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ABSTRACT

Tame 15 a new eveni-based system for managing con-
cumency In network applicabons. Code wnllen wath
Tame abstiractions does not suffer from the “stack-
npping” problem associated with other event hbranes.
Likes threaded code, tamed code v=es slandard contmol Ao,
automatically-managed local varables, and modular inter-
Faces between callers and callees. Tame's implementation
consizls of U4+ libraries and a source-to-source iranslator;
no platform-specihe support or compiler modibcations are
required, and Tame induces Little runbme overhead. Expe-
nence with Tame in real-world sy=tems, including a pop-
ular commercial Web sibe, suggests it 1= easy to adopt and
deploy,

1 ImnTRODUCTION

This paper intreduces Tame, a syslem For r.|'|.:|nu.'|_:jngI o
curmrency in nelwork :rp'|:||i|::|Li-::-n5 that combines the Hex-
il'ljlh:,' and p:rfc:u'nmrn:l: ol events with the Progmmme-
hi]i.l:.r al threads. Tame 1= yelb another d-l.':i..g.n pui.nl in a
crowded Space, but cne that has proven successiul in real-
world dupl-::-_'f'mn:nl.".. The =y=lem 15, al heart, an event-beeed
'Fut:-g.mrnmi.n.g. |i|.'lmr_l,' that frees event duwl.-::-ptm from the
anncyance of “stck ripping™ [1]. We have implemented
Tame in C4++ u:i.n.g. libranes and source-to-source transla-
ton, r.rl:lki.n.g. Tame |:||."|:|||.13,':|'|'.-||: withoul cumpi.h:r 1.|'|:|E:ru|:||.'5.

Threads are the more 'p-c:-'|:|1.||:|r =lrabegy for nmnugjng
COMCUCTENCY., bl scme siluabions I;nnl:l Fr\-::-Erumrr.u.'rs.] shill
call for events |7, 13, 24, 28, 34, 39]. Applications with
exohc CONCUCTENCY, such a= rr.||.|.|1j|::|=L. p|.|.|'.-|i:|'|.l'5|.|.|'.-=q:ri|:l|.',
or TUP-hike =tale mun:hi.r.u.'x, miE]ﬂ hind threads insuth-
i:i.-l.'nll:.r tnprl:miw.' [3T]. Certain contexts do not suppoert
thread= or l'll-::-cki.n.g. ||5. | |. (n new |.-.-]u.1.|-::u'r.r|_"., pc:-u'Lul'liJ-
ity can faver evenls, which require only a select call
and rey knowledge of hardware-specific stack or register
configuraticn [L1]. Finally, some eveni-based servers per-
form belter and vse less memory than threaded competi-
tor= [ 18, 24-26].

But a key advantage of events—a single stack—is alsoa
hiakiliby. Bharing one stack Ffor muliple lasks requires stack
nipping. which plagues the development, mantenance, de-
hugging and profiling of event code [1]. The programmer
must manually spht {or “np"™) each function that might
Block [due o network communication or disk 1OV, @ well
as all of 1= ancestors 0 the call siack. Bipping a func-
tion chscures 11s control deow [6] and comphicates memory
managemenl

However, the righl abstroclicns can caplure cvenls ex-
pn:mi\'i.l:.r while minjmi:.-:i.n._e. the headaches of stack rjp-
pi.n.g. [30]. The Tame svsbom infreduces r.uwu:rl'ul ahstroc-
ticnz with impl-l.'ml.'m:ﬂjun lL‘CI‘II‘Ii.l\'.]I.I.IL'H suitable for hjgh-
performance system programmuing. The specilic contribu-
ticsnz ool the Tame sy=lom are:

I. A high-level, type-safe AP] for event-based program-
ming that frees it from the stack-ripping problem but 1=
still backwards compatible with legacy event code.

2. A new l|.'i:|'.|r.|ir.|1.|i: L inl:\-::-rpumh: threads and ewents in
the =ame PRI

3. A mauntainable and immediately deployable imple-
mentabion in O+, wsang only portable Likranes and
souree-to-source branslation.

4. An avlomated memory management scheme for evenis
that does not require garbage collechon.

Chur expenience with Tame has shown the interface sul-
fcient to boald and run real systems. Programmers other
than the suthers rely on Tame in educaticnal assignments,
research project= [36], and even a high-tralbic commercial

Web =ite [ 164].

2 RELATED WOREK

The research syslems muost |:]|.15-:|.'|3.' relaled by Tame are
E"nprjl:i:i.-::- |33| and the waork of .hd:.l:l et al |]|. F:lpri.-:l:i-::-
L% u-:uupn'uli:'.n: l|'||.1:u::|i.n3. r.n:ku.'r_:i: that exports the POSIX
thread interface but looks like events ko the upl:ruli.n.g. BYE-
tem: 11 uses =ophisticated stack management o make one
stack appear as many, saving on cycles and memery. How-
ever, the ['u‘pu‘ii:l:ju sysbem sbrives bo cqu:|| evenls -::-r.||:.r in
berms ul.';.lﬂ:.'-r.lrmn:mr.:' and not n terms of .:'.'.pre'.ui-.'iry; L=
awthors nole that the thread inberface s less lexible than
that of evenlz [37].

.'\d}'u. el al’s sysbem 15 a1 wiy ke combineg evenl-based
and threaded code 1n the =ame address space. The key in-
sight 15 that a program's siyle of stack management (auto-
matic or manual) 1s orthogonal bo s style of bsk manage-
mient [cooperabive or preempbve ) and that most hitecature
on evenls and threads mistakenly claims they anre linked.
As in Adya's system, a Tame program can be expressed
ir a syatax that has readable automatic stack management
(like threads) yet has explicil cooperative sk manage-
ment (like events)l. Tame differs becouse it exlends auto-
matic slack management o all event code, while “hybnd™
event code in Adya's system sbll requires manual siack

management. Dther sysbems ke SEDA [40] use threads



and events 0 concerl o achieve llexible scheduling and
intrmprocess concumency. Jame 15 complementary to such
hybnd systems and can be used as an implementation tech-
nique to simplify thear event code.

Many ciher systems allempl to improve threads' scala-
Fulity and efficiency. NPTL in Linux [9] and 10 comple-
tion ports 0 Windows [22] improwe the perfcomance of
kemel threads; we compare Tame wiath NPTL tn cur eval-
uaticn. Practical user-lewel cooperative threading packages
include Grou FTH, which focuses on portability [12], and
State Threads, which focuses on performance [31].

Existing prectical event hbranes fall inko several cate-
gomes, The mest pomibve, such as libavent [27], fo-
cus exclusively on abstracting the interface 1o 0% events
(e, select vs. poll ws epoll w=. kquews), and don't
simplify the construchion of higher-level events, such as
RPC completions. The event hibranes inbegrated sath GLT
toolkis, such as Mouf, GTE+, and O, support hagher-
level events, but are of course wned [for GUls mther
than general syslems programming. The type-sale s
event library for C4+ 1= the basis of owr werk [21, 417,

The protothreads C-preprocessor Tkrary [11] gones the
tlusicn of threads with only one stack. Proiothreads are
usehul 1n resource-constrained sethngs such as embedded
devices and sensor networks, but lacking siacks or clo-
sures, they must use global vanables to retain state and
therelore are pot sutted 1o building compesable AFPl= The
Tame system shares implemeniation techniques with pro-
1othreads and =imilar O comoubne hbranes [ 10, 111, as well
as the porch program checkpounber [29].

The Tame language semanticz denw from a nch body
of previows work on parallel programming [32]. Like con-
dition wvanables [14], Tame's evants allow signaling and
synchromzation bebtween dilferent parts of a program, but
unlike condition vanables, events do mot require locks (or
threads, for that matter). Many pamllel pogrnmming lan-
guages have constructs similar to Tame’s TWait: Oocam
hazs PAR [17]. and Pascal-FC hee COEEGSIN and COEND [8].

Tame also borrows ideas such as closures and Func-
tion currying from functional languages like Lisp [33] and
Haskell [15]. Previous weork in medeling threads and con-
currency in functional languages, such as Haskell and ML,
has noted a comespondence bebween continuations and
threads. A user-level thread scheduler essenbially chooses
among a4 set of achive conbinuabions; blocking adds the
cument continuation to this sel and invokes the scheduler.
Far instance, Clagssen vses monads tn Haskell o imple-
ment threscding [5]. Li and Fdancewic extend Claessen’s
technicue b combine threads and events [20]. Concurrent
ML (CML) vses conbinuations to build a ==t of concur-
rency poimitives much like those of Tame [30]. Tame and
CML hove similar avents, Tome's rendezvous shares
some properties with CML's choose operator, and Tame's
TWAlT 15 analogous o CMLUs syne. There are differ-

A Thresdk

wold walc_then_princ_thread=sg) |
s1leepi LA ; S hlovks this funcoien und all callers
princt ("Ooma! ™3 ;

¥

£ Tame primiilves

tanad wait_than_print_tasail |
vars [ randszvousce ;]
awenc= @ = mkavanciry;
Timar (1§, aj;
twaic (1] ;

S allocaie eventon T
£ e @ oo be mggened afier 10 e
¢/ block unill an event on © is riggered
£ anly hleeks ihis functkan, ol iz callss!
princfi"Danal ™} ;
¥

£ Thme syTeacile sugar

tanad wailt_than_print_sinple_camad)
aic { timar(ld, wkevantill; 1
princt("Oomal =] ;

¥

Flgure 1: Three unctions thit prire Doma ! afer wen seconds. The st
version uses threads: e second Tame version is essertdally as rendahle

ences 0 performance and function. CML evants are of-
[L'El.i."ﬂ.'l:.l' contimuations and proserve the 1.'|:||.1i.=.l:||i:nl of an
entire call stack, while Tame avents preseree on |3.' the top-
level function's clesure, and CML has no direct n:r_'||.|.i1.'u||:r.|1
for Tame's |.1x|.'|.=5|.|.'|:rp|j|.'d event [Ds—instead the CML user
musl rn:l.nipu]uh: avantT -::-|'.-ji:|:1: di.l.'L‘Cl.I:.l'. Tame's construcks
have =imilar power but are |.'|'|]|:i|:r.|l|3,l jmph:rnunlul'l]l.' in
comventicnal syslems 'Fu't:-g.r.l.rnmi.n.g. ]u.ngun._e.-ux like C++.

3 TAmE SEMANTICS

Tame makes easy concurrency problems easy o express in
events [as they were easy bo express o threads). Figure |
shows three 1mplementations of a tovial function; the sec-
ond Tame version 15 indeed close io the threaded version
in code length and readabality. The rest of this section de-
scribes the Tame pomitives and syntachic sugar. We alzo
show throwgh examples how the full power of Tame stm-
plifie= the exprossion of e concurrency problems, and
how Tame allows users o develop composable =oluticns
for concurrency problems tharder 1o express correctly in

threads .
A1 Owerview

Tame inbeduces four related absiractions for handling
cONCWITency: everls, winld powmls, readesvors, and sale fo-
cerd wortables. They ore expressed as sofbware hbmnes
whenever possible, and as language extensions (via
gource-to-source ranslation] when mot.

Firzi, each event object represents a future occurrence,
such @s the complebon of a network read. When the
expected occurrence achually happens—ifor instance, a
packet arnves—the pmgrammer frggevr the event by call-
ing its Trigger method.

The mkevent functon allocates an event of bype
avent<] =, where T 1= a sequence of #ero or more bypes.



This event's Trigger method has the signature woid
1rigger(T). Calling trigger{v) marks the cvent as
having oceurred, and posses rero or mone resulls v, which
are called trigger vwalwes, 1o whomever 15 expecting the
event. For example:

randazvous<ss r; int 1 = &;
gvenc<int> @ = mkewencir, 13;
a.trigperClong ;

ASSENC (1 == L66E];

J mesertkn will succeed
When triggered, 2's inT tngger value s stored in i, whese
type is echoed 1o a's 1ype.

The wait point language exbension, writlen Twait,
blocks the calling functicn unbil one or more events are
triggered. Blocking couses a function to return Lo its caller,
but the funcbion dees not |:\-::-r|.1|.-.-]|.'1|:: iz execulion 'p-::-inL
and local vanables are preserved in memory. When an ex-
pected event oceurs, the funchon *unblocks™ and resumes
proceszing ab the walk point. By that bme, of course, the
functicn’s cnginal caller may have returmed. Any function
containing a1 waik point 1s marked with the Tamed keveord,
which informs the caller that the function can block.

The first, and more commen, form of wal point s wni-
len “Twalt { shodementy, 3 This execubes the stafements,
then blecks untl all events created by nkavent calls in the
stiderments hove tnggered. For example, code like “mwait
{ timer {18, mkeverm(1}; 1} should be read as “exe-
cute *timer{18, mkeventi))'. then block until the cre-
ated event has inggered"—or, since Timer tniggers iis
event argument after the given number of seconds has
passed, simply s “hlock for 10 seconds”. ™Twait{} can
implement many forms of evenl-dnven control Aow, 1n-
cluding serial and parallel RPCs.

The second, more Hexible form of st pomnt ex-
plicitly names o rendezvous object, which specifies the
salb of |.':l:p|:\-:l|.'|:| cvenls relevant to the wal 'p-c:-inl. Ew-
ory SVent ul'l_:||.'|:l asscciates with one Mendezvous. A
wail point Twalt(r) wnblocks when amy eme of rendez-
vous 1's events occurs. Unblocking consimes the event
and restarts the blocked Function. The first form of wat
pent 15 actually syntactic sugar Tor the second: code Like
“twalt { sfatemenis; }" expands inlo something like

{ rendexvous<> __r;

whntervents; 0 where mkevent calls creale events on __r
while C[notall __r evenls have completed)
twait{__r]; 1

The Twait() fomm can als  retum  information
about which event cocurred. A rendezvous of bpe
rendezvous<l> accepls events with event s of typeis)
1. Event D= 1dentify eveni= in the same woy thread [Ds
idenbfy threads, except that event 1Ds have arkbitrary,
progrummer-chosen bypes and walues, A mwaitir, )

slalement then sets ¢ 1o the [2(s) of the unblocking event.

Althbough wait points are analogous bo blocking a thread
until a condition vanable 15 notihed, blocking in Tame has
a different meaning than in threads, A blocked threaded
funchion’s caller only resumes when the cllee exphcitly
retuitis. [n Tame, by contrast, a tamed functicn's caller
resumes when the called Funchion either reterrns or blocks.
T allow its caller to distinguish retuming from Blocking, a
tamed funchion will olten accept an event argument, which
it trggers when it returns, This tngeer signals the func-
ticn's completion. Here 1= a function that blecks, then re-
turns an anbeger, 0 threads and in Tame:

inc blockf) {
. hlock ...
return 2660 ;
¥ ¥

tamed blockf (event<cint= donel |
. blaock ...

domne. trigoer (2660 ;

1 = hlockfid; twadt { blockiimkewentiili; |

In Tame, the caller vses ™WAitT o st for Blocks 1o re-
turn, and so must become tamed isell. Wiiting for evenis
thus irickles wp the call stack wnbil a caller doesn’t care
whether i callee returns or blocks. This proparty 1= relabed
ke slack ri.ppinE, Fut much xi.m'p|L'.r, since Functions do not
split inlo preces. Threaded code avoids any such change
al the cowt of '|'.-||.1|:kinE the entire eall stack whenever a
function hlecks. Sjnglt-l-un:li.-::-n l'llu:l::jng Ei\'vl.': Tame il=
cvenk ﬂu'l.'-::-n. ncreasss 11 |.-|1.':I|.i.|'.-i|jl_'|-'.. and reduces its owver-
hiead I_-::-n]}' the relevant parls of the call stack are :m-L'\d].
We retum 1o this L-::-pic 1n the next section.

When an event @ 1s Lriggl:rtd,']'nrnl: CuIeLEs a J'n:g_q-.-:'r R
r['.fl:run:a.rr for 8= event 113 an a's rendesvous 1. This step
also unblocks any furchion blocked on 'I'.HE:-I.'I'_I':.'[']. Con-
1.'-|.'r5q:|:.r.. twWalt (1) checks [or any n'.'||.|.-|.'um:| lrjggl.'r notifica-
tien=on . If cne u:l:jxls. it 1= |:||.1'.'||.|.-|.'|.1|.'d and returned. (ther-
wj:ﬂ.‘, the function blocks at that want p-::-inL' it wll unblock
and recheck the rendezvous once someone Inggers a cor-
responding event. The top-level event loop eycles through
unblecked functions, |::|||an them in round-robin oeder
whin |.1n|.'l|.-::-cki.r.|3. on hle -ﬂt:n’i.pl.-::-r 1A and frst-come-
Arst-served crder otherwise. More 5-::-'|:||.1j5-:lii:ulr\d quru.inE
and scheduling techniques [40] are possihle.

Ml.l.hjpl-l.' functicns canncd :jml.l.|1:|r.u.'|.1|.1x|._'|r bleck on the
same rendezvous. In r.ml:li.-:l:. this restricticn 1=n’1 :i.g.nil]-
canl zince mest rendesvous are local o a single funchion.
A Tame program thal needs two funchons o wait on the
same condibicn uses two separate events, tnggering both
when the condibon occurs, Tame-based read locks (sce
Section 7.5) are an example of such a pattem.

Finally, safe local variahles, o language extension, are
variables whess values are preserved across wailt points.
The programmer madks local vanables as safe by enclos-
ing them ina tvars {1 block, which preserves their values
in a heap-allocated closure., (Functicn parameters are al-
wiys safe. ) Unsale lecal sanables have indeterminate val-
ves after a wait poant. The C++ compiler’s uninbzhzzed-



Clnsyes

@VENLTe

# A buslc svem.

@VanLal s

# An oen with o single angger valse ol
type T. This value 15 set wien ihe event
acrurs; an esample might be a charncier
resdd from a Nle descripeor. Events mmy
A= hme muhiple mgger values of cypes
Ti... T

randesvous-cls

¢ Represeos s of ousmmding evenis
with evert 105 ol ope §. Callers name 2

Eeywordy & Lunguge Exlensony

wealtir,f;
# A owalt point Blck an esplich rendez-

vous «, and optomlly =i de evem D«
when rontmal resumes.

ranad

# et ype lor luncilons ihs use teait
tvars | ... ]

# Mmks mie local varibies.

walt | staramencs; }

# Walt point synmetic sugas hlock on an
Implicit rendervous unill all evenrs oe-
ared In stedsmests have criggered

Funcllom & Melhods

mEaventiir i x];

¢ Allooue a new eveml with evenr 10 4
When miggersd, it will ke erdenous
r ol soone rgger vahe o skoi s

mkavencis3;

# Allomie a pew =em [or an implich
ckalt{} rencezvous Wien triggered.
siore igger value in slot s

s Trigoarisd;

# Trigger event «, wiih igger valee «.
cimarire, ) ; waic_on_1d |;_|'u',.-u-..-:| 4

# Primitive svent imierface for dmeouis and

renderyous when they hioack. and unhlock
an ihe trigaering of any mesocinisd everd

Nl descripior everts, respecively

Flgure 2: Tamre primiches for svent programming in O,

"JTI.I'i.Hl"]L' 'A'i].TﬂiﬂE."- |.I.']|. = rJ.i].l1'll.' [ rEImmer "«‘-l'l'll.'ﬂ = II.'II.'H]

‘JTI.I'i.i]l"]L' SI'I:ILI.Id l'llL ﬂ'LﬂdL' Sil.ri:.

Type signatares

ger values, and rendezvous reflect the iypes of their event

Events reflect the types of ther ing-

[Ds. The compiler caiches bype mismaiches and reporis
them as ermors. ('-::-r.r:n:h:l_'r, rendazviols s a convenbional
C+ I.-|.'m|:||.ul|.' Lype., defined 10 a li]:-:'ur_'.r. All events awscci-
ated with a rendesvous of Lype randazvous<I= must have
event 1D of bype I. The nhavent function has bype:

averc<T1.T2,.. . wkevant (randezwous<I= r, oconst T &0,
Tl &=1, T2 &s2. ...3:

The arguments arc a rendezvous, an event 11D 1, and =lot
reference= 51, 52, - .. thal will store tngger values when
the event 15 later tnggered. C4++"s templale mochinery de-
duces the appropoate event 110 and slot bypels) from the
arguments, s Bkevent can wnambiguously accommodate
cpional event 1De and arbitrary tngger slot types. The
event: :trigger method has tyvpe:

vodd awenc<T1.T2,.. .= :triggsriconsc Tl &1,
consc T2 &w2, ...3;

When called, this method :msiEns the lriEgL'.r values w1,
'U'E, oo o the slol= gjw.'n al allocation 1jrr.|n|.', then un-
hlocks the cun’t:pundi.ng. rendeavous. Wil 'p-::-inlx have
iype twalt{rendezvous<I=> 1, I &1); when the wat
peant unblocks, i holds the 1D ol the unblocking event.

Primitive events
terfoce by low-level operating svstem eveniz: Timer(),
walt_on_$d0), and wait_on_signal(). Each function
fakes an evenT<> & and one or more extm pammeters.
Timer (fe, ) tnggers e afler fo seconds have elapsed;
walt_on_fd0, me, e) Iriggers & once the ble descnplor
i beoomes readable or wnimble (depending on rw); and

Three hibrary funchions provide an -

wait_on_signal(sig,e]) triggers & when sigml sig s re-
cetved. The base event loop that understands these func-
ticonz 1= implemented in terms of select() or platform-
specthe aliernabives such as Linux's epoll oo FreeBS0
kqueus [19].

Like all progruoms based on evenis or cooperative
threads, 2 tamed program will bleck entirely 1f any porticn
of it calls a blocking system call {such as open) or takes
a4 page Fault. Tame inheriis |'r'f:-.:r.'.:|mr'x n-::-n-l‘.-|-::-t:kinE suh-
stilutes for l'lluckjng callz in the skmndard |i|.'lmr_l,' l:sui:h =
open and gathosthyname). For tamed programs 1o per-
form well in concurrent :l.'1li.r.|3.5. l|'||.':,I should vse un]}' non-
blecking calls and should not induce swapping.

l"igun: 2 summanee= Tame"s primhjw.' somantics.

321 Control Flow Examples

Common network How patterns like sequential calls, par-
allel calls, and windemeed calls [37] are difficult 10 expres=
in standard event libraries but much simplibed waith Tame.
As g munning example, consider a funchion thatl resolves
addresses for a set of DMNS bost names. An tmitial design
might use the normal blocking resalver:

1 wold multidns(dnsnars nam([], ipadde afl, inoc nd |
2 for {int 1 = @; 1 < n,; 1++)

k| a[i] = pethostbymians(nana[1]];

4 ]

O course, this Funchion wall Block all other compuktion
until all lookups complete. An efhcient server would allow
other progress dunng the lookup process. The eveni-based
solvtion would use a morblocting resolver, with a signa-
ture such as:

tanad gachosc_gy (dnsname nane, ovenc<dpaddrs @ ;

This resolwer uses nonblecking A when contacting local
andfor remeste DNS secvers. (Altermately, Tame’s threading
support makes 1t gasy 1o adapt a blecking resolwer for non-
blecking use; see Sechion 4.) Since gethost_ev's caller



wodd soleidne_fasky(dreness e [], 1padde &[], 1At n,
mvantss dorm] |
af {a > W)
£ hen loeckoy succasds, gethozt_sv will call
£ "helperinasis, s, 1, doos, EESILT]T
pathoat_wvirase[8], wraplhelper, dess, a, 6, dowl];
1 mlzw ff dove, alark celler
Sorm . Eripgaci;
1
wodd helper{dizrinse “vase, ipsddc *s, 36t o,
avent<s donm, ipaddr rwsulb) §
Ea = pamult;
multidio_nazty{rase+], w-l, n6-1, dorm);
1

Flgure 3: Saack-fpped fibaswes code [or koking up n DS names with-
ot hiacking. A simple for loop hss expaoded inm oo Inemciing fone-
tions, ohsourng conral Dow: all callers must Heeyise split.

can regin conirol before the lookup completes, the lookup
resull 15 metumed via a Lrjggl.'r value: once the address
2 is kreown, the resolver calls e trigger(al. The ing-
ger simulianeously exporis the result and unblocks ampone
wathing for it. Here's how to look up a single name with

gethost_swv:

tvars { ipaddr a; |}
cwaic [ gechosc_avinasa, mkavenciail; ]
princ_addriad;

Without Tame, adapting iul tidns o wse gathost_ev
15 40 CXErCLEE 1N ILHEL'.‘-I.'J.F!Fli.r.lE. frustration; for the gory de-
1:|i|:, SEC ]"iEu:n.' 3 'J'u.rnl:, ]1-::-1.-.n:'-'\-1:|:. makes 11 5im|:l|.-|.':

1 tamed sulcidns_rane{dnsnama nama[] . ipaddr a[].
int m, @wenc<e donal) |
tvars { int i; }
far (1 = 8; 1 < n; 1++]
twait [ pethosc_swinare[1], mkevent{alill); }
dome. trigger(l;

[T ET I ]

¥

milridns_tame |::|.'|:|:|5 all argumenls and the local van-
able 1 1n a closure. Whenever gEﬂ:I.I:IE'L_E'I." lewckes up @
name, it nggers the event allocated on line 4. This siores
the address in E[i] and unblocks I.I11.1].'I:id1'|5_'l'_EII.E, al-
ter which the ||.1|.1|.-.- comlinues. rJ'|'||.1|.1.g.|'.| the code somewhat
resemble= threaded :-::-di:. the semantics are shll event-
drven: nalrti ﬂI15_'I'.E:I'I.E can relurn control to ts caller be-
Foure i.l-\'_'umpl-ull.':- Thus, 11 siEnnL". -\'_'umph.'li-::-n via an evenl,
n:lrr.u.'l_'r dome. ."'|.r.|_'|-' callers that |:||:|:-|.'n|:| on cumplcliun musk
use Tame primibves b block on this event, and thus be-
come Tanad themselves. The tamed retum bype then bub-
bles up the call simck, providing the wluable annotation
that miltidns_tame and itz callers may suspend compu-
tabion before completicn.

miltidns_tane allows= a =erver o use the TP more
effectively than nul tidns, since other server computation
can take place as mmltidns_tane compleles. However,
miltidns_tame's leokups sbll happen in senies: lockup
dewes not begin until lockup i — 1 has completed. The obswi-
oz labency improvement 15 10 perform lookups in parllel.

The tamed code barely changes:

1 tawed multidns_parddnsnarme nasa[]. ipaddr a[],
int n, ewant-—= donal [

2 twait {

3 for (int 4 = B; 1 < ==; i++)

4q pethost_avinasa[i]. mkewvent(a[1]37;
5 1

] doma. triggacl ;

T

The only difference between the senal and parallel wer-
stonz 1= the crdering of the for and twalt stalemenis (and
that 1 doesn’t need to be in the closure). Since both wer-
Hil::ll'l."- I'Ii].".'l.' |J'|C =AM IJ.EI'IHJIJI.'\C. |J1C 'Fﬂ"::ls.l'nll'l.'lml.'l.' [ [ ] Ewil.l:]'l
implemeniation sirategies without changing caller code.
WLL.I'I ﬂ.'ll.'\Cn.I.dE., I'.l::l\'l-'\l."!'\l.'l.'., ﬂ.'ll.' H.I.'IEIJ \'L'J'!liil::lﬂ CI.'II.1|.I'j WRD Onc
|J'.|I'I.'ﬂd | Ea] dl!:l ﬂl.l II.'II.'IkIJF'!'i.| '“-]'II]L 1l'll.' P.TII.TI”L'I \n:rxi.-::-n '“-'\l::lLl.Id
LSS A% ﬂ'lﬂl'l_'f' 11'|I.'\C-.I.I:|I A5 I(Jl::l\kll'FEL rJli]ﬂ'll.' PI.'I.'SCI."«'L'."- I.'"«'I.'I1'|l1
Hexibaliby while providing much of threads" readabiliy.

A generalization of senal and parallel contnal Aow 1=
ll'l.ﬂﬁ.‘ll'.l“'t':ll or IH}.:EIIIHI.'ﬂr |:\-c:-r.|l.'n::-| |.-|-::-w, il.'l 'A'I']ICI'I [ \'_'H.I]H oire
made 1n total, and ab most w =k of them are outsianding
al any tmie. For serial How, we 1: foor Flu.l.T.I“I.'I., w=r. Iln-
li.'rrl'lL'diﬂl.C 'dTIIIICH -::-r W CIJI'I']I‘.IiI'IC ﬂ.'ll.' ﬂ'ﬁﬂﬂlﬂh‘l.'."- I.'Il.- H.'l.'iﬂl
and paralle]l execution, allowing some overlapping with-
out hlasting the server. With Tame, even windowed coniral

Hewe 15 readable, although the simphifed Twait{} siate-

ment no longer suffices:

1 cawed multidns_winddns=nara nasa[]. ipaddr a[],
int n, ewant-—= donal [

F wars [ inc senc@) . recw{d); rendezvous-o—e r; }
3 whila [Tecw < n)

4q if (=enc < n &% sont - racy o WINDOWSIZE)] [
3 gathost_avinama [senc], mbevantir,afsent]l]),;
[ SENT++;

7 1 else {

B Taicicd;

| IaiCw+t;

L& ]

11 doria . triggeci) ;

12 ]

The loop runs until all recuests have recerved mesponses
II'eCy == I On exch iLL':ruli.-::-n. the lunchon =ends a
new tequest (lhines 5-6) whenever o request remains
(zent < n)and the window has mom (sent - recv <
WINDOWSIZE). Othervase, the unchon harve=ls an oot-
xlundi.n.g. requiesl (line= 8-191. ."'Lgujn, the :jgnulun: 1= un-
|:]1nr.|3.-|.'|:|, and the i.m'p||:r.r|.n:r.||:|li-::-n 15 short and clear. We
hawve noi r.n:vi-::-us]}' seen eflicien! windowed control Howe
expressed this simply.

3.3 Typing and Composabiity

Tame™= Oret-clazs event: and rendervous, and 1= distine-
ticn bebaeen event 1Ds and ngger values, improve 1= lex-
thility, compasabiliby, and safety.

Firzi, Tame preserves sale static typing wathout compro-
mizing Hexibiliby by distingwishing event [Ds from ng-
ger values, Event 1Ds are ke nume=. They idenbfy events,
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and are known when the event 15 registered; all events on
the same rendervous must have the =ame event 10 bype.
Trigger values, on the other hand, are hke resulis: they are
nexl known until the event actually tniggers. Examples in-
clude chamcters read from a Gle descniplor, BPC neplies,
and so footh. Event [Ds and trigger salues are relabed, of
course; when a TWALT statemenl retums event 10D &) the
programmer knows that event @ bas nggered, and thens-
foore 115 associated nigger values have boen sot. In contrast,
severil other systems relurn ingger walues as part of an
event object; the TWHAIT equivalent retums the object, and
exlrachng its valuwes requires a dynamic cast. The Tame de-
=ign avolids ermor-prone casts while stll letting a single ren-
dervous handle events with entirely different inigger value
Iypaos.

To demonstrate Tame™s composabality, we'll add tome-
culs 1o the following eveni-based DNS lookup:

cvars [ ipaddr a; }
cwaic [ gechosc_avinama, mkavenciall; ]

Wi want 1o cancel a lookup and report an ecror i 4 name
Fails b rezolve in len second=. The basic implementation
siralegy 1= to waill on feo events, the lookup and a ten-
second bmer, and check which event happens first.

cvars [ ipaddr a; rendezvous-beol= 1)
timer(l8, nkevent(r, fal=s=));
pathost_swvinams, mkevanti(r, true, ajl;
cwaicir, okl;

if (lok) printfi{"Timsout™);
r.oancelil;

besnl oks 1

The event [1) false represenis bmeouls, while True rep-
resenls succossful lockup, The WAl statement scts ok to
the 1D of the event that triggers first', =0 ok is false if and
cnly if the leokup tmed cutl. The r. cancel (3 call cleans
up stabe associated wath the event that did not tngger. Fig-
ure 4 diagrams the relevant objects.

This code 15 verboese and hard 1o follow, Supporting
timeouts on every lookup, or on other types of event,
wionld requine adding rendezvous and Tiner calls across
ithe program and abandomng the TWait{} syniachic sugar.

"Imciher libmnes we have exomined, such as CPML. e teaic func-
tion would refurn an opeque. sysiem-chosen [0 dhe the programimer
wiuld ompae with remrn values from ekevant. Thoogh this works,
event 105 me lar mane comvenient. paniowarly when many svenis ane
cursimding.

I eamplaks <typanarm Ts tamad

A ddmeour (evant<T> da_baze, svant<bool, Ts 2
tvacrz | rmidezvous<bocls #; T resulk; bool rok; §
eiamre (TINECUT , nlewwant(r, falzal];
w_hszm = shwvant(r, brus, cazult];
twait (e, rokl;
u. teigpar{rok, razult];
c.caicel [];

1

0 eamplabs <typanarm Ts avenksT> 2] e {swvanechosl, Tx a)] |
18 wrart<Ts a_hazm;

Lo - DR

11 _add_Eigscut(s_baza, a];
i caturn a_baza;
13 ]

timmc
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Tame can do better. lis programmers can wnte an adapber
that can add a cancellabon timecut 10 ey event. The
adapter relies on C++'s lemplate support and on Tame"s
frstclazs evenl=, and resembles adapters from higher-
level thread packages such as CML. Many other event Ii-
branes could not express this kind of composable abstroc-
ticm, which was a main mobvator for Tame's design. The
adapter simplifes the lookup code to:

tvars [ dpaddr a; bool ok }
twaic [ gachost_oviname, add timeoutipkevencick, aill; }
if (lok) printf("Timecut™);

The caller gonerales an ovent with fwe L'ri..g,g.-l.'r slevis, one
for the base lriggu:r value and cne for a boolean that in-
dicates success or falure. Either a successhul leokup or a
timecut will ngger the evenl. Success will set the boolean
tngger wmlue 1o true, bmeout will et it o False, Thus, after
waiting [or the ewent, callers can examine the boolean bo
check for timeout. This patterm works wath Twait{} siabe-
mients as well as exphicil rendezvous.

Unfeatunately, the gethost_gv function nequires an
event that mkes a swirgle tngger value, namely the [P ad-
dress, [t will not supply an extra mgger value vnless we
change 1= signature and implementabon, which weuld
make 1l specifiic o our tmeout sdapter—something we'd
like 16 avowd. But Tame’s abstrachons lot us teoesgpar
ently imlerpore between gethost_ev and its “caller”™. The
adapter will set the extra trigger value.

Figure 5 shoaws the code and a disgram of the object re-
latisnships. The real work takes place in __add_timecout,
which creales e svenilz: @_base, which 1= returmed
(and eventually possed 1o gethost_ev), and an intemal
event passed o the timer Funcbon on line 6. The 1w



created events associabe with the rendezvous 1 local o
——add_timeour. This i= the interposibon. When the time-
cul nggers, or when e_base tnggers (due 1o a successtul
DMNE lookup), __add_timeout will unblock, sct the ok
slot appropriately, and then ngger & Only this last skep
unhlocks the caller. The caller nbserves that ok and a have
been sel, but 1= oblivious o __add_timeout’s interces-
=10m; it 15 as iF gethost_ev sct ok atself.

[t would ke trivial 10 add other bypes of “bmecut”, such
as signal recerpl, o add_timeout; s signature would oot
change, and neither would = callers. Simularly, one-ling
changes could globally track how many evenis time out.
We've added significant addibonal concumency semantics
wilh only local changes: the defimtion of composakality.

34 Fulure Work

Tamed processes do not currently run on more than one
corg or CPLL The preduction Tame-tased applications we
know of consist of muliple concurment processes cooper-
ating ko achieve an application goal, OkCupd com, for in-
slance, uses oxclusively mulboore and SMP machines. Iis
Web [ront-ends run oo Feweer than Gfty site-specific Tame-
Fased processes, all of which simultanecusly answer Web
requesls. When trafhc 15 ligh, all CPUs (oo comes) are an
sz, Mevertheless, few changes to Tame would be required
foor true simultaneous threading supporl. Tame already sup-
orts event-based locks o product data stroctures from un-
wanted inbermactions [Section 75) As in arme-mp [41],
multiple kemel threads could draw from a shared pool of
ready tasks, as restiricbed by Tame’s current alomicity as-
sumpticn: at most one thread of conbol can ke active 10
any given closure al a time. Locks enforced by the kemael,
ar amy equivalent technicue, could ensure this imanant.

Tame does net currently interact well with C++ excep-
tions: an exception rused o a Tamed funchion might ke
caught by the event loop.

Some of Tame's limitations are net implementation-
dependent but mther consequences of 15 approach and se-
manbics. As mentioned in Section 3, changing a function
from a regular C++ function o a wmed funchion tmvolves
signalure changes all the way vp the call stack. Some de-
velopers might object o this himitabon, especially those
wheo export Libraries wiath fixed interfaces.

4 THREADS

Tame can intercperate with threads when a thread pack-
age 15 avallable, =uggestung that the Tame abstrachons
(wait points, everts and rendezvous) apply o both pro-
gramming models. With thread support, Tame simphibies
the transiticn between threaded and event-siyle progam-
ming. for imstance allowing event-tased applicabions o use
threaded software 10 the O library (2.2 gethosthynamea)
and database client hbranes (e.g. 1ibmysglelisnt [23]).
We have only expenimenied with coopertive user-level

threading packages, though kernel-leve] threads that sup-
port SMPs are also compatible with our approach.

The key semantic difference between threaded and
event-based operation 15 how funchions return. [n event-
hazed Tame, funchions can either returm a useful valoe via
a 'eTurn sktement or block via ™wait, but oot both.
Throaded [unctons car both block and retum a value,
since the caller regains control only when the compuiation
15 done.

With thresd support, Tame exposes both ewent and
thread return semantics In Tame, a threaded Munction 1=
one that calls TWait but doe= not have a tamed return brpe.
When such a funchon encounlers Twalt{r]l, it checks for
guened tiggers in T as wsual: of none are present, it asks
for a wakeup nobfication when a tngger armves in T, and
then welds 1o another thread. During the yield, the thread-
ing package preserves the funchion's enbire call stack (in-
cluding all of iz callers], while running other, more ready
computations. When the trigger arrives, the blocked throad
awakes al the TWait call and can retum to s caller.

A nvaal example vsing threads in Tame is a reample-
mentation of the 5leep call:

1 int myslespfint d1

2 twaic [ timerdd, whevant{ll; 1
k] ceturn d;

1 1

As vsual, the call to Timer registers an event that will be
tnggered alter a d second delay. The funchion then clls
TWAlT on an imphoit rendezvous al line 2, selding 1=
thread. After d seconds have elapsed, the main thread ng-
gers the avent allocated on hine 2, waking up nyslesp
and advancing control to the TeTurn statement on hine 3.
Since nysleap s threaded (e, does not have a Taned
return value), it returns an actual value o its caller.

Blocking the curment thresd uses Tame's existing Twalt
synlax, but starting a new thread requires a new Tfork
function:"

tfork(rendazvous<I> r, I 1, threadfumc<i= f, ¥ &v);

The semantics are:
. Allecate 8 = nkeventir, 1.
2. Pork a new thread. [nthe new thread context:

(a1 Call £ and =iore its retum value 10 v.

(b} Trgeer eveni &.

() Exit the thread.
When the function £ completes, the rendezivous 1 re-
ceivies a ingger wilh event 110 i This unibes the usually
sepanaie concepts of event “blocking” and joining on a

‘threadfunc-f 1= an event whos trigeer methed visks o e
wrn value of iype B Given e luncion inc £03. we can oeae a
threadfuncointe rom e funcion poiner o £ From te funcoon int
grinc aj. we oun ceemie o threadfuncance by weeppice @ wiih an
Integer wgumen, & in luncilon curying [15]



thread. Code like the fallowing vses THork and twaic{l
syntactic sugar to call 2 blecking Tbrary function from an
event-based conlexi:

camd gethost_ewi{consc char ®nama,
QWEnC=STruct bostant "= &) {
var= | stiucc hoscant *h; |
twalt [ tforkisrapigerhostbomarma, nawa)l. hl); ]
@.criggacihl ;

This starts gethostbyname (nanal in a new thread, then
blocks in the wsual event-dnven way until that thread exiis.
Al that point, the caller 15 notified via an evenl tngger of
the sTruct hostent result.

5 MeEmory MANAGEMENT

Tame hides mest detmls of evenl memory management
from programmers, proteching them at all cosks From wald
winbes and catching most memory leak=. For the large ma-
Jonty of Tame code that uses the TWwAIT{} emvircnment,
comect program syntax guarnices cormect leakless mem-
ory management. For more advanced programs that use
exphicil rendezvous, Tame uses reference counting to en-
force key tmvanants ot munbime. The invarianks are:

Il A funchion™s closure lives at least wntil comiral exiis the

function for the last me.

12 Some of an event's mmgger =lots may ke sale local
variables, and tnggering 11 assigns valoes o these van-
ables. Thus, a function’s closure must live as least wntil
evants crealed 10 the Funchion have nggersd.

I3 Eveants associaied with o Tendezvons r must tngger
exacily once before r 15 deallocated. The programmer
must uphold 13 by cormectly managing rendezvous
lifebme and ngegering cach avent cxactly once.

M closure should ke deallocated as soon @ so doing does
not wiclate [1 or 12

O these invanants, I3 depends the most on program cor-
rectness. Some cases are casy 1o handle. Tame 1gnores at-
lfempls ko ingger an event multiple bmes (or aborts, de-
pencding on runtime options), and forgetting o ngger an
event 10 a TWalT{} emarcoment will cause a program
hang and 15 thus sy observable, The difficult case in-
walves managing the Lifebimes of explicit rendezvous.
Consider the funchion braoken:

1 tamed brokan(dnsnans nng |

z cvars { rendazwousss r;  ipaddr ras; ]
E gathosc_awinm, okavancir, Iesil;

4 S Whoops: forgor 1o twaltir)!

5 ¥

The evant created on line 3 uses the tngeger slol Tas, a
safe vanable in broken’s closure. The function then exits
wilhout wanting for I or examining res. This s a bug—an
event leak in vinlation of [3, I Tame deallocated broken's
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closure eagerly, rght afier it exited, then the event’s even-
tual tngger would write its value into the deallocated mem-
ory where the closure used 1o e,

Tame's answer 1= a carclul reference<ounting scheme;
iz muntime keeps rack of eveniz and closures with C++
“amart pointer’” classes. For example, avent<> ohjecis are
actually smart pointers; the 8vent is stored elsewhere, ina
privabe object only accessible by Tame code. IF necessary,
Tame keeps the event arvund even afler the user frees it
There can be circular references among these three iypes
of ohjects—lor example, a closure contains 2 local ewent,
which names a different closure-local vanable as a ngger
slod. Tame uses two different types of reference counts o
break the circularity: strong references, which are conven-
ticnal reference counts, and weak references, which allower
access Lo the object only if it hasn®t been deallocated.

In cutling, Tame keeps the following refensnce counts:

Rl |:nl.-|.'ring a tamed functicn For the first time adds a
strong reference o the cormesponding clesure, which 1=
removed only when the Funchion exiis for the last ime.
This preserves 11,

R2 Each event created imside a closure holds a strong nel-
erence to that closure, presecving 12, The meference 1=
dropped once the avent 1= mggensd.

R3 A rendezvous and its amcciated evants keep weak
relerences to each other. The references 2 randezvous
keepes 1o its events alleaw 1l to cancel events that did
not ngger belfore the rendezvons’s deallocation . Can-
celing an event clears iis B2 roference; any fulure trig-
ger altempt on the evant wall be wgnored, preserving
13 The weak references the other way enable an avent
ter updaie its Peandezvous upon a tngger

Figure fa shows these references in the broken function
following Line 3's event allocation, The mest imporiant
problem intmduced by this reference counbing scheme 1=
due tx B2 an untnggered evant can cause a closure leak.



Such a leak can be caught by checking the associated ren-
dervous upon dellocation for uninggersd cvents. A ren-
dervous” deallocabion 15 up 10 the progrmmmer, bt there 15
an importiant and common ease 0 which Tame can inter-
vene. If a rendezvous was declared as a lecal vanable 10
some closure, and that closure has exibed for the last bme,
then o future code will call twait on the rendezvous,
even if the closwre carnal ke deallocaled vet bocouse of
some sty relerence. Thus, Tame amends the neference
counting protocol as follows:

R4 Exitng a tamed lunction for the last tme cancels any
rendezvous dircctly allocated in thatl funchon’s clo-
sure. Canceling a rendezvous cancels all events as-
soaciated with it Actual deallocation occurs only when
the closure is deallocated, which might be some time
laber.

Figure b shows how Tame"s relference counting proto-
col solwes broken’s leak. Coniral exiis the function tmme-
diately, Forcing I's cancellaticon by B4, Upon cancellaticon,
U chacks that all of its events have nggensd. [n this case,
the event allocated on line 3 has not inggered, but Tame
cancels it, clearing its B3, which releases the closure, and
in turn, releases T2 Any eventual ngger of the evant s
iznored.

0 IMPLEMENTATION IDETAILS

Tame 15 implemented as a C++ preprocessor (or soumce-
tn-zcurce tranzlator). The dithcully of parsing O+ 1= well
known [2]. Tame avoids as much C4++ parsing as possi-
bl at the cost of =everal semantic warts, which could he
avoided wath fuller compuler integrabion.

6.1 Closures

Each tamed function has one closure with a fal names-
ace, resiriching C/04++"s scoping. Internally, the Tame
translator wribes a pew U4+ structure for each tamed fune-
tion, containing its parameters and its TVars sanables.
This structure gels an opague name, discouraging the pro-
grammer [rom accessing b directly.

Programmers are free 1o wse arbitrry C4-slack alle-
cation, as long as e wall points come bebween the decla-
ration and use of stack-allocated vanable=. When they do,
the underlying U+ compiler genembes a warning due to
goTo branches in the emitied code (see the next sechon).

Marntzining Section 5's B4 requires that sach closure
know which rendezvous it directly contains, so0 it can
cancel them appropnately. This knowledge 1= unavalable
without fully parsing C4+: a closure might contain an ob-
Ject of type $o0, that conlmins an object of ype bar, that
contans a rendazvous, which will in tum zhare Fale with
the closure. A= a hrst-order hevnstic, Tame marks the be-
ginming and the end of the new closure 1n memory using

simple poinier anthmetic and associabes wath the closure
all rendezvous that fall between the bwo fence posis.

6.2  Entry and Exit Translation

The tranzlation of 2 tamed function adds to the functicn
one new entry and exit point per TWaitT stalement. A rans-
lated TWAitT stalement Grst checks whether a ngger 1=
pending on the comesponding rendezvous. [F so, conirol
e continues past the TWait Funchion as usval, but if not,
the [unction records the current wail poant, adds a func-
ticen pointer for this wanl point 1o the rendezvous, and
returns 1o its caller. Later, o tngger on an event in the
rendazvous invokes the recorded function pointer, which
forces comiral b reenter the function and jump directly o
the recorded wail point. The Tame translation shifted the
funchion’s parameters and safe lecal varables o a closure
structure, so the function can access these values even after
reentry.

The Tame preprocessor adds an extra “closure poinier”
parameter to sach tamad function. The closure pointer
i= null when the function is called normally, causing the
translaied function body 1o allocabe and imibalize 2 new
closure. The closure poinier 15 non-oull when the functicn
is reentered at a1 laber wait point. The names of pammeters
and sale local vanahbles are changed o opagque idenbfiers
tcs hide them from the function body; insiead, lecal san-
ahle= with refersnce bypes make these names point into the
closure. This simiegy reduces the extent b which Tame
musl understand C++ name lookup, since the translation
preserves lhe function implemeniztion’s onginal mmes-
pace. Multiple eniry poinis are simulated wath a swaich
stabemenl al the beginning of the Function; sach case in
the swiich umps o a different label in the funcbon. There
is one label for the imbial function entry and one for each
winll poant.

]nll.':rnu]l_'r, nEEVENT 15 a macro thatl felches some spE-
:i:||]3,' named vanahbles I_m.1|:|.1 a= the current I:llJ!IJI.'\C., or the
currenl implicit rendezvous in the case of 2 THA1T emvi-
ronment). fn in'pul of nkavent{ry, W, tl, t2l guner-
ale= a call of the foom:

_mkavenci__cls, 1v, W, tl, ©2];

for some closune __cls. _nkevent heap-allocates o new
avent ohjecl, packing 11 with references o all of the sup-
plied arguments. The resulting event object provides one
method, Trigger. which iakes tngeger value pammeters
with the types of 11 and T2, All of these operabions are
type-sate through wse of C4++ templales.
Puiting these preces together, the imnslation of:

I cammd A::f(int =) {

2 wars { rendazvous-—- r;
3 arpkavant{rid; cwaicdrd; b{i; ]

leakes approximately like:



1 woid k::f(int __tese_x, A_Ef closure *__clad [
2 1f {__cle == &)

E] ecle = dmw A__Ff__closore(thiz, Gk::do, __tess_x];
4 azzerti{thiz == __clz->thiz_AJ;

L1 it fx = __plu-ox;

& randarvous<s Er = __cla-ax;

7 suitch [__clo-smikry_poirt]

a caze W: fY origansl mricy

9 pgoto __k__f__ambry__H;

18 caze 1: fY cesntry aftec first tesit

1L poto __k__f__ameey__1; }

1k __k__f__anbtry__&:

13 al_nkwvant(__cle, cly;

14 af {ilc . hs:_gososd_kriggec(]) |

1% —clo-radbry_poirt = 1;

148 T.amt_reantac_clocaure _clal;
17 taturn; }

13 __a__f__snbry__1:

1 BI);

m}

Lines 5-6 sel L the function l'lud:,' sor thal references to
¥ and r reber o closure-resident walues. Lines T-11 direct
traffic as it enters and reenters the function aller TWait
'p-::-inlx. Lines 12-17 are the translation of the wser code.
Lines 14-17 are the translabion of the 'L'HEi'LIfI':I call from
the -::u'i..g.in:ﬂ functicn. 1T no L'riEEi:rjx \'.]LLII.'IJL‘d cn 17, the trans-
labion 'humpx the enkry |:l-::-inl l:|i|.1|: 151 and tells the Ten-
dazirols ko reenter _E]E— via the method £ 1 when 2
Eiggl:r arrives l:lini: 16}, Ohnee that hu‘p‘pn:ns. :Ewi]]_‘inmp ko
antry 'p-::-inl | (lime 1% and call B,

6.3 DBackwards Compatibility

COhur implementation of Tame bomows 115 event loop and
event objecls from the i event hbrary [21]. The key
compatikality feature is 1o implement eVents as ki
callbacks, allowing legacy funchions 1o interface with
tamed funchons, and consequently, legacy projects o in-
crementilly switch cver 1o med code.

The Tame prototype implements thread support wath
the Gou FTH Library [12]. FTH supplies stubs for lock-
ing nebwork calls such as select, read and write. Thus
the selact call in Bbasyec's select loop transparently be-
comes a call to PTH's scheduler. Similarly, blocking net-
wiork calls an third party Libranes like Libuysglelient
drop ok the scheduler and later resume when the op-
ermtion completes. We also had 1o make ihbasyre call a
modified, Tame-aware salect. This 2elect returns early
when another thread in the same process mggers an event
that should wake wp the curment thread (something that
never happens in single-threaded Tame).

T EXPERIENCE WirTn TamE

Like amy other expressive synchromzation system, Tame
requires some mental readjustment and mmp-up me. [n
most coses, developers need only the Twait{} environ-
ment, which 15 designed b be simple 1o learn and com-
arahble to thread programming. With only this subset of
Tame, programmers become much more preduchve rela-
tive to vanilla-event coders, and hopefully as produchve as
thread progrmmmirs.

7.1 ¥Weh Server
The latest version of DEKWS [ 18], a lightweight Web server

for dynamic Web content, uses the Tame system. lis most
obvicus applicaticns are senal chains of asynchronous
funchion calls, such as starbup sequences that involwe TPC
across cooperating processes. | hese chains ans commen
in OEWS; Tame lets them cocupy a single function body,
making the code sasier o read.

A more specialized Tame application 15 10 OEKWSs
templating sy=tem, which allows OKWS Web developers
ter separate thear appheation logic from the HTML presen-
taticn layer. [n a manner simalar to Flash [24], OKWS use=
blecking helper processes to read templates from the Gle
system; the main server calls the helper processes asyn-
chronously, However, since templates can be arbitrmly
nested, reading one template may require many helper
calls. The previous vemon of OKWS, wrtten wathout
Tame, mcnhced expressiveness for programmabihiy., Web
sibe developers had o request all templabe files they would
ever need when their Web service started vp, so that a
call b publishing a femplais in response to a Web request
would mot Block and force a steck np. In the new version
af OKWS, publishing a template 15 an asyochronons op-
eraticn, and site developers can thercfore publizh any Gle
in the htdocs directory, at any tme. Tame saves develop-
ers from the stack npping problem that previously discour-
aged this foature,

7.2  An Event-Based Wehb Site
DI::E.'I.LFlid.I:I::A.I'I'I | llf':l'l 1% a1 dnling Web mibe that uses OEWS a=

iz Web server. For several WEArs, its programmers wrobe
code 1n the Rbasyec wdiom 10 mamge concurrency, bul
in i::u.'|3.' 20006 swilched cver o Tame o xi.m'p“l.':,' |:||.'|:l|.1g-
gi.n.g. and e jmpmw.' pu‘udl.'rcli.'.ril}'. ['.l.1|.1:v|.'nl|:.r SEVER pro-
grammirs, neng of whom are the smthors, depend oo Tame
For rrrli.nl:li.ninE and di:'.n:|-::-'|:|ing zibe Features. The sy=lorm
L% casy un-::-l.lgh by use =0 that the ficst Frv::-E:rumminE PI'IJ.:rL'El.
new i:rn|:||-::-:,'|:v|.'x receive 15 1o comvert code from the old
event-hased sy=lom ke Tame =ynbax.

OCupid.com has found Tame’s parllel dispatch pac-
lii:|.1|.u.|.'|:,' useful when pmgmmmjng a Web site. When a
user ||.1p: inlo the sibe, the front-cnd Weh l-::-g.ii: requesks
data From rnu]li'ph: databases to reconstruct the user’s
pn:l'l.':rvl.'nn:x and server-resident state. To mimmize chent-
perceived latency from disk accesses, these cueries can
|'|u.'|:1.'.v|:r.| in pu:u]l-l.'l. With juxl Hhr.-.:vm- 'Fu'irnjlivr's. Fru'u]-
lelism was hidden in stack-npped code and coused bugs.
Tame™s solubion is the pu.rul|i:|.i5rn inherent 1n the Twait
environment. To call 7 and g an parallel, then call F once
they both complete, a Tame progrummer stmply woites:

1 waic [ fiekewenc (3] piokavancily; ]
2 waic { himkawenc(3); }



T3 An MNFS Server

A graduate distnbuted systems class at MIT requires ais
siudenis o write o stmple Frangipani-inspured  [35] file
server that implemenis the NFS Version 3 protocal [4].
[n spring 200, the studenis had the opbon o wote their
assignmeni with the Tame tool. Four cut of 22 siudenis
uzed Tame, most successbully on the source file that im-
plemeni= the file system semantics (about bwvo thowsand
line= |-::-nE:I. Consider, for |.':l:nr|.'||.-.-:||.'1 the CREATE EPC, for
creating a new file on the server. When given this RPC,
the server musi acquire a lock, lookup a file handle for the
target directory, read the contents of the direciory, wnie
cul new direciory oonbents, then wnie cut the Ale, and G-
nally release the lock, all the while checking for vanious er-
ror conditicns. The soluticns with |i:3:||:3,' |'r'f:-.:r.'.:|.wr invalve
code =pht up over no fewer than hve functions, with a
slack rip at every blocking poini. Students who wsed Tame
accomplished the same sermnbics with ust one functicn.
Cuantiiabvely, the studenis who vsed Tame wote 200
less code in thear source bles, and 5096 less code in their
header files. Cualiiatively, the studenis had posibve com-
ment= about the Tame sysiem and semantics, and strongly
prefemed woting in the Tame idiom o wobing ks
code direcily.

T4 Debugzcing

Tame's preprocessor implements source-code line trans-
labion, so di:l'lu.'_e,g.-l.'m and cump”cn: |:||.1i.r.|l the Progmmmer
1o the line of code o the uriEinu.l Tame inr.ul file. The
programmer need only examine or debug avlogencrated
code when Tame atsell has a bug. Programmers can dis-
able line-translaticn and view hummn-readable oulpul from
the Tame PrEproCEssor. Raelative ko a tamed function in the
input file, a tamed function in the cwiput file differs only
in k= .I..:TlrI.'IL"-h"L'rICI.Tll.D'_:I 'Fl:l'\ll.'ﬂrl.'ll'l]l.'.. al TWAiT pujnls, and at
return stalement=. The rest of the code 1= passed through
uniouched.

Tame alw hoae debugging advanlages owver legocy
ﬁbu:.'mr with unmedified |:||.'|.'l|.1ggi.r.|3. tools. With ]I.'E:IL'}'
ﬁbu:.'mr. i |:|L".l1:|-::-'|:n:r musl 521 a ]‘.\T\l:rlli.'pt:-il'll ab every stuck
:ri'p p-::-inL. With Tame, a ]ugi.-::ﬂ -::-'|:||:r.1.1j|.1n once i].'l_!ﬂin fit= in-
side a single funchion body. As a resalt, a progrmmmer sets
a break point at the suspect funcbion, and can race execu-
tion untl a blocking poant (1., Twait). After the blecking
peant, control retums b the same breakpoint at the top of
the =me Funchion, and then jumps 1o the code directly alter
the TWALT simterment.

Future work calls for a Tame debugger and prediler. [n
kb emses, the runtime nesting of closures 1s Tame’s ana-
logue of the call stack in a threaded program. Slhight debug-
ger modifications could allow walking this graph to pro-
duce a “stackirace"™-hke feature, and similarly, mezasuning
closure Lifettme can yield a gprof-siyle culput for under-
slanding which parts of a program induce latency. Even

under the status quo, programmers can sccess safe local
variables in debuggers by simply examining the members
al a Function’s closure and can walk the closurechain
manually if de=ired.

7.5 Locks and Synchronization

Programmers using ovenls or cooperabive threading often
Fal=cly comvince themselves that they have “synchroniza-
tien For free” This is not always the case, Global data
on one side of a vield or bleck poant might leok differ-
enl on the other side, if another part of the program ma-
nipulated that data in between, With threaded Tame pro-
grams, or threaded programs in generl, any function in-
vocalion can resuli in a vield, hiding concurrency asump-
ticns deep in the call siack In practice, a programmer can-
not knowe :n.|1|.1mu.1j|::|||3,' know when to probect Eluhu] data
structures [1]. Event-only Tame programs make concur-
rency assumpticns explicii, since they never yield; they
qusi return b the man event loop (allowing olher com-
putaticons to run) on ether side of 2 THA1T statement or
environment.

When Tame programs require alomicily guarmnises on
gither mide of o ™wait (or 3,'1'|:||:| in the caze of threads),
they can use a simple lock implemeniaticn based on Tame
prmitives. A basic lock class exposes the methods:

tanad lock: :acquirafewenc-o- dona};
wold lock::raloasad] ;

The acguire methoed checks the lock 1o see af it's cur-
rently accquired; if sc, il quenss the given evant, and af
not, it tnggers done immediately. The release methed
either tnggers the head of the event quewe, or marks the
leck s available if no evants were quened. An example
crihical section in Tame now looks Like:

Il tammd global_data_acoessocil |

F twaic [ global_lock-w=acouirae (mkavenc{lld; ]

3 ... couch global svace, possibly blocking ...
4q plobal_lock-»ralaasad]y;

|

We have alzo built =hared read locks wath Tame, in whach
a writer's release of a lock can couwse all gueved readers o

unhlock.

B PERrFORMANCE MEASUREMENTS

The Tame implementation introduces polential perfor-
mance costs relabve to threaded code and traditicnal event-
driven software. Unlike cooperabiwve-thremded code, and
mesre 50 than tradibional event hbmnes (eg. lhaswc),
Tame makes hesvy use of heap-allocated data struc-
ture=, zuch az clozures and one-bime evenls. Tame alzo
uses synchronzation pomibives (namely rendezvous and
avents) that are potentially costher than the lower level
primibives in threading pockages or Shiome. We tmasshi-
gate the end-to-end cost of Tame relabive to a comparable
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high-performance sysbem, and conclude that Tame incurs
no performance penaltics and makes belier use of memory.

%1 End-to-End Performance

A logieal point of companson Ffor the Tame system 1s the
['.:rpu'icl:iu thread 'F'.TIA'_'I:EH.I_!C [38]. Like Tame, it '|:u1::-".ri|:||:= -
inmalic memory managemenl and coopermtive task man-
agemenl; it s also engineered For high performance. The
['.:rpu'icl:iu work focuses ils measurements on the :jmph:
“Knot™ web server. We compansd the performance of the
-::u'iEin:ﬂ ['upril:i:i.-::- Knot server with o |jg|‘|l|:.r mecdified,
tamed version of Knot. In selecting a workload, we fac-
tored out the subtlebes of disk [ and scheduling that
oiher work haz addressed in detasl [25] and focused on
memary and CPL use, We mn a SpecWeb-like benchmark
but vsed only the smallest files 10 the datasst, making the
wiorklead entirely cacheable and avouding Link satumbion.

For all expenments, the server was o 20PN 235 GHe
Xeon 5140 wath 4GH TS TCTY, r|.1nni.r.|._=. Dbuntu Linux wath
kemel 2.6.17-101 code compiled with GCC version 4.1.2,
-::-'|:|1imi:.-:uli.|.1r.| lewel -02. Because E'nprjl:i:i.-::- deses not com-
pile with more recent compilers, 11 was compiled GOC ver-
=00 335, Glike and MPTL wens both version 2.4, Though
the machine has four cores, only one was needed 10 our
experiments (netther Tame nor the other sysbems tested
use mulbiple CPUs). Tame supports Linux's epoll, but its
event loop was configured 1o use select in cur bench-
marks. Capriceio vses the similar poll call inoats loop.
We used an array of six clients connected through a giga-
hit switch, cach making 2 simultaneous requests o the
server. |he servers were given a thirbr-second “warm-up™
time in which they polled all of the neceszary files from
dizk inlo cache, and then ran for a one-mimle lest The
results are shown in Figure 7.

The high lewel outcome 15 that under this workload,
the Caprecio and Tame versions of Knot achieve the
same throughput, but Tame Knot uses one-third the phys-
ical memory, and cne-hifth the viclual memory. We nole
that neither Knot server in this scenano ever blocks: both
servers u=e 100% of avalable CPL, sven when idle. A
varsion of the Tame server that blocks when there 12 oo
work b be done schieves a surpnsing 4,000 Fewer con-
nections per second on our kenchmark machine. Anciher
important ophimizabion was to avead droppng tnks the se-

lect leop when cutstanding conmechion allempts could ke
accepted |3]. Microbenchmarks in Secticn #.2 sheaw the

Oiperullan ¥in  Medlan  Mean

Simple uncilon call 3 03 fts

Simple uncilon call 152 1% 1.9
with 1t alkacailon

Tame call imullIni3) > 455 R LEE]

KIapil 217 4 231

pgerCimeofdayi) o ap B 2n6L0 274l

Flgure 8: Cost of system mlls and fbesyne and Tame primifilve opema-
Hore, memsuned In ccles.

select loop 1s expensive relabive to other Tame pomitives.

Optimizng Capriccio Knot's  performance  reguired
manual twrmng. The sime of the throad pool must be suf-
fciently large (about 350 threads) before Capricein Koot
can achieve maximal throughpot. Threads" stack siees
musl also he sel :-::u'n.'i:ll:.r—ﬂun:l::x that are oo small
risk coverflow, while stacks that are oo big waste varioal
memory—but the default 128 kB per sisck suficed For
these expeniments. Capriceio can automate these parame-
ter seitings, bui the Knot server in the Capnocio release
does notb use aulomatic sinck s1zng, and manual thread
setiings were more slable in our tests. Further work could
bring Capriccin’s memory vsage more in line with Tame’s,
but we note that Tame achieves its memory usage aviomat-
wcally without changes bo the base compaler.,

Memory allocation in Tame Knot happens mainly on the
heaip, in the form of event and closure allocabions. [n our
lest cases, we noled 12 elosure allocations and 12,65 event
allocations ar coxn nection served. We CI.PLTin'IL‘rI'lL‘d with
"Enl.'l.-_'.n:“ng" evenls of commen Ly pes (zuch a= evantT<=s|
rather than u.|]|.1|::|ling and I-n.'i:i.n.g. them cach time. Such
uplirnj:r:lliun: had little ir.rl.'pncl on purl.'urmun-:ru, su.'g,.r_:i:xli ng
Limuz"s malloc :|1.|1|.1mu1j|::||.|:.r uF\l.i.mi:.-:-L'x Tame's memory
accoss pattern.

8.2 Microbenchmarks

We performed microbenchmarks to get a belter sense for
how Tame wos spending 11s cyeles in the web benchmark,
and to provide baseline stabistics for cther applications. A
first cost of Tame relative to thread progrmmmang 1s closure
allocation. We measured closure costs wath the most basic
tamed function that vuses a closure:

1 scatic camed nullfnQd
2 [ twars [ int 108%; 1 1++; ]

For comparison, we also messure 3 mvial function, a
funchion that performs a =mall heap allocabion, hesyec’s
closure-approximating function (e, WIAp), and a tnvial
system call (gettimenfday). In each cose, an experiment
consisted of execubing the prnmitive 100X bmes, broack-
gled by cycle counler checks. We min each expeniment 10
times and report averaged resulis cver the 10 experniments,
and the median resulis cver all 10,000 calls. In all cases,
the =tandard deviation over the 10 expenments weos wathin
5% oof the mean. Figure 8 summarizes our resalts: entering



a lamed functicn 15 about 2.2 times the cost of a simple
furction with heap allocation, amd |8 tmes the cost of a
WIap tmvocabion.

A =econd function, benchfn, measures Tame cverhead
when managing contml o

1 staric tamad benchfn (int niter, ewenc«<> dana) {
z cvars { inc 1; }

E far (1 = 8; 1 < nitar; i++)

4 twalt [ cimer(d, okavantll; ]

5 daona. triggercy;

& ¥

Line 4 of benchdn is pedorming Tame's version of a
thread fodk and join. A call to nkevent and later TWait
15 required o launch a potentally blocking nebwork op-
cration, and ko harvest ats nesult. Unlike o faneee ver-
=ion of bendifn, the mmed version most manage closures,
an imphcit rendezvous, and jumping into and out of the
furction cnce per teration, We compare three versions of
benchin: with an implicit rendezvons, with an explicit
rendezvous, and with only fibamme Features.

We ran all versions with niter=188, and repeated the
experiment one thousand bmes. The resalts are presenbed
in Figure . All expenments spend a magonty of cycles in
the core scloct loop, The benchfn that wses an tmplicit
rendezvous is cnly shghtly more expensive, perform-
ing within 2% of the native lbaswec code. Tame's loow-
lewel implementation special-cases the implicit rendez-
vous, reducing memory allocations and virtual method
calls along the critical path. Henee, the benchin version
that vses an explicit rendezvous runs about 6% slower
stll. We also expenmented with replacing fibasync’s na-
tiwe scheduler with that of the FTH thread Libracy, as s
required when running Tame with thread support.

Based on these benchmark=, we can estimate how Tame
Hrot's CPU tme is spent. Tame Knot uses 81,877 oycles
for each mequesl. Assuming the microbenchmark resulis
held, and given Tame Knot™s use of 12,6 events and 12 clo-
sure allocabions per requesl, oughly 7.6% ol these opcles
are spent on event management and 6.8% on closure man-
agemenl, with the remaunder going owards system calls
and apphication-level processing.

Figure 9 also gives similar benchmarks for 2 version of
benchin wniten in pure thread abstractions,

1 stacic wold noop(d [ prhread_sxit(RULL};: ]
2 void benchin_thr(int nitar) [

2 far (int 1 = B8; 1 < nicar; 3++3 |

4 pthraead_c 1;

g prhread_crearte{®r . HULL, noop. HULL);
& prhraad_join{c, WUOLL];

i 1

E ¥

and a version using Tame’s thread wrappers:

1 staric wold noop_tamaily []

Funcilon weles In Core Chalzlde
banchin without Tame 5,351 4,900 ERS)
banchin with twait[} 5,321 4,840 4%

with FTH pere kap 6,010 54 534
banchin with teaitirl; a,042 4,BE7 Ti5

with FTH vore oap [ 5,07H 447
‘banchfn_thr in FTH 37,540 - -

In MPTT. 28,B03 - -

In Capriceio 7092 - -
‘banchfn_tama_thr G, 957 - -

Flgure S Reulis from running e benchin code in 1.000 experimenis.
with nitar=168, Costs shown are e memge cycles per liemion, aver-
aged aver all experimenis. These oosts are broken down dmio cycles spent
In the coee event koap, and dme spenr ouiside.

2 wold banchfn_tame_rhr{int nicard |

3 for fint 4 = &; 1 < niter; i++)

q cWait { tfowkiwrap(nocop_tama)ll; 1
5

Adthread allecation and join 1= Gve bo scvon bmes as ex-
penstee as an event allecabion and join in Tame when us-
ing standard Linux libranes ke FTH and NPTL. Tame's
thread wrappers added additicnal cverhead relatve o na-
tive FITH =ince they require locks and condition variables.
Caprecie 15 much Faster and competibive wath Tame. Tra-
ditionally, threaded programs allecate threads nob quite
az cavalierly as benchin_thr; they might vse thread-
pooling bechnigues 10 accomplish more than one cperation
per thread, Hewever, examples hike these in Sections 3.2
and 3.3 and those in real-world Web sile programming
(Becton 7.2 beneht greatly from repeated thread creation
and destruction. Tame primitives are certnly fast encugh
ter support his,

In sum, Tame's primibve operations are marginally
mere expensive than Ehasyeee s and roughly equivalent o
those of o good thread package. The ohserved cosle are
cheap relabive o neal workloads in nebwork apphications.

¥ SUMMARY

Tame confers much aof the rl:udu]‘.-i]i.l:.r udvunlu.'r_:i: al threads
while Fn:m.'nring the |'||:;i|:|j|_i1:,- of ewvents, and moedern
thremd packages have good performance: the chiched
performancefreadability distinetion bebween events and
threzids no longer holds. Programmers should choose the
abstrmcticn that best mests thear needs. We argue that event
programming wilth Tame 15 a good Ot for networked and
distnbuted systems. The Tame system has Found adoption
in real event-hased systems, and the re=ults are encourag-
ing: fewer lines of code, simplibied memory management,
and simphifed code mauntenance. Our hope 15 that Tame
can solve the software mantenance problems that plagoe
curreni event-based systems, while making events palat-
able to a wider mudience of developers,
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