U n

r

o ll

in

g

R

e

c ur sions

S

a

ves Space

A n

d r e w W

. Appel

� Pr in

ce

t

on Uni

versit

y

C

S

- T R-

3

63- 9

2 M arc

h

1

0 , 1992A b

s t r a ct P a r t ia ll y u

nr ollin

g asingl

e

- bran c

h , non-tail

recursion reduces the number of stack frames

allocated.

This simple transformation can

speed up the program and avoid stack over- o w.

L oop

u

n ro ll

in g is

a

w

ell -

knownte

c

hni que to cutdown on the per-iteration overhead of executing a

loop.

In a typical example

,

f o r ( i = 0 ;i <

N;i ++

)

s u m = sum +A

[i ]

unrolling the loopk times reduces the number of

increments and tests fromN to N=k

:

for(i=0;i<N;i+= 4)

{sum = sum + A[i];

sum = sum + A[i+1];

sum = sum + A[i+2];

sum = sum + A[i+3];

}

for(;i<N;i++)

sum = sum + A[i];Now there is one increment, one test, and one

branch for each four iterations, so that overhead|

which might have been5

0 % of the�rst loop’s ex-

ecution time|might now be only20%

; the second

program might run almost twice as fast.(

This as-

sumes that theC compiler is smart enough to eval-

uate (A

+

1

) ; (A + 2); (A +3) at compile time.)a �

S u pp o

r t e d i n part

b

y NS F

grantCC

R

- 9 00 2

7 8 6 . Unrolling can also be applied to recursions. Con-

sider a prototypical single-branched recursion:

f(x) =

ifp(x)

t h e n g(f(h(x)))

else z(x)

The function f does something (h) tox, calls it-

self recursively, then does something else (g) before

returning. If g is nontrivial, then this is not a tail-

recursion.

Let’s unroll this recursion four times:

f’(x1) =

if p(x1)

then let x2 = h(x1)

if p(x2)

then let x3 = h(x2)

if p(x3)

then let x4 = h(x3)

if p(x4)

then g(g(g(g(f’(h(x4))))))

else g(g(g(z(x4))))

else g(g(z(x3)))

else g(z(x2))

else z(x1)

It is easily seen that f and f0 compute the same

function, and that I have simply unrolled the recur-

sion.

Indeed, unrolling recursions is not a new idea.

Tail recursions, of course, can be turned into loops,

for which ordinary loop unrolling works.Harrison 1

[3

] completely unrolls non-tail recursions into a\for-

ward" loop (e�ectively, N applications of h in my

example) and a \backward" loop (N applications

of g); he stores local variables in an array of size

(at least) N . The unrolling I describe here is not

so drastic: I merely expand k recursive calls in the

body of the original loop, leaving a recursive func-

tion.

Now what have I accomplished

? The discerning

reader will see that I haven’t even eliminated any

tests or branches; it’s as if I had unrolled the original

for statement as follows:while (i<N)

{sum = sum + A[i];

i = i+1;

if (i>=N) bre

a

k;

sum = sum + A[i];

i = i+1;

if (i>=N) break;

sum = sum + A[i];

i = i+1;

if (i>=N) break;

sum = sum + A[i];

i = i+1;

}

This loop won’t run signi�cantly faster than the

original one.But consider the memory usage of f on a deep

recursion.

One frame will be kept on the stack for

each call. The function f 0 makes a quarter as many

recursive calls, and will have a quarter as many

frames. The frames of f 0 will be slightly larger,

because f 0 has more local variables than f . But

theo v e r he a

d associated with each frame|return

address, frame pointer, and the (surprisingly large)

\other stu� "|will occur one fourth as many times.For a concrete example, consider thema

p func-

tion such that map(f ;l) applies function f to each

element of list l, returning a list of the results. InStandard

ML this is:

fun map(f,nil) = nil| map(f,a::b) = f a :: map(f,b)

In Scheme:

(define (map proc lis)

(if (null? lis) ’()

(cons (proc (car lis))

(map proc (cdr lis)))))And in C, for a list of integers:

typedef struct list

{intv; struct list*p;} *List;

List map(int (*f)(int), List p) {

if (p) {int a=f(p->v);

List b = map(f,p->p);

return cons(a,b);}

else return leaf();

} One can unroll this recursion quite simply (I’lljust show the ML version):

fun map’(f,nil) = nil

| map’(f,[a]) = [f a]

| map’(f,[a,b]) = [f a, f b]

| map’(f,[a,b,c]) = [f a, f b, f c]

| map’(f,a::b::c::d::rest) =

f a :: f b :: f c :: f d :: map’(f,rest)

To measure the e�ect of the optimization, I

mapped the integer increment function over a list of

100,000 integers, and repeated it ten times to over-

come any garbage-collection transients; once with

a simple map function and once with a four-times

unrolled map function. I used an ML compiler,

two Scheme compilers, and three C compilers, on

two di�erent platforms. I ran all compilers at their

highest optimization level. I bound the increment

function late, so compilers could not in-line expand

it. Figure 1 shows the results.

Standard ML of NewJersey heap-allocates all

frames [1], so the height of the runtime stack is

not measurable directly; on the other hand, larger

or more numerous frames will increase the load on

the garbage collector. Chez Scheme heap-allocates

stack segments [4], so in a deep one-way recursion

the e�ect will be quite similar. C stack-allocates

and does not have a garbage collector (times shown

include the cost of malloc and free on each copied

cell). So for ML and Scheme I have shown execu-

tion time for compiled code and garbage collection

separately, and for C I have shown execution time

and stack height.

The results are, for the most part, gratifying.With almost all compilers, run time went down, and

stack size (or garbage-collection time) went down by

approximately a factor of two. (Comparisons be-

tween di�erent compilers on such a small program

should not be taken too seriously, however.)

Using the MIT Schemei n ter preter (results not

shown in the table), the unrolled loop is slightly

slower than the original; I speculate that the inter-

preter represents frames as linked lists of values, so

that the overhead of a frame is proportional to the

number of variables in it.

It is instructive to compare the sizes of frames

used by the di�erent C compilers on di�erent ma-

chines. In the C program I used for measurement,

the original map function has 4 local variables, of

which 1 is live after the call (and therefore needs to

be saved in the stack frame); the unrolled function

has 10 local variables, of which 4 are live. To cal-

culate the size of each frame, simply divide stack

height by recursion depth; the results are shown in

�gure 2. Also shown are the sizes of Chez Scheme

frames, and (heap-allocated) frames in Standard

ML of New Jersey. 2

a a Compiler

Machinea

Originala

Unrolleda a a a

Non-

G.C.a

G.C.a a

Non-G.C.a

G.C.a a a

(sec.)a

(sec.)a a

(sec.)a

(sec.)a a

Standard ML of NJ 0.7

6 D

EC 5000/200a

3.84a

11.18a a

2.72a

6.87a a

MIT Scheme1 7.1.1

DEC 5000/200a

11.42a

1.35a a 9.97a

0.92a a

Chez Scheme2 4.0a

DEC 5840a

14.07a

11.23a a

11.99a

0.44a a

Standard ML of NJ 0.76 SparcStation 2a

4.39a

7.15a a

4.05a

3.61a a

Chez Scheme 4.0a

SparcStation 2a

6.55a

4.63a a

5.31a

0.24a a a a

Timea

Stacka a

Timea

Stacka a a

(sec.)a

(bytes)a a

(sec.)a

(bytes)a a gcc 1.37.1

DEC 5000/200a

8.87a

4,800,304a a

7.28a

1,400,312a a lcc3 1.8 DEC 5000/200a

9.14a

3,200,240a a

7.33a

1,600,272a a

/bin/cc 4 2/28/91

DEC 5000/200a

7.91a

4,800,312a a

6.48a

2,800,376a a lcc 1.8

SparcStation 2a

21.97a

9,600,432a a

15.78a

2,600,440a a

Figure 1:Performance of original and unrolled map functions.1

I couldn

’t getMIT

Scheme to expand its heap big enough for a recursion 100,000 deep, so I used 100 iterations

of a 10,000 deep recursion instead.2 Thanks toKentDybvig for providing theChe

z Scheme results.3

A research C compiler developed by ChrisFraser and DavidHanson

[2

] 4 The Mips C compiler, as sold by DigitalE quipment Corporationa a a

Originala

Unrolleda a a

4 localsa

10 localsa a a

(1 live)a

(4 live)a a a

SML/NJa 16a 28a a

Chez Schemea 12a 44a a gcc, DECa 48a 56a a lcc, DECa 32a 64a a

/bin/cc, DECa 40a 104a a lcc, SPARCa 96a 104a a

Figure 2: Frame sizes, in bytes

The C compilers su�er for two reasons: the call-

ing conventions prescribe a space for holding argu-

ments, even if they are passed in registers; and some

compilers allocate space for variables even if dead

across the call. Clearly, if deep recursions are to be

used in C the compiler writers and calling-sequence

designers should pay some attention to frame size.

In any case, it seems that unrolling single-branch

recursions can be worthwhile. Programmers can use

this transformation \by hand" when e�ciency is re-

quired; and perhaps compilers can even be made to

do it automatically.

In the presence of automatic in-line expan-

sion of functions, this transformation should be

used with care. If, in SML/NJ, the expression

map(fn x=>x+1, biglist) is considered for in-line

expansion, expanding the original function (with a

smaller body) will look more attractive than ex-

panding the unrolled function. Unrolling should

probably be done after in-line expansion.R e

fe re

n

ce

s [1] AndrewW. Appel.C

o m p i li n g wi t h Contin u ation s

. C

a m b r i d g e U ni versi t y Press

,

1 99 2.

[2

] Christ o pher W.

Fraser andDavidR.

Hanson.

A re-

targetab le

compiler for AN

S I C.S

I G P L A N Notic es,

26

( 8 ), August 1991.

[3] Williams Lud well Harrison III.The interpro-

cedural analysis and automatic parallelization of

scheme programs. Lisp and Sym bolic Computation,

2(3):1

79 {396,

October 1989.

[4] Robert Hieb, R.Kent Dybvig, and CarlBruggeman.

Representing control in the presence of�rst-class

continuations. In Proc. ACM SIGPLAN’

9 0 Conf.

on Prog. Lang.Design and Implementation, pages

66{77, NewYork, 1990. ACM Press.3