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1 Intr oduction

Thisdocumentollectssomerandomthoughtsonruntimeissuegelatingto concurreny, threadsGUI’'sand
thelike. Someof thisis extractedfrom recentR-coreemailthreads.I’ve tried to provide lots of references
thatmightbe of use.If anyonehassuggestionsf thingsto addpleasdet meknow.

While intendedmainly for R, | amhopefulthatsomeof thiswill carryoverto XLISP-STAT aswell.

2 Concurrencyand Parallelism

Butenhoff#, pages4,5] givesdefinitionsof thetermsconcurentandparallel. Hereis abrief version:
Concurrency: Thingsappeaito happeratthe sametime but may happerserially
Parallelism: Concurrensequencethatproceedsimultaneously

UNIX processe®n a single processomachineare concurrentout not parallel. UNIX processesunning
on separatevorkstationgrun in parallel. To be ableto useparallelalgorithmsof somesortto obtainspeed
improvementshy usingmorethanone processorequiresparallelism.To be ableto programconceptually
concurrenbehaior, suchasrunningalong simulationwhile doing someplot, requiresonly concurreny.

Threadsystemsare mainly intendedto allow the managemenof concurrentcomputations.They are
not the only way to do this: Many single threadedsystemsprovide somesort of event loop combined
with asynchronou$O facilities that canbe usedto managenput on several channelsconcurrently Tcl's
fileevent commands anexample.

R currentlyhasa smallamountof concurreng; how muchdependsn the platform. On all platforms,
sincethememorymanagementhangesn 1.2,thereis now the possibilitythatfinalizerswill berunconcur
rently with othercode.On Windows Rgui andon ClassicMacOSsomeeventhandlinghasto occurin the
midstof interpretectalculationin orderto allow thedelivery of userinterruptactionsvia the GUI. With the
Windows menufacilities,andwith tcltk , this meanghateventprocessingndevaluationof R commands

occurconcurrently
The concurreng that alreadyexists raisessomeproblems,in particularwith respecto dynamicstate
andsynchronizationOneexampleof dynamicstateis the outputconnection A sequencdéike

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

is intendedo changeheoutputconnectiorfor the evaluationof thecall to runsim  betweerthetwo sink
calls. If auserhadaddeda menuitemin Rgui to print the elapsedexecutiontime andselectedhatmenu
itemwhile runsim is executing,thenonewould probablywantthetheexecutiontime printedin thelistener
window, notthesimout file. Currentlythetime would go to thefile.

Adding the conceptof threadgo R will allow usto think moreclearly abouttheseissue.We could for
examplemale specificationdik e thefollowing:
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e Everythreadof executionhasits own inputandoutputchannels.
e Therearethreeseparatéhreadsof executionin anR process:

— athreadrunningtheread-eal-printloop (REPL), calledthe REPL threador thelistenerthread
— athreadrunningthe GUI eventloop
— athreadrunningfinalization

e asynchronou$O actionscanbe registeredfor connectionsthey will be executedin the eventloop
thread.

This descriptionmalkesit clearwhatwill happenlf alistenercommandusessink thenthis will affectonly
the outputchanneffor the listenerthread;if anlO actionis triggeredandrunsfor along time thenit will
blocktheeventloopthread(whetherit blocksotherthreadsaswell depend®n schedulingandotherthings).
I'm notsuggestinghatthis specificatioris necessarilgheway we wantto do things,but addingtheconcept
of threadsallows usto talk clearly aboutwhatit is we wantto do; it providesthe languagefor discussing
concurreng issues.

| believe that explicit concurreng managementools (i.e. a threadstoolkit) are what we really need
in R at this point. Parallelismof someform would be nice, but it neednot comefrom the R-level threads
mechanismlt could, for example,comefrom usingOS worker threadsfor handlingvectorizedarithmetic
operationsand perhapsa vectorizedBLAS [27, 60]. As anaside,l did alittle experimentwith this on a
dual processotinux box. For a daxpy -like calculationthe break-@en point for splitting the work onto
two workerthreadss aroundalengthof 200. Below thatthe overheadf threadmanagememutweighshe
benefit.Obviously this is very muchdependentn everything.

3 Concurrencyand Dynamic State

By dynamicstatel meancertainglobal valuesthat affect a computationand may be temporarilychanged
for thedurationof a computationj alsoincludeglobalsettingsthataremanipulatedy the runtimesystem
andreflectthe stateof the system.Someexamples:

e options settings
e thecurrentdevice

possiblypar settings

thestandardO connections

the current(internal)evaluationcontext

3.1 Options Settings

Optionscan be usedfor several different purposes.Differentusesarelikely to have differentintentions
in termsof whetherthey shouldapply only to the currentamongseveral concurrentcontets or the entire

process.

e Thebrowserto usecanbe changedwith options(browser ="mazi Il a") . Theintentis most
likely to changehebrowserfor theentireprocess.
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e A packagecouldadda package-specifioptionby executingoptions(foo=xy X) initsinitializa-
tion function. This oughtto remainavailable at the procesdevel aslong asthe packages loaded.
(Assumingpackagdoadingremainsatthe procesdevel, asit probablyshould.)

e An expressioroptions(show.err or =FALSE) mightbeusedin conjunctionwith try . Thisis
likely to bemeantonly to applyto thetry expressiorandto beundoneafterthetry completes.

e Settingoptions(na.act io n=.. .) oroptions(contra sts =. .. ) mightoccurduringan
analysis. Usually the intent will be to changethesesettingfor the particularanalysisonly, not for
otheranalyseshatmightbegoingonin separatdistenerwindows (if atsomepointmultiple listeners
within thesameR processvereto beallowed).

Theshow.error  examplewould oftenbe donesomethindik e this:

olderr  <- options(show.error=FALSE)

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

Unfortunatelythis may not be quiteright sinceerrorsmay not be the only non-localexit thatcanbetaken.
For example,in Splus5.1

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

doesnot print, sothe break is jumpingout of theloop. In R thatcurrentlydoesnot happenbut probably
should.

To dealwith this possibilitywe would needto useon.exit . Sinceon.exit  is quite coarse-grained,
asit appliesonly to thewholefunction,we mightwantto localizeit with

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

}
dotry()

But now we would needto worry thatthetry getsevaluatedn theright environment.
Thisis pretty awkwardto do andgetright, soit might be a goodideato abstracit outinto something
like

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

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

It mightevenmale sensdo separatelpick outthelocalizedon.exit  issueby definingunwind.protect
(to usethe CommonLisp name)somethindike

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 the presencef concurrenthread<of evaluationsaving andrestoringoption valuesarounda pieceof
codeis problematic.If we hadawith.options mechanismthenfor codeof theform

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

is seemseasonablé assumehattheintentis to changaheoptiononly for theevaluationof thetry(...)
expression.If this codeis evaluatedin the listenerthencodeevaluatedin the eventloop shouldnot be af-
fected.Without sucha declaratre mechanismtheintentof 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 a permanentprocess-widehangepr did therestorgust getforgotten?

We needto think throughhow this shouldwork in the context of concurreng. Onepossibleapproach
is to startwith a setof optionssettingfor the procesanain thread. Eachtime a new threadis startedit
inheritsa copy of the option 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 malke introducingnew optionsdifficult. An alternatve would be to allow optionsto be
marked somehw asthreador processoptions. Procesoptionswould always be sharedby all threads;if
onethreadchanges processoption anotherwould seethe change.(This may requirereader/writedock
synchronization.)rhreadoptionshave process-leel valuesthatare copiedto thethreadon threadcreation.
Threadscould alsobe allowed to make additionaloptionslocal to themselesasthey run. As Kurt Hornik
pointedout in a discussionof this issueon R-core,this is similar to the ideaof buffer-local variablesin
emacs.

Theapproachof changinganoption setting,executingsomecodewith the new optionsetting,andthen
restoringthe old option settingis essentiallya mechanisnfor dynamicallyscopingvariablesimplemented
usingshallav binding. (Shallav binding meansusinga globallocationto hold the currentvalue and sav-
ing/restoringold values. The alternatve, deepbinding, would usea stackof values.)Usingon.exit  for
restorations fairly heary-weight—it might make senseo do somethindighterinternally

3.2 UserDefinedOptions

Usersor packagewriters canadd newn valuesto options . Onedravbackis that this makesit hardto
keeptrack of optionsandalsoraisesthe possibility of nameconflicts. An alternatve would beto allow the
creationof options -like entities(with all the right concurreng handlingsupport),with options  then
beingjust oneexampleof suchabeast A packagdor mapsmightthendefineamaps.options  function
thatmanages process-ieel optiondatabase specifyinga network locationwheremapdatais available
andathread-specifioptionprojection specifiegshe mapprojectionto use.

3.3 Devicesand Par Settings

The currentdevice is anothercandidatdor beingdifferentfor differentconcurrenthreadddifferentinter
preterwindows say).
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At timesit might be niceto beableto createa device thatis intendedto be privateto a setof functions
(thetkdensity =~ demofor example). At this point| think all you cando is work in termsof the current
device index, but othercodecanusethataswell.

On the otherhandwe may be quite happy for two listeners,say to sharea device, but thenwe might
askhow par settingshouldbe treaded.Shouldchangesnadethe device from onelistenerbe viewed as
affectingthedevice, andthereforeaffectgraphicccommandsgivenby theotherlistener or not? Having par
specificto thedevice, sosharedf thedevice is sharedseemsnostnaturalto me,but | couldseeaguments
the otherway too.

3.4 Standard Connections

The R processcurrently hasstandardnput, standardoutput, and standarderror connectionqat leastin-
ternally). If we allow multiple threadsto be used,for example,in multiple listenerwindows, theneach
window’s threadwould needits own connections As alreadymentionedyedirectingoutputin onethread
usingsink probablyshouldnot affect otherthreads.

3.5 The Context Stack

Currentlythereis oneinternalcontet stackthatliveson the C stack. It is of courseusedby the currently
executingcodebut alsoby profiling; it alsoneeddo beavailableto the garbagecollectorsinceheappointers
are storedthere. Concurrenyg, even of the limited form usednot, raisessomeissuesthat needthinking
through. For example,underno circumstanceshouldan errorin an eventhandlerthathappendo execute
duringevaluationof a listenercommancdbe allowedto abortthatcommand.

3.5.1 Synchronization

With ary approacho concurrenyg, eventhe currentinformal one,thereis someneedfor synchronization.
One particularpoint is promises. Currently when a promiseevaluation startsthe promiseis marked as
underevaluation. This is to detectcycleswherepromisesdependon themseles—uwith a single threadof
execution,attemptingto evaluatea promisethatis alreadybeingevaluateds anerror With severalthreads
though,it is only an error for the threaddoing the evaluationto attemptto evaluatethe promiseagain. If
a secondhreadattemptgto evaluatethe promisewhile thefirst oneis evaluatingit, thenthe secondhread
shouldblock andthe first threadshouldsignalit to resumewhenthe evaluationis complete. The Haslell
folks call this creatinga black hole.
Thisis just oneof themoreesotericdhingswe will needto dealwith; therearecertainlyothers.

4 GUI EventsAnd Blocking IO

We would like to be ableto simultaneously
¢ work with arangeof GUI systemgR’s graphicdevice, tcltk , etc).
¢ allow simultaneousnanagemendf multiple slov 10 connectiongsuchassoclets)
¢ allow long computationandlO operationgo beinterrupted

An wewouldlike to beableto provide thisin away thatis ascommonaspossibleacrosdJNIX, Win32and
MacOS.
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4.1 UNIX Issues

OnUNIX prettymucheverythingin theway of 10 we careaboutgoesthroughfile descriptors(In principle
theremay be otherthingsalso,suchasmessageueuesandsemaphorebut I Il ignorethose.)Multiple 10
channelganbehandledby waiting usingselect  or usingoneOSthreadperblockingcall. Interruptscan
behandledby longjmp calls.| amalittle nenousaboutallowing longjump squiteasliberally aswe do
now, but with selectve enablingaroundblockingcalls| think we areOK.

Unfortunatelynot all blocking calls make a descriptoropenly available. For example,gethostby-
nameis avery corvenientwrapperaroundthe DNS protocol. It canblock for quiteawhile waitingto geta
responseandthereis no way we cando arything elsewithin asinglethreadthatis waitingon DNS because
we don't have the connectiorfd to usein aselect . To beableto make this play nice with eventloops
on UNIX we would needan openimplementatiorof the DNS interfacethatwe canhook our soclet layer
into. | don't know off handwhatTcl/Python/Perhave doneaboutthis, but | think they mayincludesuchan
interface.For DNS theremaybea solutionin the GNU adns library [iL].

Anothercomplicationis thattheinteractionof signalswith someof thesoclet functionsis abit complex.
Forinstanceijf connecis interruptedaccordingo Stevens[b8] youshouldselectonthesocletbeforetrying
to reconnect.

GUI systemdor UNIX/X11 usuallyeachmake their separat&X11 connectionwhich deepdowvn means
eachonehasits own file descriptor Gettingaccesdo thatfile descriptomay betricky, but if we cangetit
andif the GUI library providesa way to processa singleevent at a time, asthey usuallydo, thenwe can
handlea GUI just like ary otherlO source. Alternatively we canplaceeachGUI in a separateéhreador
evenprocessaindmalke the connectiorto R throughlO channelsve create(seeSectiond.6).

4.2 Win32 Issues

OnWin32 therearetwo sourcedor input: kernelobjects(which includefiles, soclets,pipes,semaphores,
andlots more)andmessagejueues Eachthreadhasits own messagegueue A threadcanwait for eithera

messag®r oneof severalkernelobjectsby calling MsgWaitForMulti  ple Obje ct s.

A window thatis createdin a threadwill alwayshave its messagesentto the creatingthread. If we
wantto run several GUI librariesthis createsan issueof which oneis in chage of managingthe message
gueue.Fortunatelythisis not a very big issue. The Windows librariesrequirethata callbackbe registered
with Win32 for eachwindow. The standardeventloopin Win32 lookssomethindike

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

}

Thatis, the codenever needsto look directly at the messagelt just getsit off the queueandpassest on
to two systemfunctions;DispatchMessage callsthe registeredcallback. As aresult,it really doesnt
matterwhich GUI library runsthe eventloop aslong asoneof themdoes.

Windows doesnot have propersignalhandling. Somelevel of fake signalsis available, but | do not
believe it is sufficient at this point. It is possibleto use messagesnuch like a signal but this requires
cooperatiorof the codethatwantsto allow interrupts. Thatis, insteadof a blockingreadon a soclet you
cando a MsgWaitForObje ct , which will wake either whenthe soclet becomegeadableor whena
messagés receved. | believe the WinSocklibrariesarewritten moreor lessalongtheseines. They allow
processingf messageduringblocking O operations.
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4.3 ClassicMacOS Issues

A fundamentaproblemwith ClassicMacOSit thatthereis a singleeventqueueper process.The process
codeis responsibldor looking at eacheventanddecidinghow to handleit. This meanghatcoexistenceof
multiple GUI librariesis difficult. Eachlibrary would have to getaturnto look at the eventqueue would
have to be ableto reliably recognizeand processts own events,andbe willing andableto passon other
eventsfor handlingby otherlibraries. Very few librariesarewritten lik e this.

Thereis quite a nice socletslibrary calledGUSI (GrandUnified SocletsInterface)[4(] thatnow also
supportsa variantof pthreads.The authoris alsothe personresponsibldor the Mac port of Perl. GUSI
allows for aGUI to inserteventpolling into blocking|O calls. But | have notbeenableto figureoutaclean
way of usingthis mechanisntogethemwith Stefinos eventhandlingandTcl’'s (never mind wxWindows).

MacOSalsodoesnot have propersignalhandling,but againinterruptscanbetranslatednto eventsand
theseareprocessedavithin blockingGUSI calls.

Onetricky issueon the Mac relatingto the useof multiple GUI'S is that ClassicMacOShasa single
menubarthatis ownedby the applicationin foreground. EachGUI toolkit tendsto think it is the only one
andhenceit controlsthemenubar This alonemakeshaving multiple GUI's in the sameprocesdifficult.

4.4 Implementations To Consider

In termsof placesto look, | think Tcl/Python/Perlare all worth a look. Tcl in particularhasdealtwith
gettingTk eventsandasynclO to playtogetheron UNIX atleast;I’'m notassureaboutthe othertwo.

Anotherpossibility is wxWindows 2.0[66]. This hassoclet supportandthreadsupport;l believe they
alsohave at leasthttp protocolsupport.| believe their Windowvs andUNIX portsarein fairly goodshape;
theMaconel’'m notsosureabout.Don’t know aboutthelicense.

Anothersysteml planto take alook atis the Rice schemesystem[iL6]. This systemuses(a modified
versionof) wxWindows, is supportecbn UNIX/Windows/MacOS hassoclet support hasuserlevel thread
supporthasadefinedinterfacefor integrating (fake) blocking callswith the eventloop andits threads.

4.5 A NoteOn Java

Justin casearyonethinksall would besimpleif we justusedJava: Java hasits own little issues.Thereis a
discussiorof this in OaksandWong [41, pages82—85]. A brief summary:Java hasno asynchronou$O —
you aresupposedo usethreads.SupposdhreadA doesablockinglO call. Javza doesprovide in threadA

aninterruptmessag¢hatthreadB cancall. But thespecdon't specifyhow thisinteractswith blocking O

calls. As aresult,on someVM'’s it terminateghe IO call andthrows an exception(which onealsovaries
amongl.1VMs but wasstandardizedo InterruptedlOExc epti on onJava 2), but on otherVMs it

doesnot. To be safe,it is recommendethatyou closethe streambeingreador written. Exactly how you

do this dependsn whetheryou wantto work arounda bug in Solaris2.6 or not. Have alook at Oaksand
Wongif you have it handy—itsa soberingread. And keepin mind thatthis businesof closingthe stream
only worksif you cangetyour handsonit; if you have a nice friendly interfacethatletsyou do something
like

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

andthe DNS lookupunderthehoodhangs....
At leastwith realmulti-threadingn Java you shouldhave threadB continuingto run evenif threadA is
blockedindefinitely
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4.6 A Strategyfor GUI/IO Management

At this pointthe bestapproactsofar for somethinghatmakessenseacrossall threeplatformsseemso be
this:

e Have R andthe GUI(s) runin separatéhreadsof executionor processes.

e Have theseprocessesommunicateghrougha message-passirigterprocesscommunication(IPC)
mechanism.

¢ ThelPC mechanisnworksontop of anlO mechanisnthatcanbeintegratedwith otherlO channels.

The threadsof executioncanbe OS threadswithin a single OS processwvherethat makes senseor they
canbe separatégS processes.On UNIX/pthreadsusing threadsshouldbe OK (but raiseschallengesof
figuring out how to configureuseof theright libraries);on Win32 it shouldalsobe OK; on ClassicMacOS
the threadsystemcombinedwith the single event queueis not adequate—think you have to useseparate
processethere.

The systemdependengc of the IPC mechanisnwill be isolatedin the transportlayerit usesand how
multiple 10 sourcesareregistered.On UNIX, communicatiorwill go overfile descriptorssayusingpipes,
andlO multiplexing goesthroughselect. On Win32, pipesor otherkernelobjectscanbe usedalongwith
MsgWaitForMultipleObjects.On MacOSwe canuseeitherApple events,GUSI PPCsoclets,or a combi-
nation.

4.7 A Samplelmplementation

As a proof of conceptl put togetheran alternateversionof thetcltk  package. The packages called
ipctcltk & It's.First.lib does

attach(NULL, "package:tcltk™)

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

Installingthe packageénstallsa separatsener prograni linkedto Tcl/Tk andmy IPC codeandashared
library for the R side,alsolinked to the IPC code. Loadingthe packagdoadsthe sharedibrary andfires
up thesener processTheR processandthetcltk senerthencommunicatever pipes.This sortof thingis
vaguelysimilar to the way Mathematicausedto work, atleastconceptuallywith afront endandakernel(l
dont know if it still doesor if it everreally did). It alsois similarto Slittle brown bookextensionfunctions.
If/when we settleon a single GUI it may make senseto have the GUI startR ratherthanthe otherway
around but thisisn't amajor difference—gceptfor startupandshutdevn therelationis fairly symmetric.

The IPC stuf is isolatedinto a modulethatlinks up two processesandallows eachto postmessages
to the other(synchronoushor asynchronouslyat the momentl am just usingsynchronougposting). The
ideais to to isolatemostsystemdependenciebere. | hase only donetheimplementatiorfor UNIX/pipes
but amfairly sureit canbe doneon Win32 andClassicMacOStoo. The only othersystemdependengcis
how to registerthe IPC mechanisnfor event multiplexing. On the GUI side, eachsystemprovidessome
mechanisnfor registeringan event source,andthatwill needto be used. On the R sidel currentlyjust
do what the standardtcltk packagedoes. Eventually we should probably provide somethinglike Tcl's
Tcl _CreateFileHandle r thatallows a procedurdo beregisteredfor aneventsource.Therepresenta-
tion of theeventsourcewill differ from oneOSto anotherbut it shouldbe possibleto manageaninterface
somethindike

1SeeURL http://www.stat.umn.edu/ luke/R/tcltk

2| usedafairly grizzly hackin Makevars to getthe ser\erexecutabldount andinstalled. With this hackl wasnotableto get
the SHLIB _EXTto be setfrom configinfo sol hardwired it to so-onHPUX you're out of 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 themomentthis packages only intendedasa proof of concept.l amsureit is still riddledwith bugs.
(At aminimum| have notbotheredo turn off somedeluggingoutputthatgetsprintedattimes.)

5 Threadsand GUI's

Conceptuallywhenwe arrangeto processGUI eventswhile at the sametime processinga commandine
we arecreatingtwo concurrenthreads.onethatrunsthe GUI eventloop,

while(GetEvent(&event)) ProcessEvent(event);
andonethatrunsthe Read-E@l-Printloop (REPL).
Print(Eval(ReadAndParse())))

We may not usea threadmechanisnto implementthis, but thatis in effect whatwe get. Treatingthem
explicitly asthreadshelpsclarify issuedike how option settingandotherdynamicstateaffect the different
computations.

Up to a pointthesethreadscanoperatecompletelyindependentlyBut supposea commands givenin
the REPLthatasksfor a nev window. Therearetwo waysthis canwork:

I Thecodeto createthenew window is executedn theR REPLthread.Toinsuresafetythiswill require
acquiringalock onthe GUI (or atleaston partsof it). Figuret, (a)illustratesthis.

Il Thecodeto createhenewn window is executecby the GUI thread.Thisrequiressomesortof message
passingnechanismThisis shavn in Figured (b).

In termsof the detailsof how thingsrun, the two approachesre not really very differentif the threads
arelight weightandrun on a single OSthread.But they arequite differentif two separat€Sthreadsare
involved.

Approachl seemssimpler;locking is a bit of anissuebut canbe hiddenfor the mostpart. However
someOS’s andsomeGUI librariescreateproblemsif theseconceptuathreadsactuallyrun on separaté®®S
threads.On Win32 whena new window is createdon a particularOS thread,thenthe creatingthreadis
recordedn thewindow andall Windows messageare postedto thatthreads messagegueue.This means
thatl justwill notwork: thewindows is createdn the REPLthread soits messagegoto the REPLthread.
But themessagdoop is runningonthe GUI threadandwill never seethem.

Anothercases Tcl. Tcl hassupportfor threadsbut, accordingto the Thread manpage:

An importantconstraintof the Tcl threadamplementatioris thatonly the threadthat cre-
ateda Tcl interpreter canusethat interpreter. In otherwords, multiple threadscannot access
the sameTcl interpreter (However, aswasthe casein previous releasesa singlethreadcan
safelycreateandusemultiple interpreters.)

Againthis meanghatll would needto beusedwith Tcl/Tk.
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event loop wait for lock event loop event loop create new window event loop
GUl me———————— SS— G|

lock GUI
unlock GUI

request
CAdar

R R——\_

REPL create new window REPL REPL wait for reply REPL
(a) Casd: Creationin theREPLthreadwith a | (b) Casell: Creationin the GUI threadrequested
lock onthe GUI with amessage

Figure1: Two approacheso handlingcreationof a new window requestedn the R Read-Exwal-Printloop
(REPL)whenthe REPLandGUI runin separate¢hreads.

6 ThreadingDesignSpace
Thereseemto bethreedichotomies:

1. Do we useoneOSthread(S) or multiple OSthreadqdM)? Here OS canmeansomethindike Linux
or Win32 or it canmeanavirtual OSlike the JVM or the .NET framework.

2. Dowesupportonly onehigh-level languagdHL) threadperOSthread(S) or dowe allow for multiple
HL threadsper OSthread(M) (theseare often called somethinglike light-weight threadsor micro
threads).

3. Do weallow only oneOSthreadat atime to executeHL code(S) or canmultiple OSthreadsexecute
HL codesimultaneousl{M)? The M optionis only availableif the answerto thefirst questionis M
(multiple OSthreads) Only theM optionhereleadsto parallelism.

This givesthefollowing possiblecombinations:
SSS Thisis the single-threadedption,no concurreny.

SMS A singleOSthreadrunsmultiple HL threads.Thisis the designusedby DrSchemdil§], concurrent
Haslell [28], concurrenML [49], Javawith greenthreadsandmary others.

MSS EachHL threadcorrespondso an OS thread. But only oneHL threadmay run at atime. Thisis
the Pythonmodel. Python[45]usesa globalinterpreterock; only the threadthatholdsthe lock may

run Pythoncode. This maywell bethe easiestpproacho getworking (which is probablywhy the
Pythonfolks choseit).

MMS Multiple OSthreadsareusedandeachcanrun multiple HL threadshut only oneOSthreadatatime
may run HL code. This is what Pythonwill have if micro threadg64] are madea standardpart of

the system. This allows for light weightthreadswhile at the sametime simplifying the handlingof
blocking.

MSM Multiple OSthreadghatmayrunin parallel.Only oneHL threadperOSthread.Thisis thesimpler
of the two combinationghat provide parallelismon multi-processor In theorythis is whatthe Sun

JVM doesthoughthesynchronizatiomequiredby the memorymanagemaylimit theamountof real
parallelismthatis achiered.
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MMM Multiple OSthreadghat mayrun in parallel,eachrunningmultiple HL threads.Parallelismwith
light weightthreadsupport.

6.1 Parallelism ThroughHL Threads: The MXM Options

ParallelismthroughHL threadsis only achiezable by choosingMSM or MMM. In the longer run this
is probablya desirablegoal, but | don't think it is realisticin the shortrun. The reasonis the needfor
synchronizationHerearesomeof thethingsthatneedto be synchronized:

o ThememorymanagerThiswould not bea ourresponsibilitywith animplementatiorfor the JVM or
.NET but is for a C implementation.

e Accessingof ervironments.This would requirereader/writetocksto insureintegrity of the erviron-
mentstructuresexceptin caseshereit is known thatthe ervironmentcannotbe accessed multiple
threads.

¢ Promises.Promisescanbe accessibldo seseralthreads.Locking is neededo insurethey areonly
forcedonce.

e Referencecounts. In R eachobjecthasa NAMEDield. Thesearetwo bit referencecountsthat are
usedto limit the amountof copying thatis doneto presere the call-by-value illusion. It maybe
possibleto insurethatall objectsthat might be accessibléo morethanonethreadwill have NAMED
valuesof 2, in which caseéockingis notneededbut I'm notsurethisis possible.ln addition,thefact
thatthe NAMEDield is a bit field in alarger structuremeanscertainassumptionsf atomicity needto
be madefor the contentof thefield alwaysto bereliablewithoutlocking. This mayall be OK, but |
doubtit.

e Variousotherdatastructuredik e graphicsdevices,the optionslist, andsoon.

To allow parallelthreadsto work we would needto correctlyidentify and protectall thingsthat need
synchronizatiorprotection. This in itself is a very tall order And whenwe aredone,unlesswe canjustify
not protectingenvironmentsand NAMEDields, we arequite likely to endup with somethinghat, because
of thesynchronizatioroverheadis significantlyslower thanthe currentsequential’ersionevenwhenthere
is only onerunningthread.

Perhaps$ ambeingoverly pessimistichut| dont think thisis arealisticapproachOthersseento agree,
asreflectedby the commentsn the concurrenHaslell papeyfor example.Java hypeseemsdo suggesthat
JVM’sarenow ableto runin parallel,but researcherareonly now startingto publishresultson GC methods
designedor Java in parallelthreadervironments[d4, 5], sothis shouldprobablybe takenwith a grain of
salt.

6.2 Light-W eight Threads: The XMX Options

Operatingsystemthreadstendto be expensve resourcesCreatingoneis time consumingthey take up a
significantamountof memory andsometimeslsouseup otherimportantresourceskFor example,on Linux
eachthreadtakesup anentryin the procesdable,andthe procesgableusuallyhassomethingon the order
of 1000slots.

Someapproacheto theuseof concurreng requirethe efficient creationof possiblyverylargenumbers
of threads. Thereare languagesvhereeachactive objectthatis allocatedis givenits own thread. Some
approacheso GUI designattachan eventloop threadto eachGUI objectthat canrespondto interaction
insteadof usinga callback[23, 52].
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Evenif we donotgosofarasto separat¢heeventloopinto separatéhreaddor eachinteractingdevice,
runningasinglethreadfor the eventloop hassomeproblems.For examplelong-runningcallbackcanblock
theentireGUI. Whenthis is known to beanissueonecanspinoff a separatéhread.But it might be useful
to do this automatically This isn't entirelytrivial sincesomethingsdo have to be processedn orderand
some,suchasa sequence®f mousemotionevents,shouldbe compressed the eventhandlerfalls behind.
but this is somethinghat could be handledunderthe hoodwith multiple light-weightthreadsandsuitable
synchronization.

Anotherissueis GUI dehugging. If you entera deluggerfrom an errorin a GUI callbackandthat
deluggeritself needsaccesdo the GUI, thena deadlockmay occur Having light-weight threadswould
allow a new threadto becreatedor handlingthe deluggers GUI needs.

Noneof theseexamplesare100%compellingto meatthis point, but it would be niceto beableto play
with theseideas.

Thereis of courseonesettingwherelight weightthreadsareessentiallf we wantconcurreng anddo
not have OSthreadsavailableor do not wantto usethemfor somereason.Most OS’s have threadsof one
form or another(even ClassicMacOShasa cooperatie threadsystemwhich is the bestyou canhopefor
sincethewhole OSis basedon cooperaire multi-tasking). However, gettingthe right configurationsetting
for usingtheright thread-safdibrariesis likely to be a bit of a platform-dependemightmareeven within
UNIX systemsSothereis atleastsomereasorto think hardaboutrelying on multiple OSthreads.

An issuewith light-weightthreadsis handlingblocking. Any call to a C function will have to block
(to somedgyreeat least;theremay be the option of runningsomethreadsrom within cooperatre C code
or C codethat calls backto the HL). Blocking IO operationswill alsoblock unlesstheseareturnedinto
asynchronou#O operationghatarethenhandlednternallyby select  calls. All thesystemd mentioned
thatusethe SMSapproactdealwith thisin moreor lessthesameway. Hereis the correspondingit? from
the Rice Schemesystemdocumentation:

Blocking the Curr ent Thread. Embeddingor extensioncodesometimesieedso block, but block-
ing shouldallow 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 operationcan be completed,and a prepare-to-sleefunction that setsbits in
fd _sets whenMzSchemedecidesto sleep(becauseall MzSchemethreadsare blocked). Under
Windows andBeOS,anfd _set canalsoaccommodat®S-level semaphoresr otherhandlesvia
scheme _add _fd _handle .

Sincethe functionspassedo scheme _block _until  arecalledby the Schemethreadscheduler
they must never raise exceptions,call scheme _apply , or trigger the evaluationof Schemecode
in ary way. The scheme _block _until  function itself may call the currentexceptionhandler
however, in reactionto a break(if breaksareenabled).

For R this would involve moving the context stackout of the C stackandontothe heap.This mayhave
someotheradwantagesfor exampleit might help reducethe needfor setimp callsandmayalsohelpin
cleaningup the exceptionhandlingmechanism.

This approachequiresdealingwith all the conceptualssuesof concurreng discussedn Sectiond and
alsorequiregheextraeffort of stacklifting. Forthe SMScasedt doesallow usto avoid dealingwith any OS
multi-threadingssuegwhich we will wish for atsomepointif we chooseo gothe MXX route:-)).

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

Thisis thePythonsolutionandmaybethebestoptionfor R. It doesrequiredealingwith multiple OSthreads
andsomeof the headachethatgo with that. It doesrequiredealingwith all basicconceptuatoncurreng

issues.It alsorequireseliminatingall global variablesthat are usedto maintaindynamicstateand either
moving themto thread-localstateor arrangingfor themto be saved/restoredvhena threadreleasesand

acquireghegloballock. The context stackis a particularcasen point, but thereareothers.
Runningonethreadatatimein the HL subsystenmeanghatblockingcanoccur On the otherhandif
we know acallto foo maytake alongtime, thenwe cando somethingalongthelinesof

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

andotherOS (andhenceHL) threadswill be ableto run while foo is running. It doesnt matterwhether
foo runsactively or blocksonlO. If foo callsbackinto theHL layer, thenit will needto acquirethelock
to do anything usefulthere.

6.4 Variations on OS Threads

It this discussionl have beenthinking of OS threadsof the preemptve variety asprovided on Win32 and
mostPthreadsmplementationsTherearealternatves.

For UNIX systemshereareseveral userlevel threadgpackagespneexampleis GNU Pth[d8, 19]. On
Win32, thereis a userlevel threadingsupportmechanisntalledFibers[bd, Chapterl2].

6.5 SMSor MXS: Which To Choose?

The choicesseemto be SMS, MSS or MMS. The XMS choicesrequirefiguring out how to supportlight
weightthreadswhich will be a bit of a challengebut onethatmayfit in well with byte codecompilation.
Theadwantages thatthey allow usto play aroundwith someadvancedconcurreng modelsthatuselots of
smallthreadsWhetherthisis necessarys unclearbut it couldbe aninterestingresearchirection.

The MXS optionsrequireus to byte the bullet of OS threadswith all the locking and configuration
issuesthat go with them. We could avoid the configurationand locking issuesby using somethinglike
GNU Pthon UNIX andFiberson Win32; MacOSthreadsarealreadycooperatre. But this would leave us
with managingblockinglO via select andthelike. The chief benefitof multiple real OSthreadss that
they significantlysimplify the handlingof blockingand,for MSSthey allow usto getconcurreng without
worrying aboutlight-weightthreads.

| think | wouldliketo spendsometime working on light weightthreadgo seeif we canmake something
work. But it probablymakessensdo simultaneouslyexplore the MSS option. If bothsucceedve endup
with MMS. If we cant getlight weightthreadgo work, we still have MSS.

In termsof implementingary of these probablyat least80% of whatneedso be doneis commonto
all three. For the remaining20% we could work on SMS and MSS in parallel, perhapdnitially usinga
userspacehreadsystemlike Pth.

7 Light-W eight Thread Implementation

To supportmultiple HL threadson a single OS threadsmeanswe needsomeway of suspending thread
andsaving its executioncontext. Therearea numberof differentpossibilitieswith differenttrade-ofs, and
somecanbeusedin combination.
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Therearecallsmakecontext ,getcontext ,setcontext andswapcontext intheUnix 95/98
specificationthat do just what is needed. Unfortunatelythey are not yet implementedon mary systems
(suchascurrentLinux distributions). An alternatve is carefuluseof setjimp andlongjmp togethemith
sigaltstack , also Unix 95/98 but more widely implemented(only in Linux from 2.2 on though),or
theBSD sigstack . Thisis usedin Pth[18, 9], andwe could usewhatis provided thereor adaptit if
necessary

Anotherinterestingline of work to watchis C—— [8, #8, 4%]. This is an effort to develop a target
languageor compilersfor high-level languagesAt this point theredo not seemto beary solidimplemen-
tationsavailableyet, andin ary casethedesignis still evolving.

Oneapproactusedby Schemdamplementationss to save the currentC stackandrestoreit whenthe
threadis resumed.This cannotbe done100%portably but it is somethingmostScheméamplementations
do, sowe canlook attheir codeto seehow it is done.The Rice Schemesysten[iL6] is oneexample;others
arereferenceait[53]. It doeshowevertendto leadto somevhatexpensve context switchesandthreadshat
might betterbe describesa medium-weightatherthanlight weight. Typical of the sortof issueghis raises
is thefollowing from the Rice Schemedocumentatiof;

Integration with Threads.MzSchemes threadscanbreakexternalC codeundentwo circumstances:

— Pointers to stak-basedvaluescanbe communicatethetweerthreads For example,if threadA
storesa pointerto a stack-basedariablein a globalvariable,if threadB usesthe pointerin the
globalvariable,it maypointto datathatis notcurrentlyon the stack.

— C functionsthat can invoke MzStieme(and also be invoked by MzS&ieme)dependon strict
function-callnesting For example,supposea function F usesaninternalstack,pushingitems
on to the stackon entry and poppingthe sameitems on exit. Supposealso that F invokes
MzSchemeo evaluatean expression. If the evaluateon this expressioninvoked F againin a
new thread but thenreturnsto thefirst threadbeforecompletingthe secondr, thenF’s internal
stackwill becorrupted.

If eitherof thesecircumstancesccurs MzSchemewill probablycrash.

Anotherapproachihat canbe usedon its own or in combinationwith someof the onesalreadymen-
tioned,is to eliminatethe useof the C stackby the evaluationmechanismiexceptwherethe HL callsC and
C callsbackto the HL). This may alsoinvolve or facilitate corversionof theinterpreterto a tail-recursve
form. For Pythonthis sort of thing is beingdonein the StacklessPythonproject[b1]. The concurrent
Haslell paperalsodiscusseshis. How to handlecallbacksfrom C into the HL is not completelyclear
Both [b1] and[2§] discussthisissue;l needto think this througha bit moreto seeif | amhapyy with their
solutions.Otherpaperson the Glasgev Haslell runtimemayalsoberelevant[43, 29].

I will try to adda bit moreonthisin the next few days(beforethe DSCmeeting).

8 Other Issues

All thediscussiorsofar hasbeenin termsof thelow level interface.Thereof courses alsoa needto think
aboutthe userlevel view we wantto provide.

4SeeURL http://iwww.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 probablydont
wantto indefinitelyprovide justaraw interfacelike thecurrenttcltk . It would bebestto provide ahigher
level layeron top of that, bothto allow usto switch betweerntoolkits if necessargndto provide aneasier
programmingmodel.

Both Java and Tk provide a goodstartingpoint. Therearea rangeof otherapproachesOnevery high
level functionalonebuilt on Tk is FranTk. This buildsto somedegreeon anideacalledfunctionalreactie
programmingb3] andalsoon TkGofer[62].

OtherfunctionalapproacheareHaggis[?3, 52] andthe GUI librariesfor ConcurrenClean[11].

Qt hasan interestingway of handlingwiring togetherwith slots and signals. the MS .NET frame-
work haseventsanddelegates.In somewaystheseareintendedo helpimplementModel-View-Controller
approache§31] (on line throughCiteSeer6]), somethingSwing also usesheavily to allow it pluggable
look-and-feeko work,

ConcurrenML alsohassomeuserinterfaceideasrelatedto its concurreng model[#Y].

Therearea numberof ideasin the CMU HCI work on Amulet [39]; alsoa paperon future directions
thatmaybeworth alook. [38]

The Self systemintroduceda userinterfaceapproachcalled Morphic which hasalsobeenadoptedby
the SqueakSmalltalksystem58, 36, 54].

SomeCommonLisp systemssupportthe CommonLisp InterfaceManagef[l3]. LispWorkshasa layer
calledCAPI that! think sitsunderCLIM [L(]. Dylan hasa similar systemcalledDUIM [17].

8.2 High-Level ThreadInterfaces

For threadinterfacesthereis Duncans thesis[33] andR threadingnotes[32].

Java hasathreadingAPI thatis worth looking at. Erlangalsohassomeinterestingdeas[20, 3]

Thereis currentlya proposafor threadingsupportin Schemeaunderdiscussion[23, 22]. Thisis partof
the SchemeRequesfor Implementatior(SRFI) setup[b7].

Languageshatusevery light weightthreadsncludeCML [49] andConcurrentHaslell [28].

Many Lisp systemdhave someform of threadingnterface;documentatiotior theonefor FranzAllegro
CL is availableon-line[2].

Objective Camlhasathreadsnterface[4Z2].

Therearelots more,but thesearea start.

8.3 High-Level Streamsinterfaces

Most CommonLisp systemshat provide a flexible and extensiblestreamssystemfor extendingstandard
CL streamgil 2] usethe Gray streamsproposal25]. The CLOCC[d4] projectseemso bebuilding on this
also.

8.4 Completely Random Stuff

Somediscussiorof exceptionsin lazy functionallanguagess in [30].

In interestinguseof first classcontinuationgo modelweb browsing [#6].

Oneideaperhapswvorth thinking aboutis amemoryprofiling tool [B5].

If we do needto getinto concurrentgarbagecollection, therehasrecentlybeena fair bit of research
activity thatshouldbereviewed[H, 59, 5, 34, 4, 31, 35, 26).



March5, 2001 17

References

[1] Advanced, alternatve, asynchronougesoher. http://www.chiar k. gr eenend. or g. uk/
“ian/adns/

[2] Thread support in franz allegro common lisp. http://www.fran Z. com/s upport /

D )

documentation/5 .0 .1 /d oc/cl /mul ti processin g\ %.htm.

[3] J.Armstrong,R. Virding, C. Wikstrom, andM. Williams. ConcurentProgrammingin Erlang. Pren-
tice Hall, 2ndedition,1996.

[4] Alain Azagury Elliot K. Kolodner Erez Petrank,and Zvi Yehudai. Combiningcard marking with
rememberedets: How to sare scanningtime. In Proceedingsof the International Symposiunon
MemoryManagement¢pagesl0-19,Vancouer CanadaQctoberl1999.

[5] Guy E. Blelloch and Perry Cheng. On boundingtime and spacefor multiprocessogarbagecollec-
tion. In Proceedingof the ACM SIGPLAN’99 Confeenceon ProgramminglLanguaye Designand
ImplementationvolumeACM, pagesl04-117 Atlanta, GA USA, May 1999.

[6] KurtBollacker andLee Giles. Researchinde(citeseer):The NECI scientificliteraturedigital library.

[7] David R. Butenhof.Programmingwith POSIXThreads AddisonWeslgy, 1997.

[8] C——. http://www.cmin usmin_us.o rg:.

[9] Danted. CannarozziMichael P. PlezbertandRonK. Cytron. Contaminatedyarbagecollection. In
Proceeding®fthe ACM SIGPLAN00 Confeenceon ProgrammingLanguaye DesignandImplemen-
tation, page264—-273 Vancouer, BC CanadaJune2000.ACM.

[10] Capi user guide. http://www.xan al ys.c om/soft ware _to ol s/ re fe ren ce/l wu4l/
capiuser/CUG_1. HT\%M

[12] Common lisp hyperspec. http://www.xan aly s. com/softw ar e_to ol s/r ef er ence/
HyperSpec/Hyper Spec- 4- O\ %.tar.g z.

[13] Commonlisp interfacemanagef{CLIM). http://www.alu. or g/t able /r ef ere nces.h tm\
#clim .
[14] Thecommonlisp opencodecollection. http://clocc.s ¢ our cefo rg e. net .

[15] TamarDomani,Elliot K. Kolodner EthanLewis, Eliot E. SalantKatherineBarabashltai Lahan,Yossi
Levanoni,ErezPetrank.andlgor Yanorer Implementingan on-the-flygarbagecollectorfor java. In
InternationalSymposiunon MemoryManagement pagesl55-166 ACM, 2000.

[17] Building applications using duim.  http://www.fun- 0.c om/pr oducts /do ¢/ dgui de/
index.htm

[18] Ralf S.EngelschallGNU Pth—the GNU portablethreads http://www.gnu .0 rg/ soft ware/
pth/ .



http://www.gnu.org/software/pth/
http://www.fun-o.com/products/doc/dguide/index.htm
http://www.cs.rice.edu/CS/PLT/packages/drscheme/
http://clocc.sourceforge.net
http://www.alu.org/table/references.htm#clim
http://www.xanalys.com/software_tools/reference/HyperSpec/HyperSpec-4-0% .tar.gz
http://www.cs.kun.nl/~clean
http://www.xanalys.com/software_tools/reference/lwu41/capiuser/CUG_1.HT% M
http://www.cminusminus.org
http://citeseer.nj.nec.com/
http://www.franz.com/support/documentation/5.0.1/doc/cl/multiprocessing% .htm
http://www.chiark.greenend.org.uk/~ian/adns/

March5, 2001 18

[19] Ralf S. Engelschall.Portablemultithreading.ln USENIXAnnualTechnical Confeence June2000.

[21] Marc Feely. Srfi 18: Multithreading support. http://srfi.sc hemer s. or g/ srf i- 18/
srfi-  18.html
[22] Marc Feelg. Srfi 21: Real-time multithreadingsupport. http://srfi.sche mes .o rg /

srfi-  21/srfi- 21.h tml .

[23] S.FinneandS. L. Peton Jones. Composinghaggis. In Proc. 5th EurographicsWorkshopon Pro-
grammingParadigmsin Graphics Maastricht,Septembef995.

e e e

stream- definiti on- by- user.m \%ai | .

[26] LorenzHuelsbegenandPhil Winterbottom.Very concurrenmark-&-sweepgarbagecollectionwith-
out fine-grainsynchronization.In Proceedingf the International Symposiunon MemoryManage-
ment¢ pagesl66—175Vancouer Canada@ctober1999.

[27] Intel. Math kemnellibrary. fitp2/1dévelop. - 6r_T At el. - consafi - war el i odac s/ Ry

[28] S. L. Peyton Jones,A. Gordon,and S. Finne. Concurrenthaslell. In 23rd ACM Symposiunon
Principlesof ProgrammingLanguayes pages295—-308,St Petershrg Beach,Florida, Januaryl1996.
ACM.

[29] SimonL. Peyton Jonesand SimonMarlow. The new GHC/Hugsruntime system. http://www.
research.micros of t. com/users /s imonpj/ Papers /p apers .h tm©\ #co mp%il er,
1998.

[30] SimonPeston JonesAlastairReid, FegusHendersonTony Hoare,andSimonMarlow. A semantics
for impreciseexceptions. In Proceedingsof the ACM SIGPLAN’99 Confeenceon Programming
Languaye DesignandImplementationvolume ACM, page25—-36,Atlanta, GA USA, May 1999.

[31] G.KrasnerandS.Pope.A cookbookfor usingthe MVC userinterfaceparadigmin smalltalk. Jourlan
of Object-OrientedProgramming 1(3):26—49,1988.

[32] Duncan Temple Lang. R threadingideas. http://franz.st at .wis c. edu/” rd evel /
RThreads .

[33] DuncanTempleLang. A Multi-ThreadedExtensiorno a Hich Level Interactive StatisticalComputing
Ernvironment PhD thesis,University of California, Berkeley, 1997. http://cm.bell- la bs.
com/stat/doc/mu It i- thr eaded- S.ps.

[34] Martin LaroseandMarc Feelg. A compactingncrementatollectorandits performancen aproduc-
tion quality compiler In Proceeding®f the International Symposiunon MemoryManagement pages
1-9,Vancouer CanadaQctober1999.

[35] TianF. Lim, P. Pardyak,andBrian N. Bershad. A memory-eficient real-timenon-coying garbage
collector In Proceeding®f the International Symposiunon MemoryManagement¢pagesl18—-129,
Vancouer CanadaQctober1999.


http://cm.bell-labs.com/stat/doc/multi-threaded-S.ps
http://franz.stat.wisc.edu/~rdevel/RThreads
http://www.research.microsoft.com/users/simonpj/Papers/papers.html#comp% iler
http://developer.intel.com/software/products/mkl/
ftp://parcftp.xerox.com/pub/cl/cleanup/mail/stream-definition-by-user.m% ail
http://haskell.cs.yale.edu/FranTk/
http://srfi.schemers.org/srfi-21/srfi-21.html
http://srfi.schemers.org/srfi-18/srfi-18.html
http://www.erlang.org/

March5, 2001 19

[36] JohnMaloney. Tutorial: Fun with the morphic graphicssystem. http://www.sque ak.org/

tutorials/morph ic -tutori al -1.ht ml.

[37] Luc Moreau.Hierarchicaldistributedreferencecounting.In Proceeding®f the International Sympo-
siumon MemoryManagementcpagess7 — 67, Vancouer CanadaQctoberl1999.

[38] BradMyers,ScottHudsonandRandyPausch Past,presenandfutureof userinterfacesoftwaretools.

[39] BradA. Myers,RichardG. McDaniel,RobertC. Miller, Alan S. Ferreng, Andrew Faulring,BruceD.
Kyle, Andren Mickish, Alex Klimovitski, andPatrick Doane. The amuletervironment: New mod-
els for effective userinterfacesoftware development. IEEE Transactionson Softwae Engineering
23(6):347-3651997.

[40] MatthiasNeeracher Gusi. ftp://sunsite. cnla b- switc h.c h/ soft ware/ pl at fo rm/

[N

macos/src/mw_c

[41] ScottOaksandHenryWong. JavaThreads O'Reilly, 2ndedition,1999.

__________________________

[43] SimonL. Peyton Jones. Implementinglazy functionallanguage®n stock hardware: The Spineless
TaglessG-machine Journal of FunctionalProgramming 2(2):127—-2021992.

[44] Tory PrintezisandDavid Detlefs. A generationaimostly-concurrentjarbagecollect. In International
Symposiunon MemoryManagement pagesl43-154 ACM, 2000.

[46] ChristianQueinnecTheinfluenceof browsersonevaluatorsor, continuationgo programwebseners.
In Proceedingsof the Fifth ACM SIGPLANInternational Confeenceon Functional Programming
page3-33,MontrealCanadaSeptembeR000.

[47] NormanRamsg and Simon Peyton Jones. A single intermediatelanguagethat supportsmultiple
implementationsf exceptionsin Proceeding®fthe ACM SIGPLAN 00 Confeenceon Programming
Languaye DesignandImplementationpages285—-298 Vancouer, BC Canada,June2000.ACM.

[48] NormanRamsg and Simon Peyton Jones. Featherweightoncurreng in a portableassemblylan-

_______________________________________________

PLDI 01.
[49] JohnH. Reppy. ConcurentProgrammingin ML. CambridgeJniv Press1999.
[50] Jefrey Richter ProgrammingApplicationsfor MicrosoftWindows Microsoft Press], 1999.

[51] Meurig Sage.FranTk—adeclaratve gui languagdor haslell. In Proceeding®f Fifth ACM SIGPLAN
InternationalConfeenceon FunctionalProgramming ICFP 200Q pagesl06—118Montreal,Canada,
SeptembeR000.ACM, ACM Press.

[52] Meurig SageandChrisJohnsonlinteractingwith haggis:Implementingagentbasedspecificationsn a
functionalstyle. In S Howard,J. HammondandG. Lindgaard editors,HumanComputernteraction
—INTERACT 97, pagesl26-133,Sydne, Australia,July 1997.ChapmarandHall.


http://www.cminusminus.org/abstracts/c--con.html
www.python.org
http://caml.inria.fr/ocaml/
ftp://sunsite.cnlab-switch.ch/software/platform/macos/src/mw_c
http://www.cs.cmu.edu/~amulet/papers/futureofhci.ps
http://www.squeak.org/tutorials/morphic-tutorial-1.html

March5, 2001 20

[55] Manuel Serranoand Hans-J.Boehm. Understandingnemory allocationof schemeprograms. In
Proceeding®ftheFifth ACM SIGPLANInternationalConfeenceon FunctionalProgramming pages
245-256 MontrealCanadaSeptembe000.

[58] W. RichardStevens. UNIX NetworkProgramming: NetworkingAPIs— Sodketsand XTI, volume 1.
PrenticeHall;, 1997.

[59] Elliot K. KolodnerTamarDomaniandErezPetrank.A generationabn-the-flygarbagecollectorfor
java. In Proceedingf the ACM SIGPLAN'00 Confeenceon ProgrammingLanguae Designand
Implementationpages274—-284 Vancouer, BC CanadaJune2000.ACM.

[60] GuignonThomas. BLASTH, a BLAS library for dual SMP computer http://www.usen iX .

[63] ZharyongWanandPaulHudak.Functionakeactive programmingrom first principles.In Proceedings
of the ACM SIGPLAN00 Confeenceon ProgrammingLanguae Designand Implementationpages
242-252 Vancouer, BC Canada,June2000.ACM.

[64] Will Ware, ChristianTismer Justvan Rossum,and Mike Fletcher Pythonmicrothreads. http:

/lworld.std.com I~ wwar e/ uth re ad.h tml .

[65] LimsoonWong. Thefunctionalgutsof theKleisli querysystem.n Proceeding®ftheFifth ACM SIG-
PLAN InternationalConfeenceon FunctionalProgramming pagesl—10,MontrealCanadaSeptem-
ber2000.


http://www.wxwindows.org
http://world.std.com/~wware/uthread.html
http://www.informatik.uni-ulm.de/pm/ftp/tkgofer.html
http://www.stackless.com
http://www.usenix.org/publications/library/proceedings/als2000/full_pap% ers/thomas/thomas_html/
http://srfi.schemers.org/
http://www.squeak.org/
http://www.sun.com/research/self/index.html
http://www.schemers.org/

