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Abstract

Abstract in terpretation is widely accepted as a natu-

ral framew ork for seman tics-based analysis of program

prop erties. Ho w ev er, most form ulations of abstract in-

terpretation are in terms of high-lev el seman tic en ti-

ties that do not adequately address the needs of lo w-

lev el optimizations. In this pap er w e discuss the role

of abstract in terpretation in lo w-lev el compiler opti-

mizations, examine some of its limitations, and consider

w a ys in whic h they migh t b e addressed.

1 In tro duction

The pro cess of compilation, b y whic h executable co de

is generated from a source program, can b e though t of

as a series of transformations and translations through

a succession of languages, starting at the source lan-

guage and ending at the target language. In this pic-

ture, w e can distinguish b et w een t w o kinds of trans-

formations: tr anslations , whic h tak e a program in a

language and pro duce a program in a di�eren t (usu-

ally \lo w er-lev el") language; and optimizations , whic h

transform a program in a language to another program

in the same language. As an example, a compiler that

w e ha v e implemen ted for a logic programming language

called Jan us [38 ] w orks b y translating the input pro-

grams in to C, then in v oking a C compiler to generate

executable co de. In this system, w e can iden tify the fol-

lo wing language lev els: (1) the source language; (2) the

Jan us virtual mac hine language; (3) C; (4) the in ter-

mediate represen tation(s) within the C compiler; and

(5) the target mac hine language. In principle, optimiz-

ing transformations can b e applied at eac h of these �v e
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language lev els; our curren t implemen tation applies op-

timizations at lev els 2 (the Jan us virtual mac hine), 4

(the in termediate represen tation(s) of the C compiler)

and 5 (the target mac hine co de), the last t w o within

the C compiler. In eac h case, the optimizations can

b e seen as program transformations at a particular lan-

guage lev el. A fundamen tal requiremen t of the compila-

tion pro cess is that it should b e \seman tics-preserving"

in the sense that the \meaning," or b eha vior, of the

executable co de should conform to what the seman tics

of the source program sa ys it should b e. F or this to

happ en, it is necessary in general that b oth transla-

tions and optimizations should b e seman tics-preserving

in this sense. Since our primary fo cus is on optimiza-

tions rather than translations, w e will assume here that

our translations satisfy this requiremen t, and fo cus our

atten tion on optimizations.

It is v ery often the case that an optimization is not

univ ersally applicable. In other w ords, in order to en-

sure that an optimization do es not alter the observ able

b eha vior of a program in unacceptable w a ys, w e ha v e

to ensure that certain preconditions particular to that

optimization are satis�ed. As an example, consider reg-

ister allo cation in a C compiler: the v alue of a v ariable

can b e k ept in a register only if certain conditions re-

garding aliasing are ful�lled. In general, this means that

it ma y b e necessary to examine a program and extract

some information ab out its b eha vior, whic h can then

b e used for optimization purp oses. F urther, in order to

v erify that the prop erties so inferred describ e all p ossi-

ble run time b eha viors of a program, it is necessary to

b e able to relate the analyses to the seman tics of the

language in a precise w a y .

Seman tics-based tec hniques suc h as abstract in ter-

pretation [23 , 24, 25 ] pro vide a natural framew ork for

suc h program analyses. The general idea is to rely on

the formal seman tics of a program to sp ecify all of its

p ossible computational b eha viors, and to deriv e �nitely-

computable descriptions of suc h b eha viors b y system-

atically appro ximating the op erational b eha vior of the



Benc hmark Execution Time ( � secs) Heap Usage (w ords)

no-opt opt no-opt/opt no-opt opt no-opt/opt

aquad 55467 20569 2.67 30884 544 0.018

bessel 12577 12364 1.02 689 452 0.656

binomial 6055 5720 1.06 1208 6 0.005

chebyshev 32234 8500 3.79 30002 6 0.0002

e 13713 9832 1.39 6005 6 0.001

fib 13839 4711 2.94 6389 5 0.001

log 44967 35432 1.27 28870 6 0.0002

mandelbrot 102517 23942 4.28 69533 654 0.009

muldiv 16621 12705 1.31 5 5 1.000

nrev 8525 8018 1.06 10507 10507 1.000

pi 25565 12144 2.10 20007 6 0.0003

sum 6503 1694 3.84 5 5 1.000

tak 18043 5340 3.38 7121 5 0.001

Geometric Mean : 2.02

T able 1: P erformance impro v emen ts due to lo w-lev el optimizations ( jc on a Sparcstation-IPC)

program. The correctness of an analysis can then b e

deriv ed from the mathematical relationships b et w een

the actual computational domain of the program and

the domain of descriptions manipulated b y the analy-

sis, and b et w een the actual op erations executed b y the

program and the appro ximations to those op erations

used during the analysis.

Optimizing program transformations can b e view ed

at man y lev els, corresp onding to the di�eren t lev els of

languages encoun tered during compilation. A t a high

lev el, for example, w e ha v e transformations suc h as �-

nite di�erencing [55 , 66], recursion remo v al (i.e., trans-

formation of recursiv e programs to tail recursiv e form)

[5 , 29], deforestation [19 , 73], transformations for par-

allelization and v ectorization (see, for example, [3 , 12 ]),

as w ell as v arious transformations describ ed b y Bacon

et al. [6 ]. A t the lev el of \in termediate co de" w e

ha v e mac hine-indep enden t lo w-lev el optimizations suc h

as induction v ariable elimination [1 ], closure represen ta-

tion optimization in functional languages [46 , 47 ], and

dereferencing optimizations in logic programming lan-

guages [68 , 71]. A t a lo w er lev el still w e ha v e mac hine-

dep enden t transformations suc h as register allo cation

[9 , 15, 20] and instruction sc heduling [36 , 59 ]. Concep-

tually , w e can divide these v arious optimizations in to

t w o classes: high level optimizations , whic h corresp ond

roughly to optimizations that can b e expressed in terms

of transformations on the source program (or its ab-

stract syn tax tree); and low-level optimizations , whic h

in v olv e constructs and ob jects that are not visible at the

source lev el, and whic h therefore cannot b e so expressed

(this classi�cation is not absolute, of course: whether

or not an optimization is to considered \lo w-lev el" de-

p ends, among other things, on the language b eing con-

sidered: for example, in a language with explicit con-

structs for iteration, the implemen tation of a tail re-

cursiv e pro cedure in terms of iteration could b e consid-

ered as a high-lev el optimization; in a language without

source-lev el iterativ e constructs, ho w ev er, this w ould b e

a lo w-lev el optimization).

There are t w o reasons wh y lo w-lev el optimizations

are imp ortan t. The �rst is that they are b ey ond the

reac h of the user. The p oin t is that when faced with a

compiler that do es not do m uc h in the w a y of high-lev el

optimizations, the determined user can, in principle,

carry out the transformations man ually where necessary

in order to obtain co de with go o d p erformance. With a

compiler that do es not p erform lo w-lev el optimizations,

ho w ev er, there is little that ev en the most determined of

users can do. In particular, this implies that in the ab-

sence of lo w-lev el optimizations, ev en carefully crafted

programs written b y skilled programmers will incur p er-

formance p enalties o v er whic h they ha v e little con trol.

The second reason suc h optimizations are imp ortan t

is that they can pro duce substan tial p erformance im-

pro v emen ts. As an example of this, T able 1 giv es some

p erformance n um b ers for jc , an implemen tatio n of a

dynamically t yp ed logic programming language [38 ].

The jc compiler curren tly p erforms only lo w-lev el opti-

mizations: call forw arding [27 ], whic h is a form of jump

redirection at the in termediate co de lev el; a simple form

of in ter-pro cedural register allo cation for output v alue

placemen t [7 ]; and represen tation optimization (i.e., us-

ing un b o xed v alues where p ossible) for n umerical v al-



ues [8 ]. As T able 1 indicates, for the b enc hmarks tested

these optimizations more than double the sp eed of the

programs on the a v erage, and also lead to signi�can t

impro v emen ts in heap memory usage.

1

The sp eed of

the resulting co de is comp etitiv e with that of optimized

C co de written in a \natural" imp erativ e st yle: on the

b enc hmarks sho wn, the Jan us programs|whic h are dy-

namically t yp ed and use data
o w sync hronization b e-

t w een pro ducers and consumers|is, on the a v erage,

only 13% slo w er than C co de compiled with gcc2 -O2 ,

ab out 25% faster than C compiled with cc -O2 , and

6% faster than C compiled with cc -O4 . This indicates

that lo w-lev el optimizations can b e a v aluable source of

p erformance impro v emen ts.

The app eal of seman tics-based program manipula-

tion tec hniques is that they allo w us to reason formally

ab out the manipulatio ns themselv es, and certify with

some con�dence that suc h manipulations will not cause

\bad things" to happ en. This pap er considers the appli-

cabilit y and relev ance of seman tics-based program anal-

ysis tec hniques suc h as abstract in terpretation in the

con text of lo w-lev el co de optimization. Sp eci�cally , w e

argue that \seman tic mismatc hes" b et w een the kinds

of information t ypically pro duced b y seman tics-based

analyses and the kinds of information needed b y lo w-

lev el optimizations limit the utilit y of suc h formally de-

fensible analyses for these optimizations. Sp eci�cally ,

w e consider t w o kinds of seman tic mismatc h: in Sec-

tion 2 w e consider the lev el at whic h the \concrete se-

man tics" is considered; and in Section 3 w e consider

the problem of estimating run time execution frequen-

cies and costs.

2 Lo w-Lev el Seman tics and Abstract In-

terpretation

It is not di�cult to see that while the kinds of infor-

mation pro vided b y abstract in terpretation (or other

seman tics-based analyses) are p erhaps necessary for

co de optimization, they are b y no means su�cien t.

P art of the problem is that the \concrete" seman tics

on whic h abstract in terpretations are t ypically based

are, from the standp oin t of lo w-lev el co de optimization,

not concrete enough. They usually ha v e little to sa y

ab out the registers and bit v ectors and p oin ters and

other suc h lo w-lev el en tities that are actually manipu-

lated during program execution. Indeed, the concrete

seman tics usually encoun tered can themselv es b e seen

as abstractions of lo w er-lev el c haracterizations of pro-

gram b eha vior, where some or all of the information

1

These n um b ers do not include the e�ects of tail call optimiza-

tion, though strictly sp eaking that is a lo w-lev el optimization in our

con text. If the e�ects of tail call optimization are included, the sp eed

impro v emen t is b y a factor of ab out 3.4.

ab out mac hine-lev el en tities has b een abstracted a w a y .

The problem, of course, is that usually w e think of the

pro cess of abstraction as forgetting ab out \irrelev an t"

asp ects of the b eha vior of a program, while in this case

it is precisely the most relev an t asp ects of the program's

b eha vior that are b eing forgotten.

The problem can b e addressed b y abstract in terpre-

tation based on a lo w-lev el seman tics. While this do es

not seem di�eren t from an y other sort of abstract in ter-

pretation at a conceptual lev el, the practical details can

b ecome messy . As an example, it is v ery lik ely simpler

and more con v enien t to manipulate a high-lev el repre-

sen tation of a program, suc h as an abstract syn tax tree,

for suc h analyses, since the n um b er of di�eren t kinds of

ob jects and op erations that ha v e to b e dealt with for

suc h represen tations is relativ ely small. Ho w ev er, it is

not clear that a high lev el program represen tation can

enco de lo w-lev el information in a reasonable w a y with-

out (implicit or explicit) assumptions ab out the b eha v-

ior of the co de generator. This, in turn, implies that

suc h analyses, while simple to implemen t initially , are

p oten tially fragile.

2

An example of this situation arises in the con text

of dereference c hain length analysis in Prolog systems.

In general, v ariable-v ariable uni�cations during the ex-

ecution of a Prolog program can cause p oin ter c hains

to b e set up, and these need to b e dereferenced b e-

fore the v alue of a v ariable can b e accessed. Deref-

erencing arbitrary-length (tagged) p oin ter c hains is a

fairly exp ensiv e op eration, so static analyses to infer

the lengths of dereference c hains can b e v ery helpful

in impro ving program p erformance|in particular when

they allo w dereference op erations to b e omitted en-

tirely [51 , 69 , 71 ]. Ho w ev er, high-lev el seman tics for

Prolog t ypically do not ha v e m uc h to sa y ab out lo w-

lev el asp ects suc h as p oin ter-c hain lengths: for exam-

ple, when t w o v ariables are uni�ed, suc h seman tics sa y

nothing ab out ho w the p oin ters are orien ted. Because

of this, dereference c hain length analyses that manip-

ulate high-lev el represen tations of programs|suc h as

those of V an Ro y [71 ] and T a ylor [68 , 69]|m ust either

limit their precision b y refusing to handle an y situation

where the high-lev el seman tics is not unam biguous, or

exp ose themselv es to p oten tial fragilities b y making as-

sumptions ab out the co de generator. Closure analysis

in the Orbit compiler for Sc heme [46 , 47] pro vides an-

other example of the use of a high lev el represen tation

2

In our Jan us system, for example, w e found that an optimization

to eliminate unncessary dereference op erations, based on an analysis

that used the abstract syn tax tree of the program similar to analy-

ses of V an Ro y [71 ] and T a ylor [68 , 69 ], led to incorrect co de b eing

generated when the mec hanism for dealing with susp ensions c hanged.

It turned out that as an ill-advised \con v enience hac k" the analysis

made implicit assumptions ab out whether or not the co de genera-

tor w ould return output v alues in registers. These assumptions w ere

rendered in v alid when the co de generator w as mo di�ed to handle sus-

p ensions di�eren tly , but the analysis phase did not kno w ab out this.
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Figure 1: Program Analysis using Abstract Compilatio n

for analyzing lo w-lev el asp ects of a program b eha vior:

in this case, decisions ab out the lo w-lev el represen tation

of closures are based on the structure of the abstract

syn tax tree for the program.

It ma y b e p ossible to get around this problem in

some cases b y \lifting" implemen tatio n-lev el asp ects of

a program to the source lev el and then treating the

analysis and optimization problems as high-lev el issues.

This approac h is tak en in &-Prolog [40 ], a parallel Pro-

log system, whic h extends the source language to al-

lo w v arious lo w er-lev el parallelization and sync hroniza-

tion issues to b e addressed at the source lev el. An-

other example of suc h an approac h can b e seen in ex-

p osing lo w-lev el represen tational asp ects of data, suc h

as whether they are b o xed or un b o xed, at the source

lev el, and form ulating represen tation optimizations in

terms of source-lev el program transformations [49 , 57 ].

Ho w ev er, it ma y not alw a ys b e p ossible to capture lo w-

lev el optimizations b y lifting them to the source lev el

in this w a y (for example, it is not clear ho w the imple-

men tation of aggregate up dates in a single-assignmen t

language via compiler-in tro duced destructiv e up dates

(see, for example, [35 , 37 , 42 , 53 ]) could b e expressed

at the source lev el).

The alternativ e is to use a lo w er lev el represen ta-

tion, e.g., a sequence of in termediate co de instructions.

This has the adv an tage that the appropriate lo w-lev el

details ha v e b een made explicit and can b e reasoned

ab out without ha ving to resort to assumptions ab out

the b eha vior of other parts of the compiler. This is con-

ceptually cleaner and more defensible than the previous

approac h. Ho w ev er, there are t w o imp ortan t practical

problems that arise with this approac h. First, the n um-

b er of op erations that ha v e to b e accoun ted for is lik ely

to b e considerably larger in a lo w-lev el represen tation

than in a high-lev el represen tation. Second, relation-

ships b et w een ob jects, e.g., whether or not t w o ob jects

o v erlap in memory , ma y b e harder to reconstruct b y

examining a sequence of lo w-lev el op erations.

Because of the large n um b er of di�eren t op erations

that migh t b e encoun tered in a lo w-lev el represen tation

of a program, and the comparativ ely larger size of suc h a

represen tation, one migh t exp ect a lo w lev el abstract in-

terpretation to b e considerably slo w er than a high lev el

one. This problem can b e alleviated to some exten t b y

a tec hnique that, with tongue �rmly in c heek, w e call

\abstract compilation. " The idea is the follo wing: to re-

duce the cost of program analysis, instead of rep eatedly

tra v ersing an in ternal represen tation of the program P

b eing analyzed, w e partially ev aluate an abstract in ter-

preter to with resp ect to P so as to pro duce a program

P

0

whic h, when executed, yields the result of analyz-

ing the original program P [30 , 41 ]. In practice, for

an y particular analyses that w e wish to implem en t in a

compiler, w e will kno w enough ab out the corresp onding

abstract in terpreters that instead of in v oking a general

purp ose partial ev aluator on suc h an in terpreter and the

input program P , w e can simply mak e a single pass o v er

P and pro duce P

0

(indeed, w e initially though t of this

in terms of program transformation rather than partial

ev aluation): this is illustrated in Figure 1. The idea is

similar to the notion of \need expressions" prop osed b y

Maurer [52 ] in the con text of strictness analysis. McN-

erney also uses a similar approac h for an abstract in ter-

pretation to v erify the correctness of lo w-lev el compiler

optimizations [50 ].

A t �rst glance it migh t app ear that suc h an approac h

is practical only in languages, suc h as Prolog and Lisp,

where it is easy to create program fragmen ts \on the


y" and execute them. F or languages suc h as C, for ex-



ample, the traditional mo del for generating executable

co de for a program w ould most lik ely incur m uc h to o

m uc h I/O o v erhead, in writing out a program (or ex-

ecutable co de) in to a �le and then reading it bac k in,

to mak e this w orth while. Ho w ev er, recen t w ork in dy-

namic co de generation for suc h languages [34 , 45] indi-

cates that the run time o v erhead asso ciated with creat-

ing and executing co de for suc h languages at run time

can b e made small enough to mak e suc h an approac h

practical. The success of dynamic co de generation in

the SELF system [16 ] also suggests that the \abstract

compilation" approac h ma y b e practically usable in gen-

eral.

The second problem referred to ab o v e is that re-

lationships b et w een ob jects that ma y b e relativ ely

straigh tforw ard to detect at a high lev el ma y b e m uc h

harder to redisco v er in a lo w er lev el analysis. F or exam-

ple, a v alue that is easily iden ti�able as a list or a tree at

a high lev el ma y b e visible only as a jum ble of p oin ters

during a lo w lev el analysis, making it m uc h more com-

plicated to redisco v er relationships b et w een its comp o-

nen ts (e.g., compare high-lev el t yp e inference as in [2 ]

with comparable lo w-lev el analyses as in [18 , 33]). On

the other hand, not all structural relationships b et w een

ob jects ma y b e amenable to high-lev el analysis, e.g.,

sharing relationships b et w een ob jects ma y dep end on

sp eci�c implem en tation decisions that are in visible at

a high lev el [54 ]. W e ha v e found that com bining high-

and lo w-lev el analyses w orks w ell for this [38 ]. The idea

is to �rst carry out a high-lev el analysis and annotate

the high-lev el represen tation of the program with this

information. When this is translated to a lo w er-lev el

represen tation (e.g., from an abstract syn tax tree to a

sequence of in termediate co de instructions), the high-

lev el prop erties are also translated in to lo w-lev el terms

alongside, and the lo w-lev el represen tation annotated

appropriately . Subsequen t lo w-lev el optimizations can

then use the lo w-lev el information in a straigh tforw ard

w a y .

3 Cost Mo dels and Co de Optimization

A fundamen tal problem in lo w-lev el co de optimization

is that abstract in terpretation can tell us only whether a

particular optimization is p ermissible: it has nothing to

sa y ab out whether or not it is desirable in a particular

con text. F or example, w e ma y disco v er, as a result of

alias analysis, that a v ariable ma y b e k ept in a register

o v er the course of a computation without a�ecting the

result. It ma y turn out, ho w ev er, that this is not a

w orth while thing to do b ecause it precludes the use of

that register to hold another, more frequen tly accessed,

v ariable. The kinds of information t ypically obtained

from abstract in terpretation pro vide little guidance on

the latter p oin t.

One migh t feel that this is not, after all, suc h an

imp ortan t issue b ecause the primary tec hnical problem

in program analysis and optimization is to ensure that

\bad things" do not happ en, i.e., an optimization do es

not cause a program to b eha v e incorrectly . It is unde-

niably true that correctness is fundamen tally more im-

p ortan t than p erformance, and that w e should alw a ys

c ho ose to compute a correct result|p erhaps slo wly|

rather than an incorrect result quic kly . It can b e ar-

gued, ho w ev er, that iden tifying \bad things happ ening"

with seman tic incorrectness tak es to o narro w a view of

the situation. Giv en t w o computations that b oth pro-

duce the same correct solution to a problem, w e w ould

probably c ho ose the one that is faster, or uses less mem-

ory , or is b etter according to some appropriate measure

of p erformance. In suc h a setting, if the p erformance of

a program is adv ersely a�ected b y the p o or decisions of

an optimizer, one can certainly argue that \bad things"

ha v e happ ened.

As an example of a p erfectly plausible optimization

where inadequate atten tion to lo w-lev el details can lead

to a p erformance degradation, consider subprogram in-

lining (whic h is conceptually v ery similar to the \unfold-

ing" transformation of Burstall and Darlington [13 ]).

The main motiv ation b ehind this transformation, where

a call to a subroutine is replaced b y (an appropriate in-

stance of ) the b o dy of the called subroutine, is to reduce

program execution time b y eliminating the o v erhead

asso ciated with calling the subroutine and ev en tually

returning from it. Da vidson and Holler ha v e sho wn,

ho w ev er, that register usage can b e adv ersely a�ected

b y inlining: �rst, the n um b er of registers that ha v e

to b e sa v ed and restored at a subroutine call ma y in-

crease after inlining; and second, register allo cation de-

cisions ma y c hange as a result of inlining, causing some

frequen tly accessed v ariables to b e stored in memory

[26 ]. This can cause the inlined program to actually

run slo w er than the program without inlining. Co op er

et al. rep ort a similar exp erience|though for di�er-

en t reasons|with subprogram inlining in F ortran [22 ].

Ric hardson [62 ] describ es a somewhat di�eren t form of

\bad things happ ening" in the con text of this trans-

formation: individual functions ma y gro w enormously

in size as a result of inlining (ev en though the o v erall

gro wth of the size of the en tire program ma y b e rela-

tiv ely mo dest), leading to greatly increased time and

space requiremen ts during compilation and optimiza-

tion, and in the w orst case causing compilation to fail

due to inadequate memory .

Another example of this phenomenon can b e seen

in stac k allo cation of closures in functional languages

[46 , 47]. The idea is that while closures need to b e heap

allo cated in general, with enough information ab out the



lifetime of a closure in a program it ma y b e p ossible to

a v oid this and allo cate it on the stac k instead (for a

discussion of v arious lo w-lev el considerations for stac k

vs. heap allo cation, see [4]). Unless care is exercized,

ho w ev er, this can lead to an increase in the memory

requiremen ts of a program b ecause dead v ariables in

stac k-allo cated closures are nev ertheless tra v ersed b y

the garbage collector [17 ]. In extreme cases, this can

cause a program to fail at run time due to insu�cien t

memory a v ailabil it y .

The �nal example of p oten tially-p essimizing opti-

mizations w e consider is tabulation (also kno wn as

memoization), where calls to a function or pro cedure,

and the corresp onding return v alues, are noted in a ta-

ble [10 ]. The idea is that b y consulting this table, subse-

quen t calls ma y b e able to reuse a previously computed

v alue and thereb y a v oid ha ving to actually execute the

called function. An oft-cited example of the b ene�ts of

tabulation is the naiv e exp onen tial-time Fib onacci func-

tion, whic h runs in linear time with tabulation. Ho w-

ev er, if functions are tabulated without careful consid-

eration of the relativ e costs and b ene�ts of tabulation,

the cost of table manipulation can o v erwhelm an y b en-

e�ts that accrue from it. As an example, in an exp er-

imen t with tabulation using Ac k ermann's function, w e

found that the computation generated so man y en tries

in the table that ev en though table lo okups incurred a

great man y successful \hits," the cost of table manage-

men t led to an o v erall slo wdo wn in the program. The

large n um b er of table en tries also led to a signi�can t

increase in the memory requiremen ts of the program,

raising again the sp ecter of run time failure due to in-

su�cien t memory .

These examples illustrate t w o p oin ts: �rst, without

careful atten tion to lo w-lev el details, ev en apparen tly

plausible optimizations can result in an o v erall degrada-

tion in program p erformance; and second, suc h p erfor-

mance degradations should b e tak en seriously as a \bad

thing." In the w orst case they can lead to execution fail-

ure in correctly written programs, and this is no b etter

than an incorrectly p erformed optimization. A funda-

men tal motiv ation b ehind program analysis framew orks

suc h as abstract in terpretation is to giv e suc h analyses

a solid foundation on the mathematical seman tics of

programming languages and thereb y allo w us to reason

formally ab out prop erties suc h as correctness. This, in

turn, is driv en b y the desire to ensure that an y transfor-

mations that are p erformed do not c hange the b eha vior

of a program in undesirable w a ys. This suggests the

need for reasonable cost mo dels that are able to accoun t

for lo w-lev el asp ects of program execution in su�cien t

detail that optimizations guided b y them can reason-

ably b e exp ected to not \go of up" to o badly (Dean and

Cham b ers [28 ] discuss the use of suc h cost mo dels to

guide the subprogram inlining optimization discussed

ab o v e).

Note that the need for lo w-lev el cost mo dels do es not

go a w a y if w e \lift" lo w-lev el op erations to the source

lev el, as is done for b o xing and un b o xing op erations us-

ing represen tation t yp es [57 ]. F or example, Henglein

and J�rgensen's notion of formally optimal b o xing [39 ]

do es not tak e in to accoun t mac hine lev el costs (or execu-

tion frequencies). Because of this, it ma y happ en that a

program that is compiled to formally optimal form ma y

b e slo w er, at run time, than one that is not optimal in

this sense, but whic h uses a lo w lev el cost mo del and

execution frequency information to guide the placemen t

of b o xing and un b o xing op erations (e.g., see [56 ]).

Unfortunately , the construction of reasonable lo w-

lev el cost mo dels seems non trivial for a n um b er of rea-

sons. First, it seems quite di�cult to predict the \con-

crete" cost of a program, e.g., in terms of the n um b er

of mac hine cycles it tak es to execute the program on a

particular input, b ecause ev en if w e c ho ose to ignore the

c haracteristics and b eha vior of the underlying op erat-

ing system, w e w ould ha v e to accoun t for mac hine-lev el

asp ects of execution, suc h as cac he b eha vior, in consid-

erable detail. One p ossibilit y migh t b e to abstract a w a y

from suc h \really lo w-lev el" and more or less unpre-

dictable asp ects and use some kind of abstract mac hine

description that nev ertheless mo dels some of the more

imp ortan t asp ects of an implemen tation. Suc h abstract

cost mo dels ha v e b een used successfully , for example,

for data represen tation optimizations [65 ], for impro v-

ing data lo calit y [14 , 78 ], and register allo cation (see,

for example, [9 , 15, 20]).

Ho w ev er, ev en with simpli�cations to the mac hine

mo del to mak e it tractable, w e ma y need estimates of

execution frequencies for di�eren t parts of a program

to giv e an estimate of its cost: this is crucial for op-

timizations where a reduction in cost in one part of a

program ma y b e traded for a p ossible increase in cost in

another part. Where curren t systems use execution fre-

quency estimates, ho w ev er, they v ery often tend to rely

on fairly simple-minded heuristics based on the static

lo op nesting structure of the program. This can lead

to estimates that are quite imprecise. As an exam-

ple, a common heuristic used for register allo cation in

compilers is to assume that eac h lo op is executed some

�xed n um b er of times, usually b et w een 3 and 10 (see,

for example, [9 , 15, 20 , 58 , 70]). W all's studies indi-

cate, ho w ev er, that the pro�les of basic blo c k execution

frequency and pro cedure call frequency obtained using

this tec hnique can b e surprisingly p o or, b eing, in man y

cases, not m uc h b etter than random pro�les [75 ]. As

users, w e ha v e exp erienced this problem in the con text

of our Jan us compiler [38 ], whic h translates programs

to C and in v ok es gcc : our lac k of explicit con trol o v er
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com bined with

its often imp erfect execution frequency estimates, o cca-

sionally lead to the unexp ected situation where trans-

formations at the Jan us virtual mac hine lev el that one

w ould reasonably exp ect to yield sp eed impro v emen ts

actually pro duced slo wdo wns in o v erall execution sp eed.

As a concrete example, in a b enc hmark program to

ev aluate Cheb yshev p olynomial s, when w e turned o�

garbage collection|exp ecting an impro v emen t in exe-

cution sp eed b ecause of a reduction in the n um b er of

explicit o v er
o w c hec ks on the heap p oin ter|w e found

that the c hange in the n um b er and distribution of static

references to the heap p oin ter led to c hanges in the reg-

ister allo cation decisions in the C compiler that resulted

in an o v erall slo wdo wn of ab out 50%.

The problem is not en tirely that static analysis prob-

lems suc h as the estimation of execution frequencies and

costs are not amenable to formal metho ds. Early w ork

on these problems includes that of Cohen and Zuc k er-

man, who consider cost analysis of Algol-60 programs

[21 ]; W egbreit, whose pioneering w ork on cost analy-

sis of Lisp programs addressed the treatmen t of recur-

sion [76 ]; and those of Ramsha w [60 ] and W egbreit [77 ],

who discuss the formal v eri�cation of cost sp eci�cations.

Since then, the question of cost analysis has b een in v es-

tigated b y a n um b er of researc hers: see, for example,

[11 , 32 , 44 , 48 , 61 , 63 , 64 , 67 , 72 , 74 ]. Man y of these

use seman tics-based metho ds: for example, Rosendahl

[63 ] uses abstract in terpretation for cost analysis, and

W adler [72 ] uses pro jection analysis. Despite this fact,

the use of formally defensible seman tics-based tec h-

niques for the estimation of execution frequencies or

program costs do es not seem v ery common in actual

compilers. This could p ossibly b e due to a p erception

that suc h tec hniques are in teresting researc h to ols but

to o exp ensiv e to b e part of a compiler. Another reason

ma y b e that the information obtained from suc h anal-

yses, whic h are t ypically prop ositions of the form \on

an input of length N the function f r e quir es (at most)

0 : 5 N

2

+ 1 : 5 N + 1 c omputational steps" , are not directly

amenable to lo w-lev el co de optimization applications,

whic h w ould prefer to ha v e more absolute information

of the form \variable x is ac c esse d 23000 times" .

Some recen t w ork on dynamic con trol of task cre-

ation in parallel systems [31 , 43] suggests ho w cost es-

timates based on seman tics-based metho ds migh t b e

incorp orated in to compilers. In essence, the idea in

[31 , 43] is to use p olyv arian t sp ecialization at a lo w-lev el

to construct di�eren t v ersions for eac h pro cedure: one

v ersion handles inputs that are large enough to justify

the o v erheads asso ciated with the creation of parallel

3

While gcc v ersion 2 pro vides extensions that pro vide some degree

of user con trol o v er hardw are register allo cation, w e do not use them

at this time for p ortabilit y reasons.

tasks, and another handles inputs that are small enough

that sequen tial execution is preferable. A t run time, the

appropriate v ersion of a function is selected dynami-

cally b y comparing the size of the input argumen ts with

a system-dep enden t \threshold size" for that function

that is determined at compile time. In principle, one

could imagine using a similar approac h for other lo w-

lev el optimizations as w ell: generate co de for di�eren t

v ersions of a program fragmen t to accoun t for di�er-

en t v arious optimization scenarios, and c ho ose the one

that is appropriate in an y particular con text, if nec-

essary dynamically . Cham b ers [16 ] refers to this kind

of application of p olyv arian t sp ecialization to arbitrary

pieces of a program (rather than b eing limited to, sa y ,

functions or pro cedures) as splitting . A straigh tforw ard

implemen tatio n of this idea seems impractical b ecause

of the almost certain explosion in co de size it w ould in-

cur. Moreo v er, in teractions b et w een di�eren t lo w-lev el

decisions in di�eren t v ersions w ould ha v e to b e tak en

in to accoun t. It w ould b e in teresting to see whether

suc h problems could b e addressed w ell enough to mak e

it practical to incorp orate seman tics-based metho ds for

execution frequency and cost analysis in to compilers.

4 Summary

Compiler optimizations can b e divided in to t w o broad

classes: high-lev el optimizations, whic h corresp ond to

transformations expressible in terms of source-lev el con-

structs; and lo w-lev el optimizations, whic h are not so

expressible. While abstract in terpretation is widely ac-

cepted as a natural framew ork for seman tics-based pro-

gram analyses, w e ha v e found that in man y cases, suc h

analyses are not quite suitable for lo w-lev el optimiza-

tions. There are t w o main reasons for this. The �rst

is that there is often a \seman tic mismatc h" b et w een

the kinds of information abstract in terpretations pro-

vide, and the kinds of information a compiler w an ts

for its lo w-lev el optimizations: abstract in terpretations

are t ypically form ulated in high-lev el program seman-

tics, while for lo w-lev el optimization w e need informa-

tion ab out mac hine-lev el en tities lik e registers, p oin ters

in memory , etc. The second reason is that in order

to carry out a lo w-lev el optimization, in general it is

not enough to kno w that the optimization is p ermis-

sible: w e need to kno w also that it is desirable. De-

termining whether a particular optimization is desir-

able in a particular con text requires lo w-lev el cost mo d-

els, as w ell as kno wledge ab out execution frequencies.

While there has b een a considerable b o dy of w ork on

seman tics-based metho ds for execution cost analysis of

programs, these tec hniques do not seem to b e used v ery

m uc h within actual compilers, whic h tend to use sim-

ple and p oten tially imprecise heuristics. Again, this is



due in part to a seman tic mismatc h: seman tics-based

cost analyses t ypically yield cost functions (or execu-

tion frequency functions) that are expressed in terms of

input size, while for optimization purp oses it is easier

to w ork with absolute v alues for execution frequencies

and costs.

A fairly ob vious solution to the �rst problem is to use

a lo w-lev el concrete seman tics that mak es explicit the

en tities that are of in terest in the con text of lo w-lev el

optimizations. The main pragmatic problem here is

that lo w-lev el program represen tations tend to b e con-

siderably larger than high-lev el represen tations, making

analyses more exp ensiv e. A p ossible solution is to re-

duce the o v erhead asso ciated with in terpreting a pro-

gram o v er an abstract domain b y using some form of

\abstract compilation," i.e., b y executing (an appro-

priately mo di�ed form of ) the lo w-lev el represen tation

of the program instead of in terpreting its comp onen ts.

There is the additional issue that program prop erties

that are relativ ely easily inferrable at a high-lev el ma y

b e obscured in a lo w er-lev el analysis, but this can b e

handled b y initially analyzing the program at a high

lev el, then translating the high-lev el program prop er-

ties in to lo w-lev el terms during the translation of the

program in to a lo w er-lev el language.

The second problem can b e addressed, at least in

principle, via p olyv arian t sp ecialization at the lo w-lev el.

This idea has b een applied to con trolling dynamic task

creation in parallel systems, and app ears to w ork rea-

sonably w ell. Ho w ev er, a signi�can t problem that has

to b e addressed when applying this to lo w-lev el co de

optimization is that of con trolling co de gro wth.

The app eal of seman tics-based program manipula-

tion tec hniques is that they allo w us to reason formally

ab out the manipulatio ns themselv es, and certify with

some con�dence that suc h manipulations will not cause

\bad things" to happ en. Muc h of the curren t practice of

lo w-lev el optimizations seems guided b y simple heuris-

tics rather than careful seman tic treatmen t. Because of

this, it is not clear that m uc h can b e said ab out whether

or not \bad things"can happ en: an indeed, w e some-

times do encoun ter situations where apparen tly plausi-

ble \impro v emen ts" to a program can lead to a degra-

dation in its p erformance. This is undesirable, but if

seman tics-based tec hniques can b e adapted for lo w-lev el

optimizations it ma y b e p ossible to reduce or eliminate

suc h anomalous situations in the future.
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