L o op

H

e

a de

r

s i

n -

ca lc

ulus orC

P

S

A n

d r e w W

. Appel

Pr in

ce

t

on Uni

versit

y

a pp e

l @p r

i n ce t

on .e

d u C

S

- T R-

4

6 0- 94

Princeton Universit yJ une 1

5 , 1994 A b

s t r a ct A s iswellknown, the introduction of a\loop header"

block facilitates the

hoistin g of loop-in variant code from a loop.But in a�-calculus interme-

diate representation, which has a notion of scope, this transformation is

particularl y useful.Loop headers with scope also solve an old problem with in-line expansion

of recursive functions or loops: if done naively, only the�rst iteration is

inlined. A loop header can encapsulate the loop or recursion for better

in-line expansion.

This optimi zation improves performance by about5 % inStandard

ML ofNew

Jersey.I h a v e p rev i

o u s l y des

cri

bed[

2 , pp.

8 3 { 92 ]

the in

-line expander of theStan-

dardM

L ofNe

w

Jersey compiler. Its purpose is not merely to avoid function-

call overhead by inserting the bodies of functions in place of their calls.What

is more important is that further optimizations

(

� -reductions, constant fold-

ing, dead variable elimination) are enabled|in

�-calculus, one � -reduction may

produce more redexes.But the1992-vintageC

PS optimizer (which I will call\naive") had trouble

with loops. Consider this example (already CPS-converted):

1 f

u n f(

x , r, s,

k

) =

if x=0

t

h en k(s)2 else f(x-1, r, s+

#1(r), k)3 funouter( v,

c) =4 let funj(i) = c(i*2)

5 val t = (v, v>2)

6 in f(v,t,0,j)7 end

8 fun elsewhere =. . . f(. . .) . . . 1

W h a t i n - lin e e x pan si ons a re use ful here ? The fun ction calls in lines 1 an d

4 are to \un kno wn " functions k and c (their function bodies are not tri viall y

identi �able ) , so they cannot be expanded . Only the calls to f in lines 2 and

6 can be expanded. Expandin g the for mer is e quivalent to unrolling the loop

a little bit ; expanding the latter means putting the �rst iteration of the loop

inside o u t e r :

1 f u n f ( x , r, s, k ) = if x= 0 t h en k(s)

2 e lse f(x -1, r, s + #1(r), k)

3 fun outer( v, c) =

4 let fun j(i) = c(i *2)

5 v al t = (v, v >2)

6 .1 in if v=0 then j(0)

6.2 else f(v-1,t,0+#1(t),j)

7 en d

8 fun else where = . . . f(. . .) . . .

Now the call in line 6.1 can be expanded, but on the whole this step was not

very useful.

L o o p h e a de r s

The new idea is to wrap a kind of \loop header" function around every recursive

function. The header co nt a in s the loop function and calls it. Recursive calls go

to the loop function; non-recursive calls (calls from outside) go to the header.

Loop header basic blocks have long been used [1 ], but in C P S or �-calculus

the notion of nested scope makes this transformation more powerful and useful

where in-line expansion is concerned.

In the example,

1.1 fun fh(x ’,r’,s’,k’) =

1.2 let fun fl(x,r,s,k) = if x=0 then k(s)

2.1 else fl(x-1, r, s + #1(r), k)

2.2 in fl(x’,r’,s’,k’)

2.3 end

3 fun outer(v,c) =

4 let fun j(i) = c(i*2)

5 val t = (v, v>2)

6 in fh(v,t,0,j)

7 end

8 fun elsewhere = . . . fh(. . .) . . .

A t t h e s a me t ime the l oo p hea de r is i nstalled , ind u ction varia ble elimination

can eliminate ar guments that are just passed around the loop without change

[ 4 ] . These variables become free variables of the loop, bound in the header. In

this case, k and r are such variables :

1 .1 f u n f h ( x ’ , r’, s’, k’ ) =

1. 2 l e t fun fl(x,s) = if x= 0 then k’(s)

2.1 else fl(x -1, s + #1(r’))

2.2 in fl(x’,s’)

2. 3 en d

3 fun outer( v, c) =

4 let fun j(i) = c(i *2)

5 v al t = (v, v >2)

6 in fh(v,t,0,j)

7 end

8 fun else where = . . . fh(. . .) . . .

I n - l in e e x p an si on o f lo ops

Now, the function call in line 6 can be in -line e xpanded. This is a \speculative "

step, since the bod y of f h will be copied, possibly ma king the program bigger.

It is to be hoped that further contractions will make up for this ; the criteria for

the expansion heuristic have been previously described [ 2, pp. 8 7- 92].

After this expansion, we have:

1.1 fun fh(x’,r’,s’,k’) =

1.2 let fun fl(x,s) = if x=0 then k’(s)

2.1 else fl(x-1, s + #1(r’)

2.2 in fl(x’,s’)

2.3 end

3 fun outer(v,c) =

4 let fun j(i) = c(i*2)

5 val t = (v, v>2)

6.1.1 in let fun fl(x,s) = if x=0 then j(s)

6.2.1 else fl(x-1,s+#1(t))

6.2.2 in fl(v,0)

6.2.3 end

7 end

8 fun elsewhere = . . . fh(. . .) . . .

No w , j ( s ) i n lin e

6

. 1.1 is c allin g af unc tion with no other calls, so itma y be�

-re duced

;

# 1( t) in line 6.2.1 may be contracted tov, and then t is dead so

line5 may be removed:

1

.1 f u n fh

( x ’ , r’, s’, k’

)

=

1.2

l e t fun fl(x,s) =if x=0 then k’(s)

2.1 else fl(x-1, s+

#1(r’)

2.2 in fl(x’,s’)

2.3 end

3 funouter(

v, c) =6.1.1 let fun fl(x,s) = if x=0 then c(i*2)

6.2.1 else fl(x-1,s+v)

6.2.2 in fl(v,0)

6.2.3 end8 fun elsewhere = . . . fh(. . .) . . .The important things accomplished by this series of transformations are the

reduction of #1(t) and j(s).In general, supposet had been a function and line

2 had contained something like t( s ), then this function call can now be in-lined

when the\naive" in-line expander could not do so.

Thequestion of whether to unroll the loop 1.2 or the loop 6.1.1 may be

taken up separately by the expander. This is a nontrivial question, since the

premature unrolling of line 1.2 will make the expansion off h less attractive.

In general this problem is not computable, but a useful heuristic suggested by

TrevorJim is to delay unrollings (expansion of recursive calls) until after other

in-line expansions have quiesced.L

o op i n v a rian t arg u m ents

Even without in-line expansion, hoisting invariant arguments out of loops is

important|and it is only possible with a loop-header that can provide a binding

site for these variables. The e�cient callee-save closure represe ntation ofShao

andAppel[

3 ] takes particular advantage of this. In this example,

1 fun exists(L,f,c) =

2 if L = nil then c(false)

3 else let fun k(x) = if x then c(true)4else exists(cdr L, f, c)5 in f (car L, k)

6 end the naive compiler would allocate a closure in memory for each instance ofk, even though the free variablesf andc are invariant and onlyL di�ers in4

E x e c u t i o n Ti meHe a pCompi leRun Benc

h

- Compile r Alloc-

Time

Time mark usr gc sys real ation

Ratio

Ratio

Barnes- Nai

ve 2

5 . 4 9 2.250.5

1 28.

32 353.2 M b Hut Headers

24.54 2.26 0.49

27.36

341.0Mb

1.003

0.966

Boyer

Naive

1.21 1.45 0.23

2.93

23.8Mb

Headers

1.13 1.38 0.25

2.77

23.1Mb

0.983

0.955

CML-

Naive

16.11 18.63 0.76

35.56

177.0Mb sieve

Headers

16.25 16.15 0.58

33.04

164.9Mb

0.914

0.929 Knuth-

Naive

6.82 1.20 0.27

8.32

141.1Mb

Bendix

Headers

6.00 1.06 0.22

7.30

122.0Mb

0.802

0.878 Lex Naive

9.85 0.80 0.25

11.12

81.9Mb

Headers

9.59 0.75 0.25

10.83

62.0Mb

0.997

0.972

Life

Naive

1.31 0.17 0.02

1.51

8.6Mb

Headers

1.29 0.15 0.03

1.49

7.0Mb

0.904

0.980 Yacc

Naive

2.92 1.06 0.31

4.67

43.9Mb

Headers

2.95 1.08 0.26

4.60

44.3Mb

0.988

1.000 Ray Naive

24.68 0.38 1.02

26.80

408.7Mb

Headers

21.83 0.36 1.06

23.88

397.7Mb

0.933

0.891 Simple

Naive

15.71 0.65 0.35

16.75

225.8Mb

Headers

15.16 0.76 0.31

16.25

202.4Mb

1.100

0.971 VL

I

W Naive

13.84 0.62 0.17

14.82

116.0Mb

Headers

12.63 0.79 0.22

13.81

113.2Mb

0.481

0.932

Average

0.911

0.947 T a b l e 1 : Be n c h ma r k perf ormance eachi

teration .

( A stack-base d compiler could stack-allocate these closures, but

this still requires memory tra�c in each iteration.) The\callee-sa ve closure"

algorithm can make the closure (containingf and the several callee-save registersc) in the loop header, and holdL in callee-save registers, so that each iteration

can call f and return tok

without a n y memory tra�c.R

e s u l ts Table 1 shows the e�ect on execution time of this optimization on several bench-

mark programs, which are brie y described byShao and Appel[

3 ]. The loop-

header transformation improves execution time by about5

% on the average,

partly by reducing the amount of heap allocation.Compilation timei

m p r o v e s by8% on the average, because the loop-header

optimization reduces the amount of work for the back-end phases (closure con-

version, instruction selection, register allocation, scheduling).

This optimization is implemented in SM

L

/ N J versions0.

9 6 and after. 5