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Abstract. Optimizing compilers t ypically limit the scop e of their anal-

yses and optimization s to individ ual mo dules. This has t w o dra wbac ks:

�rst, library co de cannot b e optimized together with their callers, whic h

implies that reusing co de through libraries incurs a p enalt y; and sec-

ond, the results of analysis and optimization cannot b e propagated from

an applicatio n mo dule written in one language to a mo dule written in

another. A p ossible solution is to carry out (additional ) program opti-

mization at link time. This pap er describ es our exp eriences with suc h op-

timization using t w o di�eren t optimizing Sc heme compilers, and sev eral

b enc hmark programs, via alto , a link-time optimizer w e ha v e dev elop ed

for the DEC Alpha arc hitecture. Exp erimen ts indicate that signi�can t

p erformance impro v emen ts are p ossible via link-time optimization ev en

when the input programs ha v e already b een sub jected to high lev els of

compile-time optimization.

1 In tro duction

The traditional mo del of compilation usually limits the scop e of analysis and

optimization to individual pro cedures, or p ossibly to mo dules. This mo del for

co de optimization do es not tak e things as far as they could b e tak en, in t w o

resp ects. The �rst is that co de in v olving calls to library routines, or to functions

de�ned in separately compiled mo dules, cannot b e e�ectiv ely optimized; this

is unfortunate, b ecause one exp ects programmers to rely more and more on

co de reuse through libraries as the complexit y of soft w are systems gro ws, (there

has b een some w ork recen tly on cross-mo dule co de optimization [4, 13]: this

w orks for separately compiled user mo dules but not for libraries). The second

problem is that a compiler can only analyze and optimize co de written in the

language it is designed to compile. Consider an application that in v estigates the

syn thesis of c hemical comp ounds using a top-lev el Sc heme program to direct a

heuristic searc h of a space of v arious reaction sequences, and F ortran routines to

compute reaction rates and yields for individual reactions.

1

With the traditional

compiler mo del, analyses and optimizations will not b e able to cross the barrier
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b et w een program mo dules written in di�eren t languages. F or example, it seems

unlik ely that curren t compiler tec hnology w ould allo w F ortran routines in suc h

an application to b e inlined in to the Sc heme co de, or allo w con text information

to b e propagated across language b oundaries during in terpro cedural analysis of

a Sc heme function calling a F ortran routine.

A p ossible solution is to carry out program optimization when the entir e

program|library calls and all|is a v ailable for insp ection: that is, at link time.

While this mak es it p ossible to address the shortcomings of the traditional com-

pilation mo del, it giv es rise to its o wn problems, for example:

{ Mac hine co de usually has m uc h less seman tic information than source co de,

whic h mak es it m uc h more di�cult to disco v er con trol 
o w or data 
o w infor-

mation (as an example, ev en for simple �rst-order programs, determining the

exten t of a jump table in an executable �le, and hence the p ossible targets

of the co de deriv ed from a case or switch statemen t, can b e di�cult when

dealing with executables; at the source lev el, b y con trast, the corresp onding

problem is straigh tforw ard).

{ Compiler analyses are t ypically carried out on represen tations of source pro-

grams in terms of source language constructs, disregarding \nast y" features

suc h as p oin ter arithmetic and out-of-b ounds arra y accesses. A t the lev el

of executable co de, on the other hand, all w e ha v e are the nast y features.

Non trivial p oin ter arithmetic is ubiquitous, b oth for ordinary address com-

putations and for manipulating tagged p oin ters. If the n um b er of argumen ts

to a function is large enough, some of the argumen ts ma y ha v e to b e passed

on the stac k. In suc h a case, the argumen ts passed on the stac k will t ypically

reside at the top of the caller's stac k frame, and the callee will \reac h in to"

the caller's frame to access them: this is nothing but an out-of-b ounds arra y

reference.

{ Executable programs tend to b e signi�can tly larger than the source programs

they w ere deriv ed from (e.g., see Figure 2). Coupled with the lac k of seman tic

information presen t in these programs, this means that sophisticated analy-

ses that are practical at the source lev el ma y b e o v erly exp ensiv e at the lev el

of executable co de b ecause of exorbitan t time or space requiremen ts.

This pap er describ es our exp eriences with suc h optimization on a n um b er of

Sc heme b enc hmark programs, using a link-time optimizer, called alto (\a link-

time optimizer"), that w e ha v e built for the DEC Alpha arc hitecture. Apart from

a v ariet y of more or less \con v en tional" optimizations, alto implemen ts sev eral

optimizations, or v ariations on optimizations, that are geared sp eci�cally to w ards

programs that are ric h in function calls|in particular, recursion|and indirect

jumps (resulting b oth from higher order constructs and tail call optimization).

Exp erimen ts indicate that signi�can t p erformance impro v emen ts are p ossible

using link-time optimization, ev en for co de generated using p o w erful optimizing

compilers.



2 Sc heme vs. C: Lo w Lev el Execution Characteristics

Programs in languages suc h as Sc heme di�er in man y resp ects from those written

in imp erativ e languages suc h as C, e.g., in their use of higher order functions and

recursion, con trol 
o w optimizations suc h as tail call optimization, and in their

relativ ely high frequency of function calls. Ho w ev er, it is not a priori clear that,

at the lev el of executable co de, the dynamic c haracteristics of Sc heme programs

are still signi�can tly di�eren t from C co de. T o this end, w e examined the run time

distributions of di�eren t classes of op erations for a n um b er of Sc heme programs

(those considered in Section 7) and compared the results with the corresp onding

�gures for the eigh t SPEC-95 in teger b enc hmark programs. The results, sho wn

in Figure 1, sho w some in teresting con trasts:

{ The prop ortion of memory op erations in Sc heme co de is 2.5 times larger

than that in C co de; w e b eliev e that this is due to a com bination of t w o

factors: the use of dynamic data structures suc h as lists that are harder to

k eep in registers, and the presence of garbage collection.

{ The prop ortion of conditional branc hes is signi�can tly higher (b y a factor of

almost 1.8) in Sc heme co de than in C co de. This is due at least in part to

run time dispatc h op erations on tag bits enco ding t yp e information.

{ The prop ortion of indirect jumps in Sc heme co de is close to three times

as high as that in C co de. This is due, in great part, to the w a y tail call

optimization is handled.

{ The prop ortion of (direct and indirect) function calls is somewhat smaller in

the Sc heme programs than in the C co de. T o a great exten t, this is b ecause

the Sc heme compilers try hard to eliminate function calls wherev er p ossible.

Co de generated for programs in dynamically t yp ed languages usually also car-

ries out p oin ter arithmetic to manipulate tagged p oin ters. W e didn't measure

the prop ortion of instructions dev oted to tag manipulation (there didn't seem

to b e a simple and reliable w a y to do this in the con text of our implemen ta-

tion), but w e note that Steenkiste's studies indicate that Lisp programs sp end

b et w een 11% and 24% of their time on tag c hec king [17 ]. W e exp ect that the

o v erall conclusion|that programs sp end a signi�can t amoun t of time in tag

manipulation|hol ds for Sc heme programs as w ell.

Most of the prior w ork on link-time optimization has fo cused on imp erativ e

languages [7 , 12, 15 , 16 , 19]. The di�erences in run time c haracteristics b et w een

Sc heme and C programs, as discussed ab o v e, can ha v e a signi�can t e�ect on

the exten t to whic h systems designed for executables resulting from (h uman-

written) C programs will b e e�ectiv e on co de generated from Sc heme programs.

The reasons for this are the follo wing:

1. The p oin ter arithmetic resulting from tag manipulation tends to defeat most

alias analysis algorithms dev elop ed for languages suc h as C (see, for example,

[20 ]).



Op eration Sc heme (%) C (%) Sc heme/C

in teger ops 44.81 35.70 1.25

memory ops 34.02 13.63 2.50


oating p oin t ops 0.58 0.76 0.76

conditional branc hes 10.44 5.89 1.77

indirect jumps 2.89 0.99 2.92

direct calls 0.29 0.44 0.66

indirect calls 1.51 1.72 0.88

Fig. 1. Dynamic distributions for classes of common op erations

2. The higher prop ortion of memory op erations in Sc heme programs can in-

hibit optimizations b ecause, in the absence of accurate alias information,

they greatly limit the optimizer's abilit y to mo v e co de around. The prob-

lem is comp ounded b y the fact that p oin ter arithmetic resulting from tag

manipulation adv ersely a�ects the qualit y of alias information a v ailable.

3. The higher prop ortion of indirect branc hes in Sc heme co de can in terfere

with lo w-lev el con trol 
o w analysis and inhibit optimizations suc h as pro�le-

directed co de la y out to impro v e instruction cac he utilization [11 ].

Our exp erimen ts, describ ed in Section 7, sho w that alto is able to ac hiev e sig-

ni�can t sp eed impro v emen ts, ev en for Sc heme programs that ha v e b een hea vily

optimized at compile-time; in this regard it consisten tly outp erforms the OM

link-time optimizer [15 ] from DEC.

3 System Organization

The execution of alto can b e divided in to �v e phases. In the �rst phase, an

executable �le (con taining relo cation information for its ob jects) is read in, and

an initial, somewhat conserv ativ e, in ter-pro cedural con trol 
o w graph is con-

structed. In the second phase, a suite of analyses and optimizations is then ap-

plied iterativ ely to the program. The activities during this phase can b e broadly

divided in to three categories:

Simpli� cation : Program co de is simpli�ed in three w a ys: dead and unreac h-

able co de is eliminated; op erations are normalized, so that di�eren t w a ys

of expressing the same op eration (e.g., clearing a register) are rewritten,

where p ossible, to use the same op eration; and no-ops, t ypically inserted for

sc heduling and alignmen t purp oses, are eliminated to reduce clutter.

Analysis : A n um b er of analyses are carried out during this phase, including

register liv eness analysis, constan t propagation, and jump table analysis.

Optimization : Optimizations carried out during this phase include standard

compiler optimizations suc h as p eephole optimization, branc h forw arding,



cop y propagation, and in v arian t co de motion out of lo ops; mac hine-lev el op-

timizations suc h as elimination of unnecessary register sa v es and restores at

function call b oundaries; arc hitecture-sp ec i�c optimizations suc h as the use

of conditional mo v e instructions to simplify con trol 
o w; as w ell as impro v e-

men ts to the con trol 
o w graph based on the results of jump table analysis.

This is follo w ed b y a function inlining phase. The fourth phase rep eats the op-

timizations carried out in the second phase to the co de resulting from inlining.

Finally , the �nal phase carries out pro�le-directed co de la y out [11 ], instruction

sc heduling, and insertion of no-ops for alignmen t purp oses, after whic h the co de

is written out.

4 Con trol Flo w Analysis

T raditional compilers generally construct con trol 
o w graphs for individual func-

tions, based on some in termediate represen tation of the program. The determi-

nation of in tra-pro cedural con trol 
o w is not to o di�cult; and since an in terme-

diate represen tation is used, there is no need to deal with mac hine-lev el idioms

for con trol transfer. As a result, the construction of a con trol 
o w graph is a

fairly straigh tforw ard pro cess [1]. Matters are somewhat more complex at link

time b ecause mac hine co de is harder to decompile. The algorithm used b y alto

to construct a con trol 
o w graph for an input program is as follo ws:

1. The start address of the program app ears at a �xed lo cation within the

header of the �le (this lo cation ma y b e di�eren t for di�eren t �le formats).

Using this as a starting p oin t, the \standard" algorithm [1 ] is used to iden tify

leaders and basic blo c ks, as w ell as function en try blo c ks. A t this stage alto

mak es t w o assumptions: ( i ) that eac h function has a single en try blo c k; and

( ii ) that all of the basic blo c ks of a function are laid out con tiguously . If

the �rst assumption turns out to b e incorrect, the 
o w graph is \repaired"

at a later stage; if the second assumption do es not hold, the con trol 
o w

graph constructed b y alto ma y con tain (safe) imprecisions, and as a result

its optimizations ma y not b e as e�ectiv e as they could ha v e b een.

2. Edges are added to the 
o w graph. Whenev er an exact determination of the

target of a con trol transfer is not p ossible, alto estimates the set of p ossible

targets conserv ativ ely , using a sp ecial no de B

unknown

and a sp ecial function

F

unknown

that are asso ciated with the w orst case data 
o w assumptions (i.e.,

that they use all registers, de�ne all registers, etc.). An y basic blo c k whose

start address is mark ed as relo catable is considered to b e a p oten tial tar-

get for a jump instruction with unresolv ed target, and has an edge to it

from B

unknown

; an y function whose en try p oin t is mark ed as relo catable is

considered to b e p oten tially a target of an indirect function call, and has

a call edge to it from F

unknown

. An y indirect function call (i.e., using the

jsr instruction) is considered to call F

unknown

while other indirect jumps

are considered to jump to B

unknown

.

3. In ter-pro cedural constan t propagation is carried out on the resulting con trol


o w graph, and the results used to determine addresses b eing loaded in to



registers. This information, in turn, is used to resolv e the targets of indirect

jumps and function calls: where suc h targets can b e resolv ed unam biguously ,

the edge to F

unknown

or B

unknown

is replaced b y an edge to the appropriate

target.

4. The assumption th us far has b een that a function call returns to its caller,

at the instruction imm ediately after the call instruction. A t the lev el of

executable co de, this assumption can b e violated in t w o w a ys. The �rst in-

v olv es esc aping br anches , i.e., ordinary (i.e., non-function-call) jumps from

one function in to another: this can happ en either b ecause of tail call opti-

mization, or b ecause of co de sharing in hand-written assem bly co de that is

found in, for example, some n umerical libraries. The second in v olv es non-

lo cal con trol transfers via functions suc h as setjmp and longjmp . Eac h of

these cases is handled b y the insertion of additional con trol 
o w edges, whic h

w e call c omp ensation e dges , in to the con trol 
o w graph: in the former case,

escaping edges from a function f to a function g result in a single comp en-

sation edge from the exit no de of g to the exit no de of f ; in the latter case,

a function con taining a setjmp has an edge from F

unknown

to its exit no de,

while a function con taining a longjmp has a comp ensation edge from its

exit no de to F

unknown

. The e�ect of these comp ensation edges is to force the

v arious data
o w analyses to safely appro ximate the con trol 
o w e�ects of

these constructs.

5. Finally , alto attempts to iden tify indirect jumps through jump tables, whic h

arise from case or switch statemen ts. This is done as part of the optimiza-

tions men tioned at the b eginning of this section. These optimizations can

simplify the con trol and/or data 
o w enough to allo w the exten t of the jump

table to b e determined. When this happ ens, the edge from the indirect jump

to B

unknown

is replaced b y a set of edges, one for eac h en try in the jump

table. If all of the indirect jumps within a function can b e resolv ed in this

w a y , then an y remaining edges from B

unknown

to basic blo c ks within that

function are deleted.

5 Data Flo w Analysis

Alto carries out a v ariet y of in ter-pro cedural data 
o w analyses, including reac h-

abilit y analysis, constan t propagation, register liv eness analysis, side e�ect anal-

ysis, etc. The most imp ortan t of these is in ter-pro cedural constan t propagation,

whic h pla ys a cen tral role in the construction of the con trol 
o w graph of the

program. A discussion of these analyses is omitted due to space constrain ts, ex-

cept for the observ ation that w e �nd that for Sc heme programs, alto is able

to determine, on the a v erage, the op erands and results for ab out 29% of the

instructions in programs. This is considerably higher than for C and F ortran

programs: e.g., for the programs in the SPEC-95 b enc hmark suite, it is able to

ev aluate ab out 17% of the instructions on the a v erage: w e are curren tly lo oking

in to the reason for this di�erence. Note that this do es not mean that a third

of the instructions of a program can b e remo v ed b y alto , since in most cases



the these represen t address computations. This information can, nev ertheless, b e

used to go o d adv an tage elsewhere, as discussed ab o v e: exp erimen ts indicate that

for the Sc heme b enc hmarks considered, disabling constan t propagation leads to

a p erformance loss of 5%{12% (compared to when all analyses and optimizations

are enabled).

6 Program Optimization

The optimizations carried out b y alto are t ypically guided b y execution pro�le

information and the a v ailabil it y of mac hine resources. Space constrain ts pre-

clude a detailed discussion of these optimizations: here w e discuss only the most

imp ortan t ones.

6.1 Inlining

T raditionally , Sc heme compilers carry out inlining at, or close to, the lev el of

the source program [2 , 4, 10 , 18 ]. A t this lev el, the primary b ene�ts of inlining

come from sp ecializing and simplifying the inlined function, e.g., b y ev aluating

conditionals and pruning a w a y co de that b ecomes unreac hable. Co de gro wth

during inlining is usually con trolled via syn tax-driv en tec hniques, ranging from

simple syn tax-directed estimates of the size of the callee [2 , 4, 10] to more re�ned

estimates based on the residual size of the callee after sp ecializing it to the

call site under consideration [18 ]. A t link time, b y con trast, it is reasonable to

exp ect that considerable amoun ts of inlining ha v e already b een carried out b y the

Sc heme compiler b eing used (and then p ossibly some more b y the C compiler,

if the compilation is via translation to C). This means that, while some co de

simpli�cation migh t o ccur due to the propagation of constan t argumen ts in to

library routines, it seems unlik ely that link-time inlining will giv e rise to large

amoun ts of co de simpli�cation and pruning. On the other hand, more accurate

information is a v ailable ab out ob ject co de size, making it easier to consider the

e�ects of inlining on the instruction cac he utilization of a program.

The motiv ations for carrying out inlining within alto are three-fold: to reduce

the function call/return o v erhead; to simplify reasoning ab out aliasing b et w een

the caller's co de and the callee's co de, since after inlining they t ypically refer to

the same stac k frame rather than t w o di�eren t frames (see Section 6.2); and to

impro v e branc h prediction and instruction cac he b eha vior using pro�le-directed

co de la y out [11 ]. In alto , co de gro wth due to inlining is con trolled b y ensuring

that ( alto 's estimate of ) the cac he fo otprin t of the resulting co de do es not exceed

the size of the instruction cac he: in particular, if the call site b eing considered for

inlining lies within an y lo op, the total size of the \hot" execution paths through

the lo op is not allo w ed to exceed the size of the primary instruction cac he.

Inlining in the presence of higher order functions has t ypically b een accom-

plished using sophisticated con trol 
o w analyses [10 ]. W e b eliev e that suc h anal-

yses are to o exp ensiv e to b e practical at the lev el of mac hine co de. Instead, w e

use a simple pro�le-guided inlining tec hnique w e call guar de d inlining |whic h

is conceptually similar to, though somewhat more general than, a tec hnique for

optimizing dynamically dispatc hed function calls in ob ject-orien ted languages



referred to as \receiv er class prediction" [5 , 8]|to ac hiev e similar results. Sup-

p ose w e ha v e an indirect function call whose target w e are unable to resolv e.

W e use pro�ling to iden tify the most frequen t targets at eac h suc h indirect call.

Supp ose that the most frequen t target is a function f at address addr

0

. With

guarded inlining, w e test whether the target address is addr

0

: if this is the case,

execution drops through in to the inlined co de for f ; otherwise, an indirect func-

tion call o ccurs, as b efore. It's not to o di�cult to see, in fact, that in general the

transformation can b e adapted to an y indirect branc h. This mec hanism allo ws

us to get the b ene�ts of inlining ev en for call sites that can, in fact, ha v e m ulti-

ple p ossible targets, in con trast to sc hemes that require con trol 
o w analysis to

iden tify a unique target for a call site b efore inlining can tak e place [10 ].

6.2 Memory Access Optimizati ons

W e use an in tra-basic-blo c k transformation w e call r e gister forwar ding to re-

duce the n um b er of unnecessary loads from memory . The opp ortunit y for this

optimization arises b ecause, in the course of other optimizations suc h as the

elimination of unreac hable co de, register reassignmen t and elimination of un-

necessary register sa v es and restores at function b oundaries, etc., alto is able to

free up registers that can then b e reused for other purp oses. In the simplest case,

a register r

a

is stored to a memory lo cation addr

0

, and a register r

b

subsequen tly

loaded from that address, with no rede�nition of r

a

in b et w een. In this case, as-

suming that w e can v erify that the con ten ts of lo cation addr

0

ha v e also not b een

mo di�ed, register forw arding replaces the load op eration b y a register-to-register

mo v e from r

a

:

store r

a

, addr

0

store r

a

, addr

0

. . . ) . . .

load r

b

, addr

0

move r

a

, r

b

In general, register r

a

ma y b e mo di�ed after it has b een stored to lo cation

addr

0

but b efore r

b

is loaded from that lo cation. In this case (again assuming

that lo cation addr

0

can b e guaran teed to not ha v e b een mo di�ed), if there is

a free register r

tmp

, it can b e used to sa v e the original v alue of r

a

b efore r

a

is

mo di�ed, and ev en tually mo v ed o v er to r

b

.

In order to guaran tee that the memory lo cation addr

0

is not mo di�ed b e-

t w een the initial store of r

a

to it and the subsequen t load in to r

b

, w e v erify

that an y in terv ening stores to memory write to lo cations other than addr

0

. F or

this, w e use a sligh t generalization of a tec hnique called instruction insp e ction ,

commonly used in compile-tim e instruction sc hedulers. w e �rst carry out in ter-

pro cedural constan t propagation to iden tify references to global addresses. The

memory disam biguatio n analysis then pro ceeds as follo ws: t w o memory reference

instructions i

1

and i

2

in a basic blo c k can b e guaran teed to not refer to the same

memory lo cation if one of the follo wing holds:

1. one of the instructions uses a register kno wn to p oin t to the stac k and the

other uses a register kno wn to p oin t to a global address; or



Program Source Bigloo Gambit-C

lines functions blo c ks instructions functions blo c ks instructions

b o y er 568 2061 24358 114007 1050 39004 188178

conform 432 2080 24689 115809 1036 39388 190257

dynamic 2318 2202 27633 132576 1050 43716 220461

earley 651 2069 24608 115928 1050 39319 191091

graphs 602 2079 24538 115885 1050 39200 189977

lattice 219 2061 24331 113994 1050 39016 188451

matrix 763 2091 24746 116729 1050 39734 192569

n ucleic 3478 2162 27131 126612 1050 40257 199192

sc heme 1078 2301 26333 123465 1050 41479 202127

Fig. 2. The b enc hmark programs used

2. i

1

and i

2

use address expressions k

1

( r

1

) and k

2

( r

2

) resp ectiv ely , and there are

t w o (p ossibly empt y) c hains of instructions whose e�ects are to compute the

v alue c

1

+ c ontents of ( r

0

) in to register r

1

and c

2

+ c ontents of ( r

0

) in to r

2

,

for some register r

0

, suc h that the t w o c hains do not use di�eren t de�nitions

of r

0

in the basic blo c k under consideration, and c

1

+ k

1

6= c

2

+ k

2

.

Apart from this transformation, shrink-wr apping [6 ] is used to reduce register

sa v e/restore op erations at function call b oundaries.

6.3 Pro�le-Dir ected Co de La y out

In order to reduce the p erformance p enalt y asso ciated with con trol 
o w c hanges

and instruction cac he misses, alto uses pro�le information to direct the la y out

of the co de (mo dern pro cessors t ypically use dynamic branc h prediction, so the

e�ect of co de la y out on branc h misprediction is not considered). The algorithm

used here follo ws that of P ettis and Hansen [11], with a few minor mo di�cations.

The co de la y out algorithm pro ceeds b y grouping the basic blo c ks in a program

in to three sets: The hot set consists of the set of basic blo c ks, considered in de-

creasing order of execution frequency , whic h accoun t for 2/3 of the total n um b er

of instructions executed b y the program at run time; the zer o set con tains all the

basic blo c ks that w ere nev er executed; and The c old set con tains the remaining

basic blo c ks. W e then compute the la y out separately for eac h set using a greedy

algorithm to construct c hains of basic blo c ks, and concatenate the three resulting

la y outs to obtain the o v erall program la y out.

7 Exp erimen tal Results

W e ev aluated our link-time optimizer using t w o optimizing Sc heme compilers:

Biglo o v ersion 1.8, b y M. Serrano [14 ], and Gam bit-C v ersion 3.0 b y Marc F ee-

ley . Our exp erimen ts w ere run using nine commonly used Sc heme b enc hmarks:

b oyer , a term-rewriting theorem pro v er; c onform is a t yp e c hec k er, written b y

J. Miller; dynamic is an implemen tatio n of a tagging optimization algorithm for

Sc heme [9], applied to itself; e arley is an implemen tation of Earley's parsing al-

gorithm, b y Marc F eeley; gr aphs , a program that coun ts the n um b er of directed
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graphs with a distinguished ro ot and k v ertices eac h ha ving out-degree at most 2;

lattic e en umerates the lattice of maps b et w een t w o lattices; matrix tests whether

a giv en random matrix is maxim al among all matrices of the same dimension

obtainable via a set of simple transformations of the original matrix; nucleic is a


oating-p oin t in tensiv e program to determine n ucleic acid structure; and scheme

is a Sc heme in terpreter b y Marc F eeley . The size of eac h of these b enc hmarks

is rep orted in Figure 2.

2

W e considered only compiled systems, and restricted

ourselv es to compilers that translated Sc heme programs to C co de b ecause alto

requires relo cation information to reconstruct the con trol 
o w graph from an

executable program, whic h means that the link er needs to b e in v ok ed with the

appropriate 
ags that instruct it to not discard the relo cation information; sys-

tems that compiled to C seemed to o�er the simplest w a y to comm unicate the

appropriate 
ags to the link er.

The Biglo o compiler w as in v ok ed with options -O4 -farithmetic -unsafe

-cgen , except for the nucleic program, for whic h the options used w ere -O3

-unsafesv -cgen . The Gam bit-C compiler w as in v ok ed without an y additional

compiler options, but the resulting C co de had the switc h -D___SINGLE_HOST

passed to the C compiler to generate faster co de The resulting C co de w as com-

piled with the DEC C compiler V5.2-036 (the highly optimizing GEM compiler

system [3 ], whic h w e found generates faster co de than curren t v ersions of gcc )

in v ok ed as cc -O4 , with additional 
ags to retain relo cation information and

pro duce statically link ed executables. The pro�ling inputs used w ere the same

as that used for the actual b enc hmarking. The timings w ere obtained on a ligh tly

2

The n um b ers rep orted here are for the programs a v ailable with the Gam bit-C 2.7 distribution

( http://ww w. iro .um ont rea l. ca/ ~ga mbi t ), measured for the \core program", i.e., without

system-sp eci �c de�nitions, using the wc utilit y . Of course, \lines of co de" is not really an

appropriat e measure of size for link-time optimizati on, and these n um b ers are sho wn only

to pro vide some in tuition: a more appropriate measure, for our purp oses, is the n um b er of

instructions in the �nal executable , as rep orted in this table.
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loaded DEC Alpha w orkstation with a 300 MHz Alpha 21164 pro cessor with a

split primary cac he (8 Kb ytes eac h of instruction and data cac he), 96 Kb ytes

of on-c hip secondary cac he, 2 Mb ytes of o�-c hip bac kup cac he, and 512 Mb ytes

of main memory , running Digital Unix 4.0. In eac h case, the smallest time of

15 runs is considered. Measuremen ts of the n um b er of di�eren t kinds of op era-

tions executed, cac he misses, etc., w ere obtained using hardw are coun ters on the

pro cessor, using the b est n um b er out of 5 runs.

Figure 3 sho ws the execution time impro v emen ts due to alto , compared

to what is ac hiev able otherwise using aggressiv e compile-tim e optimization (at

lev el -O4 ), together with pro�le-guided and in ter-�le optimization as w ell as link-

time optimization using the Om link-time optimizer [15 ]. There are t w o main

p oin ts to note from this �gure. First, note that in almost all cases|the sole

exception is c onform under Gam bit-C| a lto pro duces co de that is signi�can tly

faster than that pro duced using Om. The second p oin t is that, ev en though the

programs w ere sub jected to a high degree of optimization b y b oth the Sc heme

and the C compilers, alto nev ertheless succeeds in ac hieving signi�can t further

impro v emen ts in p erformance. The impro v emen ts for Biglo o range from ab out

10% to o v er 30%, with an a v erage impro v emen t of 19.3%. The impro v em en ts are

smaller for Gam bit-C, ranging from ab out 6% to ab out 15.5%, with an a v erage

impro v emen t of ab out 10.2%.

3

Figure 1 indicates that for the programs considered, there are three main

classes of op erations executed: memory op erations, in teger op erations, and branc h

op erations. Figure 4 sho ws the e�ect of alto on the n um b er of memory and in-

teger op erations executed; while alto is able, in some cases, to reduce n um b er of

branc h op erations executed, the reductions are generally not large enough to b e

signi�can t. It can b e seen that for Gam bit-C, alto is able to e�ect a reduction

3

These a v erages w ere computed as follo ws: for eac h of the systems considered, w e deter-

mined the ratio of the execution times after optimization to the original execution time (i.e.,

Opt./Orig. in T able 3), computed the geometric mean, and subtracted this from 1.00.
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Program Accesses Misses Miss Rate Accesses Misses Miss Rate �Accesses

( � 10

6

) ( � 10

6

) (%) ( � 10

6

) ( � 10

6

) (%) (%)

b o y er 1252.26 1.27 0.10 907.34 0.58 0.06 27.54

conform 453.70 10.10 2.22 398.00 1.19 0.30 12.27

dynamic 395.96 6.43 1.62 338.82 2.14 0.63 14.43

earley 974.06 2.68 0.27 920.58 0.78 0.08 5.49

graphs 1495.59 32.62 2.18 1320.81 6.02 0.45 11.68

lattice 2491.41 3.85 0.15 2443.31 1.55 0.06 1.93

matrix 2637.69 23.64 0.89 2262.69 11.46 0.50 14.21

n ucleic 1793.26 164.36 9.16 1447.69 30.37 2.09 19.27

sc heme 2767.45 30.47 1.10 2216.75 7.15 0.32 19.89

(a) Biglo o

Original Optimized

Program Accesses Misses Miss Rate Accesses Misses Miss Rate �Accesses

( � 10

6

) ( � 10

6

) (%) ( � 10

6

) ( � 10

6

) (%) (%)

b o y er 1230.11 9.78 0.79 1084.09 1.06 0.09 11.87

conform 913.96 27.24 2.98 866.91 16.95 1.95 5.14

dynamic 1735.13 42.31 2.43 1518.46 14.46 0.95 12.48

earley 1274.87 23.57 1.84 1185.54 0.96 0.08 7.00

graphs 433.58 21.51 4.96 432.86 3.91 0.90 0.16

lattice 2976.57 77.80 2.61 2729.05 1.93 0.07 8.31

matrix 2470.24 71.63 2.89 2213.54 28.21 1.27 10.39

n ucleic 377.09 14.76 3.91 358.74 7.97 2.22 4.86

sc heme 3126.19 318.07 10.17 3413.83 17.90 0.52 {9.20

(b) Gam bit

T able 1. Instruction Cac he b eha vior

of around 4% in the n um b er of memory op erations and 5{10% in the n um b er

of in teger op erations; for Biglo o the impro v emen ts are more dramatic, with 5{

10% reductions in the n um b er of memory op erations and 15{25% reductions in

the n um b er of in teger op erations executed. The v ast ma jorit y of the memory

op erations eliminated turn out to b e load op erations, whic h are t ypically more

exp ensiv e than store op erations.

T able 1 sho ws the e�ect of alto on the instruction cac he b eha vior of the pro-

grams. The group of columns mark ed ` Original ' refers to the original program,

while those group ed under ` Optimized ' refer to the output of alto ; the column

mark ed `� Accesses' refers to the p ercen tage impro v em en t in the n um b er of

i-cac he accesses from the original to the optimized program, relativ e to the orig-

inal program. W e see, from the �Accesses column, that the n um b er of i-cac he

accesses, i.e., the n um b er of instruction accesses, generally decreases after opti-

mization: the sole exception is the scheme b enc hmark under Gam bit-C, whic h

exp eriences an increase of o v er 9% in the n um b er of i-cac he accesses. W e are

curren tly in v estigating the reason for this anomaly . In all cases, ho w ev er, b oth

the n um b er of i-cac he misses, and the i-cac he miss rate, decrease dramatically ,



Original Optimized

Program Accesses Misses Miss Rate Accesses Misses Miss Rate �Accesses

( � 10

6

) ( � 10

6

) (%) ( � 10

6

) ( � 10

6

) (%) (%)

b o y er 578.28 49.90 8.00 515.76 47.92 9.00 10.81

conform 284.95 18.35 6.00 257.55 21.28 8.00 9.61

dynamic 207.61 26.06 12.00 186.84 25.01 13.00 10.00

earley 649.46 59.11 9.00 605.88 57.47 9.00 6.71

graphs 730.72 128.23 17.00 670.17 96.32 14.00 8.28

lattice 1844.44 46.35 2.00 1671.10 92.60 5.00 9.39

matrix 1463.61 154.46 10.00 1358.69 146.29 10.00 7.16

n ucleic 1105.26 79.70 7.00 1051.39 73.54 6.00 4.87

sc heme 1331.42 167.60 12.00 1275.19 162.43 12.00 4.22

(a) Biglo o

Original Optimized

Program Accesses Misses Miss Rate Accesses Misses Miss Rate �Accesses

( � 10

6

) ( � 10

6

) (%) ( � 10

6

) ( � 10

6

) (%) (%)

b o y er 728.49 108.08 14.00 700.84 100.10 14.00 3.79

conform 574.35 38.73 6.00 572.06 37.73 6.00 0.39

dynamic 1301.02 101.28 7.00 1237.12 82.82 6.00 4.91

earley 1105.85 50.79 4.00 1061.87 50.23 4.00 3.97

graphs 422.90 20.85 4.00 415.82 20.79 5.00 1.67

lattice 2165.83 76.89 3.00 1979.51 64.55 3.00 8.60

matrix 1816.00 131.53 7.00 1725.56 118.03 6.00 4.98

n ucleic 301.20 43.53 14.00 284.68 47.74 16.00 5.48

sc heme 2077.62 306.80 14.00 2072.70 302.66 14.00 0.23

(b) Gam bit

T able 2. Data Cac he b eha vior

primarily due to pro�le-guided co de la y out.

T able 2 sho ws the e�ect of alto on the data cac he b eha vior of programs

tested. While alto do es not do an ything to c hange data la y outs, it can b e seen

that for most programs there are noticeable reductions in the n um b er of data

cac he accesses: w e b eliev e that this is lik ely to b e due to the elimination of load

op erations b y alto . Surprisingly , in a few programs the reduction in data cac he

accesses is accompanied b y an increase in data cac he misses: w e conjecture that

this ma y b e b ecause some load op erations, whic h w ould ha v e caused nearb y

memory w ords to b e brough t in to the cac he, w ere eliminated b y alto , and that

this resulted in cac he misses when those nearb y w ords w ere accessed.

The amoun t of co de gro wth due to inlining ranges from ab out 0.5% for

the Gam bit-C system, where v ery little inlining tak es place, to ab out 1.5% for

Biglo o. F or either implemen tation, the amoun t of inlining do es not seem to v ary

signi�can tly for the di�eren t b enc hmarks, suggesting that most of the inlining

in v olv es library routines; this is not surprising, since the programs used w ere

single-mo dule programs and one w ould exp ect the Sc heme and C compilers to

ha v e inlined most of the ob vious candidates at compile time.



W e b eliev e that the p erformance impro v em en ts rep orted here are conserv a-

tiv e, b ecause the b enc hmarks used don't really ha v e the c haracteristics where

link-time optimization can b e exp ected to pa y o� signi�can tly . Eac h b enc hmark

consists of a single �le; the use of libraries is limited to system primitiv es (i.e.,

there is v ery little co de reuse at the user lev el); and the programs don't use

more than one language. In the near future w e in tend to in v estigate larger, more

realistic, m ulti-m o dule b enc hmarks: w e b eliev e link-time optimization will o�er

ev en greater b ene�ts for suc h applications.

8 Conclusions

The traditional mo del of compilation is unable to optimize co de that is not a v ail-

able for insp ection at compile time. This means that applications that mak e ex-

tensiv e use of library routines, or where di�eren t mo dules are written in di�eren t

languages, ma y incur a p erformance p enalt y . One w a y to address this problem

is to apply lo w lev el co de optimizations at link time. Ho w ev er, the manipulation

of mac hine co de has c hallenges of its o wn, including increased program size and

di�cult y in extracting information ab out program b eha vior.

This pap er describ es alto , a link-time optimizer w e ha v e dev elop ed for the

DEC Alpha arc hitecture, and our exp eriences with its application to sev eral

Sc heme b enc hmarks, using co de generated b y three di�eren t optimizing Sc heme

compilers. Ev en though the b enc hmarks lac k the features that w ould sho w o�

the b ene�ts of link-time optimization, and w ere compiled with high lev els of

compiler optimization (b oth at the Sc heme and C lev el), w e �nd that alto is

able to ac hiev e signi�can t p erformance impro v emen ts.
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