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Abstract

Many modern compilers implement function calls (or re-
turns) in two steps: first, a closure environment is properly
installed to provide access for free varia les in t e tar et
pro ram fra ment second, t e control is transferred to t e
tar et y a ump wit ar uments (or results) losure
co erso ,w ic decides w ere and ow to represent clo-
sures at runtime, is a crucial step in compilation of functional
lan ua es e ave a new al orit m t at e ploits t e use
of compile-time control and data ow information to opti-
y e tensive closure s arin

and allocatin as many closures in re isters as possi le, our

mi e closure representations

new closure conversion al orit m reduces eap allocation
y and memory fetc es for local lo al varia les y

and improves t e already-e cient code enerated y
t e tandard M of ew ersey compiler y a out on a
Moreover, unli e most ot er approac es,
our new closure allocation sc eme satisfies t e stron safe
ood asymptotic

station

for space comple ity rule, t us ac ievin
space usa e

tr ct

Many modern compilers ta e reat e orts to optimi e func-
tion calls and returns ecause t ey are fundamental control
structures, especially in functional lan una es  efore a func-
tion call, conte t information is saved from re isters into a
frame  n a compiler ased on ontinuation- assin  tyle
( ), t is frame is t e closure of a continuation func-
tion

na - ased compiler, a closure environment is con-
structed at eac function (or continuation) definition site it
provides runtime access to indin s of varia les free in t e
function (or continuation) ody ac function call is t en
implemented as first installin t e correspondin closure en-
vironment, settin up t e ar uments (normally in re isters),
and t en passin t e control tot e tar et y a ump in-
unction returns are implemented in t e same
way ecause t ey are essentially calls to continuation func-

struction

tions, if represented in
closure can e any com ination of re isters and memory
data structures t at ives access tot e free varia les ,
e compiler is free to ¢ oose a closure representation t at
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minimi es stores (closure creation), fetc es (to access free
varia les), and memory use (reac a le data)

e ave developed a new al orit m for ¢ oosin  ood
closure representations s far as we now, our new closure
allocation sc eme is t e first to satisfy all of t e followin
important properties:

nli e stac allocation and traditional lin ed closures,
our s ared closure representations are safe for space
comple ity (see ection ) att e same time, t ey still
allow e tensive closure s arin

ur closure allocation sc eme e ploits e tensive use of
compile-time control and data ow information to de-
termine t e closure representations

ource-lan ua e functions t at ma e several se uential

function calls can wuild one s ared closure for use y
all t e continuations, ta in advanta e of callee-save
re isters

ecause activation records (ie, frames) are also allo-
cated in t e eap,t ey can e freely s ared wit ot er
nder stac allocation, t is
is impossi le since stac frames normally ave s orter
lifetime t an eap-allocated closures

eap-allocated closures

ail recursive calls w ic are often uite trou lesome
to implement correctly on a stac can e imple-
mented very easily

II of our closure optimi ations can e cleanly repre-
sented usin continuation-passin and closure-passin
style as t e intermediate lan ua e

nce a closure is created, no later writes are made to it
t is ma es enerational ar a e collection and ¢ Ul cc
e cient, and also reduces t e need for alias analysis in
t e compiler

ecause all closures are eit er allocated in t e eap or
in re isters, first class continuations ¢ Il cc are very ef-

ficient, re uirin no complicated stac ac ery

ur new closure allocation sc eme does not use any run-
nstead, all closure environments are eit er al-
located in t e eap or in re isters is decision may seem
controversial, ecause stac allocation is widely elieved
to ave etter reference locality, and deallocation of stac
frames can e ¢ eaper t an ar a e collection Moreover,

time stac
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i ure : comparison of t ree closure representations

ecause eap allocated closures are not conti uous in mem-
ory, an e tra memory write and read (of t e frame pointer)
are necessary at eac function call ese assumptions no
lon er old, for t ree reasons:

s we will s ow in ection , ecause most parts of
continuation closures are allocated in callee-save re is-
ters |t e e tra memory write and read at eac call
can often e avoided it t e elp of compile-time
control and data ow information, t e com ination of
s ared closures and callee-save re isters can often e
compara le to or even etter t an stac allocation

n a companion paper , wes ow t at stac s do not
ave a si nificantly etter locality of reference t an
eap-allocated activation records, e e o er
cce e or er rc tac s do ave a muc  etter
r e s8sr o, utnotamuc
ut on many modern mac ines, t e r e 85 e [
is appro imately ero .,

etter re ssSr o

e amorti ed cost of collection can e very low , |
especially wit modern enerational ar a e collection
tec ni ues

e ma. or contri ution of our paper is a safe for space
closure co ers o al orit m t at inte rates and improves
most previous closure analysis tec ni ues o,

, , usin a simple and eneral framewor e pressed in
continuation-passin  and closure-passin style ur
new al orit m e tensively e ploits t e use of compile-time
control and data ow information to optimi e closure alloca-
tion strate ies and representations  ur measurements s ow
t at t e new al orit m reduces eap allocation y and
memory fetc es for local lo al varia les y and im-
proves t e already-e cient code enerated yt e tandard
M of ew ersey compiler y a out on a station

a S I s

ptimi ation of closure representations is sometimes dan-
erous and unsafe for space usa e (ie, ma imum live data
sie) n , ase o served t at certain stora e al-
location optimi ation may convert a pro ram t at runs ro-
ustly into one t at does not, due to t e re uirement of
lar er fraction of memory t an t e pro ram actually needs

ppel also noticed t at pro rams usin lin ed closures ,

or stac -allocated activation records, may cause a compiled
pro ram to use muc more memory

iure : n ample in tandard M

or e ample, consider t e tandard M pro ram in
1 ure it at closures (see 1 ure ), eac evaluation
of ... yields a closure s for h t at contains ust a
few inte ersu, , , ,and z t e final result (e , result)
copies of t e closure g for h, t us it uses at
most ( )space it lin ed closures (see a ain i ure ),
eac closure s for h contains a pointer to t e closure for |
ince t e final result eeps
closures for h simultaneously, it re uires ( ) space
consumption instead of ( ) viously, t is space lea is
caused y inappropriately retainin some dead o ects( )
t at s ould e ar a e collected earlier

contains

w ic contains a list of si e

n , we found several instances of real pro rams w ose
live data si e (and t erefore memory use) was unnecessar-
ily lar e (wit factors of to ) w en compiled y early
versions of our compiler t at introduced t is ind of space
lea II recent versions of M ave o eyed t e safe
for space comple ity ( ) rule, and users really did notice




r le un al select( , )
e erco s al C 5 . )
re l co s al C 5 . )
r e co er or
i then else
C, ., 5 ) and let in end C ., . )
iure : stract synta of
t e improvement e rule is stated as follows: loc 1 in 1 ure e function iter iteratively applies function
r le us eurec le er sl s use to ar ument until it conver es to satisfy predicate

s sco e (see ppel for a more formal definition)
raditional stac allocation sc emes and lin ed closures
o viously violate t is rule ecause local varia le indin s
will stay on t e stac until t ey e it t eir scope, so may
remain live even after t eir last use  lat closures do sat-
isfy t e rule, ut t ey re uire t at varia les e copied
many times from one closure to anot er Many of t e clo-
sure strate ies descri ed y ppel and im violate t e
rule
Most stac -frame implementations also violate , since
dead varia les remain in t e frame until a function returns
is can e avoided y associatin a descriptor wit eac
return address, s owin w ic varia les are live ut t is
complicates t e ar a e collector |
eyin can re uire e tra copyin of pointer values
from an old closure t at contains t em ( ut also contains
values not needed in a new conte t) into a new closure  ne
cannot simply ap t e unneeded values in t e old closure,
since it is not nown w et er t ere are ot er references to
t e old closure e ¢ allen e is to find e cient closure
strate les t at o ey w ile minimi in copyin
ur new al orit m uses s el I e closures (t e rd
column in i ure ), w ic contain only t ose varia les ac-
tually needed in t e function , ut avoids closure copyin y
roupin varia les wit samel e einto as ara le record
n iure ,weuse , and todenotet e closure, and
, , and for code pointers it at closures, varia les
, , , and z must e copied from t e closure of into
t e closure of h, and t en into t e closure of i, t is is very
e pensive it traditional lin ed closures, closures for h
and i are unsafely re-usin t e closure for , retainin t e
varia le t at is not free in h or i moreover, accessin
varia les , , and z inside 1is uite e pensive ecause
at least two lin s needs to e traversed y noticin t at
, , ,and z ave same lifetime, t e s el | e closure
for putst em into a separate record, w ic is later s ared
y closures for h and i  nli e lin ed closures, t e nestin
level of safely lin ed closures never e ceeds more t an two,
so t ey still en oy very fast varia le access time

t at s a s rs

e will illustrate -conversion (w ic is not new , |

), and our new closure analysis al orit m, on t e e ample

1 ure : unction iter in tandard M

ontinuation-passin style ( ) is a su set of -calculus,

ut w ic closely re ects t e control- ow and data- ow op-
erations of a von eumann mac ine s in  -calculus,
functions are nested and varia les ave le ical scope ut
as on a von eumann mac ine, order of evaluation is pre-
determined ort e purposes of t is paper, we e press
usin M notation, al eit severely constrained see 1 -
ure n atom can e a varia le or a constant a recor
can e constructed out of a se uence ( ) of
atoms f is ound toan -element record,t ent e  field
may e fetc ed usin select(, ) e synta for uildin
records, selectin fields, applyin primitive arit metic oper-
ators, and definin mutually recursive functions ( unand )
must specify a continuation e pression t at will use t e
result (via let e pressions) nt eot er and, function
application (s ownin t elast lineont eri tof i ure )
does not specify a continuation e pression  functions never
re ur in t e conventional sense nstead, it is e pected t at
many functions will pass a co u o wu c¢ o as one of
t eir ar uments is function can e defined in t e ordi-
nary way ( y un), and will presuma ly einvo ed y t e
callee in order to continue t e computation

iure s owst ecodeoft efunction iter after transla-

, and after t e continuation ar ument of h as
een oisted out of t e loop ecause it is loop-invariant
uc optimi ations are performed after -conversion, ut

efore t e closure analysis t at ist e su ect of t is paper

tion into

o ease t e presentation, we use capital letters to denote
continuations (e , , ,and ) ecall t ose functions de-
clared in t e source pro ram user u ¢ o s(e , iter,h),




1 ure : unction iter after - ased optimi ations

and t ose introduced y conversion co u o uc

os(e ,, ) o u o r lesare all t ose formal
parameters (commonly placed as t e first ar ument) intro-
duced in conversion to serve as return continuations
(¢ , ) |unctions suc as iter, p and are called esc

u ¢ o s, ecause t ey may e passed as ar uments or
stored in data structures sot att e compiler cannot identify
all t e places w ere t ey are called
not escape are called o uc o s(e ,h) e can do

e tensive optimi ations on nown functions since we now

Il functions t at do

all of t eir call sites at compile time

ontinuation-passin style is meant to appro imate t e op-
eration of a von eumann computer a function in ma-
¢ ine lan ua e is ust an addressin t e e ecuta le pro ram,
per aps wit some convention a out w ic re isters old
t e parameters very muc li e a ump wit ar uments
e notion of function in is almost t e same, e cept
t at t ey ave nested le ical scope and may contain ree
r les is pro lem is solved y addin a closure w ic
ma es e plicit t e access to all nonlocal varia les
ran , s owed t at di erent inds of functions
s ould use di erent closure allocation strate ies
ple, t e closure for a o uco (¢ ,hin 1iure )

can e allocated in re isters, ecause we now all of its call

or ¢ am-

sites at compile time and can let t e caller always pass its
free varia les as e tra ar uments at runtime on t e ot er
u ¢ o may aveto e
allocated as a eap record t at contains ot t e mac ine
code address of t e function plus indin s for all its free
varia les

and, t e closure for an esc

onventional compilers use ¢ ller s e re isters, w ic
may e destroyed y a procedure call, and ¢ llee s ere -
isters, w ic are preserved across calls aria les not live
after t e call may e allocated to ¢ ller s ere isters w ic
cuts down on re ister-savin tra c

e wanted to adapt t is idea to our continuation-passin
intermediate representation e did so as follows : eac

-converted user function is passed its ordinary ar u-
ments, a continuation function , and e tra ar uments
y invo in
and t e additional ar uments

e function returns wit a re-
sult ar ument
are anded ac

code is translated into

us, t e callee-save ar uments
to t e continuation en t is
will stay in re isters t rou -
out t ee ecution of unless needed touset ose re isters

mac ine instructions,

1 ure : unction iter in after closure conversion

for ot er purposes, in w ic case must save and restore
t em ne could also say t at t e continuation is repre-
sented in re isters ( ) instead of in ust one
pointer to a memory-resident closure
n our previous wor , we outlined t is framewor and
demonstrated t at it could reduce allocation and memory
tra ¢ owever, we did not ave a really ood al orit m to
e ploit t e e i ility t at callee-save re isters provide
losure creation and use can also e represented usin t e
lan ua e itself | ecall t is closure ss s le
( ) e main di erence etween and ist at
functions in do not contain free varia les, so t ey can
e translated directly into mac ine code n ,t e formal
parameters of eac function correspond to t e tar et ma-
¢ ine re isters, and eap-allocated closures are represented
as records
i ure lists t e code of function iter after transla-
tion into Il continuation functions and varia les
(e ) are now represented as a mac ine code pointer

(e )plus t reee tra callee-save ar uments (e

e ori inal function (in 1 ure ) ad free varia les
a h. it t ree callee-save re isters, ecomes t e
four varia les , for an e ective total of seven

en is passed top (line ), t ese seven free varia les
plus t e mac ine code pointer for s entry point must e
s uee ed into four formal parameters ere
t ere are more t an t ree free varia les, some of t e callee-
save ar uments must e eap-allocated records containin
several varia les eac t us, t e closure-record appears
as in t e call on line

revious closure conversion al orit ms , , re uire
memory stores for eac continuation function  nimportant
advance in our new wor ist at we allocate (in t ise ample)
only one record

screull ¢ ose o co loo r co o0 e s 8o

for t e functions h, 8 recor



¢ e ul ous e eloo
scapin user functions (iter p ) are now represented
as a closure record ( p ), eac wit its field ein t e
mac ine code pointer (iter p ) scapin function calls
are implemented as first selectin t e field, placin t e
closure itself in a special re ister (t e first formal parame-
ter), and t en doin a ump wit ar uments (lines - |

- )

ST rs

n t is section, we present our new closure co ers o al o-
rit m usin t e framewor defined in ection ur al o-
e pression ast e ar ument, determines
t e closure representation for eac function definition in
and t en converts into a e pression  inw ic eac
function definition does not contain any free varia les e
presentation of our al orit m is or ani ed in t e followin
five steps:

rit mta esa

onstruct ane e e cll r t at capturest e

control ow information in t e e pression

at er t e set of r ree 1 les and t eir lifetime

information for eac function

se closure sr e | s sto determine w erein t e

mac ine to allocate eac closure

se closure re rese o ! s sto determine t e ac-
tual structure of eac closure at runtime

ind out t e varia le access pat for all non-local vari-
a les of eac function

ac step ere does not necessarily correspond to a separate
pass in t e real implementation ecause many of t em are
actually done in a sin le pass

iven a e pression , we can divide t e set of function

definitions in  into four cate ories: esc user u ¢ o 8,

0 user u ¢ o $, esc co ¥ o u c o s and
o co u o u c o s(seet elast para rap of ec-
tion for definitions)  iven two varia les and

recl ¢ lls if s possi ly t e first function call inside
t e function definition of or e ample, in 1 ure , di-
rectly calls and ut not h, ecause h cannot et e first

call inside

ee e e cll r of is a directed rap
wit t e set of function definition varia les in  as nodes
t ere is an ed e from to in if directly calls , or

directly calls some function wit as its return contin-

uation or e ample, t e e e e cll r for t e
function iter in 1 ure is as follows:
iter
It ou is not directly called y h, we conservatively

assume t at t e function p will always call its return con-
tinuation, ie,

e e tended call rap of  essentially captures
a very simple set of control ow information in ycles in
t e rap imply loops or recursions (e ,t e pat from h to
to ) e nested ierarc ies of loops and recursions in
can e revealed y runnin t e ar an interval analysis al-
orit m | on , assumin is a reduci le ow rap
or t e purpose of our closure analysis, t is control ow in-
formation can e used to ¢ oose closure representations t at
allow more e cient varia le accesses in fre uently-e ecuted
pro ram fra ments (e , loops)
or every function definition in , we define its loo le el
( )ast enestin dept ofitsintervalint ee tended
call rap for ,assumin t e outmost interval is at dept
or all ot er function varia les t at are not actually defined
in (e , pin i ure ), t eir loo le els are defined
as e loo le el of eac call from to is defined as
( ) CC)y ) e loo le elfor an ar itrary
e pression inside a function definition is inductively
defined as follows:

(i then else ) CCH)y ()
(let in end) ()

CC, N ( )i
and (( ) | ))if  is a user function and
is its return continuation

is a continuation,

e loop level num er can e used as a uide for static
ranc prediction of control ow in or e ample,

in function iter, t e loop level of h is , and t e
loop level of iter p is nte e pression
i z then ... else ... in s definition, eit er calls

wit t e return continuation | or it calls t e continuation
varia le learly, t e call to and isinside aloop ecause
() , w ile t ecall to is not, ecause ( )

e closure representations for and h s ould ta e more
considerations ont e else ranc ecause it is moreli ely
to e ta en at runtime

or eac function definition in t e e pression , we
also define re () as its predecessor set, ie, t e set of all
varia les suc t at t ereis an ed e from to in s

e tended call rap

o implement t e s el | e closures descri ed in ec-
tion , we want to roup varia les into closure records if
t ey ave similar lifetimes f is defined muc later t an

,t en we may not ave enou re isters to old
w ile waitin for f slast useis muc earliert an sor

s, t en t e record ( Jmi tnoto eyt e rule

Most closure conversion al orit ms ,
ap ase to at ert eset of r free varia les for eac func-

start wit

tion definition in ese free varia les are called r ree
r les ecause some of t em may e su stituted y a set
of ot er free varia les later durin t e closure re rese o

l ssp ase weuset e rue ree r lesto denote t e




iter slot
h ® ) ) ( ) () slots
( ) ) (a ) (h ) slots
) (h ) slots

a le : aw free varia les and closure strate ies

set of varia les t at are finally put in t e closure environ-
ment

ur al orit m doest e samee ceptt at we are also at -
erin t el e einformation at t e same time o define
t e lifetime for a varia le, we first assin a s e u er
(denoted as ) for eac function definition usin t e

followin met od:
if ist e outmost function definition, t en ()

if  is a user function, t en () () w ere

is t e nearest enclosin function definition

if  is a continuation function, t en ()
() re () (t is definition is valid ecause
continuation functions are never recursive)

et en define t e use
ale as () w ere

e for eac use of every vari-
is t e nearest enclosin function
definition for t is use of e set of free varia les for eac
function definition is now a set of triples (  u lu ) w ere
ist e varia le, u ist e rs wuse e of denotin t e
smallest sta e num er of all uses of inside ,and lu ist e
l s wuse e of denotin t e lar est sta e num er of all
uses of inside
ore ect t e control ow, t e lu and u num ers of
can also e calculated ased on t e (predicted) e ecution
fre uency of eac use of or e ample, for a e pres-
sion i then else , we can i nore all uses of in

(o )it () ()r () () durin
t e calculation e 1 er preference for t ose uses inside
a loop ody would li ely lead to more e cient closure rep-
resentation at runtime

or e ample, t e sta e num er and t e set of raw free
varia les for all function definitions in 1 ure are s own
in ale otice t at a varia le can ave di erent lu and
u num ers inside di erent function definitions (e , ain

and )

losure sr e [ s sessentially determines w erein t e
mac ine to allocate eac closure  nli e previous com-
pilers , , we do not do any esc e [l ss ecause
we simply do not use a runtime stac ur closure s r e

l s s only decides ow many slo s (ie, re isters) eac
closure is oin to use, denoted y ( ) for eac function

e calculate ( ) usin t e followin simple al orit m:

f is an escapin user function, t en ( ) is
essentially means t at all its free varia les must e put

int e eap e closure for is a pointer to a lin ed
data structure in t e eap

f is an escapin continuation function, t en ( )

w ere ist e num er of callee-save re isters ecause
t eir call sites are not mnown at compile time, most
continuation functions ave to use t e uniform conven-
tion, 1 e, always in  callee-save re isters n special
cases, some continuation functions can e represented
di erently t is will e rie y discussed in ection

or nown functions, since t eir call sites are all nown
at compile time, t eir closures (or environments) may

e allocated completely in re isters  owever, t e num-

er of re isters on t e tar et mac ine can e limited,
and it may not always e desira le to allocate all free
varia les in re isters (see ection ) e run t e fol-
lowin iterative al orit m to calculate t e appropriate
num er of slots (re isters) used for eac
tion:

nown func-

nitially, eac  nown function is assi ned

slots, ie, () , w ere is t e ma imum
num er of availa le re isters on t e tar et ma-
¢ ine minus t e num er of formal parameters of
function (assumin t ey will e passed in re is-

ters)

en, for eac nown function , we su sti-
we () vy ( () () ()) e
are any su set of t e functionsin re ( )

t at do not enclose s definition, ie, must
e free in t ese e value () is
« () ) w ere is t e num er of vari-

a les t at are free in ut not in is su -
stitution process is t en repeated until ( ) no

lon er ¢ an es and a fi ed point 1is reac ed

e second step ereis ased ont e o servation t at if

is called inside a function ,and isalsofreein ,t en

t e num er of slots assi ned to s ould not e 1 er

t an t e num er of slots availa le for s environment,
ot erwise, some ind of spillin will e inevita le

to use in calculatin

( ) at step , we can a ain ta e advanta e of t e con-
trol ow information in t e e tended call rap
More specifically, we want to favor t ose pro ram fra -
ments t at are i ely e ecuted more often t an ot ers,
so we always c ooset ose w ic asa 1 er ( )
value (ie, t e call from to is wit in a loop)

en ¢ oosin w ic su set of




et s apply t is al orit m to t e function iter in 1 ure
uppose we use callee-save re isters, t en ot ()and
() are (h) is initially , assumin t at t ere are
availa le re isters on t e tar et mac ine t en since calls
h, and ais freein  ut notin h, so (h) s ould e (
), wic is ,ass ownin a le noticet att e call
from iter to h is not considered ere ecause h is not free
in iter

losure re rese 0
iven a function , if
assi ned slots, ow to place t ese
iven a e pression , t e closure representation
analysis is done y processin eac function definition
t rou a preorder traversal of durin t e traversal, we

maintain and update t e followin t ree data structures:

l s ssolves t e followin pro lem:
contains free varia les and is
values into  slots

static environment t at maps every function
definition processed so far to its closure representation

list of currently visi le closures and vari-
a les

e current contents of callee-save re isters

en traversin and processin eac function definition
we do t e followin

uppose t e set of r ree r lesof foundint e
last step (ie, ection ) is , we first ¢ ec if
is recursive or mutually recursive wit some ot er
functions, and t en find t e transitive closure
or e ample, as s own
in a le |, function h is recursive and its is
(p ) ( ) ( ) (h ) weremove h and re-
place it y its raw free varia les e also propa ate hs
u and lu num ers into eac of its free varia les y
ta in t e minimum of t eir ¥ num ers and t e ma -
st e result, t e transitive

of s raw free varia les

imum of t eir lu num ers

closure of is (p ) ( ) ( )
e t, we find t e set of rue ree r les of
y replacin eac continuation varia le in y its

correspondin callee-save varia les, and eac function
definition y its closure contents (or slot varia les) or
e ample, suppose we use t ree callee-save re isters, eac
continuation varia le is t en represented y a code
pointer and its t ree callee-save varia les

e set of true free varia les for his (p ),

( )’ ( )’ ( )’ ( )’ ( ) otice

t at ere naturally in erit s u and lu
num ers
ow assume t at of  contains varia les, and

is assi ned slots y closure strate y analysis in
ection f , t en we are done ot erwise,
t e current list of visi le closures

data structure, and see
if t ere is any closure record t at we can reuse (or
s are) e rule mentioned in ection is sat-
isfied y ma in sure t at we only reuse t ose closures
w ose contents are a su set of ecause all closures
inte eap are s el | e closures, certain closure

we searc t rou
maintained in t e

s arin s ad already een anticipated w ile processin
t e enclosin function definitions ft ere are multiple
s ara le closures, we use a  est fit euristic to decide
w ic one to reuse n t e e ample of function iter,
t e closure (line in iure )issarale yte
continuations and

ft esie of after closure s arin is still lar er
t an , we ave to eap allocate part of t e closure
edot 1s y puttin varia les into one slot eac ,
and pac in t e remainin varia les into
t e eap closure e criteria in ¢ oosin t ese
varia les is ased on t e followin priorities: t e first
priority is smaller lu num er t e second is smaller u
num er t et ird is w et er t e varia le is already in
t e current callee-save re isters (ie, ) or not
e also use t e contents of to decide w ic
varia le oes tow ic slot to avoid any possi le re ister
moves or e ample, t e function h is assi ned slots
ut h as true free varia les, we put t e free varia le
pint ere ister ecauseit ast e smallest u num er
(all varia les ave t e same lu num er)

inally, we decide t e actual layout of t e spilled eap
closure of t e a ove varia les ased on
o satisfy wit s ared
closures, eac distinct lu num er re uires a separate
record or e ample, t e closure for in 1 ure was
split into two records ecause slu num er was di er-
ent from t ose of z

eac varia les lu num er

e finis processin t e function definition y updatin
t e , and environments
accordin ly ased on s closure representation

ot only is s ared in 1 ure , ut its creation is out-

side t e h loop us, eac iteration of h mana es to call
two un nown (escapin ) functions ou e or r

¢ is is one of t e most important stren t s of our new
al orit m

indin out t e access pat for eac non-local free varia le
is ust a readt -first searc of int e en-
e use t e la y display tec ni ue used vy

ran , so t at loads of common pat s can e s ared
More specifically, let s loo at t e function i (t e innermost
function inside ) in i ure assumin t at i uses t e
safely lin ed closure s own in 1 ure ,t en accessin eac
non-local varia le (e z)inside i re uires traversin
two lin s ut we can first load t e nd field of t e closure
into a re ister , and t en access , , ,and z directly from

via one load ese intermediate varia les (e | re ister )
may use up all t e availa le mac ine re isters and cause un-
necessary re ister spillin , ut t is can always e avoided ¥y
selectively eepin limited num er of intermediate varia les
int e lay display (re isters)

vironment

rap -colorin  lo al re ister allocation and tar etin ,
w ic ave een implemented y al eor e , will ac-
complis most control transfers (function calls) (suc as line

and in i ure ) wit out any re ister-re ister moves



is allows a more e i le oundary etween callee-save and
caller-save re isters t an is normal in most compilers
ro rams, in our sc eme, tend to accumulate values in
re isters and only dump t em into a closure at infre uent
intervals tmay e useful to use more callee-save (and fewer
caller-save) re isters to optimi e t is
ur closure sc eme andles tail calls very nicely, simply
y re-arran in re isters anson s ows ow compli-
cated t iIn s ecome w en it s necessary to re-arran e a
stac frame
source-lan ua e function t at calls several ot er func-
tions in se uence would, in previous compilers (includ-
in our own) allocate a continuation closure for eac call
e callee-save re isters and safely lin ed closures allow us
to allocate only once
eneral deep recursions are andled very e ciently in our
sc eme conventional stac implementation tends to ave
a 1 space over ead per frame, ut our closures are uite
concise us, total memory usa e (and cac e covera e) of
recursions will e muc less

as t S

ood environment allocation sc eme must implement fre-
uently used control structures very e ciently Many com-
pilers identify special control structures at compile time, and
assi n eac of t em a special closure allocation strate y
or e ample, in  ran s r it compiler , all tail recur-
sions are asssl ned a so-called s ¢ loo strate y, and all
eneral recursions are assi ned a s ¢ recurs o strate y
ur new closure conversion al orit m, on t e ot er and,
uniformly decides t e closure strate y (ie, num er of slots)
and t e closure representation for eac function solely ased
on t e lifetime information of its free varia les and simple
control ow information
n ection , we aves own ow our new al orit m im-
plements tail recursion very e ciently (ie, function iter)
n t is section, we use several more e amples to s ow ow
our new al orit m e ectively deals wit ot er common con-
trol structures suc as a se uence of function applications,
callin a nown function, and eneral recursion

ne common control structure in functional pro rams is
ma in a se uence of function applications, as s ownin t e
followin e ample:

ere t e function (a formal parameter of )is called t ree
times in a row inside t e function nder t e traditional
stac sc eme, w en function is called, an activation record
for containin formal parameters (ie, u ) and local
varia les (ie, z) will e pus ed ontot e stac ac

time efore is called, certain local varia les in re isters
must e saved onto t e stac or e ample, assumin all
function ar uments (ie, u ) and return results (ie,

z) are passed in re isters, t en efore t e first call to

, t e re isters oldin and must e saved sot att ey
can still e retrieved later after returns
f activation records are allocated ont e eap,t in s et
muc worse very time re isters need to e saved efore a
function call, a closure record as to e wuilt ont e eap
ecause eap allocated closures are not conti uous in mem-
ory, an e tra memory write (and later a memory read) of
t e frame pointer is necessary at eac function call
it our new closure analysis tec ni ue to ma e ood use
of callee-save re isters, eap-allocated activation records can
e made almost as e cient as stac allocation e idea
is t at we can always allocate most parts of t e current ac-
tivation record in callee-save re isters it careful lifetime
analysis, re ister save restore around several function calls
can often e eliminated or amal amated, so function calls in
se uence need ust write one eap record 1 ure listst e

i ure : Ma in a se uence of function calls

code of function after translation into
orit min ection )
one code pointer plus t ree callee-save re isters, all denoted

( y our new al-
ontinuations are still represented as

y capital letters s efore, escapin function calls (ie,
calls to online , , ) areimplemented as first selectin
t e field, placin t e closure itself in a special re ister
(t e first formal parameter), and t en doin a ump wit
ar uments (lines - |, - | - ) efore t e first call
to (line ), we put varia les t at ave smaller lu num-

ers (ie, ) callee-save re isters (ie, ), and spill
t erest (ie, ) into a eap record (inie ) t
t e second and t e t ird calls to (line , ), no re ister
save restore are necessary is is ecause t e lifetime of
and (also and ) does not overlap, sot ey can usts are

one callee-save re ister (ie, and and )

l is a well- nown transformation t at
rewrites a pro ram into an e uivalent one in w ic no func-

tion as free varia les am da liftin on nown func-



tions essentially corresponds to t e special closure allocation
strate y t at allocates as many free varia les in re isters as

possi le  ut t is special strate y does not always enerate
very e cient code or e ample, in t e followin pro-
ram, assume t at 1is a nown function, and p ,and

z are its free varia les

ft e closure for is allocated in re isters, t en eforet e
call to p inside , some of s free varia les must e saved
ontot e eap (assumin t ere are only t ree callee-save re -
isters) w en t e call to p returns, t ese varia les must e
reloaded ac into re isters, and passed to function  after
enterin ,some of t em a ain ave to esaved w en calls
p, and so on  learly, allocatin s environment in re isters
dramatically increases t e need for more callee-save re isters
inside is leads to more memory tra ¢ w en t ere are
only a limited num er of callee-save re isters

! s sdescri ed in ection uses
an iterative al orit m to decide t e num er of re isters as-
e num er of re isters
assi ned to will e restricted y t ose of its callers, ie,
t e return continuation for p and t e return continuation
for t e first call to s a result, is only assi ned one slot,
and its closure will e allocated int e eap

e closuresr e

si ned to eac nown function

l ssal orit m descri ed in  ec-
tion conservatively represents all continuation functions

e closure sr e

usin t e same (fi ed) num er of callee-save re isters is
restriction can e rela ed: continuations t at are passed
to nown functions can e represented in any num er of
callee-save re isters is special callin convention is espe-
cially desira le for eneral recursions suc as t e ap func-
tion s own as follows (after translation into ):

otice t at t e recursive function is called only at two
places: one y function ap wit as t e return continu-
ation, one inside  wit as t e return continuation e-
is a recursive call, it will e e -
e can represent all
normal continuation functions in t ree callee-save re isters,

ut represent continuations and in two callee-save re is-

cause t e second call to
ecuted muc more often at runtime

ters 1 ure lists t e code of function ap after translation
into usin t e a ove special callin convention

i ure : wunction ap usin special callin conventions

ere is a nown function, and t e environment for
(ie, t e free varia le ) is allocated in a re ister (ie, is
treated as an e tra ar ument of , see line , , ) ince
continuation still uses t e normal callin convention, w en
it is passed to t e function (line ), anew coercion con-

tinuation (ie, online - ) asto e uilt toadustt e
normal convention (t ree callee-save re isters ) into
t e special convention (two callee-save re isters ) e

cause t e return continuation  of
callee-save re isters (ie,
closure (of si € , on line

f ot and are represented in t ree callee-save re is-
ters, t e eap closure for would at least e of si e

is represented in two
), wecan uild a smaller eap
) for continuation

as r ts

e ave implemented our new space-e cient closure con-
version al orit m in t e tandard M of ew ersey com-
piler version e compare t e performance of two com-
pilers, usin our al orit m , andt e al orit m
descri ed in t is paper e al orit m uses a y rid
sc eme: it uses lin ed closure representation if it is space
safe, ot erwise it uses at closure representation ot t e

and compilers satisfy t e safe for space comple -
ity rule ot compilers represent continuation closures
usin t ree callee-save re isters ot compilers use re re
se 0 l ss to allow ar uments ein passed in
re isters e la y display tec ni ue is implemented in

ot compilers, owever it is used more e ectively in t e

compiler ecause of its more e tensive use of s ared
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closures
ale s owst esetof enc mar s weuse andt e source
pro ram si ein num er oflines a le s owst enum er of
memory fetc es for local lo al varia les, total eap alloca-
tion si e, t e e ecution time (user time plus system time) on
,and t e code si e (only s ow t e sav-
n avera e, t e
and memory

a station
ins )for ot te and compilers
compiler reduces eap allocation y
fetc es for local lo al varia les y and improves t e
already e cient code enerated yt e compiler y
e compiler also uniformly enerates more compact
code, ac ieves an avera e of reduction in code si e over
t e compiler e an instruction
sc eduler ac ieves up to
ecause it ets si nificant enefits from t e e tensive closure

enc mar
speedup in e ecution time,

s arin in our new closure conversion al orit m
e ave also measured t e allocation profile of vari-
ous 1inds of closures, s own in a le : ,
, and are respectively t e total
si e of closures (in me awords) allocated for escapin user
function, nown user function, and continuation function
includes co s cells and ot er e plicitly allocated
non-closures includes arrays, references, and re is-
ter spills Most of t e reduction in eap allocation is from
t e continuation closures closure analysis does not in to

reduce t e allocation of records and arrays

ar s t t r c s
ur wor on closure analysis is related to, and in uenced
y, many ot er researc results

teele used continuation closures

instead of stac frames 0 as and ran ,
used closure analysis to ¢ oose speciali ed representa-
ppel and im in-
e com ine all

tions for di erent inds of closures
vesti ated closure-s arin strate ies
of t ese analyses (e cept stac allocation) and more

anson s owed t e comple ity of imple-
mentin tail calls correctly and e ciently on a conven-
tional stac

am da notation as often een
used to represent t e results of closure analysis (t is is
also called lam da liftin ) .,

Many ave tried to ma e call cc e -
cient .

ata ow analysis can elp decide
w et er to put varia les in caller-save or callee-save re -
isters , e ad s own ow to represent callee-
save re isters in continuation-passin style ut our
new al orit m does a muc  etter o of it
e notion t at certain compiler
optimi ations can cause space lea s y remem erin too
muc is old, ut only recently appreciated , |
e almers a y-M compiler andt e M
compiler aret eonly ones we now oft at uarantee
space safety

ocal varia les of di erent functions wit
nonoverlappin live ran es can e allocated to t e same
re ister or lo al wit out any save restore ,

ofte and alpin ave demonstrated
an analysis t at can avoid ar a e collection en-
tirely , ut unfortunately it does not satisfy t e safe
for space comple ity rule

CcC S S

ur new closure conversion al orit m is a reat success e
closure conversion al orit m itself is faster t an our previous
al orit m t ma es every pro ram smaller ( y an avera e
of ) and faster ( y an avera e of over many enc -
mar s) t decreases t e rate of eap allocation y ,
and ( y o eyin t e safe for space comple ity rule and

eepin closures small) elps reduce t e amount of live data
preserved y ar a e collection

e closure analysis tec ni ue introduced in t is paper
can also e applied to compilers t at do not use as
t eir intermediate lan ua es ot safely-lin ed closures
and ood use of callee-save re isters are essential in uildin
any real e cient compilers t at want to satisfy t e safe for
space comple ity rule

e would i e to t an revor 1im, avier eroy, o n
eppy, ean- ierre alpin, and t e pro ram commit-
tee for comments on an early version of t is paper is
researc is supported y t e ational cience oundation
rant - and -
r C S






