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Abstract

This pap er discusses c al l forwar ding , a simple in terpro-

cedural optimization tec hnique for dynamically t yp ed

languages. The basic idea b ehind the optimization is

straigh tforw ard: �nd an ordering for the \en try actions"

of a pro cedure, and generate m ultiple en try p oin ts for

the pro cedure, so as to maximi ze the sa vings realized

from di�eren t call sites b ypassing di�eren t sets of en-

try actions. W e sho w that the problem of computing

optimal solutions to arbitrary call forw arding problems

is NP-complete, and describ e an e�cien t greedy algo-

rithm for the problem. Exp erimen tal results indicate

that ( i ) this algorithm is e�ectiv e, in that the solutions

pro duced are generally close to optimal; and ( ii ) the

resulting optimization leads to signi�can t p erformance

impro v emen ts for a n um b er of b enc hmarks tested.

1 In tro duction

The co de generated for a function or pro cedure in a

dynamically t yp ed language t ypically has to carry out

v arious t yp e and range c hec ks on its argumen ts b efore

it can op erate on them. These run time tests can incur

a signi�can t p erformance o v erhead. As a v ery simple

example, consider the follo wing function to compute the

a v erage of a list of n um b ers:
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ave(L, Sum, Count) =

if null(L) then Sum/Count

else ave(tail(L),Sum+h ead( L),Co unt+1 )

In a straigh tforw ard implem en tation of this function,

the co de generated c hec ks the t yp e of eac h of its argu-

men ts eac h time around the lo op: the �rst argumen t

m ust b e a (empt y or non-empt y) list, while the second

and third argumen ts m ust b e n um b ers.
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Notice, ho w-

ev er, that some of this t yp e c hec king is unnecessary: the

expression Sum+head(L) ev aluates correctly only if Sum

is a n um b er, in whic h case its v alue is also a n um b er;

similarly , Count+1 ev aluates correctly only if Count is

a n um b er, and in that case it also ev aluates to a n um-

b er. Th us, once the t yp es of Sum and Count ha v e b een

c hec k ed at the en try to the lo op, further t yp e c hec ks on

the second and third argumen ts are not necessary .

The function in this example is tail recursiv e, making

it easy to recognize the iterativ e nature of its compu-

tation and use some form of in v arian t co de motion to

mo v e the t yp e c hec k out of the lo op. In general, ho w-

ev er, suc h redundan t actions ma y b e encoun tered where

the de�nitions are not tail recursiv e and where the lo op

structure is not as easy to recognize. An alternativ e ap-

proac h, whic h w orks in general, is to generate m ultiple

en try p oin ts for the function ave , so that a particular

call site can en ter at the \appropriate" en try p oin t, b y-

passing an y co de it do es not need to execute. In the

example ab o v e, this w ould giv e exactly the desired re-

sult: tail call optimization w ould compile the recursiv e

call to ave in to a jump instruction, and noticing that

the recursiv e call do es not need to test the t yp es of its

second and third argumen ts, the target of this jump

1

In realit y , the generated co de w ould distinguish b et w een the

n umeric t yp es int and float , e.g., using \message splitting" tec h-

niques as in [5 , 6]|the distinction is not imp ortan t here, and w e

assume a single n umeric t yp e for simplicit y of exp osition.
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w ould b e c hosen to b ypass these tests.

Ho w ev er, notice that in the example ab o v e, ev en if

w e generate m ultiple en try p oin ts for ave , the optimiza-

tion w orks only if the tests ar e gener ate d in the right

or der : since it is necessary to test the t yp e of the �rst

argumen t eac h time around the lo op, the tests on the

second and third argumen ts cannot b e b ypassed if the

t yp e test on the �rst argumen t precedes those on the

other t w o argumen ts. As this example illustrates, the

order in whic h the tests are generated in
uences the

amoun t of unnecessary co de that can b e b ypassed at

run time, and therefore the p erformance of the program.

In general, functions and pro cedures in dynamically

t yp ed languages con tain a set of (idemp oten t) \en try

actions," suc h as t yp e tests, initialization actions (esp e-

cially for v ariadic pro cedures), etc., that are executed

at en try to the pro cedure. Moreo v er, these actions can

t ypically b e carried out in an y of a n um b er of di�er-

en t \legal" orders (in general, not all orderings of en try

actions ma y b e legal, since some actions ma y dep end

on the outcomes of others|for example, the t yp e of an

expression head(x) cannot b e c hec k ed un til x has b een

v eri�ed to b e of t yp e list). The co de generated for a

pro cedure therefore consists of a set of en try actions in

some order, follo w ed b y co de for its b o dy . There are a

n um b er of di�eren t call sites for eac h pro cedure, and at

eac h call site w e ha v e some information ab out the actual

parameters at that call site, allo wing that call to skip

some of these en try actions. Moreo v er, eac h call site has

a di�eren t execution frequency (estimated, for example,

from pro�le information or from the structure of the

call graph). In general, di�eren t call sites ha v e di�eren t

information a v ailable ab out their actual parameters, so

that an order for the en try actions of a pro cedure that

is go o d for one call site, in terms of the n um b er of un-

necessary en try actions that can b e skipp ed, ma y not b e

as go o d for another call site. A go o d compiler should

therefore attempt to �nd an ordering on the en try ac-

tions that maxim izes the b ene�ts, o v er all call sites, due

to b ypassing unnecessary co de. W e refer to determining

suc h an order for the en try actions and then \forw ard-

ing" the branc h instructions at di�eren t call sites so as

to b ypass unnecessary co de as \call forw arding."

While man y systems compile functions with m ulti-

ple en try p oin ts, w e do not kno w of an y that attempt

to order the en try actions carefully in order to exploit

this to the fullest. In this pap er, w e address the prob-

lem of determining a \go o d" order for the set of tests a

function or pro cedure has to carry out. W e sho w that

generating an optimal order is NP-complete in general,

and giv e an e�cien t algorithm for selecting an ordering

using a greedy heuristic. The result generalizes a n um-

b er of optimizations for traditional compilers, suc h as

jump c hain collapsing and in v arian t co de motion out of

lo ops. Exp erimen tal results indicate that ( i ) the heuris-

tic is go o d, in that the orderings it generates are usually

not far from the optimal; and ( ii ) the resulting optimiza-

tion is e�ectiv e, in the sense that it t ypically leads to

signi�can t sp eed impro v emen ts.

The issues and optimizations discussed in this pa-

p er are primarily at the in termediate co de lev el: for

this reason, w e do not mak e man y assumptions ab out

the source language, except that a call to a pro cedure

t ypically in v olv es executing a set of idemp oten t \en-

try actions." This co v ers a wide v ariet y of dynami-

cally t yp ed languages, e.g., functional programmi ng lan-

guages suc h as Lisp and Sc heme (e.g., see [15 ]), logic

programmi ng languages suc h as Prolog [4], GHC [17 ]

and Jan us [11 , 13], imp erativ e languages suc h as SETL

[14 ], and ob ject-orien ted languages suc h as Smalltalk

[10 ] and SELF [6 ]. The optimization w e discuss is

lik ely to b e most b ene�cial for languages and pro-

grams where pro cedure calls are common, and whic h

are therefore liable to b ene�t signi�can tly from reduc-

ing the cost of pro cedure calls. Ho w ev er|the title of

the pap er not withstanding|the optimization is not lim-

ited, a priori , to dynamically t yp ed languages: it is

also applicable, in principle, to idemp oten t en try ac-

tions, suc h as initialization and arra y b ound c hec ks,

in statically t yp ed languages, and some optimizations

used in statically t yp ed languages, suc h as in v erse eta-

reduction/uncurrying/argumen t 
attening in Standard

ML of New Jersey [1 ], can also b e though t of as instances

of call forw arding (see Section 6).

2 The Call F orw arding Problem

As discussed in the previous section, the co de gener-

ated for a pro cedure consists of a set of en try actions,

whic h can b e carried out in a n um b er of di�eren t legal

orders, follo w ed b y the co de for its b o dy . Eac h pro ce-

dure has a n um b er of call sites, and at eac h call site

there is some information ab out the actual parameters

for calls issued from that site, sp ecifying whic h en try

actions m ust b e executed and whic h ma y b e skipp ed.

2

This is mo delled b y asso ciating, with eac h call site, a

set of en try actions that m ust b e executed b y that call

site. Moreo v er, eac h call site has asso ciated with it an

estimate of its execution frequency: suc h estimates can

b e obtained from pro�le information, or from the struc-

ture of the call graph of the program (see, for example,

[3 , 19]). Finally , di�eren t en try actions ma y require a

di�eren t n um b er of mac hine instructions to execute, and

therefore ha v e di�eren t \sizes."

Our ob jectiv e is to order the en try actions of the

pro cedures in a program, and redirect calls so as to b y-

2

The precise mec hanism b y whic h this informatio n is obtained,

e.g., data
o w analysis, user declaration s, etc., is orthogonal to the

issues discussed in this pap er, and so is not addressed here.



pass unnecessary actions where p ossible, in suc h a w a y

that the total n um b er of instructions that are skipp ed,

o v er the en tire execution of the program, is as large as

p ossible. Ho w ev er, it is not di�cult to see that for an y

pro cedure p in a program, the co de to set up and exe-

cute pro cedure calls in the b o dy of p is separate from

the en try actions of p . Because of this, the order of

p 's en try actions|and therefore, the n um b er of instruc-

tions that are skipp ed b y calls to p in an execution of the

program|neither in
uence nor are in
uenced b y the or-

der of the en try actions for an y other pro cedure in the

program. The problem of maxim izing the total n um b er

of instructions skipp ed b y call forw arding for the en tire

program, then, reduces to the problem of maximi zing,

for eac h pro cedure, the n um b er of instructions skipp ed

b y calls to that pro cedure. F or our purp oses, therefore,

the c al l forwar ding pr oblem is the problem of determin-

ing a \go o d" order for the en try actions of a pro cedure

so that the sa vings accruing from b ypassing unneces-

sary en try actions o v er all call sites for that pro cedure,

w eigh ted b y execution frequency , is as large as p ossible.

The problem can b e generalized b y allo wing co de to

b e copied from a pro cedure to the call sites for that pro-

cedure. As an example, supp ose w e ha v e a pro cedure

with en try actions a and b , and t w o call sites: A , whic h

can skip a but m ust execute b ; and B , whic h can skip

b but m ust execute a . Supp ose the en try actions are

generated in the order h a; b i , then call site A can skip a ,

but B cannot skip b and therefore executes unnecessary

co de (a symmetric problem arises if the other p ossible

order is c hosen). A solution is to cop y the en try ac-

tion a at the call site B , i.e., execute the en try action

at B b efore jumping to the callee. If w e allo w arbi-

trarily man y en try actions to b e copied to call sites in

this manner, it is trivial to generate an optimal solution

to an y call forw arding problem: simply cop y to eac h

call site the en try actions that call site m ust execute,

then branc h in to the callee b ypassing all en try actions

at the callee. This ob viously pro duces an optimal so-

lution, since eac h call site executes exactly those en try

actions that it m ust execute, and can b e done e�cien tly

in p olynomial time. Ho w ev er, it has the problem that

suc h unrestricted cop ying can lead to signi�can t co de

bloat, since there ma y b e man y call sites for a pro ce-

dure, eac h of them getting a cop y of most of the en try

actions for that pro cedure (w e ha v e observ ed this phe-

nomenon in a n um b er of application programs).

The b est solution to this problem is to imp ose a

global b ound on the total n um b er of en try actions that

ma y b e copied, across all the call sites o ccurring in a pro-

gram, but this turns out to b e complicated to implemen t

b ecause when p erforming call forw arding on an y partic-

ular pro cedure, w e ha v e to k eep trac k of the n um b er of

en try actions copied for all the pro cedures in the pro-

gram, including those that ha v e not y et b een pro cessed

b y the optimizer! A simple and e�ectiv e appro xima-

tion to this approac h is to assign, for eac h pro cedure,

a b ound on the n um b er of en try actions that can b e

copied to eac h call site for that pro cedure. If w e start

with a global b ound on the total n um b er of en try ac-

tions that can b e copied, suc h p er-pro cedure b ounds can

b e obtained b y \dividing up" the global b ound among

the pro cedures (p ossibly taking in to accoun t, for eac h

pro cedure, the n um b er of call sites for it and their execu-

tion frequencies, so that pro cedures with deeply nested

call sites can cop y more en try actions and thereb y ef-

fect greater optimization). A discussion of heuristics

for establishing suc h p er-pro cedure b ounds is b ey ond

the scop e of this abstract: w e simply assume, in the

discussion that follo ws, that for eac h pro cedure there is

a b ound on the n um b er of its en try actions that can b e

copied to an y call site.

The call forw arding problem can therefore b e form u-

lated in the abstract as follo ws:

De�niti on 2.1 A call forw arding problem is a 5-tuple

h E ; C ; w ; s; k i , where:

{ E is a �nite set (represen ting the en try actions of

the pro cedure concerned);

{ C is a m ultiset of subsets of E (represen ting the

en try actions that eac h call site m ust execute);

{ w : C � ! N , where N is the set of natural n um-

b ers, is a function that maps eac h call site to its

\w eigh t", i.e., execution frequency;

{ s : E � ! N represen ts the \size" of eac h ele-

men t of E (represen ting the n um b er of mac hine

instructions needed to realize the corresp onding

en try action); and

{ k � 0 represen ts a b ound on the n um b er of en try

actions that can b e copied to call sites.

A solution to a call forw arding problem h E ; C ; w ; s; k i

is a p erm utation � of E , i.e., a 1-1 function � : E � !

f 1 ; : : : ; j E jg . The cost of a solution � is, in tuitiv ely ,

the total n um b er of mac hine instructions executed, o v er

all call sites, giv en that the en try actions are gener-

ated in the order � . Giv en a call forw arding problem

h E ; C ; w ; s; k i , the cost of a solution � for it is de�ned

as follo ws. First, let c opie d ( c; � ; i ) denote (the indices

of ) those en try actions in � that ha v e to b e copied to a

call site c if the en try p oin t for c is to b ypass the �rst i

elemen ts of � :

c opie d ( c; � ; i ) = f j j j � i ^ �

� 1

( j ) 2 c g :



Here, �

� 1

( j ) denotes the elemen t of E that is the j

th

elemen t of the p erm utation � . F or an y call site c 2 C ,

giv en the b ound k on the n um b er of actions that can b e

copied to c , the maxim um n um b er of en try actions that

can b e skipp ed b y c |either b ecause c do es not ha v e to

execute that action, or b ecause it has b een copied from

the callee to the call site|is giv en b y

Skip ( c; � ) = max f i : j c opie d ( c; � ; i ) j � k g :

The cost of a solution � can then b e expressed as the

w eigh ted sum, o v er all call sites, of (the sizes of ) the

instructions that cannot b e skipp ed b y the call sites:

c ost ( � ) =

P

c 2 C

f w ( c ) � s ( I ) j I 2 E ^ � ( I ) >

Skip ( c; � ) g :

3 Algorithmic Issues

W e �rst consider the complexit y of determining optimal

solutions to call forw arding problems. The follo wing

result sho ws that the existence of e�cien t algorithms

for this is unlik ely:

Theorem 3.1 The determination of an optimal solu-

tion to a c al l forwar ding pr oblem is NP-c omplete. It r e-

mains NP-c omplete even if al l entry actions have e qual

size.

Pro of By reduction from the Optimal Linear Arrange-

men t problem, whic h is kno wn to b e NP-complete [8 , 9 ].

See the App endix for details.

This result migh t v ery w ell b e of only academic in-

terest if the n um b er of en try actions encoun tered in t yp-

ical programs could b e guaran teed to b e small. Ho w-

ev er, our exp erience has b een that this is not the case

in man y actual applications. The reason for this is that,

ev en if the n um b er of argumen ts to pro cedures is small

for most programs encoun tered in practice, it is not

un usual to ha v e a n um b er of en try actions asso ciated

with a single argumen t (e.g., see Section 4), in v olving

t yp e and range c hec ks, pattern matc hing and indexing

co de, p oin ter c hain dereferencing (a common op eration

in logic programming languages), and so on. Because

of this, the total n um b er of en try actions in a pro ce-

dure can b e quite large, making exhaustiv e searc h for

an optimal solution impractical. W e therefore seek e�-

cien t p olynomial time heuristics for call forw arding that

pro duce go o d solutions for common cases.

3.1 A Greedy Algorithm

While the problem of computing optimal solutions for

arbitrary call forw arding problems is NP-complete in

general, a greedy algorithm app ears to w ork quite w ell

in practice (see T able 1). Giv en a call forw arding prob-

lem for a pro cedure with a b ound of k on the n um b er

of actions that can b e copied from the callee to the call

sites, the general idea is to pic k actions one at a time, at

eac h step c ho osing an action that minimi zes the cost to

b e paid at that step. The algorithm main tains a list of

call sites that do not need to execute more than k of the

actions c hosen upto that p oin t, and therefore can still

ha v e some actions copied to them|suc h call sites are

said to b e active . Eac h activ e call site c has asso ciated

with it a coun ter, denoted b y c ount [ c ] in Figure 1, that

k eeps trac k of ho w man y more actions can b e copied to

that call site. The w eigh t of an action, at an y p oin t in

the algorithm, is computed as the sum of the w eigh ts of

the activ e call sites that need to execute that action, di-

vided b y the \size" of that action (recall that the size of

an action represen ts the n um b er of mac hine instructions

needed to implemen t it)|th us, ev erything else b eing

equal, an action that is more exp ensiv e in terms of the

n um b er of mac hine instructions it requires will ha v e a

smaller w eigh t than one with smaller size, and hence b e

pic k ed earlier, thereb y allo wing more call sites to b ypass

it. Since in general there ma y b e dep endencies b et w een

instructions that restrict the set of legal orderings (e.g.,

see the example in Section 4), the algorithm �rst con-

structs a dep endency graph whose no des are the en try

actions under consideration, and where there is an edge

from a no de e

1

to a no de e

2

if e

1

m ust precede e

2

in

an y legal execution; the set of predecessors of a no de x

in this graph is denoted b y pr e ds ( x ). The algorithm is

simple: it rep eatedly pic ks an \a v ailable" action (i.e.,

an action whose predecessors in the dep endency graph

G ha v e already b een pic k ed) of least w eigh t, then up-

dates the coun ters of the appropriate call sites as w ell

as the list of activ e call sites, deleting from this list an y

call site that has reac hed its limit of the n um b er of ac-

tions that can b e copied from the callee. This pro cess

con tin ues un til all actions ha v e b een en umerated. The

algorithm is describ ed in Figure 1.

4 An Example

In this section w e consider in more detail the ave func-

tion from Section 1 to see the e�ect of call forw arding

on the co de generated. T o illustrate the fact that this

optimization is not limited to co de for t yp e c hec king,

w e consider here a realization of this function in Prolog.

As in other logic programming languages, uni�cation

b et w een v ariables in Prolog can set up c hains of p oin t-

ers, and loading the v alue of a v ariable requires deref-

erencing suc h c hains. A n um b er of authors ha v e sho wn

that signi�can t p erformance impro v em en ts are p ossible

if the lengths of these p oin ter c hains can b e predicted via

compile-tim e analysis, so that unnecessary dereferenc-

ing co de can b e deleted [7 , 12 , 16]; ho w ev er, the analyses

in v olv ed are fairly complex. Here w e sho w ho w, in man y



cases, unnecessary dereference op erations can b e elim-

inated using call forw arding. The pro cedure is de�ned

as follo ws:

ave([], Sum, Count, Avg) :-

Avg is Sum/Count.

ave([H|L], Sum, Count, Avg) :-

Sum1 is Sum+H, Count1 is Count+1,

ave(L, Sum1, Count1, Avg).

Assume that, as in man y mo dern Lisp and Prolog imple-

men tations, parameters are passed in (virtual mac hine)

registers, so that the �rst parameter is in register Arg1 ,

the second parameter in register Arg2 , and so on. Figure

2(a) giv es the in termediate co de that migh t b e gener-

ated in a straigh tforw ard w a y . (In realit y , the generated

co de w ould distinguish b et w een the n umeric t yp es int

and float , e.g., using \message splitting" tec hniques as

in [5 , 6 ]|the distinction is not imp ortan t here, and w e

assume a single n umeric t yp e for simplicit y of exp osi-

tion.) The �rst six instructions of ave are en try actions

that can b e executed in an y order where the derefer-

encing of a register precedes its use. Moreo v er, at the

(recursiv e) call site for ave , w e kno w from the seman-

tics of the add instruction that Arg1 and Arg2 are b oth

n um b ers, and that there is no need for either derefer-

encing or t yp e c hec king of these registers. The en try

actions corresp onding to dereferencing and t yp e c hec k-

ing of these registers can therefore b e b ypassed b y the

recursiv e call site. Assume that apart from the recursiv e

call, there is another call site (the \initial" call) for the

pro cedure ave . F or notational brevit y in the discussion

that follo ws, denote the instructions ab o v e as follo ws:

Arg1 := deref(Arg1) 7! a

Arg2 := deref(Arg2) 7! b

Arg3 := deref(Arg3) 7! c

if : List(Arg1) goto Err 7! d

if : Number(Arg2) goto Err 7! e

if : Number(Arg3) goto Err 7! f

Finally , assume that no cop ying of co de to call sites

is allo w ed. Then, w e can form ulate this as a call for-

w arding problem h E ; C ; w ; s; k i as follo ws:

� E = f a; b; c; d; e; f g ;

� C = f c

1

; c

2

g , where c

1

= f a; b; c; d; e; f g is the

initial call site, and c

2

= f a; d g is the recursiv e

call site;

� w = f c

1

7! 1 ; c

2

7! 10 g , i.e., w e assume that lo ops

iterate ab out 10 times on the a v erage;

� the \size function" s maps eac h en try action in E

to 1 (for simplicit y); and

� k = 0, i.e., no cop ying of co de to call sites is al-

lo w ed.

Initially , the set of a v ailable actions is f a; b; c g , and b oth

call sites are activ e, so the w eigh ts computed for these

actions are: a : 11; b : 1; c : 1. There are t w o actions,

b and c , that ha v e lo w est w eigh t, and one of them|

sa y , b |is pic k ed b y the algorithm. As a result, the

call site c

1

b ecomes inactiv e. The set of a v ailable ac-

tions at this p oin t is f a; c; e g , with w eigh ts 10, 0, 0 re-

sp ectiv ely . There are t w o actions, c and e , with lo w est

w eigh t, and one of them|sa y , c |is pic k ed. The algo-

rithm pro ceeds in this manner, ev en tually pro ducing the

sequence h b; c; e; f ; a; d i as a solution to this call forw ard-

ing problem. In other w ords, call forw arding orders the

en try actions so that the dereferencing and t yp e tests

on Arg2 and Arg3 come �rst, and can b e skipp ed b y

the recursiv e call to ave . The resulting co de is sho wn in

Figure 2(b). Notice that the co de for dereferencing and

t yp e c hec king the second and third argumen ts ha v e ef-

fectiv ely b een \hoisted" out of the lo op. Moreo v er, this

has b een accomplished, not b y recognizing and dealing

with lo ops in some sp ecial w a y , but simply b y using

the information a v ailable at call sites. It is applicable,

therefore, ev en to computations that are not iterativ e

(i.e., tail recursiv e), including pro cedures that in v olv e

arbitrary linear, nonlinear, and m utual recursion.

5 Exp erim en tal Results

W e ran exp erimen ts on a n um b er of small b enc hmarks

to gauge ( i ) the e�cacy of greedy algorithm, i.e., the

qualit y of its solutions compared to the optimal; and ( ii )

the e�cacy of the optimization, i.e., the p erformance

impro v em en ts resulting from it. The n um b ers presen ted

re
ect the p erformance of jc [11 ], an implemen tation of

a logic programming language called Jan us [13 ] on a

Sparcstation-1.

3

This system is curren tly a v ailable b y

anon ymous FTP from cs.arizona.edu .

T able 1 giv es, for eac h b enc hmark, the n um b er of

mac hine instructions that w ould b e executed o v er all

call sites for the entry actions in the pr o c e dur es only ,

using ( i ) no call forw arding; ( ii ) call forw arding using

the greedy algorithm; and ( iii ) optimal call forw arding.

The w eigh ts for the call sites w ere estimated using the

structure of the call graph: w e assumed that on the a v er-

age, eac h lo op iterates ab out 10 times, and the branc hes

of a conditional are tak en with equal frequency . While

the optimizations w ere carried out at the in termediate

co de lev el, w e used coun ts of the n um b er of Sparc assem-

bly instructions for eac h in termediate co de instruction,

together with the execution frequencies estimated from

the call graph structure, to estimate the run time cost

3

Our implemen t atio n uses a v arian t of call forw arding where

en try actions are copied from the callee to the call sites as long

as this will allo w a later action to b e skipp ed.



of the di�eren t solutions. The results indicate that the

greedy heuristic has uniformly go o d p erformance: on

the b enc hmarks, it attains the optimal solution in eac h

case.

T able 2 giv es the impro v emen ts in sp eed resulting

from our optimizations, and serv es to ev aluate the ef-

�cacy of call forw arding. The time rep orted for eac h

b enc hmark, in milliseconds, is the time tak en to ex-

ecute the program once. This time w as obtained b y

iterating the program long enough to eliminate most ef-

fects due to m ultiprogram m i ng and clo c k gran ularit y ,

then dividing the total time tak en b y the n um b er of it-

erations. The exp erimen ts w ere rep eated 20 times for

eac h b enc hmark, and the a v erage time tak en in eac h

case. Call forw arding accoun ts for impro v emen ts rang-

ing from ab out 12% to o v er 45%. Most of this impro v e-

men t comes from co de motion out of inner lo ops: the

v ast ma jorit y of t yp e tests etc. in a pro cedure app ear as

en try actions that are b ypassed in recursiv e calls due to

call forw arding, e�ectiv ely \hoisting" suc h tests out of

inner lo ops. As a result, m uc h of the run time o v erhead

from dynamic t yp e c hec king is optimized a w a y .

T able 3 puts these n um b ers in p ersp ectiv e b y com-

paring the p erformance of jc to Quin tus and Sicstus

Prologs, t w o widely used commercial Prolog systems.

On comparing the p erformance n um b ers from T able 2

for jc b efore and after optimization, it can b e seen that

the p erformance of jc is comp etitiv e with these sys-

tems ev en b efore the application of the optimizations

discussed in this pap er. It is easy to tak e a p o orly en-

gineered system with a lot of ine�ciencies and get h uge

p erformance impro v emen ts b y eliminating some of these

ine�ciencies. The p oin t of this table is that when ev al-

uating the e�cacy of our optimizations, w e w ere careful

to b egin with a system with go o d p erformance, so as to

a v oid dra wing o v erly optimistic conclusions.

Finally , T able 4 compares the p erformance of our

Jan us system with C co de for some small b enc hmarks.

4

Again, these w ere run on a Sparcstation 1, with cc as

the C compiler. The programs w ere written in the st yle

one w ould exp ect of a comp eten t C programmer: no

recursion (except in tak and nrev |an O ( n

2

) \naiv e

rev erse" program for rev ersing a link ed list of in tegers|

where it is hard to a v oid), destructiv e up dates, and the

use of arra ys rather than link ed lists (except in nrev ,

whic h b y de�nition tra v erses a list). The source co de

for these b enc hmarks is giv en in App endix B. It can b e

seen that the p erformance of jc is not v ery far from that

4

The Jan us v ersion of qsort used in this table is sligh tly dif-

feren t from that of T able 3: in this case there are explicit in teger

t yp e tests in the program source, to b e consisten t with int dec-

larations in the C program and allo w a fair comparison b et w een

the t w o programs. The presence of these tests pro vides addi-

tional information to the jc compiler and allo ws some additional

optimizatio ns.

of C, attaining appro ximately the same p erformance as

unoptimized C co de, and b eing only ab out a factor of

2, on the a v erage, slo w er than C co de optimized at lev el

-O4 . On some b enc hmarks, suc h as nrev , jc outp er-

forms unoptimized C and is not m uc h slo w er than op-

timized C, ev en though the C program uses destruc-

tiv e assignmen t and do es not allo cate new cons cells,

while Jan us is a single assignmen t language where the

program allo cates new cons cells at eac h iteration|its

p erformance can b e attributed at least in part to the

b ene�ts of call forw arding.

6 Related W ork

The optimizations describ ed here can b e seen as gen-

eralizing some optimizations for traditional imp erativ e

languages [2 ]. In the sp ecial case of a (conditional or

unconditional) jump whose target is a (conditional or

unconditional) jump instruction, call forw arding gen-

eralizes the 
o w-of-con trol optimization that collapses

c hains of jump instructions. Call forw arding is able to

deal with conditional jumps to conditional jumps (this

turns out to b e an imp ortan t source of p erformance im-

pro v emen t in practice), while traditional compilers for

imp erativ e languages suc h as C and F ortran t ypically

deal only with jump c hains where there is at most one

conditional jump (see, for example, [2 ], p. 556).

When w e consider call forw arding for the last call

in a recursiv e pro cedure, what w e get is essen tially a

generalization of co de motion out of lo ops, in the sense

that the co de that is b ypassed due to call forw arding at

a particular call site need not b e in v arian t with resp ect

to the en tire lo op. The p oin t is b est illustrated b y an

example: consider a function

f(x) = if x = 0 then 1

else if p(x) then f(g(x-1)) /* 1 */

else f( h(x-1) ) /* 2 */

Assume that the en try actions for this function include

a test that its argumen t is an in teger, and supp ose that

w e kno w, from data
o w analysis, that g() returns an in-

teger, but do not kno w an ything ab out the return t yp e

of h() . F rom the con v en tional de�nition of a \lo op" in

a 
o w graph (see, for example, [2 ]), there is one lo op

in the 
o w graph of this function that includes b oth

the tail recursiv e call sites for f() . Because of our lac k

of kno wledge ab out the return t yp e of h() , w e cannot

claim that \the argumen t to f() is an in teger" is an in-

v arian t for the en tire lo op. Ho w ev er, using call forw ard-

ing, the in teger test in the p ortion of the lo op arising

from call site 1 can b e b ypassed. E�ectiv ely , this mo v es

some co de out of \part of " a lo op. Moreo v er, our algo-

rithm implem en ts in terpro cedural optimization and can

deal with b oth direct and m utual recursion, as w ell as

non-tail-recursiv e co de, without ha ving to do an ything



sp ecial, while traditional co de motion algorithms handle

only the in tra-pro cedural case.

The idea of compiling functions with m ultiple en try

p oin ts is not new: man y Lisp systems do this, Stan-

dard ML of New Jersey and Y ale Hask ell generate dual

en try p oin ts for functions, and Aquarius Prolog gener-

ates m ultiple en try p oin ts for primitiv e op erations [18 ].

Ho w ev er, w e do not kno w of an y system that attempts

to order the en try actions carefully in order to maxim ize

the sa vings from b ypassing en try actions.

Some optimizations used in statically t yp ed lan-

guages can also b e though t of in terms of call forw arding.

F or example, Standard ML of New Jersey uses a com bi-

nation of three transformations|in v erse eta-reduction,

uncurrying, and argumen t 
attening|to optimize func-

tions where all of the kno wn call sites pass tuples of the

same size as argumen ts, but where the function ma y

\escap e," i.e., not all of call sites are kno wn at com-

pile time [1]. The idea is to ha v e the kno wn call sites

pass argumen ts in registers instead of constructing and

deconstructing tuples on the heap, while call sites that

are unkno wn at compile time execute additional co de

to correctly deconstruct the tuples they pass. This op-

timization can b e though t of in terms of call forw arding

as follo ws: supp ose that eac h kno wn call site for a func-

tion constructs and passes an n -tuple as the argumen t,

whic h is then deconstructed with n select op erations

at the callee. W e can cop y the n select op erations

from the callee to eac h kno wn call site, and forw ard the

calls to en ter the callee b ypassing these op erations. A t

eac h of these call sites, the construction of the argu-

men t n -tuple follo w ed b y n select s on it can easily b e

recognized as in v erse op erations that can b e optimized

to a v oid ha ving to actually build tuples on the heap.

Th us, kno wn call sites can b e executed e�cien tly , while

call sites that are not kno wn at compile time en ter at

the original en try p oin t and execute the select op era-

tions in the exp ected w a y . Indeed, the whole p oin t of

in v erse eta-reduction is to generate t w o en try p oin ts for

a function so that kno wn call sites can b ypass unnec-

essary co de: call forw arding can b e seen as a w a y of

extending this idea to get more than t w o en try p oin ts

where necessary .

Cham b ers and Ungar consider compile-time opti-

mization tec hniques to reduce run time t yp e c hec king

in dynamically t yp ed ob ject-orien ted languages [5 , 6 ].

Their approac h uses t yp e analysis to generate m ultiple

copies of program fragmen ts, in particular lo op b o d-

ies, where eac h cop y is sp ecialized to a particular t yp e

and therefore can omit some t yp e tests. Some of the

e�ects of the optimization w e discuss, e.g., \hoisting"

t yp e tests out of lo ops (see Section 4), are similar to

e�ects ac hiev ed b y the optimization of Cham b ers and

Ungar. In general, ho w ev er, it is essen tially orthogo-

nal to the w ork describ ed here, in that it is concerned

primarily with t yp e inference and co de sp ecialization

rather than with co de ordering. Because of this, the

t w o optimizations are complemen tary: ev en if the b o dy

of a pro cedure has b een optimized using the tec hniques

of Cham b ers and Ungar, it ma y con tain t yp e tests etc.

at the en try , whic h are candidates for the optimization

w e discuss; con v ersely , the \message splitting" optimiza-

tion of Cham b ers and Ungar can enhance the e�ects of

call forw arding considerably .

7 Conclusions

This pap er discusses c al l forwar ding , a simple in terpro-

cedural optimization tec hnique for dynamically t yp ed

languages. The basic idea b ehind the optimization is ex-

tremely straigh tforw ard: �nd an ordering for the \en try

actions" of a pro cedure suc h that the sa vings realized

from di�eren t call sites b ypassing di�eren t sets of en try

actions, w eigh ted b y their estimated execution frequen-

cies, is as large as p ossible. It turns out, ho w ev er, to b e

quite e�ectiv e for impro ving program p erformance. W e

sho w that the problem of computing optimal solutions

to arbitrary call forw arding problems is NP-complete,

and describ e an e�cien t heuristic for the problems. Ex-

p erimen tal results indicate that the solutions pro duced

are generally optimal or close to optimal, and lead to

signi�can t p erformance impro v emen ts for a n um b er of

b enc hmarks tested. A v arian t of these ideas has b een

implem en ted in jc , a logic programming system that is

a v ailable b y anon ymous FTP from cs.arizona.edu .
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A App endix: Pro of of NP Complete-

ness

The follo wing problem is useful in discussing the com-

plexit y of optimal call forw arding:

De�niti on A.1 The Optimal Linear Arrangemen t

problem (OLA) is de�ned as follo ws: Giv en a graph

G = ( V ; E ) and an in teger k , �nd a p erm utation, f ,

from the v ertices in V to 1 ; : : : ; n suc h that de�ning the

length of edge ( i; j ) to b e j f ( i ) � f ( j ) j , the total length

of all edges is less than or equal to k .

The follo wing result is due to Garey , Johnson, and

Sto c kmey er [8 , 9]:

Theorem A.1 The Optimal Line ar A rr angement pr ob-

lem is NP-c omplete.

The follo wing result giv es the complexit y of optimal call

forw arding:

Theorem 3.1 The determination of an optimal solution

to a c al l forwar ding pr oblem is NP-c omplete. It r emains

NP-c omplete even if every entry action has e qual size.

Pro of: W e �rst form ulate optimal call forw arding as a

decision problem, as follo ws: \Giv en a call forw arding

problem I and an in teger K � 0, is there a solution to I

with cost no greater than K ?" W e refer to this problem

as CF. The pro of is b y reduction from Optimal Lin-

ear Arrangemen t problem, whic h, from Theorem A.1,

is NP-complete. Let G = ( V ; E ) ; k b e a particular in-

stance of OLA. W e mak e the follo wing transformation

to an instance h A; C ; w ; s; k i of CF, where:

{ A is the set of v ertices 1 ; : : : ; n in V along with

t w o dumm y v ertices s and t ;

{ The elemen ts of C are all doubleton sets:

{ corresp onding to eac h edge ( u; v ) 2 E , there

is an elemen t f u; v g in C with w eigh t 1:

for terminological simplicit y in the discussion

that follo ws, w e refer to these elemen ts as

normal sets ;

{ let � b e the maxim um degree of an y v ertex

in G , then corresp onding to eac h v ertex i 2 G

of degree d

i

, there is an elemen t f i; s g in C

with w eigh t

1

2

(� � d

i

) (some of these sets



could ha v e zero w eigh t, in whic h case they

can e�ectiv ely b e remo v ed): w e refer to these

elemen ts as sp e cial sets ;

{ �nally , there is an elemen t f s; t g in C of

w eigh t M , where M is large enough to ensure

that s and t ha v e to b e the last t w o elemen ts

in an y optimal ordering of the v ertices ( M

can b e c hosen to b e n

3

or greater): w e refer

to this elemen t as a he avy set .

{ s ( I ) = 1 for ev ery I 2 A .

{ k = 0.

W e also ha v e to de�ne the n um b er K that is to b ound

the cost of the call forw arding problem so constructed.

Let K =

1

4

n ( n + 5)� + 3 M + k = 2. W e claim that the

instance of CF so de�ned has a solution with cost no

greater than K if and only if the giv en instance of OLA

has a solution.

Consider an y prop osed order of elemen ts in a solu-

tion to the instance of CF de�ned ab o v e. The cost of

this solution can b e decomp osed as follo ws:

As w e marc h along the list of elemen ts, at eac h p oin t

w e c harge � = 2 to eac h of the elemen ts w e ha v e seen so

far but not to either of the sp ecial elemen ts. If v ertex

i 2 G is encoun tered, the c harge of � = 2 on v ertex i from

then on can b e though t of as pa ying 1/2 to w ards eac h

of the normal sets that con tain i and pa ying the en tire

cost of the sp ecial set that con tains i . No w if b oth ele-

men ts of a normal set ha v e b een encoun tered, the total

cost of the set will from then on b e pic k ed up b y these

c harges to the v ertices. F or a normal set f i; j g , after i

has b een encoun tered and b efore j has b een encoun tered

the extra c harge of 1/2 at eac h stage will b e c harged to

the edge ( i; j ). Breaking up the c harges as ab o v e, one

�nds that for an y order in whic h s and t �nish last, the

c harge to the v ertices is a constan t indep enden t of the

order and is equal to

1

4

( n ( n + 5)�) and the c harge for

the hea vy set is �xed at 3 M . The only v ariable is the

c harge to the edges and this c harge will b e exactly half

the total length of the edges, since an edge gets c harged

only after one of its endp oin ts has b een encoun tered and

b efore the other endp oin t has b een encoun tered, i.e. for

the \duration" of its length.

Th us there is a YES answ er to the instance of CF

created if and only if the total length of all \normal"

edges is k ept to k or less, or, in other w ords, if and only

if the instance of OLA is a YES-instance. (Note that

since the cost of the sp ecial sets is en tirely pic k ed up

b y the v ertices, the lengths of the sp ecial edges do not

matter.)

B Source Co de for Some Benc hmarks

The source co de for the b enc hmarks used in the com-

parison b et w een jc and C is giv en b elo w. F or space

reasons, only the co de for the main functions is giv en.

nrev : C :

typedef struct s {

int head;

struct s *tail;

} cons_node ;

cons_node *append(l1, l2)

cons_node *l1, *l2;

{

cons_node *l3;

if (l1 == NULL) return l2;

else {

for (l3=l1; l3->tail != NULL; l3=l3->t ail )

;

l3->tail = l2;

return l1;

}

}

cons_node *nrev(l)

cons_node *l;

{

cons_node *l1;

if (l==NULL) return NULL;

else {

l1 = l->tail;

l->tail = NULL; /* reclaim head node */

return append(nrev (l 1), l);

}

}

Janus :

nrev([], ^[]).

nrev([H|L1 ],^ R) :-

nrev(L1,^R 1), app(R1,[H ],^ R).

app([],L,^ L).

app([H|L1] ,L2 ,^ [H| L3] ) :- app(L1,L2, ^L3 ).

binomial : C :

/* fact() as in the factoria l benchmark */

int pow(x,i)

int x,i;

{ int prod;

for (prod=1; i>0; i--) prod *= x;

return prod;

}

int choose(n, k)

int n, k;

{

return fact(n) / (fact(k) * fact(n-k) );

}

int binomial( x, y,n )



int x,y;

{int i, prod=0;

for (i = 0; i <= n; i++)

prod += choose(n,i )*p ow (x, i) *po w( y,n -i) ;

return prod;

}

Janus :

/* fact() as in the factorial benchmark */

pow(X,N,^ P) :- int(X) | pow(X,N, ^P, 1) .

pow(X,0,^ P,A ) :- int(X), int(A) | P = A.

pow(X,N,^ P,A ) :-

int(X), int(N), int(A), N > 0 |

pow(X,N-1 ,^P ,X *A) .

choose(N, K,^ C) :- int(N), int(K) |

fact(N,^F 1), fact(K,^F 2), fact(N-K, ^F3 ),

C = F1 // (F2 * F3).

binomial( X,Y ,N ,^Z ) :-

int(X),in t( Y), in t(N ),N >= 0 |

binomial( X,Y ,N ,^Z ,N) .

binomial( _,_ ,_ ,^0 ,0 ).

binomial( X,Y ,N ,^Z ,K ) :-

int(X),in t( Y), in t(N ),i nt (K) ,K > 0 |

binomial( X,Y ,N ,^Z 1,K -1 ),

choose(N, K,^ C) ,

pow(X,K,^ Xp) ,

pow(Y,N-K ,^Y p) ,

Z = Z1 + C*Xp*Yp.

dnf : C :

dnf(In, R, W, B)

int In[], R, W, B;

{ int temp;

while (R <= W) {

if (In[W] == 0) {

temp=In[W]; In[W]=In[ R]; In[R]=tem p;

R += 1;

}

else if (In[W] == 1)

W -= 1;

else if (In[W] == 2) {

temp=In[W]; In[W]=In[ B]; In[B]=tem p;

B -= 1; W -= 1;

}

}

}

Janus :

dnf(In,R, W,B ,^ Out ) :-

int(R),in t( W), R > W | Out = In.

dnf(In,R, W,B ,^ Out ) :-

int(R),in t( W), R =< W,In.W = red |

dnf(In[R- >In .W ,W- >In .R ],R +1 ,W, B, ^Ou t).

dnf(In,R, W,B ,^ Out ) :-

int(R),in t( W), R =< W,In.W = white |

dnf(In,R, W-1 ,B ,^O ut) .

dnf(In,R, W,B ,^ Out ) :-

int(R),in t( W), R =< W,In.W = blue |

dnf(In[B-> In. W,W -> In. B] ,R, W-1 ,B -1, ^O ut) .

tak : C :

int tak(x,y,z )

int x,y,z;

{

if (x <= y) return z;

return tak(tak(x -1, y, z),

tak(y-1,z, x),

tak(z-1,x, y)) ;

}

Janus :

tak(X, Y, Z, ^A) :-

int(X), int(Y), int(Z), X > Y |

tak(X-1, Y, Z, ^A1),

tak(Y-1, Z, X, ^A2),

tak(Z-1, X, Y, ^A3),

tak(A1, A2, A3, ^A).

tak(X, Y, Z, ^A) :-

int(X), int(Y), int(Z), X =< Y |

A = Z.

factoria l : C :

int fact(n)

int n;

{int prod;

for (prod = 1; n > 0; n--)

prod *= n;

return prod;

}

Janus :

fact(N,^X) :-

int(N), N >= 0 | fact(N,^ X,1 ).

fact(N,^F, A) :-

int(A), int(N), N > 0 |

fact(N-1,^ F,A *N) .

fact(0,^F, A) :- int(A) | F = A.



Input: A call forw arding problem I = h E ; C ; w ; s; k i .

Output: A solution to I , i.e., a p erm utation � of E .

Metho d:

b egin

A ctive Sites := C ;

construct the dep endency graph G for legal execution orders;

A vail Instrs := the ro ot no des of G ;

Pr o c esse d := ; ;

� := h i ;

for eac h c 2 C do c ount [ c ] := k o d

while A vail Instrs 6= ; do

for eac h I 2 A vail Instrs do

compute the w eigh t of I as (

P

f w ( c ) j c 2 A ctive Sites and I 2 c g ) =s ( I );

o d ;

I := an elemen t of A vail Instrs with the least w eigh t so computed;

� := app end I to the end of � ; /* extend solution */

Pr o c esse d := Pr o c esse d [ f I g ; /* up date list of a v ailable instructions */

A vail Instrs := ( A vail Instrs n f I g ) [ f J 2 E j pr e ds ( J ) � Pr o c esse d g ;

for eac h c 2 A ctive Sites s.t. I 2 c do /* up date list of activ e sites */

if c ount [ c ] = 0 then

delete c from A ctive Sites ;

else

c ount [ c ] := c ount [ c ] � 1;

�

o d

o d ;

return � ;

end

Figure 1: A Greedy Algorithm for Call F orw arding



ave: Arg1 := deref(Arg1) ave: Arg2 := deref(Arg2)

Arg2 := deref(Arg2) Arg3 := deref(Arg3)

Arg3 := deref(Arg3) if : Number(Arg2) goto Err

if : List(Arg1) goto Err if : Number(Arg3) goto Err

if : Number(Arg2) goto Err L0 : Arg1 := deref(Arg1)

if : Number(Arg3) goto Err if : List(Arg1) goto Err

if Arg1 == NIL goto L1 if Arg1 == NIL goto L1

t1 := head(Arg1) t1 := head(Arg1)

Arg1 := tail(Arg1) Arg1 := tail(Arg1)

t1 := deref(t1) t1 := deref(t1)

if : Number(t1) goto Err if : Number(t1) goto Err

Arg2 := add(Arg2, t1) Arg2 := add(Arg2, t1)

Arg3 := add(Arg3, 1) Arg3 := add(Arg3, 1)

goto ave goto L0

L1 : t1 := div(Arg2, Arg3) L1 : t1 := div(Arg2, Arg3)

Arg4 := deref(Arg4) Arg4 := deref(Arg4)

assign(Arg4, t1) assign(Arg4, t1)

(a) Before Call F orw arding (b) After Call F orw arding

Figure 2: The E�ect of Call F orw arding on In termediate Co de for the ave pro cedure



Program no optimization greedy optimal

hanoi 492 225 225

tak 574 172 172

nrev 726 360 360

qsort 1776 450 450

factorial 129 24 24

merge 720 330 330

dnf 124 25 25

pi 306 30 30

binomial 5963 1304 1304

T able 1: E�cacy of the greedy Call F orw arding heuristic (in Sparc assem bly instructions)

Program w/o forw arding (ms) with forw arding (ms) % impro v emen t

binomial 5.95 5.14 13.6

hanoi 186 163 12.4

tak 299 207 30.8

nrev 1.17 0.716 38.8

qsort 2.31 1.87 19.0

merge 0.745 0.613 17.7

dnf 0.356 0.191 46.3

T able 2: P erformance Impro v emen t due to Call F orw arding

Program jc (J) (ms) Sicstus (S) (ms) Quin tus (Q) (ms) S/J Q/J

hanoi 163 300 690 1.84 4.23

tak 207 730 2200 3.53 10.63

nrev 0.716 1.8 7.9 2.51 11.03

qsort 1.87 5.1 9.4 2.73 5.03

factorial 0.049 0.44 0.27 8.98 5.51

Geometric Mean : 3.31 6.72

T able 3: The P erformance of jc , compared with Sicstus and Quin tus Prolog

Program jc (J) (ms) C (unopt) (ms) C (opt: -O4 ) J/C-unopt J/C-opt

nrev 0.716 0.89 0.52 0.80 1.38

binomial 5.14 4.76 3.17 1.08 1.62

dnf 0.191 0.191 0.061 1.00 3.13

qsort 1.33 1.25 0.34 1.06 3.91

tak 207 208 72 1.00 2.88

factorial 0.049 0.049 0.036 1.00 1.36

Geometric Mean : 0.98 2.18

T able 4: The p erformance of jc compared to C


