is possibleto usemessagesmuch like a signal but this requires
cooperationof thecodethatwantsto allow interrupts.That is, insteadof a blocking readon a socket you
can do a MsgWaitForObje ct , which will wake either when the socket becomesreadableor when a
messageis received. I believe theWinSocklibrariesarewritten moreor lessalongtheselines. They allow
processingof messagesduringblockingIO operations.
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4.3 ClassicMacOS Issues

A fundamentalproblemwith ClassicMacOSit that thereis a singleeventqueueperprocess.Theprocess
codeis responsiblefor looking at eacheventanddecidinghow to handleit. This meansthatcoexistenceof
multiple GUI librariesis difficult. Eachlibrary would have to geta turn to look at theeventqueue,would
have to be ableto reliably recognizeandprocessits own events,andbe willing andableto passon other
eventsfor handlingby otherlibraries.Very few librariesarewritten like this.

Thereis quitea nicesocketslibrary calledGUSI (GrandUnified SocketsInterface)[40] thatnow also
supportsa variantof pthreads.The authoris alsothe personresponsiblefor the Mac port of Perl. GUSI
allows for aGUI to inserteventpolling into blockingIO calls.But I havenotbeenableto figureoutaclean
wayof usingthis mechanismtogetherwith Stefano’s eventhandlingandTcl’s (never mind wxWindows).

MacOSalsodoesnothave propersignalhandling,but againinterruptscanbetranslatedinto eventsand
theseareprocessedwithin blockingGUSI calls.

Onetricky issueon theMac relatingto theuseof multiple GUI’S is that ClassicMacOShasa single
menubarthat is ownedby theapplicationin foreground.EachGUI toolkit tendsto think it is theonly one
andhenceit controlsthemenubar. This alonemakeshaving multipleGUI’s in thesameprocessdifficult.

4.4 Implementations To Consider

In termsof placesto look, I think Tcl/Python/Perlareall worth a look. Tcl in particularhasdealtwith
gettingTk eventsandasyncIO to play togetheron UNIX at least;I’m notassureabouttheothertwo.

Anotherpossibility is wxWindows 2.0 [66]. This hassocket supportandthreadsupport;I believe they
alsohave at leasthttp protocolsupport.I believe their Windows andUNIX portsarein fairly goodshape;
theMaconeI’m not sosureabout.Don’t know aboutthelicense.

AnothersystemI plan to take a look at is theRiceschemesystem[16]. This systemuses(a modified
versionof) wxWindows, is supportedonUNIX/Windows/MacOS,hassocket support,hasuser-level thread
support,hasadefinedinterfacefor integrating(fake) blockingcallswith theeventloopandits threads.

4.5 A NoteOn Java

Justin caseanyonethinksall wouldbesimpleif we justusedJava: Java hasits own little issues.Thereis a
discussionof this in OaksandWong[41, pages82–85].A brief summary:Java hasno asynchronousIO –
you aresupposedto usethreads.SupposethreadA doesa blockingIO call. Java doesprovide in threadA
aninterruptmessagethatthreadB cancall. But thespecsdon’t specifyhow this interactswith blockingIO
calls. As a result,on someVM’ s it terminatesthe IO call andthrows anexception(which onealsovaries
among1.1 VMs but wasstandardizedto InterruptedIOExc epti on on Java 2), but on otherVMs it
doesnot. To besafe,it is recommendedthatyou closethestreambeingreador written. Exactlyhow you
do this dependson whetheryou want to work arounda bug in Solaris2.6or not. Have a look at Oaksand
Wong if you have it handy–itsa soberingread. And keepin mind that this businessof closingthestream
only worksif you cangetyour handson it: if you have a nicefriendly interfacethat letsyou do something
like

sock.open("http://fred.frog")

andtheDNSlookupunderthehoodhangs....
At leastwith realmulti-threadingin Javayoushouldhave threadB continuingto runevenif threadA is

blockedindefinitely.
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4.6 A Strategy for GUI/IO Management

At this point thebestapproachsofar for somethingthatmakessenseacrossall threeplatformsseemsto be
this:
� Have R andtheGUI(s) run in separatethreadsof executionor processes.

� Have theseprocessescommunicatethrougha message-passinginter-processcommunication(IPC)
mechanism.

� TheIPCmechanismworkson topof anIO mechanismthatcanbeintegratedwith otherIO channels.

The threadsof executioncanbe OS threadswithin a singleOS processwherethat makessenseor they
canbe separateOS processes.On UNIX/pthreadsusing threadsshouldbe OK (but raiseschallengesof
figuring out how to configureuseof theright libraries);on Win32 it shouldalsobeOK; on ClassicMacOS
the threadsystemcombinedwith the singleevent queueis not adequate–Ithink you have to useseparate
processesthere.

The systemdependency of the IPC mechanismwill be isolatedin the transportlayer it usesandhow
multiple IO sourcesareregistered.On UNIX, communicationwill go over file descriptors,sayusingpipes,
andIO multiplexing goesthroughselect.On Win32, pipesor otherkernelobjectscanbeusedalongwith
MsgWaitForMultipleObjects.On MacOSwe canuseeitherApple events,GUSI PPCsockets,or a combi-
nation.

4.7 A SampleImplementation

As a proof of conceptI put togetheran alternateversionof the tcltk package.The packageis called
ipctcltk 1. It’s .First.lib does

attach(NULL, "package:tcltk")

to make it look like therealthing is loadedsothatthe tkdens andtkcanvas demoswill work with this
version.

Installingthepackageinstallsaseparateserverprogram2 linkedto Tcl/Tk andmy IPCcodeandashared
library for theR side,alsolinked to the IPC code. Loadingthepackageloadsthesharedlibrary andfires
up theserver process.TheR processandthetcltk server thencommunicateoverpipes.Thissortof thing is
vaguelysimilar to thewayMathematicausedto work, at leastconceptually, with a front endandakernel(I
don’t know if it still doesor if it ever reallydid). It alsois similar to S little brown bookextensionfunctions.
If/when we settleon a singleGUI it may make senseto have the GUI startR ratherthan the otherway
around,but this isn’t amajordifference—exceptfor startupandshutdown therelationis fairly symmetric.

The IPC stuff is isolatedinto a modulethat links up two processesandallows eachto postmessages
to theother(synchronouslyor asynchronously;at themomentI am just usingsynchronousposting). The
ideais to to isolatemostsystemdependencieshere. I have only donethe implementationfor UNIX/pipes
but amfairly sureit canbedoneon Win32 andClassicMacOStoo. Theonly othersystemdependency is
how to registerthe IPC mechanismfor event multiplexing. On the GUI side,eachsystemprovidessome
mechanismfor registeringan event source,andthat will needto be used. On the R sideI currently just
do what the standardtcltk packagedoes. Eventually we shouldprobablyprovide somethinglike Tcl’s
Tcl CreateFileHandle r thatallows aprocedureto beregisteredfor aneventsource.Therepresenta-
tion of theeventsourcewill differ from oneOSto another, but it shouldbepossibleto manageaninterface
somethinglike

1SeeURL http://www.stat.umn.edu/˜luke/R/tcltk .
2I useda fairly grizzly hackin Makevars to gettheserver executablebuilt andinstalled.With this hackI wasnot ableto get

theSHLIB EXT to besetfrom configinfo soI hardwired it to so–onHPUX you’re outof luck.
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R_CreateEventSource(R_EventSource s, R_EventCallback p);
#if defined(UNIX)
typedef int R_EventSource; /* a file descriptor */
#elif defined(Win32)
typedef HANDLER_EventSource; /* a kernel object */
#elif defined(Macintosh)
typedef int R_EventSource; /* a (GUSI) file descriptor */
#endif

At themomentthispackageis only intendedasaproofof concept.I amsureit is still riddledwith bugs.
(At aminimumI have notbotheredto turnoff somedebuggingoutputthatgetsprintedat times.)

5 Thr eadsand GUI’ s

Conceptually, whenwe arrangeto processGUI eventswhile at thesametime processinga commandline
we arecreatingtwo concurrentthreads:onethatrunstheGUI eventloop,

while(GetEvent(&event)) ProcessEvent(event);

andonethatrunstheRead-Eval-Print loop (REPL).

Print(Eval(ReadAndParse())))

We may not usea threadmechanismto implementthis, but that is in effect what we get. Treatingthem
explicitly asthreadshelpsclarify issueslike how optionsettingandotherdynamicstateaffect thedifferent
computations.

Up to a point thesethreadscanoperatecompletelyindependently. But supposea commandis given in
theREPLthatasksfor anew window. Therearetwo waysthiscanwork:

I Thecodeto createthenew window is executedin theR REPLthread.To insuresafetythiswill require
acquiringa lock on theGUI (or at leaston partsof it). Figure1 (a) illustratesthis.

II Thecodeto createthenew window is executedby theGUI thread.Thisrequiressomesortof message
passingmechanism.This is shown in Figure1 (b).

In termsof the detailsof how things run, the two approachesarenot really very different if the threads
arelight weightandrun on a singleOSthread.But they arequitedifferentif two separateOSthreadsare
involved.

ApproachI seemssimpler; locking is a bit of an issuebut canbe hiddenfor the mostpart. However
someOS’sandsomeGUI librariescreateproblemsif theseconceptualthreadsactuallyrun on separateOS
threads.On Win32 whena new window is createdon a particularOS thread,thenthe creatingthreadis
recordedin thewindow andall Windows messagesarepostedto that thread’s messagequeue.This means
thatI justwill notwork: thewindows is createdin theREPLthread,soits messagesgo to theREPLthread.
But themessageloop is runningon theGUI threadandwill never seethem.

Anothercaseis Tcl. Tcl hassupportfor threadsbut, accordingto theThread manpage:

An importantconstraintof theTcl threadsimplementationis thatonly thethreadthat cre-
ateda Tcl interpretercanusethat interpreter. In otherwords,multiple threadscannot access
the sameTcl interpreter. (However, aswasthe casein previous releases,a singlethreadcan
safelycreateandusemultiple interpreters.)

Again this meansthatII wouldneedto beusedwith Tcl/Tk.
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Figure1: Two approachesto handlingcreationof a new window requestedin theR Read-Eval-Print loop
(REPL)whentheREPLandGUI run in separatethreads.

6 Thr eadingDesignSpace

Thereseemto bethreedichotomies:

1. Do we useoneOSthread(S) or multiple OSthreads(M)? HereOScanmeansomethinglike Linux
or Win32or it canmeanavirtual OSlike theJVM or the.NET framework.

2. Do wesupportonly onehigh-level language(HL) threadperOSthread(S)or doweallow for multiple
HL threadsper OS thread(M) (theseareoften calledsomethinglike light-weight threadsor micro
threads).

3. Do weallow only oneOSthreadata time to executeHL code(S)or canmultipleOSthreadsexecute
HL codesimultaneously(M)? TheM option is only availableif theanswerto thefirst questionis M
(multipleOSthreads).Only theM optionhereleadsto parallelism.

Thisgivesthefollowing possiblecombinations:

SSS This is thesingle-threadedoption,noconcurrency.

SMS A singleOSthreadrunsmultiple HL threads.This is thedesignusedby DrScheme[16], concurrent
Haskell [28], concurrentML [49], Java with greenthreads,andmany others.

MSS EachHL threadcorrespondsto an OS thread. But only oneHL threadmay run at a time. This is
thePythonmodel.Python[45]usesa global interpreterlock; only thethreadthatholdsthelock may
run Pythoncode.This maywell be theeasiestapproachto getworking (which is probablywhy the
Pythonfolks choseit).

MMS Multiple OSthreadsareusedandeachcanrunmultipleHL threads,but only oneOSthreadatatime
may run HL code. This is what Pythonwill have if micro threads[64] aremadea standardpart of
thesystem.This allows for light weight threadswhile at thesametime simplifying thehandlingof
blocking.

MSM Multiple OSthreadsthatmayrun in parallel.Only oneHL threadperOSthread.This is thesimpler
of the two combinationsthat provide parallelismon multi-processor. In theorythis is what the Sun
JVM does,thoughthesynchronizationrequiredby thememorymanagermaylimit theamountof real
parallelismthatis achieved.
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MMM Multiple OS threadsthatmay run in parallel,eachrunningmultiple HL threads.Parallelismwith
light weightthreadsupport.

6.1 Parallelism Through HL Threads:The MXM Options

ParallelismthroughHL threadsis only achievable by choosingMSM or MMM. In the longer run this
is probablya desirablegoal, but I don’t think it is realistic in the short run. The reasonis the needfor
synchronization.Herearesomeof thethingsthatneedto besynchronized:

� Thememorymanager. Thiswouldnotbeaour responsibilitywith animplementationfor theJVM or
.NET but is for aC implementation.

� Accessingof environments.This would requirereader/writerlocksto insureintegrity of theenviron-
mentstructuresexceptin caseswhereit is known thattheenvironmentcannotbeaccessedin multiple
threads.

� Promises.Promisescanbeaccessibleto several threads.Locking is neededto insurethey areonly
forcedonce.

� Referencecounts. In R eachobjecthasa NAMEDfield. Thesearetwo bit referencecountsthat are
usedto limit the amountof copying that is doneto preserve the call-by-value illusion. It maybe
possibleto insurethatall objectsthatmight beaccessibleto morethanonethreadwill have NAMED
valuesof 2, in whichcaselocking is notneeded,but I’m notsurethis is possible.In addition,thefact
thattheNAMEDfield is abit field in a largerstructuremeanscertainassumptionsof atomicityneedto
bemadefor thecontentsof thefield alwaysto bereliablewithout locking. This mayall beOK, but I
doubtit.

� Variousotherdatastructureslike graphicsdevices,theoptionslist, andsoon.

To allow parallelthreadsto work we would needto correctly identify andprotectall thingsthat need
synchronizationprotection.This in itself is a very tall order. And whenwe aredone,unlesswe canjustify
not protectingenvironmentsandNAMEDfields,we arequite likely to endup with somethingthat,because
of thesynchronizationoverhead,is significantlyslower thanthecurrentsequentialversionevenwhenthere
is only onerunningthread.

PerhapsI ambeingoverly pessimistic,but I don’t think this is arealisticapproach.Othersseemto agree,
asreflectedby thecommentsin theconcurrentHaskell paper, for example.Java hypeseemsto suggestthat
JVM’sarenow ableto runin parallel,but researchersareonly now startingto publishresultsonGCmethods
designedfor Java in parallelthreadenvironments[44, 15], sothis shouldprobablybetakenwith a grainof
salt.

6.2 Light-W eight Threads:The XMX Options

Operatingsystemthreadstendto beexpensive resources.Creatingoneis time consuming,they take up a
significantamountof memory, andsometimesalsouseupotherimportantresources.For example,onLinux
eachthreadtakesup anentryin theprocesstable,andtheprocesstableusuallyhassomethingon theorder
of 1000slots.

Someapproachesto theuseof concurrency requiretheefficientcreationof possiblyvery largenumbers
of threads.Therearelanguageswhereeachactiveobject that is allocatedis given its own thread. Some
approachesto GUI designattachan event loop threadto eachGUI object that canrespondto interaction
insteadof usinga callback[23, 52].
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Evenif wedonotgosofarasto separatetheeventloopinto separatethreadsfor eachinteractingdevice,
runningasinglethreadfor theeventloophassomeproblems.For examplelong-runningcallbackcanblock
theentireGUI. Whenthis is known to beanissueonecanspinoff a separatethread.But it might beuseful
to do this automatically. This isn’t entirely trivial sincesomethingsdo have to beprocessedin orderand
some,suchasa sequenceof mousemotionevents,shouldbecompressedif theeventhandlerfalls behind.
but this is somethingthatcouldbehandledunderthehoodwith multiple light-weight threadsandsuitable
synchronization.

Another issueis GUI debugging. If you entera debuggerfrom an error in a GUI callbackand that
debuggeritself needsaccessto the GUI, thena deadlockmay occur. Having light-weight threadswould
allow a new threadto becreatedfor handlingthedebugger’s GUI needs.

Noneof theseexamplesare100%compellingto meat thispoint,but it wouldbeniceto beableto play
with theseideas.

Thereis of courseonesettingwherelight weight threadsareessential:If we wantconcurrency anddo
not have OSthreadsavailableor do not want to usethemfor somereason.Most OS’s have threadsof one
form or another(evenClassicMacOShasa cooperative threadsystem,which is thebestyou canhopefor
sincethewholeOSis basedon cooperative multi-tasking).However, gettingtheright configurationsetting
for usingthe right thread-safelibrariesis likely to bea bit of a platform-dependentnightmareevenwithin
UNIX systems.Sothereis at leastsomereasonto think hardaboutrelyingon multipleOSthreads.

An issuewith light-weight threadsis handlingblocking. Any call to a C function will have to block
(to somedegreeat least;theremaybetheoptionof runningsomethreadsfrom within cooperative C code
or C codethat calls backto the HL). Blocking IO operationswill alsoblock unlesstheseareturnedinto
asynchronousIO operationsthatarethenhandledinternallyby select calls.All thesystemsI mentioned
thatusetheSMSapproachdealwith this in moreor lessthesameway. Hereis the correspondingbit3 from
theRiceSchemesystemdocumentation:

Blocking the Curr ent Thr ead. Embeddingor extensioncodesometimesneedsto block,but block-
ing should allow other MzSchemethreadsto execute. To allow other threadsto run, block us-
ing scheme block until . This proceduretakes two functions: a polling function that tests
whetherthe blocking operationcanbe completed,anda prepare-to-sleepfunction that setsbits in
fd sets when MzSchemedecidesto sleep(becauseall MzSchemethreadsareblocked). Under
Windows andBeOS,an fd set canalsoaccommodateOS-level semaphoresor otherhandlesvia
scheme add fd handle .

Sincethe functionspassedto scheme block until arecalledby the Schemethreadscheduler,
they mustnever raiseexceptions,call scheme apply , or trigger the evaluationof Schemecode
in any way. The scheme block until function itself may call the currentexceptionhandler,
however, in reactionto abreak(if breaksareenabled).

For R this would involve moving thecontext stackout of theC stackandontotheheap.This mayhave
someotheradvantages,for exampleit might help reducetheneedfor setjmp callsandmayalsohelp in
cleaningup theexceptionhandlingmechanism.

Thisapproachrequiresdealingwith all theconceptualissuesof concurrency discussedin Section3 and
alsorequirestheextraeffort of stacklifting. For theSMScaseit doesallow usto avoid dealingwith any OS
multi-threadingissues(whichwe will wish for at somepoint if we chooseto go theMXX route:-)).

3SeeURL http://www.cs.rice.edu/CS/PLT/packages/d oc/ins idemz/ node29 .htm .
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6.3 Multiple OS ThreadsRunning One At A Time: MSS

This is thePythonsolutionandmaybethebestoptionfor R. It doesrequiredealingwith multipleOSthreads
andsomeof theheadachesthatgo with that. It doesrequiredealingwith all basicconceptualconcurrency
issues.It alsorequireseliminatingall global variablesthat areusedto maintaindynamicstateandeither
moving themto thread-localstateor arrangingfor themto be saved/restoredwhena threadreleasesand
acquiresthegloballock. Thecontext stackis aparticularcasein point,but thereareothers.

Runningonethreadat a time in theHL subsystemmeansthatblockingcanoccur. On theotherhandif
we know acall to foo maytake a long time, thenwe cando somethingalongthelinesof

ReleaseGlobalLock();
foo(...);
GrabGlobalLock();

andotherOS (andhenceHL) threadswill beableto run while foo is running. It doesn’t matterwhether
foo runsactively or blockson IO. If foo callsbackinto theHL layer, thenit will needto acquirethelock
to do anything usefulthere.

6.4 Variations on OS Threads

It this discussionI have beenthinking of OS threadsof thepreemptive variety asprovided on Win32 and
mostPthreadsimplementations.Therearealternatives.

For UNIX systemsthereareseveraluser-level threadspackages;oneexampleis GNU Pth[18, 19]. On
Win32, thereis auser-level threadingsupportmechanismcalledFibers[50, Chapter12].

6.5 SMS or MXS: Which To Choose?

The choicesseemto be SMS,MSS or MMS. TheXMS choicesrequirefiguring out how to supportlight
weight threads,which will bea bit of a challengebut onethatmayfit in well with bytecodecompilation.
Theadvantageis thatthey allow usto play aroundwith someadvancedconcurrency modelsthatuselotsof
smallthreads.Whetherthis is necessaryis unclear, but it couldbeaninterestingresearchdirection.

The MXS optionsrequireus to byte the bullet of OS threads,with all the locking andconfiguration
issuesthat go with them. We could avoid the configurationand locking issuesby using somethinglike
GNU Pthon UNIX andFiberson Win32; MacOSthreadsarealreadycooperative. But this would leave us
with managingblockingIO via select andthelike. Thechief benefitof multiple realOSthreadsis that
they significantlysimplify thehandlingof blockingand,for MSSthey allow usto getconcurrency without
worryingaboutlight-weightthreads.

I think I wouldlike to spendsometimeworkingonlight weightthreadsto seeif wecanmakesomething
work. But it probablymakessenseto simultaneouslyexplore theMSSoption. If bothsucceedwe endup
with MMS. If we can’t getlight weightthreadsto work, we still have MSS.

In termsof implementingany of these,probablyat least80%of whatneedsto bedoneis commonto
all three. For the remaining20% we could work on SMS andMSS in parallel,perhapsinitially usinga
user-spacethreadsystemlike Pth.

7 Light-W eight Thr eadImplementation

To supportmultiple HL threadson a singleOS threadsmeanswe needsomeway of suspendinga thread
andsaving its executioncontext. Therearea numberof differentpossibilitieswith differenttrade-offs, and
somecanbeusedin combination.
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Therearecallsmakecontext , getcontext , setcontext andswapcontext in theUnix 95/98
specificationthat do just what is needed.Unfortunatelythey arenot yet implementedon many systems
(suchascurrentLinux distributions).An alternative is carefuluseof setjmp andlongjmp togetherwith
sigaltstack , alsoUnix 95/98but morewidely implemented(only in Linux from 2.2 on though),or
theBSD sigstack . This is usedin Pth [18, 19], andwe could usewhat is provided thereor adaptit if
necessary.

Another interestingline of work to watch is C ��� [8, 48, 47]. This is an effort to develop a target
languagefor compilersfor high-level languages.At this point theredo not seemto beany solid implemen-
tationsavailableyet,andin any casethedesignis still evolving.

Oneapproachusedby Schemeimplementationsis to save thecurrentC stackandrestoreit whenthe
threadis resumed.This cannotbedone100%portably, but it is somethingmostSchemeimplementations
do,sowe canlook at their codeto seehow it is done.TheRiceSchemesystem[16] is oneexample;others
arereferencedat [53]. It doeshowever tendto leadto somewhatexpensivecontext switchesandthreadsthat
might betterbedescribesa medium-weightratherthanlight weight. Typical of thesortof issuesthis raises
is thefollowing from theRiceSchemedocumentation:4

Integration with Thr eads.MzScheme’s threadscanbreakexternalC codeundertwo circumstances:

– Pointers to stack-basedvaluescanbecommunicatedbetweenthreads. For example,if threadA
storesa pointerto a stack-basedvariablein a globalvariable,if threadB usesthepointerin the
globalvariable,it maypoint to datathatis notcurrentlyon thestack.

– C functionsthat can invoke MzScheme(and also be invoked by MzScheme)dependon strict
function-callnesting. For example,supposea functionF usesan internalstack,pushingitems
on to the stackon entry and poppingthe sameitems on exit. Supposealso that F invokes
MzSchemeto evaluatean expression.If the evaluateon this expressioninvoked F againin a
new thread,but thenreturnsto thefirst threadbeforecompletingthesecondF, thenF’s internal
stackwill becorrupted.

If eitherof thesecircumstancesoccurs,MzSchemewill probablycrash.

Anotherapproach,that canbeusedon its own or in combinationwith someof theonesalreadymen-
tioned,is to eliminatetheuseof theC stackby theevaluationmechanism(exceptwheretheHL callsC and
C callsbackto theHL). This mayalsoinvolve or facilitateconversionof the interpreterto a tail-recursive
form. For Pythonthis sort of thing is beingdonein the StacklessPythonproject [61]. The concurrent
Haskell paperalsodiscussesthis. How to handlecallbacksfrom C into the HL is not completelyclear.
Both [61] and[28] discussthis issue;I needto think this througha bit moreto seeif I amhappy with their
solutions.Otherpaperson theGlasgow Haskell runtimemayalsoberelevant[43, 29].

I will try to adda bit moreon this in thenext few days(beforetheDSCmeeting).

8 Other Issues

All thediscussionsofar hasbeenin termsof thelow level interface.Thereof courseis alsoa needto think
abouttheuser-level view we wantto provide.

4SeeURL http://www.cs.rice.edu/CS/PLT/packages/d oc/ins idemz/ node29 .htm .
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8.1 High-Level GUI Interfaces

Whatever toolkit we endup usingfor implementingGUI things(Tk, wxWindows, ...) we probablydon’t
wantto indefinitelyprovide justaraw interfacelike thecurrenttcltk . It wouldbebestto provideahigher-
level layeron top of that,bothto allow usto switchbetweentoolkits if necessaryandto provide aneasier
programmingmodel.

Both Java andTk provide a goodstartingpoint. Therearea rangeof otherapproaches.Onevery high
level functionalonebuilt on Tk is FranTk. Thisbuilds to somedegreeonanideacalledfunctionalreactive
programming[63] andalsoon TkGofer[62].

OtherfunctionalapproachesareHaggis[23, 52] andtheGUI librariesfor ConcurrentClean[11].
Qt hasan interestingway of handlingwiring togetherwith slots and signals. the MS .NET frame-

work haseventsanddelegates.In somewaystheseareintendedto helpimplementModel-View-Controller
approaches[31] (on line throughCiteSeer[6]), somethingSwing alsousesheavily to allow it pluggable
look-and-feelto work,

ConcurrentML alsohassomeuserinterfaceideasrelatedto its concurrency model[49].
Therearea numberof ideasin theCMU HCI work on Amulet [39]; alsoa paperon futuredirections

thatmaybewortha look. [38]
TheSelf systemintroduceda userinterfaceapproachcalledMorphic which hasalsobeenadoptedby

theSqueakSmalltalksystem[56, 36, 54].
SomeCommonLisp systemssupporttheCommonLisp InterfaceManager[13]. LispWorkshasa layer

calledCAPI thatI think sitsunderCLIM [10]. Dylanhasasimilar systemcalledDUIM [17].

8.2 High-Level ThreadInterfaces

For threadinterfaces,thereis Duncan’s thesis[33] andR threadingnotes[32].
Java hasa threadingAPI thatis worth lookingat. Erlangalsohassomeinterestingideas[20, 3]
Thereis currentlyaproposalfor threadingsupportin Schemeunderdiscussion.[21, 22]. This is partof

theSchemeRequestfor Implementation(SRFI)setup[57].
Languagesthatusevery light weightthreadsincludeCML [49] andConcurrentHaskell [28].
Many Lisp systemshavesomeform of threadinginterface;documentationfor theonefor FranzAllegro

CL is availableon-line[2].
Objective Camlhasa threadsinterface[42].
Therearelotsmore,but theseareastart.

8.3 High-Level StreamsInterfaces

Most CommonLisp systemsthat provide a flexible andextensiblestreamssystemfor extendingstandard
CL streams[12] usetheGraystreamsproposal[25]. TheCLOCC[14] projectseemsto bebuilding on this
also.

8.4 CompletelyRandomStuff

Somediscussionof exceptionsin lazy functionallanguagesis in [30].
In interestinguseof first classcontinuationsto modelwebbrowsing[46].
Oneideaperhapsworth thinking aboutis amemoryprofiling tool [55].
If we do needto get into concurrentgarbagecollection, therehasrecentlybeena fair bit of research

activity thatshouldbereviewed[9, 59, 5, 34, 4, 37, 35, 26].
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