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Abstract In this paper, we introduce Continuation Passing C (CPC)ypgramming lan-
guage for concurrent systems in which native and cooper#treads are unified and pre-
sented to the programmer as a single abstraction. The CP@ileoruses a compilation
technique, based on the CPS transform, that yields efficiedé and an extremely light-
weight representation for contexts. We provide a proof efdbrrectness of our compilation
scheme. We show in particular that lambda-lifting, a comroompilation technique for
functional languages, is also correct in an imperative lagg like C, under some condi-
tions enforced by the CPC compiler. The current CPC comslenature enough to write
substantial programs such as Hekate, a highly concurréfomént seeder. Our benchmark
results show that CPC is as efficient, while using signifiyalelss space, as the most effi-
cient thread libraries available.
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1 Introduction

Most computer programs amoncurrentprograms, which need to perform multiple tasks
at a given time. For example, a network server needs to semlpha clients at a time;
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a program with a graphical user interface needs to expeditihkayes and mouse clicks at
multiple places; and a network program with a graphicalrfate (e.g. a web browser)
needs to do both.

The dominant abstraction for concurrency is providedhngads or lightweight pro-
cessesWhen programming with threads, a process is structureddgmamically changing
number of independently executing threads that share &ediegp (and possibly other data,
such as global variables). The alternative to threagsént-loopor event-driverprogram-
ming. An event-driven program interacts with its enviromney reacting to a set of stimuli
calledevents At any given point in time, to every event is associated agif code known
as thehandlerfor this event. A global scheduler, known as thent loop repeatedly waits
for an event to occur and invokes the associated handler.

Unlike threads, event handlers do not have an associatekt stzent-driven programs
are therefore more lightweight and often faster than thegaded counterparts. However,
because it splits the flow of control into multiple tiny evdwndlers, event-driven program-
ming is difficult and error-prone. Additionally, event-gen programming alone is often not
powerful enough, in particular when accessing blocking A&t using multiple processor
cores; it is then necessary to wrhgbrid code, that uses both threads and event handlers,
which is even more difficult.

Since event-driven programming is more difficult but morfécednt than threaded pro-
gramming, it is natural to want to at least partially autoenat

Continuation Passing QContinuation Passing C (CPC) is an extension of the C program
ming language with concurrency primitives which is implerteel by a series of source-to-
source transformations, including a phase of lambdajf{iSection 5.5) and a transforma-
tion into Continuation-Passing Style (Section 5.2). Aftes series of transformations, the
CPC translator yields a program in hybrid style, most of @rgwdriven, but using the native
threads of the underlying operating system wherever thésbieeen specified by the CPC
programmer, for example in order to call blocking APIs ottrdisite CPU-bound code over
multiple cores or processors.

Although it is implemented as a series of well-understoagds®to-source translations,
CPC yields code that is just as fast as the fastest threadiglsravailable to us; as a matter
of fact, we believe that the code it generates is similar tefcdly tuned code written by a
human programmer with a lot of experience with event-drigede. And although it is an
extension of the C programming language, a language naglyitostile to formal proofs,
the correctness of the transformations used by CPC havegreeed; while we perform
these proofs in a simplified dialect, there is nothing in gpfe that prevents a complete
proof of the correctness of CPC. We believe that this prgpmidkes CPC unique among
the systems for efficient implementation of concurrency inidely used imperative pro-
gramming language.

In this paper, we give an introduction to CPC programming,da&scribe informally
the transformations performed by CPC, and give an outlitbefroof of correctness; the
complete proof can be found in a companion technical re@8it [

1.1 Outline

The rest of this paper is organised as follows. In Sectione2present previous work related
to threads and event-driven programming, and to the cotigildaechniques used by the
CPC translator. In Section 3, we give an overview of the CR@uage through excerpts
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of code from Hekate, the most significant program written PGCso far. In Section 4, we
show that CPC threads are as fast as the most efficient thiwadds available to us. In
Section 5, we detail the several passes of the CPC compileahnique to translate threads
into events, and in Section 6 we prove the correctness of e se passes, lambda-lifting,
in the context of an imperative, call-by-value languagérieted to functions called in tail
position. We conclude in Section 7.

2 Related work
2.1 Continuations and concurrency

Continuations offer a natural framework to implement conency systems in functional
languages: they capture “the rest of the computation” mikehthe state of an imperative
program is captured by the call stack. Thread-like prireivnay be built with either first-
class continuations, or encapsulated within a continoationad.

The former approach is best illustrated®gncurrent MLconstructs [38], implemented
on top of SML/NJ’s first-class continuations, or by the wayoetines and engines are typ-
ically implemented in Scheme using tkel1/cc operator [22,15] (previously known as
catch [52]). Stackless Pythof9] uses first-class continuations to implement genesator
which are in turn used to implement concurrency primitiésala also uses first-class con-
tinuations, through thehift andreset operators, to implement concurrency primitives
and asynchronous IO [40].

Explicit translation into continuation-passing styleteof encapsulated within a monad,
is used in languages lacking first-class continuations.dsldll, the original idea of a con-
currency monad is due to Scholz [41], and extended by CladS8to a monad transformer
yielding a concurrent version of existing monads. Li et38][use a continuation monad to
lazily translate the thread abstraction exposed to thergnogner into events scheduled by
an event loop. In Objective Caml, Vouillontait [50] provides a lightweight alternative to
native threads, with the ability to execute blocking taska separate thread pool.

2.2 Transformation techniques

The three main techniques used by CPC — CPS conversion, &fiftwdg and splitting
— are fairly standard techniques for compiling functioreiduages, or at least languages
providing inner functions.

The conversion into continuation-passing style, or CPS@@ion, has been discovered
and studied many times in different contexts [37,46,39F lised for instance to compile
Scheme (Rabbit [44]) and ML (SML/NJ [2]), both of them expmsicontinuations to the
programmer.

Lambda-lifting, also called closure-conversion, is a dtad technique to remove free
variables. It is introduced by Johnsson [25] and made mdigesft by Danvy and Schultz
[11]. Fischbach and Hannan prove its correctness for ther8eHanguage[17]. Although
environments are a more common way to handle free variadb@se implementations use
lambda-lifting; for instance, th&wobit Scheme-to-C compiler [10].

We call splitting the conversion of a complex flow of control into mutually resive
function calls. Van Wijngaarden is the first to describe sadhansformation, in a source-
to-source translation for Algol 60 [54]. The idea is thendudy Landin to formalise a
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translation between Algol and the lambda-calculus [314l lay Steele and Sussman to ex-
press gotos in applicative languages such as LISP or SchéfiheThielecke adapts van
Wijngaarden’s transformation to the C language, albeitriesdrictive way [48].

We are aware of two implementations of splitting: Weave aath@JSWeaveis an
unpublished tool used at IBM around year 2000 to write firmanamd drivers for SSA-SCSI
RAID storage adapters [29]. It translates annotated W&vende, written in threaded style,
into C code hooked into the underlying event-driven kerfiaineJ$, by the authors of the
C++ Tamelibrary [30], is a similar tool for Javascript where evemivdn programming is
made mandatory by the lack of concurrency primitives.

2.3 Threads and events

There has been a lot of research to provide efficient threedsell as to make event-driven
programming easier [4,53, 36]. We focus here on resultdving a transformation between
threads and events, or building bridges between them.

Adya et al. [1] present adaptors between event-driven arghdled code to write pro-
grams mixing both styles. They first introduce the notiorstaick rippingto describe the
manual stack management required by event-driven style.

Duff introduces a technique, known Bwiff’'s device[13], to express general loop un-
rolling directly in C, using theswitch statement. Since then, this technique has been em-
ployed multiple times to express state machines and evemrdprograms in a threaded
style3 For instance, it is used by Tatham to implement coroutineS [#7]. Other C Ii-
braries later expanded this idea, suclpaxothreads[14] and FairThreads automata [6].
These libraries help keep a clearer flow of control but theyide no automatic handling
of local variables: the programmer is expected to save thamuaily in his own data struc-
tures, just like in event-driven style.

Tame[30] is a C++ language extension and library which exposestsvto the program-
mer while introducing state machines to avoid the stackmigpjssue and retain a thread-like
feeling. The programmer needs to annotate local variabsmust be saved across context
switches.

TaskJavd18] implements the same idea than Tame, in Java, but peskwal variables
automatically, storing them in a state recdfdim [43] is a message-passing framework for
Java providing actor-based, lightweight threads. It i® asplemented by a partial CPS
conversion performed on annotated functions, but contalfaskJava, it works at the JVM
bytecode level.

ACis a set of language constructs for composable asynchrd@oumsC and C++ [21].
Harris et al. introducelo. . finish andasync operators to write asynchronous requests in
a synchronous style, and give an operational semanticslafigeage constructs are some-
what similar to those of Tame but the implementation is widkfferent, using LLVM code
blocks or macros based on GCC nested functions rather thmeceseource transformations.

Haller and Odersky [20] advocate unification of thread-taeed event-based models
through actors, with theeact andreceive operators provided by thecala Actordibrary;
suspended actors are represented by continuations.

1 http://tamejs.org/
2 Note that, contrary to TameJS, the original Tame impleniiamtan C++ does not use splitting but a state
machine using switches.

3 This abuse was already envisioned by Duff in 1983: “I havetfagrorevolting way to use switches to
implement interrupt driven state machines but it’s too doio go into.” [13]
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3 The CPC language

Together with two undergraduate students, we taught osdlow to program in CPC
by writing Hekate a BitTorrent seedera massively concurrent network server designed
to efficiently handle tens of thousands of simultaneouskynected peers [27,3]. In this
section, we give an overview of the CPC language through deunf programming idioms
that we discovered while writing Hekate.

3.1 Cooperative CPC threads

The extremely lightweight, cooperative threads of CPC keaal “threads are everywhere”
feeling that encourages a somewhat unusual programmitey sty

Lightweight threadsContrary to the common model of using one thread per clieekdte
spawns at least three threads for every connecting peeademea writer, and a timeout
thread. Spawning several CPC threads per client is not aa,isspecially when only a few
of them are active at any time, because idle CPC threads atuglly no overhead.

The first thread reads incoming requests and manages tleeostidite client. The Bit-
Torrent protocol defines two states for interested peerschoked,” i.e. currently served,
and“choked.” Hekate maintains 90 % of its peersdhokedstate, andinchokeshem in a
round-robin fashion.

The second thread is in charge of actually sending the choihétata requested by the
peer. It usually sleeps on a condition variable, and is wakery the first thread when
needed. Because these threads are scheduled cooperatieeligt of pending chunks is
manipulated by the two threads without need for a lock.

Every read on a network interface is guarded by a timeoutagmeker that has not been
involved in any activity for a period of time is disconnectdthrlier versions of Hekate
which did not include this protection would end up cloggeddig peers, which prevented
new peers from connecting.

In order to simplify the protocol-related code, timeouts mnplemented in the buffered
read function, which spawns a new timeout thread on eacltatian. This temporary third
thread sleeps for the duration of the timeout, and abortg@hi it is still pending. Because
most timeouts do not expire, this solution relies on the iefficy of spawning and context-
switching short-lived CPC threads (see Section 4).

Native and cps function€PC threads might execute two kinds of caalgtivefunctions and
cpsfunctions (annotated with theps keyword). Intuitively, cps functions are interruptible
and native functions are not: it is possible to interrupt floev of a block of cps code in
order to pass control to another piece of code, to wait fonventeto happen or to switch to
another scheduler (Section 3.3). Native code, on the otlued,his “atomic”: if a sequence
of native code is executed in attached state, it must be ecagpbefore anything else is
allowed to run in the same scheduler. From a more technidat pbview, cps functions are
compiled by performing a transformation to Continuatios$tag Style (CPS), while native
functions execute on the native stack.

There is a global constraint on the call graph of a CPC progearps function may only
be called by a cps function; equivalently, a native functtan only call native functions —
but a cps function may call a native function. This means #tany point in time, the
dynamic chain consists of a “cps stack” of cooperating fiamst followed by a “native
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cps void
listening(hashtable * table) {
/* o0 %/
while(1) {
cpc_io_wait(socket_fd, CPC_IO_IN);
client_fd = accept(socket_fd, ...);
cpc_spawn client(table, client_fd);

Fig. 1 Accepting connections and spawning threads

stack” of regular C functions. Since context switches arbiftlen in native functions, only
the cps stack needs to be saved and restored when a threadatesp

CPC primitives CPC provides a set of primitive cps functions, which allo@ fiiogrammer
to schedule threads and wait for some events. These prnfithctions could not have been
defined in user code: they must have access to the internidls stheduler to operate. Since
they are cps functions, they can only be called by anothefurpdion.

Figure 1 shows an example of a cps functibigtening calls the primitivecpc_io_wait
to wait for the file descriptogocket_fd to be ready, before accepting incoming connections
with the native functioraccept and spawning a new thread for each of them. Note the use
of the cpc_spawn keyword to create a new thread executing the cps funetiaent.

The CPC language provides four cps primitives to suspendwnchronise threads on
some events. The simplest onecisc_yield, which yields control to the next thread to
be executed. The primitivespc_io_wait andcpc_sleep suspend the current thread until
a given file descriptor has data available or some time hgseth respectively. A thread
can wait on some condition variable [23] withc_wait ; threads suspended on a condition
variable are woken with the (non-cps) functianig _signal andcpc_signal_all. To allow
early interruptionsgpc_io_wait andcpc_sleep also accept an optional condition variable
which, if signaled, will wake up the waiting thread.

A fifth cps primitive, cpc_link, is used to control how threads are scheduled. We give
more details about it in Section 3.3.

We found that these five primitives are enough to build moramex synchronisation
constructs and cps functions, such as barriers or retadpgtimeouts. Some of these gen-
erally useful functions, written in CPC and built above tHeQprimitives, are distributed
with CPC and form the CPC standard library.

3.2 Comparison with event-driven programming

Code readabilityHekate’s code is much more readable than its event-driveivagnts.
Consider for instance the BitTorrent handshake, a messaiege occurring just after a
connection is established. Tmansmissiofy a popular and efficient BitTorrent client written
in (mostly) event-driven style, the handshake is a complegepof code, spanning over a
thousand lines in a dedicated file. By contrast, Hekate'siflaake is a single function of
less than fifty lines including error handling.

While some of Transmission’s complexity is explained bysitpport for encrypted con-
nexions, Transmission’s code is intrinsically much moressyedue to the use of callbacks

4 http://www.transmissionbt.com
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and a state machine to keep track of the progress of the hakelshhis results in an obfus-
cated flow of control, scattered through a dozen of functiensluding encryption-related
functions), typical of event-driven code.

Expressivity Surprisingly enough, CPC threads turn out to be more expeeizan native
threads, and allow some idioms that are more typical of edgnén style.

A case in point: buffer allocation for reading data from thework. When a native
thread performs a blocking read, it needs to allocate thiebhbéfore theread system call;
when many threads are blocked waiting for a read, theserbudféd up to a significant
amount of storage. In an event-driven program, it is posdibldelay allocating the buffer
until after an event indicating that data is available hanbeceived.

The same technique is not only possible, but actually nkitu@PC: buffers in Hekate
are only allocated aftetpc_io_wait has successfully returned. This provides the reduced
storage requirements of an event-driven program whileniet the linear flow of control
of threads.

3.3 Detached threads

While cooperative, deterministically scheduled threadslass error-prone and easier to
reason about than preemptive threads, there are circucestam which native operating
system threads are necessary. In traditional systemsnipies either converting the whole
program to use native threads, or manually managing bottslafithreads.

A CPC thread can switch from cooperative to preemptive modeytime by using the
cpc-link primitive (inspired by FairThreads't_thread_link [6]). A cooperative thread is
said to beattachedto the default scheduler, while a preemptive onédtached

The cpc_1ink primitive takes a single argument, a scheduler, either gfault event
loop (for cooperative scheduling) or a thread pool (for prptive scheduling). It returns the
previous scheduler, which makes it possible to eventualiyore the thread to its original
state. Syntactic sugar is provided to execute a block of aodétached or detached mode
(cpc_attached, cpc_detached).

Hekate is written in mostly non-blocking cooperative stylence, Hekate’s threads re-
main attached most of the time. There are a few situationseber, where the ability to
detach a thread is needed.

Blocking OS interfacesSome operating system interfaces, like geeéaddrinfo DNS re-
solver interface, may block for a long time (up to severalbses). Although there exist
several libraries which implement equivalent functiotyaln a non-blocking manner, in
CPC we simply enclose the call to the blocking interface icpa.detached block (see
Figure 2a).

Figure 2b shows howpc_detached is expanded by the translator into two calls to
cpc_link. Note that CPC takes care to attach the thread before regutaithe caller func-
tion, even though theeturn statement is inside thec_detached block.

Blocking library interfacesHekate uses theurl library ® to contact BitTorrentrackersover
HTTP. Curl offers both a simple, blocking interface and a ptaw, asynchronous one. We
decided to use the one interface that we actually understamttherefore call the blocking
interface from a detached thread.

5 http://curl.haxx.se/libcurl/
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cpc_scheduler *s =

cpc_detached { cpc_link(cpc_default_threadpool) ;
rc = getaddrinfo(name, ...) | rc = getaddrinfo(name, ...)
return rc; cpc_link(s);
} return rc;
@ (b)
Fig. 2 Expansion okpc_detached in terms ofcpc_link
prefetch(source, length); /* (1) */
cpc_yield(); /% (2) */
if (!incore(source, length)) { /* (3) */
cpc_yield(); /% (4) */
if ('incore(source, length)) { /* (5) */
cpc_detached { /% (6) */
rc = cpc_write(fd, source, length);
}
goto done;
}
}
rc = cpc_write(fd, source, length); /*x (7) %/

done:

The functiongprefetch and incore are thin wrappers around thposix_madvise andmincore system
calls.

Fig. 3 An example of hybrid programming (non-blocking read)

Parallelism Detached threads make it possible to run on multiple pracsss processor
cores. Hekate does not use this feature, but a CPU-boundapnogould detach computa-
tionally intensive tasks and let the kernel schedule thersemeral processing units.

3.4 Hybrid programming

Most realistic event-driven programs are actuéjprid programs [36,53]: they consist of
a large event loop, and a number of threads (this is the cp$belway, of theTransmission
BitTorrent client mentioned above). Such blending of reatiweads with event-driven code
is made very easy by CPC, where switching from one style totifer is a simple matter of
using thecpc_link primitive.

This ability is used in Hekate for dealing with disk readsaBiag from disk might block
if the data is not in cache; however, if the data is alreadyathe, it would be wasteful to pay
the cost of a detached thread. This is a significant concera RitTorrent seeder because
the protocol allows requesting chunks in random order, ngakernel readahead heuristics
inefficient.

The actual code is shown in Figure 3: it sends a chunk of data & memory-mapped
disk file over a network socket. In this code, we first triggerasynchronous read of the
on-disk data (1), and immediately yield to threads sergdther clients (2) in order to give
the kernel a chance to perform the read. When we are schedgéd, we check whether
the read has completed (3); if it has, we perform a non-btagkirite (7); if it hasn't, we
yield one more time (4) and, if that fails again (5), deledhtework to a native thread which
can block (6).

Note that this code contains a race condition: the prefetdtheck of data could have
been swapped out before the calldgc_write, which would stall Hekate until the write
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completes. Moreover, this race condition is even moreylikebppear as load increases and
on devices with constrained resources; unfortunatelarinot be avoided since the Linux
kernel does not provide asynchronous disk reads.

Note further that the call tepc_write in the cpc_detached block (6) could be replaced
by a call towrite: we are in a native thread here, so the non-blocking wrapestineeded.
However, the CPC primitives such agc_io_wait are designed to act sensibly in both
attached and detached mode; this translates to more coifopletions built upon them, and
cpc_write Simply behaves asrite when invoked in detached mode. For simplicity, we
choose to use the CPC wrappers throughout our code.

4 Experimental results

The CPC language provides no more than half a dozen verydeel-primitives. The stan-
dard library and CPC programs are implemented in terms sf&thiall set of operations, and
are therefore directly dependent on their performanceetti@n 4.1, we show the results of
benchmarking individual CPC primitives against other &larBbraries. In these benchmarks,
CPC turns out to be comparable to the fastest thread lilsraviailable to us.

In the absence of reliable information on the relative dyicanequency of cps function
calls and thread synchronisation primitives in CPC proggaitnis not clear what the per-
formance of individual primitives implies about the perfance of a complete program. In
Section 4.2, we present the results of benchmarking a sedioé nveb servers written in
CPC and in a number of thread libraries.

Finally, in Section 4.3, we present a number of insights Wegained by working with
Hekate our BitTorrent seeder written in CPC.

We compare CPC with the following thread librariggptl, the native thread library
in GNU libc 2.13 (oruClibc 0.9.32 for our tests on embedded hardware) [GIjU Pth
version 2.0.7 [16]State Threads (SMersion 1.9 [42]Nptlis a kernel thread library, while
GNU PthandST are cooperative user-space thread libraries.

4.1 Speed of CPC primitives
4.1.1 Space utilisation

On a 64-bit machine with 4 GB of physical memory and no swapep@PC can handle up
to 50.1 million simultaneous threads, which implies an agermemory usage of roughly 82
bytes per continuation. This figure compares very favoyrabboth kernel and user-space
thread libraries (see Fig. 4), which our tests have showretlinited on the same system
to anywhere from 32 000 to 934 600 threads in their defaulfigoration, and to 961 400
threads at most after some tuning.

4.1.2 Speed

Fig. 5 presents timings on three different processorsCitre 2 Dug a superscalar out-of-
order 64-bit processor, tHeentium-M a slightly less advanced out-of-order 32-bit proces-
sor, and theMIPS 4Kg¢ a simple in-order 32-bit RISC chip with a short pipeline.
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Library Number of threads

nptl 32330

Pth 700000 (estd)
ST 934600

ST (4 kB stacks) 961400
CPC 50190000

Fig. 4 Number of threads possible with 4 GB of memory

Library loop calP cps-call switch cond spawn
nptl (1 core) 2 2 439 1318 4000000
nptl (2 cores) 2 2 135 1791 11037
Pth 2 2 2130 2602 6940
ST 2 2 170 25 411
CPC 2 2 20 16 36 74
x86-64: Intel Core 2 Duo at 3.17 GHz, Linux 2.6.39
Library loop call cps-call switch cond spawn
nptl 2 4 691 2426 24575
ST 2 4 1003 96 2293
CPC 2 4 54 46 91 205
x86-32: Intel Pentium M at 1.7 GHz, Linux 2.6.38
Library loop call cps-call switch cond spawn
nptl 58 63 6310 63305 933689
CPC 58 63 2018 1482 3268 8519

MIPS-32: MIPS 4KEc at 184 MHz, Linux 2.6.37

All times are in nanoseconds per loop iteration, averaged mwvilions of runs (smaller is better).
The columns are as follows:

loop: time per loop iteration (reference);

call: time per loop iteration calling a direct-style function;

cps-call:time per loop iteration calling a CPS-converted function;

switch: context switch;

cond: context switch on a condition variable;

spawn:thread creation.

Fig. 5 Speed of thread primitives on various architectures

Function calls Modern processors include specialised hardware for ogitigifunction

calls; obviously, this hardware is not able to optimise G®e8verted function calls, which
are therefore dramatically slower than direct-style calle our very simple benchmark
(two embedded loops containing a function call), ©are 2 Duowas able to completely

a8 Pthnever completed, the given value is an educated guess.

b On x86-64, performing a direct-style function call adds neasurable delay.

¢ The behaviour of the system cadlched_yield has changed in Linux 2.6.23, where it has the
side-effect of reducing the priority of the calling threddntil Linux 2.6.38, setting the kernel variable
sched_compat_yield restored the previous behaviour, which we have done in 06f328and MIPS-32
benchmarks. This knob having been removed in Linux 2.618nptl results on x86-64 are highly suspect.
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hide the cost of a trivial function c&llwhile the function call costs three processor cycles
on thePentium-Mand just one on the MIPS processor; we do not claim to undetste
hardware-level magic that makes such results possible.

With CPS-converted calls, on the other hand, our benchmgutkiop takes on the order
of 100 processor cycles per iteration (400 on MIPS). Thisegqtly poor result is mitigated
by the fact that after goto elimination and lambda-liftiige loop consists of four CPS
function calls; hence, on theentium-M a CPS function call is just 6 times slower than a
direct-style call, a surprisingly good result considerihgt our continuations are allocated
on the heap [34]. On the MIPS chip the slowdown is closer tactofeof 100, more in line
with what we expected.

Context switches and thread creatidrhe “real” primitives are pleasantly fastin CPC. Con-
text switches have similar cost to function calls, whichas surprising since they compile
to essentially the same code. While the benchmarks make dppear to be much faster
than in any other implementation, includi&, this result is skewed by a flaw in tI&T li-
brary, which goes through the event loop on ewgryyield operation. Context switches on
a condition variable are roughly two times slower than puretext switches, which yields
timings comparable to those BfT.

Thread creation is similarly fast, since it consists in dinglocating a new continuation
and registering it with the event loop. This yields resutiattare ten times faster th&T,
which must allocate a new stack, and a hundred times fasteithie kernel implementation.

4.2 Macro-benchmarks

As we have seen above, the speed of CPC primitives rangessiraitar to dramatically
faster than that of their equivalents in traditional impétations. However, a CPC program
incurs the overhead of the CPS translation, which intros€@S function calls which, as
we have seen above, are much slower than their direct-guligadents. As it is difficult to
predict the number of CPS-converted calls in a CPC prograis,niot clear whether this
performance increase will be reflected in realistic program

We have written a set of naive web servers (less than 200 diaels) that share the ex-
act same structure: a single thread or process waits fomimgpconnections, and spawns
a new thread or process as soon as a client is accepted @heoesupport for HTTP/1.1
persistent connections). The servers were benchmarkedpaatedly downloading a tiny
file over a dedicated Ethernet with different numbers of diameous clients and measur-
ing the average response time. Because of the simple seustihe servers, this simple,
repeatable benchmark measures the underlying implen@ntatconcurrency rather than
the performance tweaks of a production web server.

Figure 6 presents the results of our experiment. It showswheage serving time per
request against the number of concurrent requests; a sral@fe indicates a faster server.
It shows that on this particular benchmark all of our web sexnshow the expected linear
behaviour, and that CPC'’s performance is comparable tooth@f, and much better than
that of the other implementations. A more in-depth analgsithis benchmark is available
in a technical report [26].

6 Disassembly of the binary shows that the function call isené.
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4.3 Hekate

Benchmarking a BitTorrent seeder is a difficult task becatussies either on a real-world
load, which is hard to control and only provides seeder-gittemation, or on an artificial

testbed, which might fail to accurately reproduce realtdvdsehaviour. We have however
been able to collect enough empirical evidence to show thiaté (Section 3) is an efficient
implementation of BitTorrent, lightweight enough to be mmembedded hardware.

Real-world workloadTo benchmark the ability of Hekate to sustain a real-workblove
need popular torrents with many requesting peers over apenigd of time. Updates for
Blizzard’s gameWorld of Warcraft(WoW), distributed over BitTorrent, meet these condi-
tions: each of the millions of WoW players around the worldsa hidden BitTorrent client,
and at any time many of them are looking for the latest update.

We have run an instance of Hekate seeding WoW updates withterruption for
weeks. We saw up to 1,000 connected peers (800 on average) thndughput of up to
10 MB/s (around 5 MB/s on average). Hekate never used morel&o of the 3.16 GHz
dual core CPU of our benchmarking machine.

Stress-test on embedded hardwaiée have ported Hekate ©penWrf, a Linux distribu-
tion for embedded devices. Hekate runs flawlessly on a chesye mouter with a 266 MHz
MIPS 4KcCPU, 32 MB of RAM and a 100 Mbps network card. The torrent filesenkept
on a USB flash drive.

Our stress-test consists in 1,000 simultaneous clienfgémented as a single CPC pro-
gram running on a fast computer directly connected to thecdewer 100 Mbps Ethernet)
requesting random chunks of a 1.2 GB torrent. In these donditHekate was able to serve
data at a rate of 2.9 MB/s. The CPU load was pegged at 100% ma#t of the CPU time
spent servicing software interrupt requests, notably filoenJSB subsystem (60 %érg, the
usb-storage kernel module using up to 25 % of CPU). Theseiddizate that even on a
slow MIPS processor, Hekate’s performance is fairly good that the performance could
be much improved by using a device on which mass storagectdaféisn’'t go over the USB
bus.

7 http://openwrt. org
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5 The CPC compilation technique

The current implementation of CPC is structured into thragsp the CPC to C transla-
tor, implemented in Objective Caml [32] on top of the CIL frework [35], the runtime,
implemented in C, and the standard library, implementedR&CCThe three parts are as in-
dependent as possible, and interact only through a smaif setll-defined interfaces. This
makes it easier to experiment with different approaches.

In this section, we present how the CPC translator turns af@®gam in threaded style
into an equivalent C program written in continuation-pagstyle. Therefore, we only need
to focus on the transformations applied to cps functionsoiipg completely the notion
of CPC thread or CPC primitive which are handled in the ruatpart of CPC. We detail
each step of the CPC compilation technique and the diffesikpecifically related to the C
language.

5.1 Translation passes

The CPC translator is structured in a series of sourceiosedransformations which turn
a threaded-style CPC program into an equivalent evenéni@® program. This sequence of
transformations consists of the following passes:

Boxing a small number of variables needs to be encapsulated iroenvénts to ensure the
correctness of the later passes;

Splitting the flow of control of each cps function is split into a set oftoally recursive,
tail-called, inner functions;

Lambda-lifting free local variables are copied from one inner function ®ribxt, yielding
closed inner functions;

CPS conversiorat this point, the program is iI@PS-convertible forpa form simple enough
to perform a one-pass partial conversion into continugpiassing style; the resulting
continuations are used at runtime by the CPC scheduler.

The converted program is then compiled by a standard C cemgild linked to the CPC
scheduler to produce the final executable.

All of these passes are well-known compilation techniqaesunctional programming
languages, but lambda-lifting and CPS conversion are noécioin general for an impera-
tive call-by-value language such as C. The problem is tregdtiransformations copy free
variables: if the original variable is modified, the copy bees out-of-date and the program
yields a different result.

Copying is not the only way to handle free variables. Wheryapg lambda-lifting to
a call-by-value language with mutable variables, the comis@ution is to box mutated
variables, storing them in environments. However, thiegslefficient: adding a layer of
indirection hinders cache efficiency and breaks a numbeomipder optimisations. There-
fore, CPC strives to avoid boxing as much as possible.

One key point of the efficiency of CPC is that we need not boxyerautated variable
for lambda-lifting and CPS conversion to be correct. As wasin Section 6, even though
C is an imperative language, most of the time it is correctftdfunctions called in tail
position; as it turns out, functions issued from the spigtpass are always called in tail
position and it is therefore correct to lift them.

Only a small number of variables, whose addresses have btgnad with the “address
of” operator §), need to be boxed: we call them extruded variables. Ourrarpats with
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Hekate show that 50 % of local variables in cps functions riedx lifted. Of that number,
only 10 % are extruded. In other words, in the largest prograitien in CPC so far, our
translator manages to box only 5% of the local variables gifapctions.

Sections 5.2 to 5.5 present each pass, explain how thewattand why they are cor-
rect. The correctness of the lambda-lifting pass dependstbaorem that will be shown in
Section 6.

5.2 CPS conversion

Conversion into Continuation Passing Stjd&, 37], orCPS conversioffior short, is a pro-
gram transformation technique that makes the flow of comifa program explicit and
provides first-class abstractions for it.

Intuitively, the continuationof a fragment of code is an abstraction of the action to
perform after its execution. For example, consider thefaithg computation:

f(g(5) + 4);

The continuation 0g(5) is £(- + 4) because the return value gfwill be added to 4 and
then passed te.

CPS conversion consists in replacing every functian a program with a functiorf *
taking an extra argument, itontinuation Where f would return with value, f* invokes
its continuation with the argument A CPS-converted function therefore never returns, but
makes a call to its continuation. Since all of these callsiar&il position, a converted
program doesn'’t use the native call stack: the informatiat would normally be in the call
stack (the dynamic chain) is encoded within the continmatio

This translation has three well-known interesting prapsrton which we rely in the
implementation of CPC:

CPS conversion need not be globBhe CPS conversion is not an “all or nothing” deal, in
which the complete program must be converted: there is mgthieventing a converted
function from calling a function that has not been conver@d the other hand, a func-
tion that has not been converted cannot call a function that &s it does not have a
handle to its own continuation.

It is therefore possible to perform CPS conversion on justilzsst of the functions
constituting a program (in the case of CPC, such functioasaanotated with theps
keyword). This allows cps code to call code in direct stybe,éxample system calls or
standard library functions. Additionally, at least in these of CPC, a cps function call
is much slower than a direct function call; being able to ardynvert the functions that
need the full flexibility of continuations avoids this ovedd as much as possible.

Continuations are abstract data structur@he classical definition of CPS conversion im-
plements continuations as functions. However, contionatare abstract data structures
and functions are only one particular concrete representaf them.

The CPS conversion process performs only two operationootinuiations: calling a
continuation, which we calhvoke and prepending a function application to the body
of a continuation, which we caflush This property is not really surprising: as contin-
uations are merely a representation for the dynamic chiagnatural that there should
be a correspondence between the operations available ortiauadion and a stack.
Since C doesn't have full first-class functions (closur€)C uses this property to im-
plement continuations as arrays of function pointers amdmaters.
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Continuation transformers are linea€PS conversion introduces linear (or “one-shot”) con-
tinuations [5,7]: when a CPS-converted function receivesrtinuation, it will use it
exactly once, and never duplicate or discard it.

This property is essential for memory management in CPC P43 @es the C allocator
(malloc andfree) rather than a garbage collector for managing continuafib@llows
reliably reclaiming continuations without the need forttpsevices such as reference
counting.

CPS conversion is not defined for every C function; insteaalyestrict ourselves to a
subset of functions, which we call tiePS-convertiblsubset. As we shall see in Section 5.4,
every C function can be converted to an equivalent functicBRS-convertible form.

The CPS-convertible form restricts the calls to cps fumdito make it straightforward
to capture their continuation. In CPS-convertible formah o a cps functiort is either in
tail position, or followed by a tail call to another cps fuioct whose parameters anen-
sharedvariables, that cannot be modified by This restriction about shared variables is
ensured by thboxingpass detailed in Section 5.3.

Definition 1 (Extruded and shared variables)Extruded variablesre local variables (or
function parameters) the address of which has been retasied the “address of” operator
(&).

Shared variablesre either extruded or global variables. ad

Thus, the set of shared variables includes every varialhleniight be modified by several
functions called in the same dynamic chain.

Definition 2 (CPS-convertible form) A functionh is in CPS-convertible fornf every call
to a cps function that it contains matches one of the follgwiatterns, where bothandg

are cps functionss;, ..., a, are any C expressions ard y;, ..., ynare non-shared
variables:
return f(aj, ..., ap); Q)
x = f(ag, ..., ay); return g(x, y1, .-, ¥u); 2
f(ag, ..., ag); return g(x, yi, +--, ¥Yo); 3
f(ay, ..., ap); return; 4)
f(ag, ..., an); g(x, y1, ..., yn); return; (5)
x = f(ag, ..., an); g(x, y1, ..., ¥yn); return; (6)
O

We usereturn to explicitly mark calls in tail position. The forms (3) to)(ére only neces-
sary to handle the cases wherandg returnvoid; in the rest of this paper, we ignore these
cases and focus on the essential cases (1) and (2).

Early evaluation of non-shared variableBo understand why the definition of CPS-convert-
ible form requires non-shared variables for the paramefesconsider what happens when
converting a CPS-convertible function. We use a partial €Sersion, as explained above,
focused on tail positions. In a functional language, we daldfine the CPS conversion as
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follows, wheref* is the CPS-converted form @éfandk the current continuation:

return a; ~» return k(a);
return f(ay, ..., ag); ~» return f(as, ..., ap, K);
x =f(ag, ..., ag); ~> return f*(ay, ..., ap,
return g(x, yi, ---.5 Yn); Ax. g°(x, Y1, --» Vn, K));
Note the use of the lambda-abstraction. g*(x, yi, ..., yn, k) torepresentthe con-

tinuation of the call ta* in the last case. In a call-by-value language, this contionaan
be described asget the return value oft*, evaluate the variableg; to y, and callg* with
these parameters.”

Representing this continuation in C raises the problem afuating the values af; to
yn after the call tae™ has completed: these variables are local to the CPS-cexviemiction
h and, as such, allocated in a stack frame which will be diszhwhenrh returns. To keep
them available until the evaluation of the continuation, waild need to store them in an
environment and garbage-collect them at some point. We waatoid this approach as
much as possible for performance reasons since it impliexga layer of indirection and
extra bookkeeping.

We use instead a technique that we ealtly evaluationof variables. It is based on the
following property: if we can ensure that the variabjgcannot be modified by the function
£, thenitis correct to commute their evaluation with the tafl. Because the CPC translator
produces code where these variables are not shared, thuthlestioxing pass (Section 5.3),
it is indeed guaranteed that they cannot be modified by a @ahbther function in the
same dynamic chain. In CPC, the CPS conversion transfamtierefore evaluates these
variables when the continuation is built, before callfygnd stores their values directly in
the continuation.

We finally define the CPS conversion pass, using early evatuahd the fact mentioned
above that continuations are abstract data structurespolated by two operatorgiush,
which adds a function to the continuation, aiigroke which executes a continuation.

Definition 3 (CPS conversion)The CPS conversiotranslates the tail positions of every
CPS-convertible term as follows, wheté is the CPS-converted form a&f andk is the
current continuation:

return a; ~> return invoke(k, a);
return f(a;, ..., ap); ~» push (k, %, as, ..., ap);
return invoke(k);
x = f(ay, ..., ag); ~ push &%, g, V1, ---» V)3
return g(x, y1, ..., ¥Yn); push (k, 5, a1, ..., ap);

return invoke (k) ;

O

A proof of correctness of this conversion, including a prt@dt early evaluation is correct
in the absence of shared variables, is available in the teameport [28].
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ImplementationFrom an implementation standpoint, the continuatias a stack of func-
tion pointers and parameters, apgsh adds elements to this stack. The functiatvoke
calls the first function of the stack, with the rest of the ktas its parameters. The form
invoke(k, a) also takes care of passing the vaiu the continuatiorx; it simply pushes
a at the top of the continuation before calling its first fupati

The current implementation efish grows continuations by a multiplicative factor when
the array is too small to contain the pushed parameters, emer rshrinks them. While
this might in principle waste memory in the case of many ltwegd continuations with an
occasional deep call stack, we believe that this case i®ramegh not to justify complicating
the implementation with this optimisation.

The functionpush does not align parameters on word boundaries, which leastaatier
continuations and easier store and load operations. Adth@word-aligned reads and writes
are more efficient in general, our tests showed little or npaat in the CPC programs we
experimented with, on x86 and x86-64 architectures: thesixcase has been a 10 % slow-
down in a micro-benchmark with deliberately misalignedgpaeters. We have reconsidered
this trade-off when porting CPC to MIPS, an architecturénwio hardware support for un-
aligned accesses, and added a compilation option to aligtincation frames. However
we keep this option disabled by default, until we have moggeermental data to assess its
efficiency.

There is one difference between Definition 3 and the impleaieEm. In a language with
proper tail calls, each function would simply invoke the towmation directly; in C, which
is not properly tail-recursive, doing that leads to unbadhdrowth of the native call stack.
Therefore, the tail calteturn invoke (k) cannot be used; we work around this issue by
using a “trampolining” technique [19]. Instead of callibgvoke, each cps function returns
its continuationreturn k. The main event loop iteratively receives these contionatand
invokes them until a CPC primitive returti8LL, which yields to the next CPC thread.

In the following sections, we show how the boxing, splittemgd lambda-lifting passes
translate any CPC program into CPS-convertible form.

5.3 Boxing

Boxing is a common, straightforward technique to encapsurtable variables. Itis neces-
sary to ensure the correctness of the CPS conversion andaalifiing passes (Sections 5.2
and 5.5). However, boxing induces an expensive indiredtioaccess boxed variables. In
order to keep this cost at an acceptably low leve, we box omlytset of all variables —
namely extruded variables, whose address is retained igtheiddress of” operatar (see
Definition 1, p. 15).

Example Consider the following function:

cps void f(int x) {
int y = 0;
int *pl = &x, *p2 = &y;
VA
return;

}

The local variables andy are extruded, because their address is stored in the pofiter
andp2. The boxing pass allocates them on the heap at the beginfihg functionf and
frees them before returns; every occurrence gfis replaced bypx, and&x by px:
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cps void f(int x) {
int *px = malloc(sizeof (int));

int *py = malloc(sizeof(int));

*pX = X; /* Initialise px */
*py = 0;

int *pl = px, *p2 = py;

/* ... with x and y replaced accordingly */

free(px); free(py);
return;

}

The extruded variables andy are not used anymore (except to initialig®. Instead px
andpy are used; note that these variables, contrary 4ody, are not extruded: they hold
the address of other variables, but their own address isetained. After the boxing pass,
there are no more extruded variables used in cps functions.

Cost analysisThe efficiency of CPC relies in great part on avoiding boxiagraich as pos-
sible. Performance-wise, we expect boxing only extrudethlbes to be far less expensive
than boxing every lifted variable. Indeed, in a typical Cgram, few local variables have
their address retained compared to the total number ofblasa

Experimental data confirm this intuition: in Hekate, the Cieghslator boxes 13 vari-
ables out of 125 lifted parameters. This result is obtainedmcompiling Hekate with the
current CPC implementation. They take into account thetfzatt the CPC translator tries
to be smart about which variables should be boxed or liftedirfstance, if the address of
a variable is retained with the “address of” operatdsut never used, this variable is not
considered as extruded. Using a naive implementation, Vewdoes not change the pro-
portion of boxed variables: with optimisations disablel ,variables are boxed out of 323
lifted parameters. In both cases, CPC boxes about 10 % offtide Variables, which is an
acceptable overhead.

Interaction with other passe3he boxing pass yields a program without the “address of”
operator &); extruded variables are allocated on the heap, and onlytgrsi to them are
copied by the lambda-lifting and CPS-conversion passd®rahan extruded variables
themselves. One may wonder, however, whether it is corogpetform boxing before ev-
ery other transformation. It turns out that boxing does ntgrfere with the other passes,
because they do not introduce any additional “address affaiprs. The program therefore
remains free of extruded variables. Moreover, it is prdfleréo box early, before introducing
inner functions, since it makes it easier to identify thergaind exit points of the original
function, where variables are allocated and freed.

Extruded variables and tail call\lthough we keep the cost of boxing low, with about
10 % of boxed variables, boxing has another, hidden costeéKs tail recursive cps calls.
Since the boxed variables might, in principle, be used duitie recursive calls, one cannot
free them beforehand. Therefore, functions featuringuebetd variables do not benefit from
the automatic elimination of tail recursive calls inducedthe CPS conversion. While this
prevents CPC from optimising tail recursive calls “for fteieis not a real limitation: the C
language does not ensure the elimination of tail recursils enyway, as the stack frame
should similarly be preserved in case of extruded variakled C programmers are used not
torely on it.
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5.4 Splitting

To transform a CPC program into CPS-convertible form, th€ @Bnslator needs to ensure
that every call to a cps function is either in tail positionfalfowed by a tail call to another
cps function. In the original CPC code, calls to cps functiaright, by chance, respect this
property but, more often than not, they are followed by soimectstyle code. The role of
the CPC translator is therefore to replace this direcestylunk of code following a cps
call by a call to a cps function which encapsulates this chi call this passplitting
because it splits each original cps function into many, mlliurecursive, cps functions in
CPS-convertible form.

The splitting pass is performed in two steps. The first stepsists in addingoto
statements, in particular after cps function calls whiah @ot in tail position. It produces
code with an explicit flow of control, which resembles CP$nemtible form except for
somegoto instead of tail calls (Section 5.4.1). The second step tlewearts thesgoto
statements into calls to inner cps functions, yielding t&&@nvertible form (Section 5.4.2).

5.4.1 Explicit flow of control

When a cps call is not in tail position, or followed by a taikagall, the CPC translator adds
agoto statement after it. Thigoto is to be converted into a tail cps call in the next step.
The simplest case is trivial:

cpc_yield(); rc = 0;
becomes

cpc_yield(); goto 1;
1: rc = 0;

Loops and conditional jumps require more care:

while(!timeout) {
int rc = cpc_read();
if(rc <= 0) break;
cpc_write();

}

reset_timeout();
is converted to:

while_label:
if ('timeout) {
int rc = cpc_read(); goto 1;
1:
if(rc <= 0) goto break_label;
cpc_write(); goto while_label;
}
break_label:
reset_timeout();

More generally, when the flow of control after a cps call goatside of a loopfor, while
ordo ... while) or aswitch statement, the CPC translator simplifies these constnotcts i
if andgoto statements, adding the necessary labels on the fly.
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Although these transformations bring the code in a shapedmCPS-convertible form,
we need to add some mogeto statements for the second step to correctly encapsulate
chunks of code into cps functions. Consider for instancddtewing piece of code:

if(rc < 0) {
cpc_yield(); rc = 0;

}

printf("rc = %d\n", rc);

return rc;

With the rules described above, it would be translated to:

if(rc < 0) {
cpc_yield(); goto 1;
1: {rc=0; %

}

printf("rc = %d\n", rc);

return rc;

This is not enough because the block labelled lwill be converted to a cps function. But
if we encapsulate only therc = 0;} part, we will miss the call tgrintf whenrc < 0.
Therefore, to ensure a correct encapsulation in the sedepdwse also need to make the
flow of control explicit when exiting a labelled block. Theagmple becomes:

if(rec < 0) {
cpc_yield(); goto 1;
1: { rc = 0; goto done; }
}
done:
printf("rc = %d\n", rc);
return rc;

After this step, every cps call is either in tail position olidwed by agoto statement,
and every labelled block exits with eitheraturn or agoto statement.

5.4.2 Eliminating gotos

It is a well-known fact in the compiler folklore that a tailltes equivalent to a goto. It is
perhaps less known that a goto is equivalent to a tail caJH4p the block of any destination
labell is encapsulated in an inner functioq), and eaclgoto 1; is replaced by a tail call
to1l.

Coming back to the first example of Section 5.4.1, the lahgaélds a functiorL O:

£f(); return 10);
cps void 10 { rc = 0; }

We see that the first line is now in CPS-convertible form. Nagjain that we useeturn to
mark tail calls explicitly in the C code.

Applying the same conversion to loops yields mutually reiwer functions. For in-
stance, therhile loop in the second example is converted intdle_label (), 1() and
break_label():
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while_label();
cps void while_label() {
if ('timeout) {
int rc = cpc_read(); return 1(0);
cps void 10) {
if(rc <= 0) return break_label();
cpc_write(); return while_label();
}
}
}
cps void break_label() {
reset_timeout();

}

When a label, likeshile_label above, is reachable not only througlgeto, but also di-
rectly through the linear flow of the program, it is necessanyall its associated function at
the point of definition; this is what we do on the first line ofstexample.

Note that splitting may introduce free variables; for imstg, in the previous example;
is free in the functiorl. In this intermediate C-like code, inner functions are ide®d just
like any other C block when it comes to the scope and lifespamgables: each variable
lives as long as the block or function which defines it, andait be read and modified by
any instruction inside this block, including inner funeto There is in particular no copy
of free variables in inner functions; variables are shansitle their block. In the previous
example, the lifespan of the varialde is theif block, including the call to the function
which reads the free variable allocated in its enclosingtion while_label.

The third example shows the importance of having expliciwftd control at the end of
labelled blocks. Aftegoto elimination, it becomes:

if(rc < 0) {
cpc_yield(); return 10);
cps int 1() { rc = 0; return done(); }
}
cps int done() {
printf("rc = %d\n", rc);
return rc;
}

return done();

Note the tail call taione at the end of. to ensure that thgrintf is executed wherc < 0,
and again the call on the last line to execute it otherwise.

5.4.3 Implementation

The actual implementation of the CPC translator implemgpliting on an as-needed basis:
a given subtree of the abstract syntax tree (AST) is onlysfaamed if it contains CPC
primitives that cannot be implemented in direct style. Oaimtoncern here is to transform
the code as little as possible, on the assumption that theagupiler is optimised for human-
written code.

To perform splitting, the CPC translator iterates over tH&TAchecking whether the
cps functions are in CPS-convertible form and interleathmytwo steps described above
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to reach CPS-convertible form incrementally. On each palsen the translator finds a cps
call it dispatches on the statement following it:

— in the case of @aeturn, the fragment is already CPS-convertible and the transtato-
tinues;

— in the case of goto, it is converted into a tail call, with the correspondingdaturned
into an inner function (Section 5.4.2), and the translatarts another pass;

— for any other statement,gato is added to make the flow of control explicit, converting
enclosing loops too if necessary (Section 5.4.1). The latmsthen starts another pass
and will eventually convert the introducgdto into a tail call.

At the end of the splitting pass, the translated program @R$-convertible form. How-
ever, it is not quite ready for CPS conversion because wedaotred inner functions, which
makes it invalid C. In particular, these functions may confeee variables. The next pass,
lambda-lifting, takes care of these free variables to getlid  program in CPS-convertible
form, suitable for the CPS conversion pass described ind@®es12.

5.5 Lambda-lifting

Lambda-lifting [25] is a standard technique to eliminateefivariables in functional lan-
guages. It proceeds in two phases [11]. In the first passdtpeater lifting”), free variables
are replaced by local, bound variables. In the second passck floating”), the resulting
closed functions are floated to top-level.

Example Coming back to the latest example, we add an enclosing fumetio definerc
and make the fragment self-contained:

cps int f(int rc) {
if(rc < 0) {
cpc_yield(); return 10);
cps int 1() { rc = 0; return done(); }
}
cps int done() {
printf("rc = %d\n", rc);
return rc;
}

return done();

}

The functionf contains two inner functiong, anddone. The local variablec is used as a
free variable in both of these functions.

Parameter lifting consists in adding the free variable aararpeter of every inner func-
tion:

cps int f(int rc) {
if(rc < 0) {
cpc_yield(); return 1(rc);
cps int 1(int rc) { rc = 0; return done(rc); }
}

cps int done(int rc) {
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printf("rc = %d\n", rc);
return rc;

}

return done(rc);

}

Note thatrc is now a parameter df anddone, and has been added accordingly whenever
these functions where called. There are, now, three cofies;@lpha-conversion makes
this more obvious:

cps int f(int rcl) {
if(rcl < 0) {
cpc_yield(); return 1l(rcl);
cps int 1(int rc2) { rc = 0; return done(rc2); }
}
cps int done(int rc3) {
printf("rc = %d\n", rc3);
return rc3;
}
return done(rcl);

}

Once the parameter lifting step has been performed, there fee variable anymore and
the block floating step consists in extracting these infeset functions at top-level:

cps int f(int rcl) {

if(rcl < 0) {
cpc_yield(); return 1(rcl);

}
return done(rcl);

}

cps int 1(int rc2) {
rc = 0;
return done(rc2);

}

cps int done(int rc3) {
printf("rc = %d\n", rc3);
return rc3;

}
Applying boxing, splitting and lambda-lifting always yikl CPS-convertible programs:

— every call to a cps function is either a tail call (not affett®y the transformations) or
followed by a tail cps call (introduced in the splitting pgss

— the parameters of this second cps call are local variahilese shey are introduced by
the lambda-lifting pass,

— these parameters are not shared because they are neithal @bzal variables) nor
extruded (the boxing pass ensures that there are no moteledtwariables in the pro-
gram).

Lambda-lifting in imperative language$here is one major issue with applying lambda-
lifting to C extended with inner functions: this transfortioa is in general not correct in a
call-by-value languages with mutable variables.
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Consider what would happen if splitting were to yield thddaling code:

cps int f(int rc) {
cps void set() { rc = 0; return; }
cps void done() {
printf("rc = %d\n", rc);
return;
}
set(); return done();

}

This code, which is in CPS-convertible form, prints edt= 0 whatever the original value
of rc was: the call taset setsrc to 0 and the call tdone displays it.
Once lambda-lifted, this code becomes:

cps int f(int rcl) {
set(rcl); return done(rcl);

}

cps void set(int rc2) {
rc2 = 0;
return;

}

cps void done(int rc3) {
printf("rc = %d\n", rc3);
return;

}

The result has changed: the code now displays the origihaé\af rc passed ta rather
than 0. The reason why lambda-lifting is incorrect in thasec#&s becauseet and done
work on two separate copies, rc2 andrc3, whereas in the original code there was only
one instance afc shared by all inner functions.

This issue is triggered by the fact that the functien is not called in tail position. This
non-tail call allows us to observe the incorrect value &f afterset has modified the copy
rc2 and returned. Iket were called in tail position instead, the fact that it opesabn a
copy ofrc1 would remain unnoticed.

Lambda-lifting and tail callsIn fact, although lambda-lifting is not correct in genemala
call-by-value language with mutable variables, it becocmsect once restricted to func-
tions called in tail position and non-extruded parameteiare precisely, in the absence of
extruded variables, it is safe to lift a parameter provideghginner function where this pa-
rameter is lifted is only called in tail position. We showsthésult in Section 6 (Theorem 1,
p. 29).

Inner functions in CPC are the result gdto elimination during the splitting step. As
a result, they are always called in tail position. Moreoeer explained in Section 5.3, the
boxing pass ensures that extruded variables have beematediat this point of the trans-
formation. Hence, lambda-lifting is correct in the case BICC

ImplementationTo lift as few variables as possible, lambda-lifting is ieyplented incre-
mentally. Rather than lifting every parameter, the tratostalooks for free variables to be
lifted in a cps function and adds them as parameters at caltgpdhis creates new free
variables, and the translator iterates until it reachesealfpoint.
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This implementation might be further optimised with a liese analysis, which would
in particular avoid lifting uninitialised parameters. Therrent translator performs a very
limited analysis: only variables which are used (henceeglia a single function are not
lifted.

Experimental resultsThe common technique to use lambda-lifting in an imperaléwe
guage is to box every mutated variable, in order to dupligatieters to these variables
instead of the variables themselves. To quantify the amofunbxing avoided by our tech-
nique of lambda-lifting tail-called functions, we used adifi@d version of CPC which
blindly boxes every lifted parameter and measure the amoiubbxing that it induced in
Hekate, the most substantial program written with CPC so far

Hekate contains 260 local variables and function paramespread across 28 cps func-
tions®. Among them, 125 variables are lifted. A naive lambdadijtipass would therefore
need to box almost 50 % of the variables.

On the other hand, boxing extruded variables only carriesieghnsmaller overhead: in
Hekate, the current CPC translator boxes only 5 % of the blasan cps functions. In other
words, 90 % of the lifted variables in Hekate are safely lethaxed, keeping the overhead
associated with boxing to a reasonable level.

6 Lambda-lifting in an imperative language

To prove the correctness of lambda-lifting in an imperatisadl-by-value language when

functions are called in tail position, we do not reason diyean CPC programs, because
the semantics of C is too broad and complex for our purpodes.CPC translator leaves

most parts of converted programs intact, transforming onlytrol structures and function

calls. Therefore, we define a simple language with resttictdues, expressions and terms,
that captures the features we are most interested in (8.

The reduction rules for this language (Section 6.1.1) usenalgied memory model
without pointers and enforce that local variables are noessed outside of their scope, as
ensured by our boxing pass. This is necessary since we haw shat lambda-lifting is
not correct in general in the presence of extruded variables

It turns out that the “naive” reduction rules defined in Sarts.1.1 do not provide
strong enough invariants to prove this correctness thedmgiimduction, mostly because
we represent memory with a store that is deeply modified bytaHifting. Therefore, in
Section 6.2, we define an equivalent, “optimised” set of ctida rules which enforces more
regular stores and closures.

The proof of correctness is then carried in Section 6.3 usiage optimised rules. We
first define the invariants needed for the proof and formudasérengthened version of the
correctness theorem (Theorem 3, Section 6.3.1). A compsafeeoverview of the proof is
then given in Section 6.3.2. The proof is fully detailed ircan 6.3.5, with the help of a
few lemmas to keep the main proof shorter (Sections 6.3.3chd).

The main limitation of this proof is that Theorems 1 and 3 amplications, not equiv-
alences: we do not prove that if a term does not reduce, itnetlireduce once lifted. For
instance, this proof does not ensure that lambda-liftingsdmt break infinite loops.

8 These numbers leave out direct-style functions, which doneed to be converted, and around 200
unused temporary variables introduced by a single pati@@bmacro-expansion in thaurl library.
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6.1 Definitions

In this section, we define the terms (Definition 4), the reidunctules (Section 6.1.1) and the
lambda-lifting transformation itself (Section 6.1.2) faur small imperative language. With
these preliminary definitions, we are then able to charesetéftable parametergDefini-
tion 11) and state the main correctness theorem (Theoremclip8 6.1.3).

Definition 4 (Values, expression and terms)
Values are either boolean and integer constants aspecial value for functions return-
ing void.
vi= 1]true |false|neN

Expressions are either values or variables. We delibgratelt arithmetic and boolean
operators, with the sole concern of avoiding boring casésdrmproofs.

expri=Vv|x|...

Terms are made of assignments, conditionals, sequencassike functions definitions
and calls.

To=expr|x=T|if TthenT elseT |T; T
| letrec f(xq...X,) =T in T|f(T,...,T)

O

Our language focuses on the essential details affectectliyathsformations: recursive func-
tions, conditionals and memory accesses. Loops, for instaare ignored because they can
be expressed in terms of recursive calls and conditionapgus and that is, in fact, how
the splitting pass translates them (Section 5.4). Sincedantifting happens after the split-
ting pass, our language need to include inner functionedqagh they are not part of the C
language), but it can safely exclugeto statements.

6.1.1 Naive reduction rules

Environments and storeBlandling inner functions requires explicit closures intbéuction
rules. We need environments, writtento bind variables to locations, and a store, written
s, to bind locations to values.

Environmentsand storesare partial functions, equipped with a single operator Wwhic
extends and modifies a partial functior: {- — -}.

Definition 5 The modification (or extension)’ of a partial functionf, written f' = f +
{x— vy}, is defined as follows:

h =
F(t) = y Went_x
f(t) otherwise

dom(f’) =dom(f)uU{x}
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Fig. 7 “Naive” reduction rules

Definition 6 (Environments of variables and functions) Environments of variables are
defined inductively by

pi=¢el(xl)-p,
i.e. the empty domain function amh {x+— 1} (respectively).
Environments of functions, on the other hand, associatetitmnames to closures:

FAf,0.h.. .} = {[Ax...%.T,p, Z]}.
O

Note that although we have a notion of locations, which apoad roughly to memory
addresses in C, there is no way to copy, change or otherwisguiate a location directly
in the syntax of our language. This is on purpose, since gdtiis possibility would make
lambda-lifting incorrect: it translates the fact, ensubgdhe boxing pass in the CPC trans-
lator, that there are no extruded variables in the liftechger

Reduction rulesWe use classical big-step reduction rules for our languBri(e 7, p. 27).

In the (call) rule, we need to introdudeeshlocations for the parameters of the called
function. This means that we must choose locations that@ralready in use, in particular
in the environmentp’ and.%. To express this choice, we define two ancillary functions,
Env and Loc, to extract the environments and locations aoedan the closures of a given
environment of functions?.

Definition 7 (Set of environments, set of locations)

Env(.F) =J{p.0"| [Ax1...%.M,p, F'] € Im(F),p' € Env(F')}

Loc(#) = [ J{Im(p) | p € EnV(F)}
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Alocationl is said toappearin .# iff | € Loc(.%).

These functions allow us to define fresh locations.

Definition 8 (Fresh location)In the (call) rule, a location iFeshwhen:

— | ¢ dom(sn+1), i.e.| is not already used in the store before the body of evaluated,
and
— | doesn’t appear itZ7' + {f — % f}, i.e.l will not interfere with locations captured in
the environment of functions.
O

Note that the second condition implies in particular thdbes not appear in eithef or p’.

6.1.2 Lambda-lifting

We mentioned in Section 5.5 that lambda-lifting can be sl two parts: parameter lifting
and block floating. We will focus only on the first part hereyca the second one is trivial.
Parameter lifting consists in adding a free variable as arpater of every inner function
where it appears free. This step is repeated until evenabtariis bound in every function,
and closed functions can safely be floated to top-level. Matealthough the transformation
is called lambda-lifting, we do not focus on a single functend try to lift all of its free
variables; on the contrary, we define the lifting of a singéefparameterin every possible
function.

Usually, smart lambda-lifting algorithms strive to minizei the number of lifted vari-
ables. Such is not our concern in this proof: parametersiféed in every function where
they might potentially be free. (In our implementation, tbBC translator actually uses a
smarter approach to avoid lifting too many parameters, piagred in Section 5.5.)

Definition 9 (Parameter lifting in a term) Assume thak is defined as a parameter of a
given functiong, and that every inner function gnis calledh; (for somei € N). Also assume
that function parameters are unique before lambda-lifting

Then, thdifted form (M), of the termM with respect tox is defined inductively as follows:

B.=1  (n),=n
(true), =true (false), = false
.=y and (y=a),=y=(a), (evenify=x)
(@;b).=(a).; (),
(if athen b elsec), =if (a), then (b), else(c),
letrec f(x1...xnX) = (@), in (b), if f=h;
letrec f(x1...xn) = (@), in (b), otherwise

*

(letrec f(X1...Xn) =ain b), = {

f((a1),,...,(an),,x) if f =h;for somei
f((a),,...,(an),)  otherwise
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6.1.3 Correctness condition

We claim that parameter lifting is correct for variables dedl in functions whose inner
functions are called exclusively tail position We call these variabldgtable parameters
We first define tail positions as usual [10]:

Definition 10 (Tail position) Tail positionsare defined inductively as follows:

1. M andN are in tail position irif P then M elseN.
2. Nis in tail position inN andM ; N andletrec f(x1...xn) =M in N.

O

A parameterx defined in a functiory is liftable if every inner function irg is called exclu-
sively in tail position.

Definition 11 (Liftable parameter) A parametex is liftable in M when:

— xis defined as the parameter of a functgn
— inner functions irg, namedh;, are called exclusively in tail position gnor in one of the
hi.
O

Our main theorem is that performing parameter-lifting oiftalble parameter preserves the
reduction:

Theorem 1 (Correctness of lambda-lifting)If x is a liftable parameter in M, then
Jt,M*® % v implies3t’, (M)# % v

Note that the resulting stor® changes because lambda-lifting introduces new variables,
hence new locations in the store, and changes the valuesiassbwith lifted variables;
Section 6.3 is devoted to the proof of this theorem. To mairitevariants during the proof,
we need to use an equivalent, “optimised” set of reductidestlit is introduced in the next
section.

6.2 Optimised reduction rules

The naive reduction rules (Section 6.1.1) are not wellesuto prove the correctness of
lambda-lifting. Indeed, the proof is by induction and regaia number of invariants on the
structure of stores and environments. Rather than havirmgendof lemmas to ensure these
invariants during the proof of correctness, we translagentlas constraints in the reduction
rules.

To this end, we introduce two optimisations — minimal stqi®sction 6.2.1) and com-
pact closures (Section 6.2.2) — which lead to the definitioanooptimised set of reduction
rules (Figure 8, Section 6.2.3). The equivalence betwegmiged and naive reduction rules
is shown in the technical report [28].
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6.2.1 Minimal stores

In the naive reduction rules, the store grows faster whendaied lifted terms, because each
function call adds to the store as many locations as it hagtitmparameters. This yields
stores of different sizes when reducing the original andiftedl term, and that difference
cannot be accounted for locally, at the rule level.

Consider for instance the simplest possible case of lantifiofey:

letrec g(x) = (letrec h() =x in h()) in g(1) (original)
letrec g(x) = (letrec h(y) =y in h(x)) in g(1) (lifted)

At the end of the reduction, the store for the original terrflis— 1} whereas the store for
the lifted term is{lx — 1;ly — 1}. More complex terms would yield even larger stores, with
many out-of-date copies of lifted variables.

To keep the store under control, we need to get rid of uselggables as soon as possible
during the reduction. It is safe to remove a variabfeom the store once we are certain that
it will never be used again, i.e. as soon as the term in taittipasin the function which
definesx has been evaluated. This mechanism is analogous to theds#ah of a stack
frame when a function returns.

To track the variables whose location can be safely recliafeer the reduction of
some termM, we introducesplit environmentsSplit environments are writtepr |p, where
pr is called thetail environmentandp the non-tail one; only the variables belonging to the
tail environment may be safely reclaimed. The reductioesiuild environments so that a
variablex belongs topr if and only if the termM is in tail position in the current function
f andx is a parameter of. In that case, it is safe to discard the locations assoctatad
of the parameters of, includingx, afterM has been reduced because we are sure that the
evaluation off is completed (and there is no first-class functions in thguage to keep
references on variables beyond their scope of definition).

We also define aleaningoperator, \ -, to remove a set of variables from the store.

Definition 12 (Cleaning of a store)The stores cleaned with respect to the variablesoin
written s\ p, is defined as\ p = S|gom(s)\Im(p)- ad

6.2.2 Compact closures

Another source of complexity with the naive reduction rutethe inclusion of useless vari-
ables in closures. It is safe to remove from the environmeht&riables contained in clo-
sures the variables that are also parameters of the funetizen the function is called, and
the environment restored, these variables will be hiddetihéyreshly instantiated parame-
ters.

This is typically what happens to lifted parameters: theyfage variables, captured in
the closure when the function is defined, but these captuakets will never be used since
calling the function adds fresh parameters with the sameesaiVe introducecompact
closuresin the optimised reduction rules to avoid dealing with thiditg mechanism in the
proof of lambda-lifting.

A compact closure is a closure that does not capture anybkarehich would be hidden
when the closure is called because of function parametemsdithe same name.

Definition 13 (Compact closure and environment)A closure[AX; ... xn.M, p, %] is com-
pactif Vi,x ¢ dom(p) and.# is compact. An environment isompactif it contains only
compact closures. O
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Fig. 8 Optimised reduction rules

We define a canonical mapping from any environméhto a compact environmen#,,
restricting the domains of every closure4m.

Definition 14 (Canonical compact environment)Thecanonical compact environmes,
is the unigue environment with the same domait?asuch that

vf edom(.F), 7 f = [Ax1...%.M,p, 7]
|mpllesﬁ* f= [)\xl...xn.M,p|d0n(p>\{xlmxn},§’*] .

6.2.3 Optimised reduction rules

Combining both optimisations yields tluptimisedreduction rules (Figure 8, p. 31), used
Section 6.3 for the proof of lambda-lifting. We ensure mialiratores by cleaning them in
the (val), (var) and (assign) rules, which correspond tigtzsitions; split environments are
introduced in the (call) rule to distinguish fresh paramgtéo be cleaned, from captured
variables, to preserve. Tail positions are tracked in exudlg/through split environments, to
avoid cleaning variables too early, in a non-tail branch.
We also build compact closures in the (letrec) rule by remgthe parameters dffrom

the captured environmept.

Theorem 2 (Equivalence between naive and optimised reductn rules) Optimised and
naive reduction rules are equivalent: every reduction ire aet of rules yields the same
result in the other. It is necessary, however, to take catections left in the store by the
naive reduction:

E|E .
ME—EEs ve g Is,M& =5 vS
& &



inria-00537964, version 2 - 14 Feb 2012

32

The proof of this theorem is detailed in the technical re 2.

6.3 Correctness of lambda-lifting

In this section, we prove the correctness of lambda-lif{iilgeorem 1, p. 29) by induction
on the height of the optimised reduction.

Section 6.3.1 defines stronger invariants and rewords theataess theorem with them.
Section 6.3.2 gives an overview of the proof. Sections G8®86.3.4 prove a few lemmas
needed for the proof. Section 6.3.5 contains the actual pfamrrectness.

6.3.1 Strengthened hypotheses

We need strong induction hypotheses to ensure that keyiamigarabout stores and environ-
ments hold at every step. For that purpose, we defii@sing-free environmentsn which
locations may not be referenced by more than one variabtEloaal positions They yield

a strengthened version of liftable parameters (Definitigh We then define lifted envi-
ronments (Definition 18) to mirror the effect of lambdaiiifi in lifted terms captured in
closures, and finally reformulate the correctness of lariifiilag in Theorem 3 with hy-
potheses strong enough to be provable directly by induction

Definition 15 (Aliasing) A set of environmentg’ is aliasing-freewhen:

Vp,p' € &,¥x e dom(p),vy € dom(p’), px=p'y=x=Yy.

By extension, an environment of functiofg is aliasing-free when Er\# ) is aliasing-free.
O

The notion of aliasing-free environments is not an artitfadur small language, but trans-
lates a fundamental property of the C semantics: distinuttfan parameters or local vari-
ables are always bound to distinct memory locations (Seétid.2, paragraph 6 in ISO/IEC
9899 [24)).

A local position is any position in a term except inner fuons. Local positions are used
to distinguish functions defined directly in a term from defepested functions, because we
need to enforce Invariant 3 (Definition 17) on the former only

Definition 16 (Local position) Local positionsare defined inductively as follows:

1. Misin local position inM, x:=M, M ; M, if M then M elseM andf(M,...,M).
2. Nisin local position inletrec f(x;...X,) =M in N.
|

We extend the notion of liftable parameter (Definition 1129) to enforce invariants on
stores and environments.

Definition 17 (Extended liftability) The parametexis liftable in (M,.%#, pr,p) when:

1. xis defined as the parameter of a funct@reither inM or in %,

2. in bothM and.#, inner functions irg, namedh;, are defined and called exclusively:
(a) in tail position ing, or
(b) in tail position in soméa; (with possiblyi = j), or
(c) in tail position inM,
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for all f defined in local position iM, x € dom(pr - p) < Ji, f = h;,

moreover, iy is called in tail position irM, thenx € dom(pr),

in #, x appears necessarily and exclusively in the environmenttsedf’s closures,
Z contains only compact closures and EfV) U {p, pr} is aliasing-free.

o0k w

O

We also extend the definition of lambda-lifting (Definition® 28) to environments, in
order to reflect changes in lambda-lifted parameters cegtur closures.

Definition 18 (Lifted form of an environment)
If #f=[Ax1...%.0,0,.7] then

(). = [Ax1... %X (D), 0'ldompy\ x> (F'),]  Whenf = h; for somei
* AXg... %0 (b),, 0", (F),] otherwise

O

Lifted environments are defined such that a liftable parame¢ver appears in them. This
property will be useful during the proof of correctness.

Lemmal If x is a liftable parameter ifM, %, pr, p), then x does not appear (%), .

Proof Sincex s liftable in (M,.Z, pr,p), it appears exclusively in the environmentshaf
By definition, it is removed when building#),. O

These invariants and definitions lead to an enhanced coasstheorem.

Theorem 3 (Correctness of lambda-lifting)If x is a liftable parameter i(M,.Z, pr, p),

then

M3 pT:m>v implies (M)? o, ¢

(F).
Since naive and optimised reductions rules are equivaldr@drem 2, p. 31), the proof of
Theorem 1 (p. 29) is a direct corollary of this theorem.

Corollary 1 If x is a liftable parameter in M, then

3t,M& —<5 vt implies3t’, (M)€ —S- V.
& &

6.3.2 Overview of the proof

With the enhanced liftability definition, we have strong egb invariants to perform a proof
by induction of the correctness theorem. This proof is tledan Section 6.3.5.

The proof is not by structural induction but by induction be height of the derivation.
This is necessary because, even with the stronger invayiastcannot apply the induction
hypotheses directly to the premises in the case of the (ad#)) we have to change the
stores and environments, which means rewriting the whaileat®n tree, before using the
induction hypotheses.

For that reason, the most important and difficult case of tbefgs the (call) rule. We
splitit into two cases: calling one of the lifted functioris=€ h;) and calling another function
(eitherg, wherex is defined, or any other function outsideg)f Only the former requires
rewriting; the latter follows directly from the inductiorypotheses.
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In the (call) rule withf = h;, issues arise when reducing the bdxiyf the lifted function.
During this reduction, indeed, the store contains a newtime# bound by the environment
to the lifted variablex, but also contains the locatidrwhich contains the original value of
x. Our goal is to show that the reduction lofmplies the reduction ofb),, with store and
environments fulfilling the constraints of the (call) rule.

To obtain the reduction of the lifted bod¥),, we modify the reduction df in a series
of steps, using several lemmas:

— the location of the free variablex is moved to the tail environment (Lemma 2);

— the resulting reduction meets the induction hypotheseg&ghwve apply to obtain the
reduction of the lifted bodyb), ;

— however, this reduction does not meet the constraints obptienised reduction rules
because the locatidnis not fresh: we rename it to a fresh locatidrio hold the lifted
variable;

— finally, since we renameldto I, we need to reintroduce a locatibito hold the original
value ofx (Lemmas 3 and 4).

The rewriting lemmas used in the (call) case are shown in@e6t3.3.

For every other case, the proof consists in checking thdngutpat the induction hy-
potheses apply, in particular thats liftable in the premises. It consists in checking invari-
ants of the extended liftability definition (Definition 17p keep the main proof as compact
as possible, the most difficult cases of liftability, retht® aliasing, are proven in some
preliminary lemmas (Section 6.3.4).

One last issue arises during the induction when one of threipes does not contain the
lifted variablex. In that case, the invariants do not hold, since they asshmpresence of
X. But it turns out that in this very case, the lifting functitthe identity (since there is no
variable to lift) and lambda-lifting is trivially correct.

6.3.3 Rewriting lemmas

Calling a lifted function has an impact on the resulting storew locations are introduced
for the lifted parameters and the earlier locations, whiddh r@ot modified anymore, are
hidden. Because of these changes, the induction hypotliesast apply directly in the

case of the (call) rule for a lifted functidm. We use the following three lemmas to obtain,
through several rewriting steps, a reduction of lifted temeeting the induction hypotheses.

— Lemma 2 shows that moving a variable from the non-tail emvitentp to the tail
environmentpr does not change the result, but restricts the domain of tdre.sit is
used transform the original free varialén the non-tail environment) to its lifted copy
(which is a parameter df;, hence in the tail environment).

— Lemmas 3 and 4 add into the store and the environment a freatida, bound to an
arbitrary value. It is used to reintroduce the location aorihg the original value oX,
after it has been alpha-converted to

pr|(xh)-p

Lemma 2 (Switching to tail environment) If MS =£-2E S and x¢ dom(pr) then
F
)|

(x| L .
MS % v ldoms )\ 1y Moreover, both derivations have the same height.

Proof By induction on the structure of the derivation. For the Jv@lar), (assign) and (call)
cases, we use the fact tre{pr - (x,1) = S|goms)\ 1} Whens = s\ pr. O
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Lemma 3 (Spurious location in store)lf M 3 pT:;p> v and k does not appear in either s,

F or pr - p, then, for all value u, M+ (k=u} —2L2 \<+{ku} Moreover, both derivations
have the same height.

Proof By induction on the height of the derivation. The key ideaoistld (k,u) to every
store in the derivation tree. A collision might occur in thal{) rule, if there is somg
such thatj = k. In that case, we need to renaind¢o some fresh variabll? # k (by alpha-
conversion) before applying the induction hypotheses. ad

Lemma 4 (Spurious variable in environments)

RAYE pr-(x))lp v iff MS pr-(x))[(x!")-p Ve
7 F

Moreover, both derivations have the same height.

Proof By induction on the structure of the derivation. The prodieesolely on the fact that
pr-(x1)-p=pr-(x1)-(x1')-p. 0

6.3.4 Aliasing lemmas

We need two lemmas to show that environments remain alidsiegduring the proof by

induction in Section 6.3.5. They are purely technical lemtinat consist in proving that the
aliasing invariant (Invariant 6, Definition 17) holds in thentext of the (call) and (letrec)
rules, respectively. We only show the (call) lemma here;(kbeec) lemma is very similar

and detailed in the technical report [28].

Lemma5 (Aliasing in (call) rule) Assume that, in a (call) rule,

- Ff=[Axq... %0, 0", 7],
— Env(.%) is aliasing-free, and
- p"=(x3,l1)-...- (Xn,In), with fresh and distinct locations.|

ThenEnv(F#' +{f — Z f})U{p’,p"} is also aliasing-free.
Proof Let& =Env(%' + {f — .Z f})U{p’}. We know that®’ C Env(.%) soé& is aliasing-

free We want to show that adding fresh and distinct locatfom® p” preserves this lack of
freedom. More precisely, we want to show that

Vo1, 02 € EU{p"},¥x € dom(py),Vy € dom(p,), pr X= P y=X=Yy
given that

Vp1,p2 € &,¥x € dom(py), Yy € dom(pz), p1 X= P2y = X=Y.

We reason by checking of all casesplfe & andp, € &, immediate. Ifp; = p, = p” then
p" x=p" y=x=y holds because the locations@f are distinct. Ifp; = p” andp, € &
thenp; X = po y = x =y holds becausp; x # p2 y (by freshness hypothesis). a
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6.3.5 Proof of correctness

We finally show Theorem 3.

Theorem 3 (Correctness of lambda-lifting)If x is a liftable parameter i(M, .7, pr, p),
then

MS pT:;p> v® implies (M)$ ('T:T> ve

Assume thak is a liftable parameter itM,.%, pr, p). The proof is by induction on the

height of the reduction of1s pT:“D> vS. We only show the case (call). The full proof is

T
available in the technical report [28].

(call) — first caseFirst, we consider the most interesting case where thestseésiuch that
f =h;. The variablecis a liftable parameter ithi(az .. .an), %, pr,p) hence ina;, %, €, pr-
p) too.

By the induction hypotheses, we get

(8). 8 = v,
(F).
By definition of lifting, (hi(az...an)), = hi((a1),,---,(an),,X). Butx is not a liftable pa-
rameter in(b, #’,p”,p’) since the Invariant 4 might be brokex¢ dom(p”) (x is not a
parameter ofy) but h;j might appear in tail position ib.

On the other hand, we haxe= dom(p’): since, by hypothesisis a liftable parameter
in (hi(a1...an),-Z,pr,P), it appears necessarily in the environments of the closefréee
hi, such ag’. This allows us to splip’ into two partsp’ = (x,1)- p™. Itis then possible to
move(x,l) to the tail environment, according to Lemma 2:

psna+{limvi} p"(x1)]p"
FIH{f7 £}

VS ldome\ (1}

This rewriting ensures thatis a liftable parameter ifb, #' + {f — % f},p"- (x,1),p")
(by Lemma 5 for the Invariant 6).
By the induction hypotheses,

() St lli=vi} P Slaomen
(FH{fsF 1)),

Thel location is not fresh: it must be rewritten into a fresh lémat sincex is now a param-
eter ofh;. Letl’ be a location appearing in neithe#’ + {f — .Z f}),, norsp i +{li = v}
or p” - pr’. Thenl’ is a fresh location, which is to act & the reduction ofb), .

We will show that, after the reductioH,is not in the store (just likebefore the lambda-
lifting). In the meantime, the value associated tdoes not change (sindéis modified
instead ofl).

Lemma 1 implies thak does not appear in the environments(df),, so it does not
appear in the environments of' + {f — % f}), C (%), either. As a consequence, lack
of aliasing implies by Definition 15 that the labklassociated tx, does not appear in
(F'+{f —» Z }), either, so

(F'+{ft = FZ )N =(F +{f = Ff}),.



inria-00537964, version 2 - 14 Feb 2012

37

Moreover,| does not appear il |goms)\ q13- Sincel’ does not appear in the store or the
environments of the reduction, we renahte I’

(b)§+1[|//|]+{|iv—>vi} " (x1")p" VS ldomen 1y
(F'+{t>T 1)),

We want now to reintroduck Letvyx = sn+1 |. The locatiorl does not appear i 1[l'/l]+
{i=vi}, (F +{f = F1f}),, orp"(x1")-p". Thus, by Lemma 3,

(b) Snpall’ /1+{limvi 3 +{l v % VS laomis i+
: (F'+{t7 1)),

Since
sa[l’/ll +{li = vi} +{l = v} =snpa[l’/l]+{l = w} +{li = Vvi} because&i,l #1;

=S1+H{I' = w4+ {li— v} becausey = sl
=S1H{li=vit+H{' = w} becauswi,l’ # ;

ands'|gome )\ 13 + {I = W} =S + {I = W}, we finish the rewriting by Lemma 4,

(b)fn+1+{|i'—>vi}+{|/'—>vx} :p”(x,l’)|(x,l)-p’” sy SHIPw)
(F {7 1)),

Hence the result:

(Z), hi=[Ax1...xx. (b),, 0", (F"),]
p" = (x1,11) ..+ (%, In) (X, T X) I” andl; fresh and distinct

C oy s _PTP s
v'v (al)* T Vi
(x), 71 =22\t (sl (on) PP <o)
(cALL) i (F). ) (FI+{f=TF 1}),
(hi (a]_ .. an)) S1 pT:ho> V5/+{|HVX}\PT
R

Sincel € dom(pr) (becauseis a liftable parameter ithi(a; ...an),-%, pr, p)), the extra-
neous location is reclaimed as expec®ed: {| — w}\ pr =5\ pr.

(call) — second casé&Ve now consider the case whefrés not one of they. The variablex
is a liftable parameter i6f (a;...an), %, pr,p) hence in(a;, %, €, pr - p) too.
By the induction hypotheses, we get
(&), % =L v,
(F).
and, by Definition 9,
(f(ar...an). = f((@),..... @n).).

If x is not defined irb or .#, then(), is the identity function and can trivially be applied
to the reduction ob. Otherwisex is a liftable parameter ifb, #' + {f — % f},p",p’)

— when checking the invariants of Definition 17, we use LemnfiarShe Invariant 6 and
check separately = g and f # g for the Invariants 3 and 4 (see the technical report [28] for
more details).



inria-00537964, version 2 - 14 Feb 2012

38

By the induction hypotheses,

(b)SfH.lJr{h»—Ni} p"lp’ VS’
* (F'+{tT 1)),
hence:
., (%), f= [/\xl...xn.(b)*,p’,(ﬁ)*} o
p" = (Xt,l1) ... (Xn,1n) li fresh and distinct
Vi, (@), S R Sy Seat{io) e’ Ve
(CALL) o ! . (FH{I=F 1),

(f(ay...an)),* %vd\m

Other casesThe detailed proof of the other cases is available in thenieahreport [28].
They are mostly straightforward by induction, except @ejrwhich requires an additional
aliasing lemma to check the liftability invariants. ad

7 Conclusions and further work

In this paper, we have described CPC, a programming langhagerovides threads which
are implemented, in different parts of the program, eitreeextremely lightweight heap-
allocated data structures, or as native operating systezadh. The compilation technique
used by CPC is somewhat unusual, since it involves a coriomipassing style (CPS)
transform for the C programming language. We have showndireatness of that particular
instance of the CPS transform, as well as the correctnes$?@fsCcompilation scheme;
while other efficient systems for programming concurrerstems exist, we claim that the
existence of a proof of correctness makes CPC unique ameng th

CPC is highly adapted to writing high-performance netwaikvers. To prove this fact,
we have written Hekate, a large scale BitTorrent seeder i@.Efekate has turned out to be
a compact, maintainable, fast and reliable piece of soéiwar

We enjoyed writing Hekate very much. Due to the lightweidireads that it provides,
and due to the determinacy of scheduling of attached thye@B€ threads have a very
different feel from threads in other programming languagiscovering the right idioms
and the right abstractions for CPC has been (and remains)fahe most enjoyable parts
of our work.

For CPC to become a useful production language it must comiped with a consis-
tent and powerful standard library that encapsulates Upefgramming idioms in a gener-
ally usable form. The current CPC library has been writtemoemn-demand basis, mainly
to meet the needs of Hekate; the choice of functions thabitiges is therefore somewhat
random. Filling in the holes of the library should be a fastyaightforward job. For CPC to
scale easily to multiple cores, this extended standardrifshould also offer the ability to
run several event loops, scheduled on different cores, agichta threads between them.

We have no doubt that CPC can be useful for applications thiaer high-performance
network servers. One could for example envision a GUI systbere every button is imple-
mented using three CPC threads: one that waits for moudescioe that draws the button,
and one that coordinates with the rest of the system. To Haluseractice, such a system
should be implemented using a standard widget library; éloe that CPC integrates well
with external event loops indicates that this should beiptess
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Finally, the ideas used in CPC might be applicable to prognang languages other than
C. For example, a continuation passing transform might bea a¥ extending Javascript
with threads without the need to deploy a new Javascriptmanto hundreds of millions of
web browsers.

Software availability

The full CPC translator, including sources and benchmarkiode, is available online at
http://www.pps.jussieu.fr/~kerneis/software/cpc. The sources of Hekate are avail-
able online ahttp://www.pps. jussieu.fr/~kerneis/software/hekate.

References

1. Adya, A., Howell, J., Theimer, M., Bolosky, W.J., DouceluR.: Cooperative task management without
manual stack management. In: Proceedings of the 2002 USEBNHal Technical Conference, pp.
289-302. USENIX Association, Berkeley, CA, USA (2002)

2. Appel, A.W.: Compiling with continuations. Cambridge iersity Press (1992)

3. Attar, P., Canal, Y.. Reéalisation d'un seeder bittorreen CPC (2009). URL
http://www.pps.jussieu.fr/~jch/software/hekate/hekate-attar-canal.pdf

4. von Behren, R., Condit, J., Zhou, F., Necula, G.C., BrelerCapriccio: scalable threads for internet
services. SIGOPS Oper. Syst. R8¥(5), 268—281 (2003)

5. Berdine, J., O’'Hearn, P., Reddy, U., Thielecke, H.: Lin€antinuation-Passing. Higher-Order and
Symbolic Computatiori5, 181-208 (2002)

6. Boussinot, F.: FairThreads: mixing cooperative andmpmwe threads in C. Concurrency and Compu-
tation: Practice and Experiend&(5), 445-469 (2006)

7. Bruggeman, C., Waddell, O., Dybvig, R.K.: Representiagtml in the presence of one-shot continua-
tions. In: Proceedings of the ACM SIGPLAN 1996 conferencePoogramming language design and
implementation, PLDI '96, pp. 99-107. ACM, New York, NY, USA996)

8. Chroboczek, J.: Continuation-passing for C: a spacetafti implementation of concurrency. Tech. rep.,
PPS, Université Paris 7 (2005). URlttp://hal.archives-ouvertes.fr/hal-00135160/

9. Claessen, K.: A poor man’s concurrency monad. J. FunegrBm.9(3), 313-323 (1999)

10. Clinger, W.D.: Proper tail recursion and space effigierin: Proceedings of the ACM SIGPLAN 1998
conference on Programming language design and implenmnt&_DI '98, pp. 174-185. ACM, New
York, NY, USA (1998)

11. Danvy, O., Schultz, U.: Lambda-lifting in quadratic émin: Functional and Logic Programmiriggc-
ture Notes in Computer Scienaml. 2441, pp. 134-151. Springer-Verlag, Berlin, Germég02)

12. Drepper, U., Molnar, I.. The Native POSIX Thread Librafgr Linux (2005). URL
http://people.redhat.com/drepper/nptl-design.pdf

13. Duff, T.: Duff’s device (1983). URhttp://www.lysator.liu.se/c/duffs-device.html. Elec-
tronic mail to R. Gomes, D. M. Ritchie and R. Pike

14. Dunkels, A., Schmidt, O., Voigt, T., Ali, M.: Protothest simplifying event-driven programming of
memory-constrained embedded systems. In: Proceedinge dtt international conference on Embed-
ded networked sensor systems, SenSys '06, pp. 29-42. ACM YuE, NY, USA (2006)

15. Dybvig, R.K., Hieb, R.: Engines from continuations. Gum Lang.14, 109-123 (1989)

16. Engelschall, R.S.: Portable multithreading: the digtack trick for user-space thread creation. In:
Proceedings of the 2000 USENIX Annual Technical Conferetk®ENIX Association, Berkeley, CA,
USA (2000)

17. Fischbach, A., Hannan, J.: Specification and correstoElmbda lifting. J. Funct. Prograrh3, 509—
543 (2003)

18. Fischer, J., Majumdar, R., Millstein, T.: Tasks: langeiasupport for event-driven programming. In:
Proceedings of the 2007 ACM SIGPLAN symposium on Partidlaten and semantics-based program
manipulation, PEPM '07, pp. 134-143. ACM, New York, NY, US2007)

19. Ganz, S.E., Friedman, D.P., Wand, M.: Trampolined styteProceedings of the fourth ACM SIGPLAN
international conference on Functional programming, ICFR pp. 18-27. ACM, New York, NY, USA
(1999)


http://www.pps.jussieu.fr/~kerneis/software/cpc
http://www.pps.jussieu.fr/~kerneis/software/hekate
http://www.pps.jussieu.fr/~jch/software/hekate/hekate-attar-canal.pdf
http://hal.archives-ouvertes.fr/hal-00135160/
http://people.redhat.com/drepper/nptl-design.pdf
http://www.lysator.liu.se/c/duffs-device.html

inria-00537964, version 2 - 14 Feb 2012

40

20.

21.

22.

23.
24.

25.

26.

27.

28.
29.
30.
31.
32.

33.

34.

35.

36.
37.
38.

39.
. Rompf, T., Maier, I., Odersky, M.: Implementing firsast polymorphic delimited continuations by a

41.

42.
43.
44,

45.

Haller, P., Odersky, M.: Scala actors: Unifying thréeded and event-based programming. Theoretical
Computer Sciencd10(2—-3), 202—-220 (2009)

Harris, T., Abadi, M., Isaacs, R., Mcllroy, R.: AC: congadle asynchronous IO for native languages.
In: Proceedings of the 2011 ACM international conferenceOdmject oriented programming systems
languages and applications, OOPSLA '11, pp. 903—920. ACky Nork, NY, USA (2011)

Haynes, C.T., Friedman, D.P., Wand, M.: Continuations eoroutines. In: Proceedings of the 1984
ACM Symposium on LISP and functional programming, LFP '8d, p93—-298. ACM, New York, NY,
USA (1984)

Hoare, C.A.R.: Monitors: an operating system struoguidoncept. Commun. ACM7(10), 549-557
(1974)

International Organization for Standardization: IEEQ/ 9899:1999 “Programming Languages — C”
(1999)

Johnsson, T.: Lambda lifting: Transforming programsetursive equations. In: Functional Program-
ming Languages and Computer Architecturecture Notes in Computer Scienwel. 201, pp. 190-203.
Springer-Verlag, Berlin, Germany (1985)

Kerneis, G., Chroboczek, J.: Are events fast? Tech, RPBS, Université Paris 7 (2009). URL
http://hal.archives-ouvertes.fr/hal-00434374/

Kerneis, G., Chroboczek, J.: CPC: programming with ssmasiumber of lightweight threads. In: Pro-
ceedings of the Workshop on Programming Language Apprsach@oncurrency and Communication-
Centric Software, PLACES "11 (2011)

Kerneis, G., Chroboczek, J.: Lambda-lifting and CPSersion in an imperative language. Tech. rep.,
PPS, Université Paris 7 (2012). URltp://hal.archives-ouvertes.fr/hal-00669849/

Key, A.: Weave: translated threaded source (with atioos) to fibers with context passing (ca. 1995—
2000). As used within RAID-1 code in IBM SSA RAID adaptersrgomal communication

Krohn, M., Kohler, E., Kaashoek, M.F.: Events can makese In: Proceedings of the 2007 USENIX
Annual Technical Conference, pp. 1-14. USENIX Associat®erkeley, CA, USA (2007)

Landin, P.J.: Correspondence between ALGOL 60 and @lsutambda-notation: part I. Commun.
ACM 8, 89-101 (1965)

Leroy, X., Doligez, D., Frisch, A., Garrigue, J., Rény, Vouillon, J.: The Objective-Caml system
(2010). URLhttp://caml.inria.fr/

Li, P., Zdancewic, S.: Combining events and threadsdalable network services implementation and
evaluation of monadic, application-level concurrencynpiives. In: Proceedings of the 2007 ACM
SIGPLAN conference on Programming language design anceimghtation, PLDI '07, pp. 189-199.
ACM, New York, NY, USA (2007)

Miller, J.S., Rozas, G.J.: Garbage collection is fast,@stack is faster. Al Memo 1462, Atrtificial
Intelligence Laboratory, Massachusetts Institute of edbgy, Cambridge, MA, USA (1994)

Necula, G., McPeak, S., Rahul, S., Weimer, W.: CIL: imtediate language and tools for analysis and
transformation of C programs. In: Compiler Constructioecture Notes in Computer Sciengel. 2304,
pp. 209-265. Springer-Verlag, Berlin, Germany (2002)

Pai, V.S., Druschel, P., Zwaenepoel, W.: Flash: an efftcand portable web server. In: Proceedings of
the 1999 USENIX Annual Technical Conference. USENIX Asation, Berkeley, CA, USA (1999)
Plotkin, G.D.: Call-by-name, call-by-value and the kata-calculus. Theoretical Computer Sciefi(2),
125-159 (1975)

Reppy, J.: Concurrent ML: Design, application and seitsn In: Functional Programming, Concur-
rency, Simulation and Automated Reasonibggture Notes in Computer Scienwsel. 693, pp. 165-198.
Springer-Verlag, Berlin, Germany (1993)

Reynolds, J.C.: The discoveries of continuations. ld&®PSymbolic Computatiod(3), 233-247 (1993)

type-directed selective cps-transform. In: Proceedirigbeol4th ACM SIGPLAN international confer-
ence on Functional programming, ICFP '09, pp. 317-328. AGkly York, NY, USA (2009)

Scholz, E.: A concurrency monad based on constructaritiwés, or, being first-class is not enough.
Tech. Rep. B 95-01, Fachbereich Mathematik und Informé&iigie Universitat Berlin, Berlin, Germany
(1995)

Shekhtman, G., Abbott, M.: State Threads for internetpliegtions (2009). URL
http://state-threads.sourceforge.net/docs/st.html

Srinivasan, S., Mycroft, A.: Kilim: Isolation-typed tacs for java. In: ECOOP 2008 — Object-Oriented
Programminglecture Notes in Computer Scieneel. 5142, pp. 104-128. Springer (2008)

Steele Jr., G.L.: Rabbit: A compiler for Scheme. Mastéhesis, Atrtificial Intelligence Laboratory,
Massachusetts Institute of Technology, Cambridge, MA, Y83v8). Technical report Al-TR-474
Steele Jr,, G.L., Sussman, G.J.: Lambda, the ultimgterative. Al Memo 353, Artificial Intelligence
Laboratory, Massachusetts Institute of Technology, Cadgbr MA, USA (1976)


http://hal.archives-ouvertes.fr/hal-00434374/
http://hal.archives-ouvertes.fr/hal-00669849/
http://caml.inria.fr/
http://state-threads.sourceforge.net/docs/st.html

inria-00537964, version 2 - 14 Feb 2012

41

46.

50.

51.

52.

53.

54.

Strachey, C., Wadsworth, C.P.: Continuations: A mattea semantics for handling full jumps. Tech-
nical Monograph PRG-11, Oxford University Computing Ladtory, Programming Research Group,
Oxford, England (1974). Reprinted in Higher-Order and SglieiComputation 13(1/2):135-152, 2000,
with a foreword [51]

. Tatham, S.: Coroutines in C (2000). URttp://www.chiark.greenend.org.uk/~ sgtatham/coroutines.html
. Thielecke, H.: Continuations, functions and jumps. S0& News30(2), 33—-42 (1999)
. Tismer, C.: Continuations and stackless Python. Incétdings of the 8th International Python Confer-

ence (2000)

Vouillon, J.: Lwt: a cooperative thread library. In: Peedings of the 2008 ACM SIGPLAN workshop
on ML, ML '08, pp. 3-12. ACM, New York, NY, USA (2008)

Wadsworth, C.P.: Continuations revisited. Higher&rand Symbolic Computatiob3(1/2), 131-133
(2000)

Wand, M.: Continuation-based multiprocessing. IncBealings of the 1980 ACM conference on LISP
and functional programming, LFP '80, pp. 19-28. ACM, NewR/ddY, USA (1980)

Welsh, M., Culler, D., Brewer, E.: SEDA: an architecttoewell-conditioned, scalable internet services.
SIGOPS Oper. Syst. Re85(5), 230-243 (2001)

van Wijngaarden, A.: Recursive definition of syntax aadhantics. In: Formal Language Description
Languages for Computer Programming, pp. 13—-24. NorthardlIPublishing Company, Amsterdam,
Netherlands (1966)


http://www.chiark.greenend.org.uk/~sgtatham/coroutines.html

	1 Introduction
	2 Related work
	3 The CPC language
	4 Experimental results
	5 The CPC compilation technique
	6 Lambda-lifting in an imperative language
	7 Conclusions and further work

