S p

a

c

e - E �c

ie

n

t

C

l

o s

u re

Representations �

Z h o n g Sh

ao and

And

r

e w W

. Appel

y

Pr in

ce

ton

Uni

versit

y

CS

-

T R-

4

54- 94

March1994

A b

s

t r a ct

M a

n y m

o

d e rn com

p

i ler s implemen t

f

unction calls(or

returns

) in two steps:

�rst

, ac

l o s u r e environment is

properly installed to provide access for free variables

in the target program fragment; second, the control is

transferred to the target by a\ jump with arguments

(or results).

" Closure con

vers ion, which decides where

and how to represe nt closures at runtime, is a crucial

step in compilation of functional languages.We have

a new algorithm that exploits the use of compile-time

control and data ow information to optimize closure

representations.

By extensive closure sharing and al-

locating as many closures in registers as possible, our

new closure conversion algorithm reduces heap alloca-

tion by3

6 % and memory fetches for local/global vari-

ables by43%; and improves the already-e�cient code

generated by theStandard ML ofNew

Jersey compiler

by about1

7% on aD

E Cstation 5

000. Moreover, un-

like most other approaches, our new closure allocation

scheme satis�es the strong \safe for space complexity"

rule, thus achieving good asymptotic space usage.1

I

ntro

d

uct

ion Many modern compilers take great e�orts to optimize

function calls and returns because they are fundamental

control structures, especially in functional languages.

Before a function call, context information is saved from

registers into a \frame."In a compiler based on Contin-

uation-

Passing Style (CPS), this \frame" is the closure

of a continuation function[33

].

In a CPS-based compiler, a closure environment is

constructed at each function (or continuation) de�ni-

tion site; it provides runtime access to bindings of vari-

ables free in the function (or continuation) body. Each

function call is then implemented as �rst installing the

corresponding closure environment, setting up the ar-

guments (normally in registers), and then passing the

control to the target by a \jump" instruction.Func- �

T o a pp ea

r

i n A C M Co

n f e rence onL

i s p an d

F unc tiona

l

Pro-

gramming

,

J une 1

99 4

y fz s h , a pp e

l g @ cs .p

r

i nce t

on.e d

u . Supporte

d in partb

y the

Nationa l Science

FoundationGrantCC

R

-9 00 2

7 8 6 and CCR-

9200790. tion returns are implemented in the same way because

they are essentially calls to continuation functions, if

represente d in CPS.A closure can be any combination of registers and

memory data structures that gives access to the free

variables [25, 6].The compiler is free to choose a clo-

sure representation that minimizes stores (closure cre-

ation), fetches (to access free variables), and memory

use (reachable data).

We have developed a new algorithm for choosing

good closure representations. As far as we know, our

new closure allocation scheme is the �rst to satisfy all

of the following important properties:�

Unlike stack allocation and traditional linked clo-

sures, our shared closure representations are safe

for space complexity (see Section 2); at the same

time, they still allow extensive closure sharing.

�Our closure allocation scheme exploits extensive

use of compile-time control and data ow infor-

mation to determine the closure represe ntations.

� Source-language functions that make several se-quential function calls can build one shared clo-

sure for use by all the continuations, taking ad-

vantage of callee-save registers.

� Because activation records (i.e., frames) are also

allocated in the heap, they can be freely shared

with other heap-allocated closures. Under stack

allocation, this is impossible since stack frames

normally have shorter lifetime than heap-allocated

closures.

� Tail recursive calls|which are often quite trouble-

some to implement correctly on a stack [20]|can

be implemented very easily.

� All of our closure optimizations can be cleanly rep-

resented using continuation-passing and closure-

passing style [4] as the intermediate language.

� Once a closure is created, no later writes are made

to it; this makes generational garbage collection

and cal l/cc e�cient, and also reduces the need for

alias analysis in the compiler. 1

� B e c a u se a ll cl osu res are e i t her allocate d i n the

hea p or in re gisters , �rst class continuations c a l l /cc

are ver y e �cient, re quiring no co mplicated stac k

hackery [ 2 1 ] .

Our ne w closure allocation scheme does not use any

runtime stack. Instead, all closure environments are

either allocated in the heap or in registers. This deci -

sion may seem controversial, because stack allocation

is widely believed to have better re ference locality, and

deallocation of stack frames can be cheaper than garbage

collection. Moreover, because heap allocated closures

are not contiguous in memory, an e xtra memory write

and read (of the frame pointer ) are necessary at each

function call. These assumptions no longer hold, for

three reasons :

1. As we will show in Section 4, because most parts of

continuation closures are allocated in callee-save

registers [ 6], the extra memory write and read at

each call can often be avoided. With the help of

compile-time control and data ow information,

the combination of shared closures and callee-save

registers can often be comparable to or even better

than stack allocation [ 7].

2. In a companion paper [7], we show that stacks

do not have a signi�cantly better locality of refer-

ence than heap-allocated activation records, e ve n

in a m o de rn cac he memor y hierarchy. Stacks do

have a much better wri te mi ss ratio, but not a

much better read miss ratio. But on many modern

machines, the write miss penalty is approximately

zero [2 3, 16, 7].

3. The amortized cost of collection can be very low [1,

7], especially with modern generational garbage

collection techniques [36].

The ma jor contribution of our paper is a \safe for

space " clos ure conversion algorithm that integrates and

improves most previous closure analysis techniques [26,

6, 33, 3 0, 20, 22], using a simple and general framework

expressed in continuation-passing and closure-passing

style [4, 6]. Our new algorithm extensively exploits

the use of compile-time control and data ow informa-

tion to optimize closure allocation strategies and rep-

resentations. Our measurements show that the new al-

gorithm reduces heap allocation by 36 % and memory

fetches for local /global variables by 43% ; and improves

the already-e�cient code generated by the Standard M L

of New Jersey compiler by about 17% on a D E Cstation

5000.

2 S a f e l y L i n ke d Cl o s u res

Optimization of closure represent ations is sometimes

dangerous and unsafe for space usage (i.e., maximum live data size). In 1 9 88, Chase [11] observed that cer-

tain storage allocation optimization may convert a pro-

gram that runs robustly into one that does not, due

to the requirement of larger fraction of memory than

the program actually needs. Appel [2] also noticed that

programs using linked closures 1 , or stack-allocated ac-

tivation records, may cause a compiled program to use

much more memory.

f u n f ( v , w, x, y, z ) =

l e t fun g() =

let v al u = h d(v)

fun h() =

let fun i() = w +x+y+z+ 3

in (i,u)

end

in h

end

in g

end

fun big n = if n < 1 then [ 0 ] el se n :: big(n -1)

fun l oo p (n, res) =

if n<1 then res

else (let val s = f(big( N),0,0,0,0)()

in loop(n-1,s::res)

end)

val result = loop(N,[])

Figure 2: An Example in Standard ML

For example, consider the Standard ML [29] pro-

gram in Figure 2. With at closures 2 (see Figure 1),

each evaluation of f ( ... )() yields a closure s for h that

contains just a few integers u, w, x, y, and z; the �nal

result (e.g., r esu l t) contains N copies of the closure s

for h, thus it uses at most O(N ) space. With linked

closures (see again Figure 1), each closure s for h con-

tains a pointer to the closure for g, which contains a list

v of size N . Since the �nal result keeps N closures for

h simultaneously, it requires O(N 2 ) space consumption

instead of O(N ). Obviously, this space leak is caused by

inappropriately retaining some \dead" ob jects (v) that

should be garbage collected earlier.

In 1992, we found several instances of real programs

whose live data size (and therefore memory use) was

unnecessarily large (with factors of 2 to 80) when com-

piled by early versions of our compiler that introduced

this kind of space leak. All recent versions of SML/NJ

1 A l i n k e d cl o s u re [ 2 7 ] i s a r e c or d t hat co ntains the bo und vari -

ab les o f the enclosin g function , together with a pointer to the

enclosing function ’s closure . 2 A a t closure [ 1 0] is a record that holds onl y the free variables

needed by the function.

F l a t Cl o s u r es L i n ke d Closures Sa fel y Linked Closures

-

-

-

w

G

x y z H

i w x y z h u

I g v w x y z

-

- Z ZZ}

J J] z -

H

i h u

I g G v w x y

w x y z

-

- H

-

-

Q Q Qs

� � � �*

i h u g v

I

G

F i g u r e 1 : A c o m p ari so n o f t hree c losure representations

V :: = v a r ia b l e

I ::= i n te ger c on stant

R ::= real constant

P ::= arit h metic o perator

A ::= V j I j R

F ::= V 0 (V 1 ,V 2 , : : :,V n ) = E j F1 a n d F2

D ::= D1 D2 j f un F j va l V = s ele c t(I ,A)

j val V = (A1 ,A2,: : :,An)

j val V = P (A 1 ,A 2 ,: : :,A n )

E ::= if V t hen E1 else E2

j let D in E1 end j A0 (A1,A2 ,: : :,An)

Figure 3: A bstract s ynta x of C P S

ha ve obeye d the \safe for space complexity " (SSC) rule,

and users really did notice the improvement . The SSC

rule is stated as follo ws:an y local variable bin ding m ust

be unreachable a fter its last use within its scope (see

Appel [ 2 ] for a more formal de �nition).

Traditional stac k allocation schemes and linked clo -

sures obviously violate this rule because local variable

bindings will stay on the stack until they exit their

scope, so may remain live even after their last use. Flat

closures do satisfy the SSC rule, but they re quire that

variables be copied many times from one closure to an-

other. Many of the closure strategies described by Ap-

pel and Jim [3] violate the rule.

Most stack-frame implementations also violate SSC,

since dead variables remain in the frame until a function

returns. This can be avoided by associating a descriptor

with each return address, showing which variables are

live ; but this complicates the garbage collector [ 7, 8].

Obeying SSC can require extra copying of pointer

values from an old closure that contains them (but also

contains values not needed in a new context) into a new

closure. One cannot simply \ zap" the unneeded values

in the old closure, since it is not known whether there

are other references to the old closure. The challenge is

to �nd e �cient closure strategies that obey SSC while

minimizing copying.

Our new algorithm uses safely lin ked closures (the

3rd column in Figure 1), which contain only those vari-

ables actually needed in the function 3 , but avoids clo-

3 I n p r a c t ic e , b ot h thi s an d SS C can be re la xed a little beca use

the as y mptotic space complexity will not chan ge i f we retain some sure copying by grouping variables with same lifetime

into a sharable record.

In Figure 1, we use G, H and I to denote the closure,

and g, h, and i for code pointers. With at closures,

variables w, x, y, and z must be copied from the closure

of g into the closure of h, and then into the closure of i,

this is very expensive. With traditional linked closures,

closures for h and i are unsafely re-using the closure

for g, retaining the variable v that is not free in h or i;

moreover, accessing variables w, x, y and z inside I is

quite expensive because at least two links needs to be

traversed. By noticing that w, x, y, and z have same

lifetime, the safely linked closure for g puts them into a

separate record, which is later shared by closures for h

and i. Unlike linked closures, the nesting level of safely

linked closures never exceeds more than two, so they

still en joy very fast variable access time.

3 C o n t in u ation s an d C losu r es

We will illustrate CPS-conversion (which is not new [33,

2 6, 2]), and our new closure analysis algorithm, on the

example in Figure 4. The function ite r iteratively ap-

plies function f to argument x until it converges to sat-

isfy predicate p.

variables that can be proven of constant si ze at compile time .

f u n i t e r ( x , p,f )

= let funh(

a,r) = if p(a,r) then a

else h(f(a),a)

in h(x,1

. 0)

end

F i g u r e 4

: Fun c ti on i t e r inSt an dard

M

L 3

. 1 C o n t in u ation - pa ssin g sty l e Continuation -

pa ssing sty le (C

PS

) is a subset of

�-calculus ,

butw

hich closely re ects the control- ow and data- ow

operations of avonNeu mann machine.

As in �-calculus,

functions are nested and variables have lexical scope;

but as on a von Neumann machine, order of evaluation

is pre-determined. For the purposes of this paper, we

express CPS using ML notation, albeit severely con-

strained

| see Figure3. An atomA can be a vari-

able or a constant; ar e c or d can be constructe d out of

a sequence (A1

; A2

;: : : ; An

) of atoms.If v is bound to

ann-element record, then thei

t h �eld may be fetched

using se

le ct(i,v);The syntax for building records, se-

lecting �elds, applying primitive arithmetic operators,

and de�ning mutually recursive functions (f u n andF )

must specify a continuation expressionE that will use

the result (via let expressions).4

On the other hand,

function application (shown in the last line on the right

of Figure 3) does not specify a continuation expression

| functions never ret

ur n in the conventional sense. In-

stead, it is expected that many functions will pass a

continu

ation function as one of their arguments. This

function can be de�ned in the ordinary way (by fun),

and will presumably be invoked by the callee in order

to continue the computation.

fun iter(C,x,p,f) =

let fun h(a,r) =

let funJ( z) = if z then C(a)

else (let funQ( b) = h(b,a)

in f(Q,a)

end)

in p(J,a,r)

end

in h(x,1.0)

end Figure

5: Function iter after CPS-based optimizations

Figure 5 shows the code of the function iter after

translation into CPS, and after the continuation argu- 4

L a t e r i n the paper, weu se l e t E 1 E2

: : : En i n : : : end

. to denote a sequen

ce of let expressions, e.g., let E1 in(let E2 in

: : : (let En in : : : end) : : : end) end. ment ofh has been hoisted out of the loop because it is

loop-invariant[3

2

]. Such optimizations are performed

after CPS-conversion, but before the closure analysis

that is the subject of this paper.

To ease the presentation, we use capital letters to

denote continuations (e.g.,C,

J, andQ).

We call those

functions declared in the source program user func-

tions (e.g., iter, h), and those introduced by CPS con-

versioncontinuation functions (e.g., J, Q).Continuation varia

b les are all those formal parameters (commonly

placed as the �rst argument) introduced in CPS conver-

sion to serve as return continuations (e.g., C). Functions

such as iter,p and f are called escapin g functions, be-

cause they may be passed as arguments or stored in

data structure s so that the compiler cannot identify all

the places where they are called. All functions that do

not escape are calledkno

wn functions (e.g., h). We can

do extensive optimizations on known functions since we

know all of their call sites at compile time.

3.2 Closure-passing style

Continuation-passing style is meant to approximate the

operation of a von Neumann computer; a\function

" in

machine language is just an address in the executable

program, perhaps with some convention about which

registers hold the parameters|very much like a \jump

with arguments." The notion of function in CPS is al-

most the same, except that they have nested lexical

scope and may contain free variables. This problem

is solved by adding a closure which makes explicit the

access to all nonlocal variables.Kranz

[25, 26] showed that di�erent kinds of func-

tions should use di�erent closure allocation strategies.

For example, the closure for a known function (e.g., h

in Figure 5) can be allocated in registers, because we

know all of its call sites at compile time and can let

the caller always pass its free variables as extra argu-

ments at runtime; on the other hand, the closure for an

escaping function may have to be allocated as a heap

record that contains both the machine code address of

the function plus bindings for all its free variables.

Conventional compilers use cal ler-save registers, which

may be destroyed by a procedure call, and cal lee-save

registers, which are preserved across calls.Variables

not live after the call may be allocated to cal ler-save

registers which cuts down on register-saving tra�c.

We wanted to adapt this idea to our continuation-

passing intermediate represe ntation. We did so as fol-

lows [6]: each CPS-converted user functionf is passed

its ordinary arguments, a continuation functionc

0 , andk extra arguments c 1 ; :::; ck

. The function \returns" by

invoking c 0 with a \result" argumentr and the addi-

tional arguments c 1 ; :::; c k . Thus, the \callee-save" ar-

guments c 1 ; :::; c k are handed back to the continuation.

When this CPS code is translated into machine instruc-

tions, c 1 ; :::; c k will stay in registers throughout the ex- 4

0

1 f u n i t e r ( I , C0,C1,C 2,C

3, x, p,f

)

=

02let funh(

a,r,C

R,p) =

03 let funJ0(J1,J2,J3,z) =

04 if z then

05 (letval C0 =sele ct(0,J1)

06 val C1 = select(1,J1)

07 val C2 = select(2,J1)

08 val C3 = select(3,J1)

09 in C0(C1,C2,C3,J2)

10 end)

11 else

12 (let funQ0(Q1,Q2,Q3,b)

13 = h(b,Q2,Q1,Q3)

14 val f = select(4,Q1)

15 val f0 = select(0,f)

16 in f0(f,Q0,J1,J2,J3,J2)

17 end)

18 val p0 = select(0,p)

19 in p0(p,J0,CR,a,p,a,r)

20 end

21 val CR = (C0,C1,C2,C3,f)

22 in h(x,1.0,CR,p)

23 endF i g u r e 6

: Fun c ti on i t e r ina fter clo sure conversion ecution off

; unless f needed to use those registers for

other purposes, inwhich case fmust save and restore

them

.One could also say that the continuation is rep-

resented ink

+

1 registers( c 0 ; :::; ck

) instead of injust

one pointer to a memory-resident closure.In our previous work

[6

], we outlined this frame-

work and demonstrated that it could reduce allocation

and memory tra�c.

However, we did not have a really

good algorithm to exploit the exi bility that callee-save

registers provide.Closure creation and use can also be represente d us-

ing the CP

S language itself [4,24].We call thisc l o s u r e - p

ass i n g st yle (CLO).

The main di�erence between CLO

and CPS is that functions in CLO do not contain free

variables, so they can be translated directly into ma-

chine code. In CLO, the formal parameters of each

function correspond to the target machine registers, and

heap-allocated closures are represented as CPS records.

Figure 6 lists the code of function iter after transla-

tion into CLO.All continuation functions and variables

(e.g., C

, J, Q) are now represente d as a machine code

pointer (e.g., C0,J0,Q0) plus three extra callee-save ar-

guments (e.g., C1

-C 3,J1-J3,Q1-Q3).

The original function J (in Figure5) had free vari-

ables C,f,

a, h

. With three callee-save registers, C be-

comes the four variables C0,C1,C2,C3, for an e�ective

total of seven. When J is passed top (line 19), these

seven free variables|plus the machine code pointer for

J’s entry point|must be squee zed into four formal pa- rameters J0,J1,J2,J3. Where there are more than

three free variables, some of the callee-save arguments

must be heap-allocated records containing several vari-

ables each; thus, the CR closure-record appears as J1 in

the call on line 19.

Previous closure conversion algorithms [33, 25, 4] re-

quire memory stores for each continuation function. An

important advance in our new work is that we allocate

(in this example) only one record CR for the functions

J,Q,h, and this record is careful ly chosen to contain

loop-in variant components, so that it canbe built out-

side the loop.Escaping user functions (iter,p,f) are now repre-

sented as a closure record (I,p,f), each with its0 t h �eld

being the machine code pointer (iter,p0,f0). Escap-

ing function calls are implemented as �rst selecting the

0 th �eld, placing the closure itself in a special register

(the �rst formal parameter), and then doing a\jump

with arguments" (lines 15-16, 18-19).

4

C l o s u r e Con version

In this section, we present our new closure conversion

algorithm using the framework de�ned in Section 3. Our

algorithm takes a CPS expressionE as the argument,

determines the closure represent ation for each function

de�nition in E , and then converts E into a CLO ex-

pression E0 in which each function de�nition does not

contain any free variables. The presentation of our al-

gorithm is organized in the following �ve steps:

1. Construct an extended CPS cal l graph that cap-

tures the control ow information in the CPS ex-

pression.

2.Gather the set of raw free variables and their life-

time information for each CPS function.

3.Use closure strategy analysis to determine where

in the machine to allocate each closure.

4. Use closure representation analysis to determine

the actual structure of each closure at runtime.

5. Find out the variable access path for all non-local

variables of each CPS function.

Each step here does not necessarily correspond to a sep-

arate pass in the real implementation because many of

them are actually done in a single pass.4

. 1 E x t e n ded C

P

S c a ll g ra p h Given a CPS expression E , we can divide the set of

function de�nitions in E into four categories: escaping

user functions, known user functions, escaping continu-

ation functions, and known continuation functions (see

the last paragraph of Section 3.1 for de�nitions). Given 5

an d i s assign ed n sl o ts , ho w topla ce thesem values into

n slots?

" Given aC

P S exp ression

E , the closure representa-

tion analysis is doneby processing eachfunction def-

inition through a preorder traversal of E; during the

traversal, wemaintain and update the following three

data structures :

w

h a t Ma p

A static environment that maps every func-

tion de�nition processed so far to its closure rep-

resentation . whe reMap A list of currently visible closures and vari-

ables. ba se

Re gs

The current contents of callee-save registers.When traversing and processing each function de�nitionf

, we do the following:1.

Suppose the set ofr a w fr eevar ia b le s of f found

in the last step(i.e., Section4.

2

) isR

F V, we �rst

check if f is recursive or mutually recursive with

some other functions, and then �nd the transitive

closure RFV� of f’s raw free variables.For exam-

ple, as shown in Table 1, functionh is recursive

and its RFV isf(

p

; 2; 2); (C;3; 3); (f; 3; 3); (h; 4; 4)g;

we remove h and replace it by its raw free vari-

ables. We also propagate h’s fu t and lut numbers

into each of its free variables by taking the min-

imum of their fut numbers and the maximum of

their lut numbers. As the result, the transitive

closure RFV � ofh is f(p; 2; 4); (C; 3; 4); (f; 3; 4)g.

2.Next, we �nd the set of true free variablesTFV

of f by replacing each continuation variable in

RFV � by its corresponding callee-save variables,

and each function de�nition by its closure contents

(or slot variables). For example, suppose we use

three callee-save registers, each continuation vari-

able C is then represe nted by a code pointer C0

and its three callee-save variables C1

,C 2,C

3. The

set of true free variables TFV for h is f(p; 2; 4),

(C0; 3; 4), (C1; 3; 4), (C2; 3; 4), (C3; 3; 4), (f; 3; 4)g.

Notice that C0,C1,C2,C3 here naturally inherit

C’s fut and lut numbers.

3. Now assume that TFV of f contains m variables,

and f is assigned n slots by closure strategy analy-

sis in Section 4.3.If m� n, then we are done; oth-

erwise, we search through the current list of vis-

ible closures maintained in the whereMap data

structure, and see if there is any closure record

that we can reuse (or share). The SSC rule men-

tioned in Section 1 is satis�ed by making sure that

we only reuse those closures whose contents are a

subset of TFV.Because all closures in the heap

are safely lin ke d cl osures, certain closure sharings

had already been anticipated while processing the enclosing function de�nitions. If there are multi-

ple sharable closures, we use a\best �t" heuristic

to decide which one to reuse. In the example of

function i t e r, the closure CR (line 21 in Figure6)

is sharable by the continuationsJ andQ.

4. If the size m of TFV after closure sharing is still

larger than n, we have to heap allocate part of

the closure. We do this by putting n� 1 vari-

ables into one slot each, and packing the remain-

ing m � n+ 1 variables into the heap closure. The

criteria in choosing these n�1 variables is based on

the following priorities: the �rst priority is smaller

lut number; the second is smaller fut number; the

third is whether the variable is already in the cur-

rent callee-save registers (i.e., baseRegs) or not.

We also use the contents of baseRegs to decide

which variable goes to which slot to avoid any pos-

sible register moves. For example, the function h

is assigned 2 slots but h has 6 true free variables,

we put the free variable p in the register because

it has the smallest fut number (all variables have

the same lut number).5.

Finally, we decide the actual layout of the spilled

heap closure of the above m � n + 1 variables based

on each variable’s lut number. To satisfy SSC with

shared closures, each distinct lut number requires

a separate record. For example, the closure forG

in Figure 1 was split into two records becausev’s

lut number was di�erent from those ofw, x, y, z. We �nish processing the function de�nition f by up-

dating the whatMap, whereMap and baseRegs en-

vironments accordingly based on f ’s closure represen-

tation.

Not only is CR shared in Figure 6, but its creation

is outside the h loop. Thus, each iteration of h man-

ages to call two unknown (escaping) functions without

anymemory tra�c

! This is one of the most important

strengths of our new algorithm.4

. 5 A cc e ss p a t h f o r non

- lo cal freevari-

ables

Finding out the access path for each non-local free vari-

ablev isjust a breadth-�rst search of v in the whereMap

environment. We use the \lazy display" technique used

byKranz

[26

], so that loads of common paths can be

shared.

More speci�cally, let’s look at the function i

(the innermost function inside f) in Figure 2: assuming

that i uses the safely linked closure shown in Figure 1,

then accessing each non-local variable (e.g., w,x,y,z)

inside i requires traversing two links; but we can �rst

load the 2nd �eld of the closureI into a registerr, and

then access w, x, y, and z directly from r via one load.

These intermediate variables (e.g., register r) may use8

up a ll t h e availa ble ma chine re gi sters and cause unnec-

essar y register spilling, but this can always be avoided

by selectivelykeeping limited number of intermediate

variables in the\la

zy display"

(registers

)

. 4

. 6 R e m a r k s Graph-coloring global register allocation and targeting,

which have been implemented byLal George[

1 7 ], will

accomplish most control transfers (function calls) (such

as line 12 and 13 inFigure

6) without any register-

register moves.This allows a more e xible boundary

between callee-save and caller-save registers than is nor-

mal in most compilers.Programs,in our scheme, tend to accumulate values

in registers and only dump them into a closure at infre-quent intervals.It may be useful to use more callee-save

(and fewer caller-save) registers to optimize this.Our closure scheme handles tail calls very nicely,

simply by re-arranging registers.Hanson [20] shows

how complicated things become when it’s necessary to

re-arrange a stack frame.A source-language function that calls several other

functions in sequence would, in previousCP

S compilers

(including our own) allocate a continuation closure for

each call. The callee-save registers and safely linked

closures allow us to allocate only once.

General deep recursions are handled very e�ciently

in our scheme. A conventional stack implementation

tends to have a high space overhead per frame, but our

closures are quite concise. Thus, total memory usage

(and cache coverage) of recursions will be much less.5

C a s e S t u d ies A good environment allocation scheme must implement

frequently used control structures very e�ciently.Many

compilers identify special control structures at compile

time, and assign each of them a special closure allo-

cation strategy. For example, inKranz’s Orbit com-

piler [26], all tail recursions are asssigned a so-called

\s

t a c k / l oop" strategy, and all general recursions are as-

signed a \stack/r ecurs io n" strategy. Our new closure

conversion algorithm, on the other hand, uniformly de-

cides the closure strategy (i.e., number of slots) and the

closure representation for each function solely based on

the lifetime information of its free variables and simple

control ow information.

In Section 3, we have shown how our new algorithm

implements tail recursion very e�ciently (i.e., functioni

t e r). In this section, we use several more examples to

show how our new algorithm e�ectively deals with other

common control structures such as a sequence of func-

tion applications, calling a known function, and general

recursion. 5.

1

F u n c t i on calls in sequence

One common control structure in functional programs

is making a sequence of function applications, as shown

in the following example:

f

u n f( g ,u, v, w

) = l

e t val x = g(u,v)

valy = g(x,w)

valz = g(y,x)in x+y+z+v+1

end Here the functiong (a formal parameter off) is called

three times in a row inside the function f.Under the

traditional stack scheme, when function f is called, an

activation record for f|containing formal parameters

(i.e., g, u, v, w) and local variables (i.e.,x, y, z)|will be

pushed onto the stack.Each time before g is called,

certain local variables in registers must be saved onto

the stack. For example, assuming all function argu-

ments (i.e., g,u,v,w) and return results (i.e., x,y,z)

are passed in registers, then before the�rst call to g,

the registers holding g and w must be saved so that

they can still be retrieved later after g returns.

If activation records are allocated on the heap, things

get much worse. Every time registers need to be saved

before a function call, a closure record has to be built on

the heap.Because heap allocated closures are not con-

tiguous in memory, an extra memory write (and later a

memory read) of the frame pointer is necessary at each

function call.Withour new closure analysis technique to make

good use of callee-save registers, heap-allocated activa-

tion records can be made almost as e�cient as stack

allocation [7]. The idea is that we can always allocate

most parts of the current activation record in callee-

save registers. With careful lifetime analysis, register

save/restore around several function calls can often be

eliminated or amalgamated, so function calls in sequence

need just write one heap record. Figure 7 lists the code

of function f after translation into CLO (by our new

algorithm in Section4). Continuations are still repre-

sented as one code pointer plus three callee-save regis-

ters, all denoted by capital letters. As before, escap-

ing function calls (i.e., calls to g on line 14,17,21) are

implemented as �rst selecting the 0t h �eld, placing the

closure itself in a special register (the �rst formal param-

eter), and then doing a \jump with arguments" (lines

13-14,16-17,20-21). Before the �rst call to g (line 21),

we put variables that have smaller lut numbers (i.e.,

g,w) callee-save registers (i.e.,J

2,J 3), and spill the rest

(i.e.,C

0 -C3,v) into a heap record CR (line 19). At the

second and the third calls to g (line 17,14), no register

save/restore are necessary. This is because the lifetime

of w and x (also g and y) does not overlap, so they can

just share one callee-save register (i.e., J3 andK3, K2

andQ2). 9

0

1 f u n f(

C0 ,C1,C

2,C

3, g,u, v, w

) =

02l

e t funJ0(J1,J2,J3,x) =

03 let funK0(K1,K2,K3,y) =

04 let funQ0(Q1,Q2,Q3,z) =

05 let val v =sele ct(4,Q1)

06 valr = Q3+Q2+z+v+1

07 val C0 = select(0,Q1)

08 val C1 = select(1,Q1)

09 val C2 = select(2,Q1)

10 val C3 = select(3,Q1)

11in C0(C1,C2,C3,r)

12 end

13 val g0 = select(0,K2)

14 in g0(K2,Q0,K1,y,K3,y,K2)

15 end

16 val g0 = select(0,J2)

17 in g0(J2,K0,J1,J2,x,x,J3)

18 end

19 val CR = (C0,C1,C2,C3,v)

20 val g0 = select(0,g)

21 in g0(g,J0,CR,g,w,u,v)

22 endF i g u r e 7

: M a ki ng ase quen ce o f function calls 5

. 2 L a m b da l i f ti n g on kno wn fun ction

L

a m b da l i f ti n g [

22 ] is awell-known transformation that

rewrites aprogram into an equivalent one in which no

function has free variables

.

Lambda lifting on known

functions essentially corresponds to the special closure

allocation strategy that allocates as many free variables

in registers as possible.But this special strategy does

not always generate very e�cient code [26]. For exam-

ple, in the following program, assume thatf is a known

function, andp

, w, x, y, andz are its free variables.

fun f u = (p u, u+w+x+y+z+1) fun g(x,y) = (p x, f x, f y)If the closure for f is allocated in registers, then be-

fore the call to p insideg, some of f’s free variables

must be saved onto the heap(assuming there are only

three callee-save registers)

; when the call to p returns,

these variables must be reloaded back into registers,

and passed to function f; after entering f, some of

them again have to be saved when f calls p, and so on.Clearly, allocating f’s environment in registers dramat-

ically increases the need for more callee-save registers

inside g.This leads to more memory tra�c when there

are only a limited number of callee-save registers.

Thecl o s u r e strategy analysis described inSection

4.

3

uses an iterative algorithm to decide the number of reg-

isters assigned to each known function. The number of

registers assigned to f will be restricted by those of its

callers, i.e., the return continuation for p x and the re- turn continuation for the�rst call to f.As a result, f is

only assigned one slot, and its closure will be allocated

in the heap. 5.3

G ene ral recursion

The closure strategy analysis algorithm described in Sec-

tion 4.3 conservatively represe nts all continuation func-

tions using the same (�xed) number of callee-save regis-

ters. This restriction can be relaxed: continuations that

are passed to known functions can be represente d in any

number of callee-save registers. This special calling con-

vention is especially desirable for general recursions such

as them ap function shown as follows (after translation

into CPS):

funmap(C,f,l) =

let fun m(J,z) =

if (z=[

]) then []

else (let val a = car z

val r = cdr z

fun K(b) =

let fun Q(s) =

let val y = b::s

in J(y)

end

in m(Q,r)

end

in f(K,a)

end)

in m(C,l)

endNotice that the recursive function m is called only at

two places: one by function map withC as the return

continuation, one insideK withQ as the return contin-

uation. Because the second call to m is a recursive call,

it will be executed much more often at runtime.We

can represent all normal continuation functions in three

callee-save registers, but represent continuationsJ and

Q in two callee-save registers. Figure8 lists the code of

function map after translation into CLO using the above

special calling convention.Here m is a known function, and the environment for

m (i.e., the free variable f) is allocated in a register (i.e.,

f is treated as an extra argument of m, see line9,2

1,28).

Since continuation C still uses the normal calling con-

vention, when it is passed to the function m (line 28), a

new\coercion

" continuation (i.e.,R

0 on line 2-7) has to

be built to adjust the normal convention (three callee-

save registers C0-C

3) into the special convention (two

callee-save registers R0-R2). Because the return contin-

uation J of m is represented in two callee-save registers

(i.e., J0-J2), we can build a smaller heap closure (of

size 3, on line 23) for continuation K.

If both J and Q are represe nted in three callee-save

registers, the heap closure for K would at least be of size

4. 10

P r o gr a mS i z eDe s cri p tio n B

a r n e s - H u t3

03 6Nb o d y prob le m solver.

Boyer9

19Standard theorem-prover benchmark. C

M L-s ieve

1356

CML implementation of prime numbergenerator. Knuth-Bendix

655The Knuth-Bendix completion algorithm.

Lexgen

1185A lexical-analy zer generator.

Life 148 The game of Life implemented using lists. Ray 874 A simple ray tracer.

Simple 990 A spherical uid-dynamics program. VL

I

W 3658

A VLIW instruction scheduler. YACC

7432

An implementation of an LALR parser generator.

Table 2:

General Information about the BenchmarkPrograms Lin

ks

T raversed A llocation Size E xec ution Time Code Size (millions)

(mega words)

(seconds)

Program OldNe

w Savings Old New Savings Old New Savings

Savings

Barnes-Hut

54.70

33.35

39.03 % 51.84

39.00

24.77%

33.11

28.14

15.01%

16.91%

Boyer

4.58

2.58

43.67%

11.23

5.78

48.53%

2.70

2.37

12.22%

13.36%

CML-sieve

44.11

25.43

42.35%

53.49

33.76

36.88%

35.02

30.55

12.76%

16.19%

Knuth-Bendix

16.09

13.27

17.53%

40.93

24.48

40.19%

8.02

6.25

22.07%

14.57%

Lexgen

14.98

7.57

49.47%

21.37

8.77

58.96%

12.33

11.07

10.22%

18.68%

Life

1.60

0.76

52.50%

2.36

1.61

31.78%

1.42

1.25

11.97%

14.83% Ray 17.84

12.85

27.97%

28.32

25.96

8.33%

25.89

22.40

13.48%

19.65%

Simple

71.44

38.88

45.58%

70.39

38.31

45.57%

24.18

18.86

22.00%

38.63%

VLIW

39.99

16.90

57.74%

49.50

31.62

36.12%

20.81

12.05

42.10%

23.98%

YACC

10.97

4.86

55.70%

13.89

10.09

27.36%

4.94

4.35

11.94%

26.29%

Average

43.15%

35.85%

17.38%

20.31%

Table 3: Performance of the Benchmark Programs

Escaping

User Known User

Continuation Record

Other

(megawords)

(megawords)

(megawords)

(megawords)

(megawords)

Program Old New Old New Old New Old New Old New Barnes-Hut

1.21

1.02

10.47

2.86

29.92

24.89

10.07

10.07

0.17

0.17

Boyer

1.91

1.18

0.00

0.48

4.88

3.17

0.95

0.95

3.49

0.00

CML-sieve

7.28

7.28

11.40

8.29

22.85

6.24

11.95

11.95

0.00

0.00

Knuth-Bendix

12.49

5.99

0.04

1.45

24.28

12.92

4.11

4.11

0.00

0.00

Lexgen

1.39

0.48

0.57

0.64

16.54

6.90

0.75

0.75

2.12

0.00

Life

0.06

0.06

0.00

0.06

1.44

0.63

0.79

0.79

0.08

0.08 Ray 0.00

0.00

0.01

2.11

14.42

9.96

13.89

13.89

0.00

0.00

Simple

7.37

5.87

3.01

1.30

54.10

25.23

5.92

5.92

0.00

0.00

VLIW

7.38

6.78

2.67

3.07

32.98

15.72

5.75

5.75

0.73

0.30

YACC

0.23

0.23

2.80

2.04

8.80

5.92

1.85

1.85

0.21

0.04

Table 4: Allocation Breakdown of the Benchmark Programs 11

0

1 f u n m a p ( C0 ,C1,C

2,C

3,f, l

) =

02 le

t funR0(R1,R2,x) =

03 letval C0 =sele ct(0,R1)

04 val C1 = select(1,R1)

05 val C3 = select(2,R1)

06

in C0(C1,R2,C3,x)

07 end

08

09 fun m(J0,J1,J2,z,f) =

10 if (z=[

]) then J0(J1,J2,[])

11 else (let val a = car z

12 val r = cdr z

13 funK0(K1,K2,K3,b) =

14 let funQ0(Q1,Q2,s) =

15 let valy = Q2::s

16 val J0 = select(0,Q1)

17 val J1 = select(1,Q1)

18 val J2 = select(2,Q1)

19 in J0(J1,J2,y)

20 end

21 in m(Q0,K1,b,K2,K3)

22 end

23 val CR = (J0,J1,J2)

24 val f0 = select(0,f)

25 in f0(f,K0,CR,r,f,a)

26 end)

27 val CC = (C0,C1,C3)

28 in m(R0,CC,C2,l,f)

29 endF i g u r e 8 : Fun c ti on m a p using specia l calling conventions 6

M e a s u re me n ts

Wehave implemented our new

\space

-e

�cient" closure

conversion algorithm in theStandard

M

L of

New Jerse y

compiler version1

. 01. We compare the performance of

two compilers

, using ourO l d algorithm[

2,6

] and theN

e w algorithm described in this paper.The Old al-

gorithm uses a hybrid scheme: it uses linked closure

representation if it is space safe, otherwise it uses at

closure representation.Both the Old and New compil-

ers satisfy the \safe for space complexity" rule. Both

compilers represent continuation closures using three

callee-save registers. Both compilers user e prese n t at i on

anal

ysis [28] to allow arguments being passed in regis-

ters. The \lazy display" technique is implemented in

both compilers, however it is used more e�ectively in

the New compiler because of its more extensive use of

shared closures.

Table 2 shows the set of benchmarks we use and

the source program size in number of lines. Table3

shows the number of memory fetches for local/global

variables, total heap allocation size, the execution time(user time plus system time) on aD

E Cstation

5000, and

the code size (only show the \savings") for both the Old

and New compilers.On average, the New compiler re-

duces heap allocation by 36% and memory fetches for local/global variables by43%

; and improves the already

e�cient code generated by the Old compiler by 17%.

The New compiler also uniformly generates more com-

pact code, achieves an average of 20% reduction in code

size over the Old compiler. TheVL

IW benchmark|

an instruction scheduler|achieves up to 42% speedup

in execution time, because it gets signi�cant bene�ts

from the extensive closure sharing in our new closure

conversion algorithm.

We have also measured the allocation pro�le of var-

ious kinds of closures, shown in Table 4:E s c a p i n g Use

r,

Kn own User, andCon tin uation are respec-

tively the total size of closures (in megawords) allocated

for escaping user function, known user function, and

continuation function;Record includescons cells and

other explicitly allocated non-closures; Other includes

arrays, references, and register spills. Most of the reduc-

tion in heap allocation is from the continuation closures;

closure analysis does nothing to reduce the allocation of

records and arrays.7

C om par ison wit h

Other

S chemes

Our work on closure analysis is related to, and in u-

enced by, many other research results.

Closure analysis

: Steele [33] used continuation clo-

sures instead of \stack frames;"Rozas [30] andKranz

[25, 26] used closure analysis to choose spe-

cialized represent ations for di�erent kinds of clo-

sures;

Appel and Jim investigated closure-sharing

strategies [3]. We combine all of these analyses

(except stack allocation) and more.T ail calls:Hanson [20] showed the complexity of im-

plementing tail calls correctly and e�ciently on a

conventional stack.

Closure

-passing style: Lambda notation has often been

used to represe nt the results of closure analysis

(this is also called \lambda lifting") [14, 22, 4, 24].

E�cient call/cc: Many have tried to make call/cc ef-

�cient [15, 13, 21].

Callee-sa ve registers: Data ow analysis can help de-

cide whether to put variables in caller-save or callee-

save registers [12, 19]. We had shown how to rep-

resent callee-save registers in continuation-passing

style [6, 2] but our new algorithm does a much

betterjob of it.Sa fe space comple xity: The notion that certain com-

piler optimizations can cause space leaks by re-

membering too much is old, but only recently ap-

preciated [9, 11, 2]. The Chalmers Lazy-ML com-

piler [8] and the SML/NJ compiler [5] are the only

ones we know of that guarantee \space safety." 12