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ABSTRACT

Tame is a new event-basedsystemfor managingcon-
currengy in network applications. Code written with
Tame abstractionsdoes not suffer from the “stack-
ripping” problem associatedwvith other event libraries.
Likethreadedode tamedcodeusesstandaraontrol o w,
automatically-managéddcal variablesandmodularinter
facesbetweercallersandcallees.Tames implementation
consistof C++ librariesanda source-to-sourceganslator;
no platform-speci csupportor compilermodi cationsare
required andTameinducedittle runtimeoverheadExpe-
riencewith Tamein real-world systemsjncluding a pop-
ular commerciaMWeb site,suggestst is easyto adoptand

deploy.
1 INTRODUCTION

This paperintroducesTame,a systemfor managingcon-
curreng in network applicationsthat combinesthe e x-
ibility and performanceof eventswith the programma-
bility of threads.Tameis yet anotherdesignpoint in a
crowdedspaceput onethathasprovensuccessfuin real-
world deployments.Thesystenis, atheart,anevent-based
programmindibrary thatfreesevent developersfrom the
annganceof “stack ripping” [1]. We have implemented
Tamein C++ usinglibrariesandsource-to-sourceansla-
tion, makingTamedeployablewithout compilerupgrades.

Threadsare the more popular stratgyy for managing
concurrenyg, but somesituations(and programmerstill
call for events[7, 13, 24, 28, 34, 39]. Applicationswith
exotic concurreng, suchas multicast,publish/subscribe,
or TCP-like state machines,might nd threadsinsuf-
ciently expressie [37]. Certaincontets do not support
threadsor blocking [6, 21]. On new platforms,portabil-
ity can favor events, which requireonly a select call
and no knowledgeof hardware-speci cstackor register
con guration[11]. Finally, someevent-basedenersper
form betterand uselessmemorythanthreadedcompeti-
tors[18, 24-26].

But akey adwantageof events—asinglestack—isalsoa
liability. Sharingonestackfor multipletasksrequiresstack
ripping, which plagueghedevelopmentmaintenanceje-
buggingandpro ling of eventcode[1]. The programmer
must manually split (or “rip”) eachfunction that might
block (dueto network communicatioror disk 1/0), aswell
asall of its ancestordn the call stack.Ripping a func-
tion obscurests control o w [6] andcomplicatesnemory
management.
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However, theright abstractiongan captureevents' ex-
pressiity while minimizing the headachesf stackrip-
ping [30]. The Tamesystemintroducespowerful abstrac-
tions with implementationtechniquessuitablefor high-
performancesystemprogramming.The speci ¢ contritu-
tionsof the Tamesystemare:

1. A high-level, type-safeAPI for event-basegrogram-
ming thatfreesit from the stack-rippingoroblembut is
still backwardscompatiblewith legacy eventcode.

2. A new techniqueto incorporatethreadsand eventsin
thesameprogram.

3. A maintainableand immediately deployable imple-
mentationin C++, using only portablelibraries and
source-to-sourctranslation.

4. An automatednemorymanagemergchemdor events
thatdoesnotrequiregarbagecollection.

Our experiencewith Tamehasshowvn the interfacesuf-
cient to build andrun real systemsProgrammersther
thantheauthorsrely on Tamein educationabssignments,
researclprojects[36], andevena high-trafc commercial

Website[16].

2 RELATED WORK

The researchsystemsmost closely relatedto Tame are
Capriccio[38] andthework of Adya etal. [1]. Capriccio
is acooperatie threadingpackagehatexportsthe POSIX
threadinterfacebut lookslik e eventsto the operatingsys-
tem: it usessophisticatedtackmanagemento make one
stackappeaasmary, savzing on cyclesandmemory How-
ever, the Capricciosystemstrivesto equaleventsonly in
termsof performanceandnot in termsof expressivity its
authorsnotethat the threadinterfaceis less e xible than
thatof events[37].

Adya et al's systemis a way to combineevent-based
andthreadedcodein the sameaddresspace Thekey in-
sightis thata programs style of stackmanagemen(auto-
maticor manual)is orthogonalto its style of taskmanage-
ment(cooperatie or preemptie) andthat mostliterature
on eventsandthreadsmistalenly claimsthey arelinked.
As in Adya's system,a Tameprogramcan be expressed
in a syntaxthathasreadableautomaticstackmanagement
(like threads)yet has explicit cooperatre task manage-
ment (like events). Tamediffers becausedt extendsauto-
matic stackmanagemenb all eventcode,while “hybrid”
event codein Adya's systemstill requiresmanualstack
managementOther systemdike SEDA [40] usethreads



and eventsin concertto achiere e xible schedulingand
intraprocesgoncurreng. Tameis complementaryo such
hybrid systems&ndcanbeusedasanimplementatioriech-
nigueto simplify their eventcode.

Marny othersystemsattemptto improve threads'scala-
bility andefciency. NPTL in Linux [9] andl/O comple-
tion portsin Windows [22] improve the performanceof
kernelthreadswe compareTamewith NPTL in our eval-
uation.Practicaluserlevel cooperatie threadingpackages
include Gnu PTH, which focuseson portability [12], and
StateThreadsyhich focusesn performancg31].

Existing practicalevent librariesfall into several cate-
gories. The most primitive, suchas libevent [27], fo-
cusexclusively on abstractinghe interfaceto OS events
(i.e.,select vs.poll vs.epoll vs.kqueue), anddon't
simplify the constructionof higherlevel events,suchas
RPCcompletionsThe eventlibrariesintegratedwith GUI
toolkits, such as Motif, GTK+, and Qt, supporthigher
level events, but are of coursetuned for GUIs rather
thangenerabystemprogrammingThetype-safdibasync
eventlibrary for C++is the basisof ourwork [21, 41].

The protothread<C-preprocessdibrary [11] givesthe
illusion of threadswith only one stack.Protothreadsre
usefulin resource-constrainezkttingssuchasembedded
devices and sensornetworks, but lacking stacksor clo-
sures,they must use global variablesto retain stateand
thereforearenot suitedto building composablé\Pls. The
Tamesystemsharegmplementatiortechniqueswith pro-
tothreadsaindsimilar C coroutinelibraries[10, 11], aswell
astheporch programcheckpointef29].

The Tamelanguagesemanticedrav from a rich body
of previouswork on parallelprogrammind32]. Like con-
dition variables[14], Tames event s allow signalingand
synchronizatiorbetweerdifferentpartsof a program,but
unlike conditionvariablesgvent sdo notrequirelocks(or
threadsfor that matter).Many parallelprogrammingan-
guageshave constructssimilar to Tames twait : Occam
hasPAH17], andPascal-FChasCOBEGIBNdCOEN[3].

Tame also borrows ideas such as closuresand func-
tion curryingfrom functionallanguagedik e Lisp [33] and
Haslell [15]. Previouswork in modelingthreadsandcon-
curreng in functionallanguagessuchasHaslell andML,
has noted a correspondencéetweencontinuationsand
threadsA userlevel threadscheduleessentiallychooses
amonga set of active continuations;blocking addsthe
currentcontinuationto this setandinvokesthe scheduler
For instance Claesserusesmonadsin Haslell to imple-
mentthreading[5]. Li and Zdancevic extend Claessers
techniqueto combinethreadsandevents[20]. Concurrent
ML (CML) usescontinuationsto build a setof concur
reng/ primitivesmuchlik e thoseof Tame[30]. Tameand
CML have similar events, Tames rendezvous shares
somepropertieswith CML's choose operatorandTames
twait is analogousto CML's sync. There are differ-

/I Threads

void wait_then_print_threads()
sleep(10); /I blocksthisfunctionandall callers
printf("Done!");

}

/I Tameprimitives

tamed wait_then_print_tame() {
tvars { rendezvous<>r; }
event<> e = mkevent(r); /I allocateeventon r
timer(10, e); /I causee to betriggeredafter10sec
twait(r); /I blockuntil aneventonr is triggered

/I only blocksthis function, notits callers!

printf("Done!");

}

/I Tamesyntacticsugar

tamed wait_then_print_simple_tame() {
twait { timer(10, mkevent()); }
printf("Done!");

Figure 1: Threefunctionsthat print Done! after ten secondsThe ®rst
versionuseshreadsthe secondlameversionis essentiallyasreadable.

encesin performanceandfunction. CML events areef-
fectively continuationsand presere the equivalentof an
entirecall stack while Tameevent spresere only thetop-
level function's closure andCML hasno directequialent
for TamesusersuppliedeventlIDs—insteadhe CML user
mustmanipulatesvent objectsdirectly. Tamesconstructs
have similar power but are ef ciently implementablein
corventionalsystemgrogrammindanguagesike C++.

3 TAME SEMANTICS

Tamemakeseasyconcurreng problemseasyto expressn

events(asthey wereeasyto expressin threads)Figurel

shaws threeimplementationsf atrivial function;the sec-
ond Tameversionis indeedcloseto the threadedversion
in codelengthandreadability Therestof this sectionde-
scribesthe Tame primitives and syntacticsugar. We also
shav throughexampleshow the full powver of Tamesim-
pli es the expressionof hard concurreng problems,and
how Tameallows usersto develop composablesolutions
for concurreng problems(harderto expresscorrectlyin

threads).

3.1 Overview

Tame introducesfour related abstractionsfor handling
concurreng: events wait points rendezvousandsafelo-
cal variables They are expressedas software libraries
wheneer possible, and as language extensions (via
source-to-sourcganslation)vhennot.

First, eachevent objectrepresents future occurrence,
such as the completion of a network read. When the
expected occurrenceactually happens—forinstance,a
pacletarrives—theprogrammetriggerstheeventby call-
ingitstrigger method.

The mkevent function allocates an event of type
event<T>, whereT is a sequencef zeroor moretypes.



This event's trigger method has the signaturevoid
trigger( T). Calling trigger( v) marksthe event as
having occurred andpassegeroor moreresultsv, which
are called trigger values to whomever is expecting the
event.For example:

rendezvous<>r; int i =0;
event<int > e = mkevent(r, i);
e.trigger(100);

assert(i == 100); /I assertiowill succeed
Whentriggeredg'sint triggervalueis storedin i , whose
typeis echoedn e'stype.

The wait point languageextension, written twait
blocks the calling function until one or more eventsare
triggered Blocking causes functionto returnto its caller,
but the function doesnot complete:its execution point
andlocal variablesarepreseredin memory Whenanex-
pectedeventoccursthefunction“unblocks” andresumes
processingat the wait point. By thattime, of course the
function's original callermayhave returned Any function
containingawait pointis markedwith thetamedkeyword,
whichinformsthe callerthatthe functioncanblock.

The rst, andmorecommon form of wait pointis writ-
ten“twait { statements}”. Thisexecuteghestatements
thenblocksuntil all eventscreatedy mkeventcallsin the
statementdave triggered.For example,codelik e “twait
{ timer(10, mkevent()); }” shouldbereadas“exe-
cute'timer(10, mkevent()) ', thenblock until thecre-
ated event has triggered”—or since timer triggers its
event agumentafter the given numberof secondshas
passedsimply as “block for 10 seconds”twait{} can
implementmary forms of event-driven control ow, in-
cludingserialandparallelRPCs.

The second, more exible form of wait point ex-
plicitly namesa rendezwus object, which speci es the
set of expectedevents relevant to the wait point. Ev-
ery event object associatesvith one rendezvous. A
wait pointtwait(r)  unblockswhenanyoneof rendez-
vous r's eventsoccurs.Unblocking consumeghe event
and restartsthe blocked function. The rst form of wait
point is actuallysyntacticsugar for the second:codelike
“twait { statements}” expandsinto somethindike

{ rendezvous<> _
statements // wheremkeventcallscreateeventson__r
while (notall __r eventshave completedl

twait(__r); }

The twait() form can also return information
about which event occurred. A rendezous of type
rendezvous<I|> acceptseventswith eventIDs of type(s)
I. Event IDs identify eventsin the sameway threadIDs
identify threads,except that event IDs have arbitrary
programmeichosentypes and values. A twait(r, i)

statementhensetsi to thelD(s) of theunblockingevent.

Althoughwait pointsareanalogouso blockingathread
until aconditionvariableis noti ed, blockingin Tamehas
a differentmeaningthanin threads.A blocked threaded
function's caller only resumesvhenthe calleeexplicitly
return s.In Tame,by contrastatamed function's caller
resumesvhenthe calledfunctioneitherreturnsor blodks
To allow its callerto distinguishreturningfrom blocking,a
tamedfunctionwill oftenacceptneventargumentwhich
it triggerswhenit returns.This trigger signalsthe func-
tion's completion.Hereis a functionthatblocks,thenre-
turnsaninteger, in threadsandin Tame:

int blockf() { tamed blockf( event<int> done) {

block ... block ...
return  200; done.trigger(  200);
} }
i = blockf(); twait { blockf( mkevent(i)); }

In Tame,the caller usestwait to wait for blockf to re-
turn, andsomustbecomeameditself. Waiting for events
thustrickles up the call stackuntil a caller doesnt care
whetheilits calleereturnsor blocks.Thispropertyis related
to stackripping, but muchsimpler sincefunctionsdo not
split into pieces.Threadedcodeavoids ary suchchange
at the cost of blocking the entire call stak wheneer a
function blocks. Single-functionblocking gives Tameits
event avor, increasests e xibility, andreducesdts over
head(only the relevant partsof the call stackare saved).
We returnto thistopicin thenext section.

Whenanevente is triggered,Tamequeuestrigger no-
ti cation for e's eventID on e's rendezousr . This step
alsounblocksary function blocked on twait(r) . Con-
verselytwait(r) checksfor ary queuedriggernoti ca-
tionsonr . If oneexists,it isdequeue@ndreturnedOther
wise,thefunctionblocksatthatwait point; it will unblock
andrecheckthe rendezwusoncesomeondriggersa cor
respondingvent. Thetop-level eventloop cyclesthrough
unblocled functions, calling them in round-robinorder
when unblockingon le descriptorl/O and rst-come-

rst-served order otherwise.More sophisticatedjueuing
andschedulingechnique$40] arepossible.

Multiple functionscannotsimultaneoushblock on the
samerendezwus.In practice this restrictionisn't signi -
cantsincemostrendezwusarelocal to a singlefunction.
A Tameprogramthat needstwo functionsto wait on the
samecondition usestwo separatevents,triggering both
when the condition occurs. Tame-basedead locks (see
Section7.5)areanexampleof sucha pattern.

Finally, safelocal variables, a languagesxtension,are
variableswhosevaluesare presered acrosswait points.
The programmemmarkslocal variablesas safeby enclos-
ingthemin atvars {} block,whichpreserestheirvalues
in a heap-allocatealosure.(Functionparametersare al-
wayssafe.)Unsafelocal variableshave indeterminateval-
uesafter a wait point. The C++ compiler's uninitialized-



Classes

Keywords & LanguageExtensions

[ Functions& Methods

event<>
A basicevent.
event<T>

An event with a single trigger value of
type T. This valueis setwhenthe event
occurs;an examplemight be a character
read from a ®le descriptor Events may
alsohave multiple trigger valuesof types
Ty Th.

rendezvous<I|>

Representsa set of outstandingevents
with event IDs of type|. Callersnamea

twait( rf[, i]);

A wait point. Block on explicit rendez-
vousr, and optionally setthe event ID i
whencontrolresumes.
tamed
A returntypefor functionsthatusetwait .
tvars { ... }
Markssafelocal variables.
twait { statements; }

Wait point syntacticsugar: block on an
implicit rendezeus until all events cre-
atedin statementhave triggered.

mkevent(r, i, s);

Allocate a nev event with event ID i.
Whentriggered,it will avake rendezous
r andstoretriggervaluein slots.

mkevent(s);

Allocate a new event for an implicit
twait{}  rendezeus. When triggered,
storetriggervaluein slots.

etrigger( v);
Triggerevente, with triggervaluev.
timer( to, e); wait_on_fd( fd, rw, e);
Primitive eventinterfacefor timeoutsand

rendezouswhenthey block,andunblock
onthetriggeringof ary associatedvent.

®le descriptorevents,respectiely.

Figure 2: Tameprimitivesfor eventprogrammingn C++.

variablewarningstell a Tame programmemwhen a local
variableshouldbe madesafe.

Type signatures Eventsre ect the types of their trig-

gervalues,andrendezwousre ect the typesof their event
IDs. The compiler catchestype mismatchesand reports
themaserrors.Concretelyrendezvous is aconventional
C++templatetype,de nedin alibrary. All eventsassoci-
atedwith arendezwusof typerendezvous<I> musthave

eventlDs of typel . Themkeventfunctionhastype:

event<T1,T2,..> mkevent(rendezvous<I> r,
T1 &s1, T2 &s2, ..);

const | &i,

Theamumentsarearendezvous, aneventID i, andslot
referencesl, s2, ... thatwill storetrigger valueswhen
the eventis latertriggered.C++'s templatemachineryde-
ducesthe appropriateevent ID and slot type(s)from the
argumentssomkevent canunambiguouslaccommodate
optional event IDs and arbitrary trigger slot types. The
event:trigger  methodhastype:

void event<T1,T2,...>:trigger(const
const T2 &v2, ..);

T1 &vl,

When called, this methodassignsthe trigger valuesvi,
V2, ... to the slots given at allocation time, then un-
blocks the correspondingeendezwous. Wait points have
type twait(rendezvous<I> r, | &i); whenthe wait
pointunblocks, holdsthelD of theunblockingevent.

Primiti ve events Threelibrary functionsprovide anin-
terface to low-level operatingsystemevents: timer() ,
wait_on_fd() , andwait_on_signal() . Eachfunction
takes an event<> e and one or more extra parameters.
timer(  to, e) triggers e after to secondshave elapsed;
wait_on_fd( fd, rw, €) triggerse oncethe le descriptor
fd becomegeadableor writable (dependingon rw); and

wait_on_signal( sig, €) triggerse whensignalsigis re-
ceived. The baseevent loop that understandshesefunc-
tionsis implementedn termsof select() or platform-
speci c alternatves suchas Linux's epoll or FreeBSD$
kqueug19].

Like all programsbasedon events or cooperatre
threadsatamedprogramwill block entirelyif any portion
of it calls a blocking systemcall (suchasopen) or takes
a pagefault. Tameinherits libasyn¢s non-blockingsub-
stitutesfor blocking callsin the standardibrary (suchas
open andgethostbyname). For tamedprogramsto per
formwell in concurrensettingsthey shoulduseonly non-
blockingcallsandshouldnotinduceswapping.

Figure2 summarize§ames primitive semantics.

3.2 Control Flow Examples

Commonnetwork o w patterndike sequentiatalls, par

allel calls,andwindowedcalls[37] aredif cult to express
in standardeventlibrariesbut muchsimpli ed with Tame.
As a running example, considera function that resohes
addressefor a setof DNS hostnames An initial design
mightusethe normalblockingresoher:

1 void multidns(dnsname name]],

2 for (int i =0; i <n; i++)

3 ali] = gethostbyname(nameli]);
4}

Of coursethisfunctionwill blockall othercomputation
until all lookupscomplete An ef cient senerwould allow
otherprogressluringthelookupprocessTheevent-based
solutionwould usea nonbloding resoler, with a signa-
turesuchas:

ipaddr a[], int n) {

tamed gethost_ev(dnsname name, event<ipaddr> e);

This resoher usesnonblockingl/O whencontactingocal
and/oremoteDNS seners.(Alternately Tamesthreading
supportmakesit easyto adapta blockingresoherfor non-
blocking use;seeSection4.) Sincegethost_ev 's caller



void multidns_nasty(dnsname name[],
event<> done) {

ipaddr af], int n,

it (n >0 {
/I 'Whenlookup succeeds, gethost_ev will call
/I "helper(name, a, n, done, RESULT)"
gethost_ev(name[0], wrap(helper, name, a, n, done));
} else /I done, alert caller
done.trigger();

void helper(dnsname *name, ipaddr *a, int n,
event<> done, ipaddr result) {
*a = result;

multidns_nasty(name+1, a+1, n-1, done);

}

Figure 3: Stack-rippedibasynccodefor looking up n DNS nameswith-
outblocking.A simplefor loop hasexpandednto two interactingfunc-
tions,obscuringcontrol ow; all callersmustlik ewise split.

canregain controlbeforethelookupcompletesthelookup

resultis returnedvia a trigger value: once the address
a is known, the resoler calls e.trigger(a) . The trig-

gersimultaneouslexportstheresultandunblocksanyone
waiting for it. Here's how to look up a single namewith

gethost_ev :

tvars { ipaddr a; }
twait { gethost_ev(name,
print_addr(a);

mkevent(a)); }

Without Tame,adaptingmultidns to usegethost_ev
is anexercisein stack-rippingfrustration;for the gory de-
tails, seeFigure3. Tame,however, malesit simple:

1 tamed multidns_tame(dnsname name[], ipaddr a[],
int n, event<> done) {

2 tvars { int i; }

3 for (i =0; i <n; i++)

4 twait { gethost_ev(name[i], mkevent(afi]) ); }
5 done.trigger();

6 }

multidns_tame keepsall agumentsand the local vari-
ablei in a closure.Whene&er gethost_ev looks up a
name,it triggersthe eventallocatedon line 4. This stores
the addressin afi] and unblocksmultidns_tame , af-
ter which the loop continues Thoughthe codesomavhat
resemblesthreadedcode, the semanticsare still event-
driven:multidns_tame canreturncontrolto its callerbe-
foreit completesThus,it signalscompletionvia anevent,
namelydone. Any callersthatdependncompletionmust
use Tameprimitivesto block on this event, and thus be-
cometamedthemseles.Thetamedreturntypethenbub-
bles up the call stack,providing the valuableannotation
thatmultidns_tame andits callersmay suspendompu-
tationbeforecompletion.

multidns_tame allows a sener to usethe CPU more
effectively thanmultidns , sinceothersenercomputation
cantake placeas multidns_tame completesHowever,
multidns_tame 'slookupsstill happenin seriesiookupi
doesnotbegin until lookupi 1 hascompletedTheobvi-
ouslateny improvements to performlookupsin parallel.
Thetamedcodebarelychanges:

1 tamed multidns_par(dnsname name[], ipaddr a[],
int n, event<> done) {

2 twait  {

3 for (int i =0; i <sz; i++)

4 gethost_ev(nameli], mkevent(a[i]));
5

6 done.trigger();

7}

The only differencebetweenthe serial and parallel ver-
sionsis theorderingof thefor andtwait statementgand
thati doesnt needto bein the closure).Sinceboth ver
sionshave the samesignaturethe programmeicanswitch
implementationstratejies without changingcaller code.
With threads,however, the serial version could use one
threadto do all lookups,while the parallelversionwould
useas mary threadsaslookups.Tamepreseres events'
e xibility while providing muchof threads'readability

A generalizatiorof serial and parallel control ow is
windowedor pipelinedcontrol o w, in which n calls are
madein total,andatmostw n of themareoutstanding
atary time. For serial o w, w= 1; for parallel,w = n. In-
termediatevaluesof w combinethe advantageof serial
and parallel execution, allowing someoverlappingwith-
outblastingthesener. With Tame evenwindowedcontrol
ow is readablealthoughthe simpli ed twait{} state-
mentno longersufces:

1 tamed multidns_win(dnsname name[], ipaddr a[l,
int n, event<> done) {

2 tvars { int sent(0), recv(0); rendezvous<>r; }
3 while (recv < n)

4 if (sent <n &&sent - recv < WINDOWSIZE)
5 gethost_ev(name[sent],  mkevent(r,a[sent]));
6 sent++;

7 } else {

8 twait(r);

9 recv++;

10

11 done.trigger();

12}

The loop runs until all requestshave receved responses
(recv == n). On each iteration, the function sendsa
newv request(lines 5-6) wheneer a requestremains
(sent < n) andthewindow hasroom(sent - recv <
WINDOWSIyEtherwise,the function hanestsan out-
standingrequest(lines 8-9). Again, the signatureis un-
changedand the implementationis shortand clear We
have not previously seenef cient windowed control o w
expressedhis simply.

3.3 Typing and Composability

Tames rst-class eventsandrendezwous, andits distinc-
tion betweereventIDs andtriggervaluesjmproveits e x-
ibility, composabilityandsafety

First, Tamepreseressafestatictyping withoutcompro-
mising e xibility by distinguishingevent IDs from trig-
gervalues EventIDs arelike namesThey identify events,



timer

Figure 4: Relationshipdetweenevents(boxes)andrendezwus (round
box) for aDNS lookupwith timeout.

andareknown whenthe eventis registered;all eventson
the samerendezwus must have the sameevent ID type.
Triggervalues,onthe otherhand,arelik e results:they are
not known until the event actuallytriggers.Examplesin-
clude characterseadfrom a le descriptor RPCreplies,
andso forth. Event IDs andtrigger valuesare related,of
course;when a twait statementeturnsevent ID i, the
programmerknows that eventi hastriggered,andthere-
foreits associatetriggervalueshave beenset.In contrast,
several other systemsreturn trigger valuesas part of an
eventobject;thetwait equivalentreturnsthe object,and
extractingits valuesrequiresadynamiccast.The Tamede-
signavoidserrorpronecastswhile still lettingasingleren-
dezwushandleeventswith entirelydifferenttriggervalue
types.

To demonstratdames composabilitywe'll addtime-
outsto thefollowing event-basedNS lookup:

tvars { ipaddr a; }
twait { gethost_ev(name,

mkevent(a)); }

We wantto cancelalookup andreportanerrorif a name
fails to resolwe in ten secondsThe basicimplementation
stratgy is to wait on two events,the lookup and a ten-

secondimer, andcheckwhich eventhappensrst.

tvars { ipaddr a; rendezvous<bool> r;
timer(10, mkevent(r, false));
gethost_ev(name, mkevent(r,
twait( r, ok);

if (lok) printf("Timeout");
r.cancel();

bool ok; }

true, a));

TheeventID false representsimeoutswhile true rep-
resentsuccessfulookup.Thetwait statemensetsok to
theD of theeventthattriggers rst 1, sook is falseif and
only if thelookuptimedout. Ther.cancel() call cleans
up stateassociatedvith the eventthatdid nottrigger Fig-
ure4 diagramgherelevantobjects.

This codeis verboseand hard to follow. Supporting
timeoutson every lookup, or on other types of event,
wouldrequireaddingrendezvous andtimer callsacross
theprogramandabandoninghetwait{} syntacticsugar.

1in otherlibrarieswe have examined,suchasCML, thetwait func-
tion would return an opaque,system-chosenD that the programmer
would comparewith returnvaluesfrom mkevent Thoughthis works,
event IDs are far more corvenient, particularly when mary eventsare
outstanding.

1 template <typename T> tamed

__add_timeout (event<T> &e_base, event<bool, T>e) {
tvars { rendezvous<bool> r; T result; bool rok; }
timer(TIMEOUT, mkevent(r, false));
e_base = mkevent(r, true, result);

twait(r,  rok);
e.trigger(rok,
r.cancel();

}

9 template <typename T> event<T> add_timeout (event<bool,
10 event<T> e_base;

result);

O~NOOUTRAWN

T>e) {

11 __add_timeout(e_base, e);
12 return e_base;
13}

timer

Privateto __add_timeout

o
%o,

twait trigger wake
————— > rok; 9
. caller

slotsok, a
A 4

slotresult

e.trigger(rok, result)'

Figure 5: Codeandobjectrelationshipsor a composabldimeoutevent
adapterandits usein aDNS lookup.

Tamecando better Its programmersanwrite anadapter
that can add a cancellationtimeout to any event. The
adapterrelieson C++'s templatesupportand on Tames
rst-class events, and resemblesadaptersfrom higher
level threadpackagesuchasCML. Many othereventli-
brariescould not expressthis kind of composablabstrac-
tion, which wasa main motivator for Tames design.The
adaptesimpli es thelookup codeto:

tvars { ipaddr a; bool ok; }
twait { gethost_ev(name, add_timeout( mkevent(ok, a))); }
if (lok) printf("Timeout");

Thecallergenerateaneventwith two triggerslots,one
for the basetrigger value and one for a booleanthat in-
dicatessucces®r failure. Eithera successfulookup or a
timeoutwill triggertheevent.Successvill settheboolean
triggervalueto true,timeoutwill setit to false.Thus,after
waiting for the event, callerscanexaminethe booleanto
checkfor timeout.This patternworkswith twait{} state-
mentsaswell asexplicit rendezwous.

Unfortunately the gethost_ev function requiresan
eventthattakesa singletrigger value,namelythe IP ad-
dress.It will not supplyan extra trigger value unlesswe
changeits signatureand implementation,which would
malke it speci c to our timeoutadapter—somethingwe'd
like to avoid. But Tames abstractiondet us transpar
entlyinterposebetweergethost_ev andits “caller”. The
adaptemwill settheextratriggervalue.

Figure5 shavs the codeanda diagramof the objectre-
lationshipsTherealwork takesplacein __add_timeout,
which createstwo events: e_base, which is returned
(and eventually passedo gethost_ev ), andan internal
event passedto the timer function on line 6. The two



createdevents associatewith the rendezousr local to
__add_timeout. Thisis theinterposition Whenthetime-
outtriggers,or whene_basetriggers(dueto a successful
DNS lookup), __add_timeout will unblock, setthe ok
slot appropriatelyandthentrigger e. Only this last step
unblocksthecaller Thecallerobseresthatok anda have
beenset, but is obliviousto __add_timeout's interces-
sion;it is asif gethost_ev setok itself.

It would betrivial to addothertypesof “timeout”, such
assignalreceiptto add_timeout ; its signaturevould not
changeand neitherwould its callers.Similarly, one-line
changesould globally track how mary eventstime out.
We've addedsigni cant additionalconcurreng semantics
with only local changesthede nition of composability

3.4 FutureWork

Tamedprocesseslo not currently run on more thanone
coreor CPU.TheproductionTame-basedpplicationsve
know of consistof multiple concurrenfprocessesooper

atingto achiere anapplicationgoal. OkCupid.comfor in-

stanceusesexclusively multicoreand SMP machineslts

Webfront-endsrun no fewerthan fty site-speci cTame-
basedbrocessesll of which simultaneoushansweiVeb
requestsWhentrafc is high, all CPUs(or cores)arein

use.Neverthelesstew changeso Tamewould berequired
for truesimultaneoushreadingsupport.Tamealreadysup-
portsevent-basedbcksto productdatastructuregrom un-
wantedinteractions(Section7.5). As in async-mp[41],

multiple kernelthreadscould drawv from a sharedpool of

readytasks,asrestrictedby Tames currentatomicity as-
sumption:at mostone threadof control canbe active in

ary givenclosureatatime. Locksenforcedby thekernel,
or ary equivalenttechniquecouldensurehisinvariant.

Tamedoesnot currentlyinteractwell with C++ excep-
tions: an exceptionraisedin a Tamedfunction might be
caughtby theeventloop.

Some of Tames limitations are not implementation-
dependenbut ratherconsequencesf its approachandse-
mantics.As mentionedin Section3, changinga function
from a regular C++ functionto a tamedfunctioninvolves
signaturechangesll the way up the call stack.Somede-
velopersmight objectto this limitation, especiallythose
who exportlibrarieswith x edinterfaces.

4 THREADS

Tame caninteroperatewith threadswhen a threadpack-
age is available, suggestingthat the Tame abstractions
(wait points,event s andrendezvous) applyto both pro-
grammingmodels.With threadsupport,Tamesimpli es
the transitionbetweenthreadedand event-styleprogram-
ming,for instanceallowing event-basea@pplicationgo use
threadedsoftwarein the C library (e.g.gethostbyname)
anddatabaselientlibraries(e.g.libmysgiclient  [23]).
We have only experimentedwith cooperatie userlevel

threadingpackagesthoughkernel-level threadsthat sup-
port SMPsarealsocompatiblewith our approach.

The key semanticdifference betweenthreadedand
event-basedperationis how functionsreturn.In event-
basedlame,functionscaneitherreturna usefulvaluevia
a return statementor block via twait , but not both.
Threadedfunctions can both block and return a value,
sincethecallerregainscontrolonly whenthe computation
is done.

With thread support, Tame exposesboth event and
threadreturn semanticsin Tame,a threadedfunction is
onethatcallstwait butdoesnothaveatamedreturntype.
Whensucha functionencounterswait(r) , it checksfor
queuedtriggersin r asusual;if nonearepresentjt asks
for a wakeupnoti cation whena triggerarrivesin r, and
thenyieldsto anotherthread .During theyield, thethread-
ing packagepreseresthe function's entirecall stack(in-
cludingall of its callers),while runningother moreready
computationsWhenthetriggerarrives,theblockedthread
awakesatthetwait call andcanreturnto its caller

A trivial exampleusingthreadsin Tameis a reimple-
mentationof thesleep call:

1 int mysleep(int d) {
2 twait { timer(d,
3 return d;

4}

mkevent()); }

As usual,thecall to timer registersan eventthatwill be
triggeredafter a d seconddelay The function thencalls
twait on animplicit rendezvous at line 2, yielding its
thread After d secondfiave elapsedthemainthreadtrig-
gersthe event allocatedon line 2, waking up mysleep
andadwancingcontrolto thereturn statemenbn line 3.
Sincemysleep is threaded(i.e., doesnot have a tamed
returnvalue),it returnsanactualvalueto its caller.

Blocking the currentthreadusesTames existing twait
syntax, but startinga new threadrequiresa new tfork
function?

tfork(rendezvous<I> r, | i, threadfunc<V> f, V &v);

Thesemanticsare:
1. Allocatee = mkevent(r, i) .

2. Fork anew thread.n thenew threadcontext:
(@) Callf() andstoreits returnvaluein v.
(b) Triggerevente.

(c) Exit thethread.

When the function f completesthe rendezvous r re-
ceivesa trigger with eventID i . This uni es the usually
separateconceptsof event “blocking” and joining on a

’threadfunc<R> is an event whosetrigger methodyields a re-
turn value of type R Given the function int f() , we can createa
threadfunc<int> from afunctionpointerto f . Fromthe functionint
g(int a), we cancreatea threadfunc<int> by wrappingg with an
integerargument,asin functioncurrying[15].



thread.Codelik e the following usestfork andtwait{}
syntacticsuaar to call a blockinglibrary functionfrom an
event-baseaontext:

tamed gethost_ev(const char *name,
event<struct hostent *> e) {
tvars { struct hostent *h; }
twait { tfork(wrap(gethostbyname,
e.trigger(h);

name), h); }

This startsgethostbyname(name) in a new thread,then
blocksin theusualevent-drivenway until thatthreadexits.
At thatpoint, the calleris noti ed via an eventtrigger of
thestruct hostent result.

5 MEMORY MANAGEMENT

Tame hides most details of event memory management
from programmersprotectingthemat all costsfrom wild
writesandcatchingmostmemoryleaks.For thelarge ma-
jority of Tamecodethat usesthe twait{} ervironment,
correctprogramsyntaxguaranteesorrectleaklessmem-
ory managementi-or more advancedprogramsthat use
explicit rendezvous, Tameusegeferencecountingto en-
forcekey invariantsatruntime.Theinvariantsare:

11 A function's closurelivesatleastuntil controlexits the
functionfor thelasttime.

12 Someof an event's trigger slots may be safe local
variablesandtriggeringit assignssaluesto thosevari-
ables.Thus,afunction's closuremustlive asleastuntil
event s createdn thefunctionhave triggered.

I3 Events associatedvith a rendezvous r musttrigger
exactly oncebeforer is deallocatedThe programmer
must uphold I3 by correctly managingrendezvous
lifetime andtriggeringeachevent exactly once.

A closureshouldbe deallocatecassoonasso doing does
notviolatell or I2.

Of thesdnvariants )3 dependshemostonprogramcor-
rectnessSomecasesreeasyto handle.Tameignoresat-
temptsto trigger an event multiple times (or aborts,de-
pendingon runtime options),andforgettingto trigger an
eventin a twait{} ernvironmentwill causea program
hangandis thus easily obsenable. The dif cult casein-
volves managingthe lifetimes of explicit rendezvous.
Considetthefunctionbroken:

tamed broken(dnsname nm) {
tvars { rendezvous<> r;

1

2 ipaddr res; }
3 gethost_ev(nm, mkevent(r,
4

5

res));

/I 'Whoops: forgot to twait(r)!

}

The event createdon line 3 usesthe trigger slotres, a
safevariablein broken's closure.The functionthenexits
withoutwaiting for r or examiningres . Thisis abug—an
eventleakin violationof 13. If Tamedeallocatedbroken's
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Figure 6: Memoryreferencedor the broken function. Weakreferences
areshavn asdottedlines, andstrongreferencesssolid lines. Solid ®lI
indicatesa functionexit, andstriped®Il indicatescancellation.

closureeagerlyright afterit exited, thentheevent'seven-
tualtriggerwouldwrite its valueinto thedeallocateanem-
ory wheretheclosureusedto be.

Tames answeris a carefulreference-countingcheme;
its runtime keepstrack of eventsand closureswith C++
“smartpointer” classeskor example,event<> objectsare
actuallysmartpointerstheevent is storedelsevhere,in a
privateobjectonly accessibldy Tamecode.If necessaty
Tamekeepsthe event aroundeven afterthe userfreesit.
Therecanbe circular referenceamongthesethreetypes
of objects—forexample,aclosurecontainsalocal event,
which namesa differentclosure-localvariableasatrigger
slot. Tameusestwo differenttypesof referencecountsto
breakthe circularity: strongreferenceswhich arecorven-
tional referencecounts,andweakreferenceswhich allow
accesso theobjectonly if it hasnt beendeallocated.

In outline, Tamekeepsthe following referencecounts:

R1 Entering a tamedfunction for the rst time addsa
strongreferenceao the correspondinglosure whichis
removed only whenthefunctionexits for thelasttime.
This preseresll.

R2 Eachevent creatednsidea closureholdsa strongref-
erenceto that closure,preservingl2. The referencds
droppedoncetheevent is triggered.

R3 A rendezvous andits associatedvent s keepweak
referenceso eachother Thereferencesrendezvous
keepsto its event s allow it to cancelevent s thatdid
nottriggerbeforetherendezvous'sdeallocationCan-
celinganevent clearsits R2referenceary futuretrig-
ger attempton the event will beignored,preserving
13. Theweakreferencesheotherway enableanevent
to updateits rendezvous uponatrigger.

Figure 6a shavs thesereferencesn the broken function
following line 3's event allocation.The mostimportant
problemintroducedby this referencecountingschemeis
dueto R2: anuntriggeredevent cancausea closureleak.



Suchaleakcanbe caughtby checkingthe associateden-
dezwousupondeallocationfor untriggeredevents.A ren-
dezwus' deallocatioris upto theprogrammerbut thereis
animportantandcommoncasein which Tamecaninter
vene.lf arendezvous wasdeclaredasalocal variablein
someclosure andthatclosurehasexited for thelasttime,
thenno future codewill call twait ontherendezvous,
evenif the closure cannotbe deallocatedyet becauseof
somestray reference Thus, Tame amendsthe reference
countingprotocolasfollows:

R4 Exiting a tamedfunction for the lasttime cancelsary
rendezvous directly allocatedin that function's clo-
sure.Cancelinga rendezvous cancelsall events as-
sociatedwith it. Actual deallocatioroccursonly when
the closureis deallocatedwhich might be sometime
later

Figure6b shovs how Tames referencecountingproto-
col solvesbroken'sleak.Controlexits thefunctionimme-
diately, forcingr's cancellatiorby R4. Uponcancellation,
r checkgthatall of its event s have triggered.In this case,
theevent allocatedon line 3 hasnottriggered,but Tame
canceldt, clearingits R3, which releaseshe closure,and
in turn, releases . Any eventualtrigger of the event is
ignored.

6 |IMPLEMENTATION DETAILS

Tameis implementedasa C++ preprocesso(or source-
to-sourcdranslator) Thedif culty of parsingC++is well

known [2]. Tameavoids as much C++ parsingas possi-
ble at the costof several semanticwarts, which could be
avoidedwith fuller compilerintegration.

6.1 Closures

Eachtamed function hasone closurewith a at names-
pace,restricting C/C++'s scoping. Internally, the Tame
translatomwritesa new C++ structurefor eachtamedfunc-
tion, containingits parametersand its tvars variables.
This structuregetsan opaquename discouraginghe pro-
grammeirfrom accessingt directly.

Programmersre free to usearbitrary C++-stackallo-
cation,aslong asno wait pointscomebetweerthe decla-
rationanduseof stack-allocatedariables Whenthey do,
the underlyingC++ compilergenerates warning dueto
goto branchesn theemittedcode(seethenext section).

Maintaining Section5's R4 requiresthat eachclosure
know which rendezvous it directly contains,so it can
cancelthemappropriately This knowledgeis unavailable
without fully parsingC++: a closuremight containanob-
ject of typefoo, that containsan objectof type bar, that
containsarendezvous, whichwill in turn sharefatewith
theclosure.As a rst-order heuristic, Tamemarksthe be-
ginning andthe end of the new closurein memoryusing

simple pointer arithmeticand associatesvith the closure
all rendezvous thatfall betweerthetwo fenceposts.

6.2 Entry and Exit Translation

The translationof a tamedfunction addsto the function
onenew entryandexit pointpertwait statementA trans-
lated twait statementrst checkswhethera trigger is
pendingon the correspondingendezvous. If so,control
o w continuegastthetwait functionasusual;butif not,
the function recordsthe currentwait point, addsa func-
tion pointer for this wait point to the rendezvous, and
returnsto its caller Later, a trigger on an event in the
rendezvous invokestherecordedunctionpointet which
forcescontrolto reenterthe function andjump directly to
the recordedwait point. The Tametranslationshiftedthe
function's parameterandsafelocal variablesto a closure
structure sothefunctioncanaccesshesevaluesevenafter
reentry

The Tamepreprocessoaddsan extra “closure pointer”
parameterto eachtamed function. The closure pointer
is null whenthe functionis called normally causingthe
translatedfunction body to allocateand initialize a nen
closure.The closurepointeris non-nullwhenthefunction
is reenterecht a laterwait point. The namesf parameters
andsafelocal variablesarechangedo opaqueidenti ers
to hide themfrom the function body; instead,local vari-
ableswith referencaypesmale thesenamegointinto the
closure.This stratgy reducesthe extent to which Tame
mustunderstandC++ namelookup, sincethe translation
preseres the function implementatiors original names-
pace.Multiple entry points are simulatedwith a switch
statementt the begginning of the function; eachcasein
the switchjumpsto a differentlabelin thefunction. There
is onelabelfor theinitial functionentryandonefor each
wait point.

Internally, mkevent is a macrothat fetchessomespe-
cially namedvariables(suchasthe currentclosure,or the
currentimplicit rendezvous in the caseof atwait envi-
ronment) An inputof mkevent(rv, w, tl1, t2) gener
atesa call of theform:

_mkevent(__cls, rv, w, tl, t2);

for someclosure__cls . _mkevent heap-allocatea new

event object,packingit with referenceso all of the sup-

plied amgumentsTheresultingevent objectprovidesone

method,trigger , which takes trigger value parameters

with the typesof t1 andt2. All of theseoperationsare

type-safeghroughuseof C++templates.
Puttingthesepiecestogetherthetranslationof:

1 tamed Azf(int  x) {

2 tvars { rendezvous<>r; }

3 a(mkevent(r));  twait(r);  b(); }

looksapproximatelylike:



void A:xf(int _ tame_x, A_f closure *_ cls) {
if (_cls ==0)

_cls =newA_ f_ closure(this,
assert(this == __cls->this_A);
int & = __cls->x;
rendezvous<> &r = __cls->r;
switch (__cls->entry_point) {
case 0: // original entry

goto _ A f_ entry_ O

10 case 1. // reentry after first twait
11 goto _ A f entry 1; }
12 _A_f entry_ O:

13  a(_mkevent(__cls,n);

&A::fn, __ tame_x);

©CO~NOUAWNRE

14 if ('r.has_queued_trigger()) {
15 __Cls->entry_point = 1;

16 r.set_reenter_closure(__cls);

17 return; }

18 _A_f entry_ 1:

19 b();

20 }

Lines 5-6 setup the function body so that referencego
x andr referto closure-residentalues.Lines7-11direct
trafc asit entersand reentersthe function after twait
points. Lines 12—19arethe translationof the usercode.
Lines14-17arethetranslationof thetwait(r)  call from
theoriginalfunction.If notriggeris queuednr , thetrans-
lation bumpsthe entry point (line 15) andtells the ren-
dezvous to reenter__cls via the methodA::fn whena
triggerarrives(line 16). Oncethathappenst will jumpto
entrypoint1 (line 18) andcall b() .

6.3 Backwards Compatibility

Our implementationof Tameborraws its eventloop and
eventobjectsfrom thelibasynceventlibrary [21]. Thekey
compatibility featureis to implementevent s aslibasync
callbacks , allowing legacy functionsto interface with
tamedfunctions,and consequentlylegacy projectsto in-
crementallyswitchoverto tamedcode.

The Tame prototype implementsthread supportwith
the Gnu PTH library [12]. PTH suppliesstubsfor block-
ing network callssuchasselect , read andwrite . Thus
theselect callin libasyncs selectioop transparentlyoe-
comesa call to PTH's schedulerSimilarly, blocking net-
work calls in third party librarieslike libmysqgiclient
drop into the schedulerand later resumewhen the op-
eration completes We also had to male libasynccall a
modi ed, Tame-avareselect . Thisselect returnsearly
whenanotherthreadin the sameprocesdriggersanevent
that should wake up the currentthread (somethingthat
never happensn single-threadedame).

7 EXPERIENCE WITH TAME

Like ary otherexpressive synchronizatiorsystem,Tame
requiressomementalreadjustmenaind ramp-uptime. In
most casesdevelopersneedonly the twait{} erviron-
ment, which is designedto be simpleto learnand com-
parableto threadprogrammingWith only this subsetof
Tame,programmerdecomemuch more productive rela-
tive to vanilla-eventcodersandhopefullyasproductve as
threadprogrammers.

7.1 WebSerwver

Thelatestversionof OKWS[18], alightweightWebsener
for dynamicWeb content,usesthe Tamesystem.ts most
ohvious applicationsare serial chains of asynchronous
function calls, suchasstartupsequencethatinvolve IPC
acrosscooperatingprocessesThesechainsare common
in OKWS; Tameletsthemoccupy a singlefunctionbody,
makingthecodeeasietto read.

A more specializedTame applicationis in OKWS's
templatingsystemwhich allows OKWS Web developers
to separateheir applicationlogic from theHTML presen-
tationlayer In amannessimilarto Flash[24], OKWS uses
blocking helperprocesseso readtemplatedrom the le
system;the main sener calls the helperprocessessyn-
chronously However, since templatescan be arbitrarily
nested,reading one templatemay require mary helper
calls. The previous version of OKWS, written without
Tame,sacri cedexpressvenesdor programmability\Web
sitedevelopershadto requestll templateles they would
ever needwhen their Web servicestartedup, so that a
call to publishinga templatein responseo a Webrequest
would not block andforce a stackrip. In the new version
of OKWS, publishinga templateis an asynchronousp-
eration,andsite developerscanthereforepublishary le
in thehtdocs directory atary time. Tamesavesdevelop-
ersfrom thestackripping problemthatpreviously discour
agedthisfeature.

7.2 An Event-BasedwWeb Site

OkCupid.con{16] is adatingWebsitethatuseOKWS as
its Web sener. For several years,its programmersvrote
codein the libasyncidiom to manageconcurreng, but
in early 2006 switchedover to Tameto simplify dehug-
ging and to improve productiity. Currently seven pro-
grammersnoneof whomaretheauthorsdependn Tame
for maintainingand developing site features.The system
is easyenoughto usesothatthe rst programmingproject
newv emplo/eesreceve is to corvert code from the old
event-basedystento Tamesyntax.
OkCupid.comhasfound Tames parallel dispatchpar
ticularly useful when programminga Web site. When a
userlogs into the site, the front-end Web logic requests
data from multiple databasedo reconstructthe users
preferenceandsener-residentstate.To minimize client-
perceved lateny from disk accessesthesequeriescan
happenin parallel. With just libasync primitives, paral-
lelism was hiddenin stack-rippedcodeand causedougs.
Tames solutionis the parallelisminherentin the twait
ernvironment.To call f andg in parallel,thencall h once
they bothcomplete a Tameprogrammesimply writes:

1 twait
2 twait

{ f(mkevent()); g(mkevent()); }
{ h(mkevent()); }



7.3 An NFS Sewer

A graduatedistributed systemsclassat MIT requiresits
studentsto write a simple Frangipani-inspired35] le
sener that implementsthe NFS Version 3 protocol [4].
In spring 2006, the studentshadthe option to write their
assignmentvith the Tametool. Four out of 22 students
usedTame, most successfullyon the source le thatim-
plementsthe le systemsemanticgabouttwo thousand
lines long). Considey for example,the CREATRPC, for
creatinga newv le on the sener. When given this RPC,
thesener mustacquirealock, lookupa le handlefor the
target directory readthe contentsof the directory write
out new directorycontentsthenwrite out the le, and -
nally releasehelock, all thewhile checkingfor variouser-
ror conditions.The solutionswith legagy libasyncinvolve
code split up over no fewer than ve functions, with a
stackrip atevery blockingpoint. Studentsvho usedTame
accomplishedhe samesemanticswith just onefunction.
Quantitatvely, the studentswho used Tame wrote 20%
lesscodein their source les, and50% lesscodein their
headerles. Qualitatvely, the studentshad positive com-
mentsaboutthe Tamesystemandsemanticsandstrongly
preferredwriting in the Tameidiom to writing libasync
codedirectly.

7.4 Debugging

Tames preprocessoimplementssource-coddine trans-
lation, so detuggersand compilerspoint the programmer
to the line of codein the original Tameinput le. The
programmemeedonly examine or dehug autogenerated
codewhen Tameitself hasa bug. Programmergan dis-
ableline-translatiorandview human-readableutputfrom
the TamepreprocessoRelative to atamedfunctionin the
input le, atamedfunctionin the output le differsonly
in its Tame-generategreamble at twait points,and at
return statementsTherestof thecodeis passedhrough
untouched.

Tame also has dehugging adwantagesover legacy
libasync with unmodi ed dehugging tools. With legacy
libasyng a developermustseta breakpointat every stack
rip point. With Tame alogical operatioronceagain ts in-
sideasinglefunctionbody As aresult,aprogrammesets
abreakpoint at the suspecfunction,andcantraceexecu-
tion until ablockingpoint (i.e.,twait ). After theblocking
point, control returnsto the samebreakpointat the top of
thesamedunction,andthenjumpsto thecodedirectly after
thetwait statement.

Futurework calls for a Tamedeluggerandpro ler. In
both casesthe runtimenestingof closureds Tames ana-
logueof thecall stackin athreadegrogram Slightdehug-
ger modi cations could allow walking this graphto pro-
ducea “stacktrace”-lile feature,andsimilarly, measuring
closurelifetime canyield a gprof -style outputfor under
standingwhich partsof a programinducelateng. Even

underthe statusquo, programmersan accesssafelocal
variablesin deluggersby simply examiningthe members
of a function's closureand can walk the closure-chain
manuallyif desired.

7.5 Locks and Synchronization

Programmersising eventsor cooperatre threadingoften
falsely corvince themselesthatthey have “synchroniza-
tion for free’ This is not always the case.Global data
on one side of a yield or block point might look differ-
enton the otherside,if anotherpart of the programma-
nipulatedthat datain betweenWith threadedTame pro-
grams,or threadedorogramsin generalary functionin-
vocationcanresultin ayield, hiding concurreng assump-
tionsdeepin thecall stack.In practice aprogrammecan-
not know automaticallyknow whento protectglobal data
structureq1]. Event-only Tame programsmale concur
reng assumptionsexplicit, sincethey never yield; they
just return to the main event loop (allowing other com-
putationsto run) on either side of a twait statemenbr
ervironment.

When Tameprogramsrequireatomicity guaranteesn
either side of a twait (or yield in the caseof threads),
they canusea simplelock implementatiorbasedn Tame
primitives.A basiclock classexposeghe methods:

tamed lock::acquire(event<>
void lock::release();

done);

The acquire methodchecksthe lock to seeif it's cur

rently acquired;if so, it queuesthe given event, and if

not, it triggersdone immediately The release method
eithertriggersthe headof the event queue,or marksthe
lock asavailableif no events werequeued An example
critical sectionin Tamenow lookslike:

1 tamed global_data_accessor() {

2 twait { global_lock->acquire(mkevent()); }
3 ... touch global state, possibly blocking
4 global_lock->release();

5}

We have alsobuilt sharedreadlockswith Tame,in which
awriter'sreleaseof alock cancauseall queuedeadergo
unblock.

8 PERFORMANCE MEASUREMENTS

The Tame implementationintroduces potential perfor
mancecostgelativeto threadeatodeandtraditionalevent-
driven software. Unlike cooperatie-threadedcode, and
more so than traditional event libraries (e.g. libasyng,
Tame males heary use of heap-allocateddata struc-
tures, such as closuresand one-time events. Tame also
usessynchronizatiomprimitives(namelyrendezvous and
event s) that are potentially costlierthan the lower level
primitivesin threadingpackage®r libasync We investi-
gatethe end-to-endcostof Tamerelative to a comparable



Capriccio  Tame
Throughputconnections/sec) 28,318 28,457
Numberof threads 350 1
Physicalmemory(kB) 6,560 2,156
Virtual memory(kB) 49,517 10,740

Figure 7: Measurementsf Knot at maximumthroughput.Throughput
is averagedover the whole one-minuterun. Memory readingsare taken
afterthewarm-upperiod,asreportedoy ps.

high-performanceystem,and concludethat Tameincurs
no performanceenaltiesandmalesbetteruseof memory

8.1 End-to-End Performance

A logical point of comparisorfor the Tamesystemis the
Capricciothreadpackagd38]. Like Tame,it providesau-
tomatic memorymanagemenand cooperatre task man-
agementijt is alsoengineeredor high performanceThe
Capricciowork focusesits measurementsn the simple
“Knot” web sener. We comparedhe performanceof the
original Capriccio Knot sener with a lightly modi ed,
tamedversionof Knot. In selectinga workload, we fac-
tored out the subtletiesof disk /0O and schedulingthat
otherwork hasaddressedn detail [25] and focusedon
memoryandCPUuse.We rana SpecVéb-like benchmark
but usedonly the smallestles in the datasetmakingthe
workloadentirely cacheabl@ndavoiding link saturation.

For all experimentsthe sener wasa2-CPU2.33GHz
Xeon5140with 4GB memory runningUbuntuLinux with
kernel2.6.17-10codecompiledwith GCCversion4.1.2,
optimizationlevel -O2. BecauseCapricciodoesnot com-
pile with morerecentcompilersjt wascompiledGCCver
sion3.3.5.Glibc andNPTL werebothversion2.4. Though
the machinehasfour cores,only onewasneededn our
experiments(neither Tame nor the other systemstested
usemultiple CPUs).Tamesupportd.inux's epoll , but its
event loop was con gured to useselect in our bench-
marks. Capricciousesthe similar poll call in its loop.
We usedanarrayof six clientsconnectedhrougha giga-
bit switch, eachmaking 200 simultaneousequestgo the
sener. Thesenersweregivenathirty-second'warm-up”
time in which they pulled all of the necessaryles from
disk into cache,andthenran for a one-minutetest. The
resultsareshowvn in Figure?7.

The high level outcomeis that under this workload,
the Capriccio and Tame versionsof Knot achieve the
samethroughputput TameKnot usesone-thirdthe phys-
ical memory and one- fth the virtual memory We note
thatneitherKnot sener in this scenaricever blocks:both
seners use 100% of available CPU, even whenidle. A
versionof the Tamesener that blocks whenthereis no
work to be done achieres a surprising4,000 fewer con-
nectionsper secondon our benchmarknachine Another
importantoptimizationwasto avoid droppinginto the se-
lect loop whenoutstandingconnectionattemptscould be
accept ed[3]. Microbenchmarksn Section8.2 shawv the

Operation Min  Median Mean
Simplefunctioncall 63 63 66
Simplefunctioncall 182 196 196

with int allocation
Tamecall (nullfn() ) 399 455 463
wrap() 217 224 231
gettimeofday() 2618 2660 2781

Figure 8: Costof systemcalls andlibasyncand Tameprimitive opera-
tions,measuredh cycles.

selectioopis expensve relative to otherTameprimitives.

Optimizing Capriccio Knot's performance required
manualtuning. The size of the threadpool mustbe suf-
ciently large (about350 threads)oeforeCapriccioKnot
can achiese maximal throughput. Threads' stack sizes
must also be set correctly—stacksthat are too small
risk over ow, while stacksthat aretoo big wastevirtual
memory—fut the default 128 kB per stack sufced for
theseexperiments Capricciocanautomateheseparame-
ter settings,but the Knot sener in the Capricciorelease
doesnot use automaticstack sizing, and manualthread
settingsweremorestablein our tests.Furtherwork could
bring Capriccios memoryusagamorein line with Tames,
but we notethatTameachievesits memoryusageautomat-
ically without changedo the basecompiler

Memoryallocationin TameKnot happensgnainlyonthe
heap,in the form of eventandclosureallocations.In our
testcaseswe noted12 closureallocationsand12.6 event
allocationsper connectionsened. We experimentedwith
“recycling” eventsof commontypes(suchasevent<>s)
ratherthan allocating and freeing them eachtime. Such
optimizationshadlittle impacton performancesuggesting
Linux's malloc automaticallyoptimizesTames memory
accesyattern.

8.2 Micr obenchmarks

We performedmicrobenchmark$o get a bettersensefor
how Tamewasspendingts cyclesin thewebbenchmark,
andto provide baselinestatisticsfor otherapplicationsA
rst costof Tamerelative to threadorogrammings closure
allocation.We measuredalosurecostswith the mostbasic
tamedfunctionthatusesa closure:

1 static tamed nullfn()
2 { tvars { int i(0); } i++ }

For comparison,we also measurea trivial function, a
functionthat performsa small heapallocation,libasyncs

closure-approximatingunction (i.e., wrap), and a trivial

systemcall (gettimeofday ). In eachcaseanexperiment
consistedf executingthe primitive 10,000times, brack-
etedby cycle counterchecks We ran eachexperimentl10

timesandreportaveragedesultsover the 10 experiments,
andthe medianresultsover all 100,000calls.In all cases,
the standardleviation over the 10 experimentavaswithin

5% of themean Figure8 summarizesurresults:entering



a tamedfunction is about2.2 timesthe costof a simple
functionwith heapallocation,and 1.8 timesthe costof a
wrap invocation.

A secondunction,benchfn, measure§ameoverhead
whenmanagingcontrol o w:

1 static tamed benchfn (int niter, event<> done) {
2 tvars { int i; }

3 for (i =0; i < niter; i++)

4 twait { timer(0, mkevent()); }

5 done.trigger();

6 }

Line 4 of benchfn is performing Tames version of a
threadfork andjoin. A call to mkevent andlater twait
is requiredto launcha potentially blocking network op-
eration,and to hanestits result. Unlike a libasyncver-
sionof benchfn, thetamedversionmustmanagelosures,
animplicit rendezvous, andjumpinginto andout of the
functiononceperiteration.We comparethreeversionsof
benchfn: with animplicit rendezvous, with an explicit
rendezvous, andwith only libasyncfeatures.

We ran all versionswith niter=100 , andrepeatedhe
experimentonethousandimes. The resultsare presented
in Figure9. All experimentsspenda majority of cyclesin
the core selectloop. The benchfn that usesan implicit
rendezvous is only slightly more expensve, perform-
ing within 2% of the native libasynccode. Tames low-
level implementationspecial-casethe implicit rendez-
vous, reducingmemory allocationsand virtual method
calls alongthe critical path.Hence,the benchfn version
that usesan explicit rendezvous runs about6% slower
still. We also experimentedwith replacinglibasyncs na-
tive schedulemwith that of the PTH threadlibrary, asis
requiredwhenrunningTamewith threadsupport.

Basedonthesebenchmarksye canestimatehow Tame
Knot's CPUtime is spent.TameKnot uses81,877cycles
for eachrequest.Assumingthe microbenchmarkesults
hold,andgivenTameKnot's useof 12.6eventsand12 clo-
sureallocationsperrequestyoughly 7.6% of thesecycles
arespenton eventmanagemerand6.8%on closureman-
agementwith the remaindergoing towardssystemcalls
andapplication-leel processing.

Figure9 alsogivessimilar benchmarkgor a versionof
benchfn writtenin purethreadabstractions,

1 static void noop() { pthread_exit(NULL); }
2 void benchfn_thr(int  niter) {

3 for (int i =0; i <niter; i++) {

4 pthread_t t;

5 pthread_create(&t, = NULL, noop, NULL);
6 pthread_join(t, NULL);

7 }

8 1}

andaversionusingTames threadwrappers:

1 static void noop_tame() {}

Function Cycles In Core Outside
benchfn without Tame 5,251 4,906 344
benchfn with twait{} 5331 4,840 491

with PTH coreloop 6,010 5,476 534
benchfn with twait(r); 5,642 4,887 755

with PTH coreloop 6,565 5,678 887
benchfn_thr in PTH 37,540 - -

in NPTL 28,803

in Capriccio 7,892 -
benchfn_tame_thr 64,957 -

Figure 9: Resultsfrom runningthebenchfn codein 1,000experiments,
with niter=100 . Costsshavn arethe averagecyclesperiteration,aver
agedover all experimentsThesecostsarebrokendown into cyclesspent
in the coreeventloop, andtime spentoutside.

void benchfn_tame_thr(int  niter) {
for (int i =0; i < niter; i++)
twait { tfork(wrap(noop_tame)); }

a b wiN

A threadallocationandjoin is ve to seventimesasex-

pensve asan eventallocationandjoin in Tamewhenus-
ing standard_inux librarieslike PTH andNPTL. Tames

threadwrappersaddedadditionaloverheadrelative to na-
tive PTH sincethey requirelocksandconditionvariables.
Capricciois muchfasterandcompetitve with Tame.Tra-

ditionally, threadedprogramsallocatethreadsnot quite
as cavalierly as benchfn_thr ; they might use thread-
poolingtechniqueso accomplisimorethanoneoperation
per thread.However, exampleslike thosein Sections3.2
and 3.3 and thosein real-world Web site programming
(Section7.2) bene t greatlyfrom repeatedhreadcreation
anddestructionTameprimitivesarecertainlyfastenough
to supportthis.

In sum, Tames primitive operationsare mamginally
moreexpensve thanlibasync¢s androughly equivalentto
thoseof a goodthreadpackage The obsened costsare
cheaprelative to realworkloadsin network applications.

9 SUMMARY

Tameconfersmuchof thereadabilityadvantageof threads
while preservingthe exibility of events, and modern
thread packageshave good performance:the clichéd
performance/readabilitgistinction betweenevents and
threadsno longerholds. Programmershouldchoosethe
abstractionthatbestmeetsheirneedsWe amguethatevent
programmingwith Tameis a good t for networked and
distributedsystemsThe Tamesystemhasfound adoption
in real event-basedystemsandthe resultsareencourag-
ing: fewer lines of code,simpli ed memorymanagement,
andsimpli ed codemaintenanceOur hopeis that Tame
cansolwe the software maintenanc@roblemsthat plague
currentevent-basedsystemswhile making events palat-
ableto awider audienceof developers.
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