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Abstract

In terpro cedural analyses can b e classi�ed as either con text-insensiti v e, whic h tend to sacri-

�ce precision to gain e�ciency , or con text-sensitiv e, whic h are more precise but also more

exp ensiv e. This pap er discusses a pro�le-guided approac h to in terpro cedural analysis that is

con text-sensitiv e, and hence more precise, for the \imp ortan t" call sites for a function, and

con text-insensiti v e, and hence more e�cien t, for the \unimp ortan t" call sites. Exp erimen ts in-

dicate that this approac h can b e signi�can tly more e�cien t than a traditional con text-sensitiv e

analysis without sacri�cing m uc h of the pragmatic v alue of the data
o w information gathered.

1 In tro duction

F or co de analysis and optimization purp oses, compilers t ypically construct a con trol 
o w graph for

eac h function in a program [1]. Con trol 
o w across function b oundaries is often represen ted using

an interpr o c e dur al c ontr ol 
ow gr aph (e.g., see [15 ]), whic h consists of the con trol 
o w graphs of all

the functions in the program, together with edges represen ting calls and returns that link the 
o w

graphs of di�eren t functions. A function call is represen ted using a pair of no des, a c al l no de and a

r eturn no de : there is an edge, called the c al l e dge , from a call no de to the en try no de of the callee,

with a corresp onding edge, called a r eturn e dge , from the exit no de of the callee to the return no de.

In terpro cedural program analyses can b e classi�ed as b eing either c ontext-sensitive or c ontext-

insensitive , dep ending on the manner in whic h data
o w information is propagated from a call site,

through a called pro cedure, and bac k to the basic blo c k to whic h execution returns at the end of the

call. T raditionally , these ha v e b een view ed as fundamen tally di�eren t approac hes to in terpro cedural

analysis. A con text-insensitiv e program analysis do es not giv e an y sp ecial treatmen t to call edges or

return edges, except p ossibly for the b o ok-k eeping that migh t b e in v olv ed in going from the caller's

name space to the callee's or vice v ersa. The data
o w information at the en try to a function is

computed as the meet of the information at the v arious call sites for that function,
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the data
o w

information ev en tually obtained at the exit no de for the function is then propagated to the return

no de at eac h of its call sites. As a result, the analysis algorithms remain relativ ely simple and

e�cien t. The dra wbac k, ho w ev er, is that of loss in precision, b ecause information can b e propagated

along unrealizable paths in the in terpro cedural con trol 
o w graph, i.e., paths that can nev er o ccur

at run time b ecause of mismatc hed call/return edges.

The problem of imprecision can b e addressed using a con text-sensitiv e analysis. Suc h analyses

propagate information only along realizable execution paths, i.e., they don't propagate information

from the call no de of one call site, through the b o dy of the callee, and then to the return no de of

a di�eren t call site. Since the results of analysis for one call site are not \p olluted" b y data
o w

information from another call site, this leads to more precise data
o w information, but the analysis

algorithms and data structures b ecome more complex and p oten tially more exp ensiv e. F or example,

comparing con text-insensitiv e and con text-sensitiv e con trol 
o w analyses for ob ject-orien ted lan-

guages, Gro v e et al. rep ort that for man y programs, ev en mo dest amoun ts of con text-sensitivit y

lead to h uge increases in resources used, going from around 1 min ute of analysis time and 1{10
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The discussion here is couc hed in terms of a forw ard analysis; the situation is analogous for bac kw ard analyses.
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MB of memory to o v er 24 hours(!) of time and/or 450 MB of memory [12 ]. Comparing p oin ter

alias analyses for C programs, Ruf rep orts that the con text-sensitiv e v ersion is 2{3 orders of mag-

nitude slo w er than the con text-insensitiv e v ersion [17 ]. These exp eriences suggest that it w ould b e

w orth while to try and reduce the cost of con text-sensitiv e analyses if this could b e done without

signi�can tly a�ecting the pragmatic utilit y of the information pro duced b y them.

In practice, it turns out that the dynamic distribution of calls for the di�eren t call sites of a

function t ypically tends to b e sk ew ed to w ards a small n um b er of frequen tly executed call sites. F or

example, in the SPEC-95 b enc hmark m88ksim , the most frequen tly called function, uext() , has 19

call sites, of whic h only t w o are frequen tly executed; these t w o call sites accoun t for almost 95% of

the calls to this function at run time.
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In the SPEC-95 b enc hmark p erl , the most frequen tly called

function, eval() , has 40 call sites: of these, the t w o most frequen tly executed call sites accoun t for

o v er 81% of the calls to the function, and if w e consider the top four call sites, w e get o v er 98% of the

dynamic calls to it. Figure 1 sho ws, for the eigh t SPEC-95 in teger b enc hmarks, the fraction of the

total n um b er of dynamic calls in a program (plotted along the y -axis) that are accoun ted for when

w e consider at most a �xed fraction of eac h function's call sites (plotted along the x -axis). It can b e

seen that considering at most half of the call sites of eac h function allo ws us to accoun t for almost

75% of all the dynamic calls in the program; if w e disregard li and m88ksim , considering only a third

of the call sites of eac h function su�ces to accoun t for close to 80% of all the dynamic calls.
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What

this means is that most call sites aren't executed all that often. F or the frequen tly executed call

sites of a function, a con text-sensitiv e analysis giv es us the precision that w e desire, but at the cost

of exp ending considerable time and space resources analyzing the infrequen tly executed call sites

to a function. A con text-insensitiv e analysis do esn't incur these o v erheads, but the e�ciency gains

come at the cost of sacri�cing precision for all of the call sites, including the frequen tly executed

ones for whic h w e w ould lik e precise data
o w information. Pragmatically , therefore, neither of these

t w o approac hes to in terpro cedural analysis is en tirely satisfactory .

This pap er describ es a pro�le-guided approac h to con text-sensitiv e in terpro cedural analyses that

attempts to address this situation in a w a y that obtains the precision b ene�ts of con text-sensitivit y

for frequen tly executed call sites but do esn't w aste a lot of resources on infrequen tly executed ones.

Using this approac h, \classical" con text-sensitiv e and con text-insensitiv e analyses are no longer

seen as t w o fundamen tally distinct approac hes to program analysis, but rather as simply the t w o

extreme p oin ts of an en tire sp ectrum of di�eren t analyses. The in termediate p oin ts of this sp ectrum,

whic h ha v e cost-b ene�t tradeo�s in b et w een the t w o extremes, can b e in teresting and useful from

a pragmatic p ersp ectiv e. W e illustrate our ideas using an alias analysis for executable co de [9 ],

where the alias information is used for instruction sc heduling; ho w ev er, the underlying ideas are

quite general and applicable to other con text-sensitiv e in terpro cedural analyses as w ell.

2 Pro�le-Guided Con text-Sensitiv e Analysis

The in tuition b ehind our idea is v ery simple. Our goal is to incur the time and space o v erheads

of a con text-sensitiv e analysis only for the imp ortan t call sites of a function. T o this end, w e use

execution pro�le information to partition the call sites of eac h function in to equiv alence classes. The

idea is to carry out in ter-pro cedural analysis in suc h a w a y that it is con text-insensitiv e within eac h

partition, but con text-sensitiv e acr oss partitions. In terms of in ter-pro cedural execution paths, this

means that the analysis propagates data
o w information along paths suc h that a call edge from a

function f to a function g is matc hed up with a return edge from g to a function h if and only if the

corresp onding call sites in f and h are in the same partition. Note that in the sp ecial case where,

for eac h function, all of its the call sites are group ed in to the same partition, w e get a traditional

con text-insensitiv e analysis. On the other hand, in the case where ev ery call site for eac h function

is in a di�eren t partition b y itself, w e get a traditional con text-sensitiv e analysis.

2

Unless otherwise men tioned, execution pro�les for SPEC-95 b enc hmarks refer to their training inputs, since that

is what a compiler w ould use to guide its decisions.
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The reason the fraction of dynamic calls don't go to 1.0 un til w e consider all call sites is that, for a giv en fraction

on the x axis, w e consider at most that fraction of a function's call sites. Because of this, functions that ha v e exactly

one call site aren't considered un til x = 1 : 0.
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Figure 1: Call site execution frequency distributions: SPEC-95 in teger b enc hmarks

Consider a function f that has six call sites c

1

; : : : ; c

6

. Call sites c

1

, c

2

and c

3

are executed a

large n um b er of times; the remainder are infrequen tly executed. F urther, supp ose that the data
o w

information a v ailable ab out the argumen ts to f at call sites c

2

and c

3

di�er only on one argumen t,

whic h happ ens to b e used only in a v ery infrequen tly executed p ortion of the b o dy of f . The analysis

of f could then b e carried out as follo ws:

{ Since call sites c

4

, c

5

, and c

6

are infrequen tly executed, it do esn't really matter, pragmatically ,

if the data
o w information obtained for these call sites is precise or not. W e could, therefore,

simply \merge" the data
o w information ab out the argumen ts to f (i.e., compute their meet)

at these three call sites, analyze f once using this merged information, and propagate the

resulting information at the exit from f to the return blo c ks for these call sites.

{ Since call sites c

2

and c

3

happ en to disagree only on an unimp ortan t argumen t|that is,

one that is used only in an infrequen tly executed p ortion of f |w e could merge the data
o w

information at these t w o call sites, analyze f once using the merged information, and propagate

the results bac k to this pair of call sites. This w ould lose information ab out the argumen t these

call sites disagree on, but since this argumen t is only used in an infrequen tly executed p ortion

of the b o dy of f , the pragmatic impact of this loss of information is lik ely to b e small.

In this case, w e ha v e partitioned the call sites for f in to three sets: f c

1

g , f c

2

; c

3

g , and f c

4

; c

5

; c

6

g .

Note that, while the partitioning is driv en b y pro�le information, it need not b e a simple-minded

decision made purely b y the relativ e execution frequency of the di�eren t call sites for a function. It

is p ossible, and can b e useful, to tak e in to accoun t the p erceiv ed utilit y of the data
o w information

(whose ev aluation ma y v ery w ell use execution pro�le information as w ell) in di�eren t partitions.

This w as done, in the example ab o v e, for call sites c

2

and c

3

, whic h w ere placed in to the same

partition ev en though they are b oth frequen tly executed.

W e sk etc h here the c hanges necessary to adapt a traditional con text sensitiv e analysis to use our

pro�le-guided approac h, whic h are fairly minor. W e mak e the follo wing assumptions:

1. The analysis is carried out o v er a domain of v alues D that is a complete meet-semilattice with

meet op erator ^ and greatest elemen t > (i.e., x ^ > = > ^ x = x for all x 2 D ).

2. F or eac h pro cedure p in the program, the analysis main tains a function Summa ry

p

: giv en (an

enco ding of ) a calling con text � for a pro cedure p , Summa ry

p

( � ) returns a pair ( � x ; �y ), where

�x summarizes the data
o w information at the en try to p for an y call originating at the giv en

calling con text, and � y describ es the corresp onding data
o w information at the exit from p .
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3. The data
o w information curren tly a v ailable for a pro cedure p and calling con text � , at the

en try to p , is giv en b y the function EntryInfo

p

( � ):

EntryInfo

p

( � ) =

�

�x if ( � x; �y ) = Summa ry

p

( � ) is de�ned

> otherwise

4. The analysis of a pro cedure p for a calling con text � , with data
o w information � u at the en try

to p , is carried out b y a pro cedure analyze p ro c ( p; �u ; � ). If the analysis is in a recursion cycle,

this pro cedure computes an appro ximation for the exit information instead of analyzing the

b o dy of the pro cedure. Otherwise, it maps the data
o w information � u to the lo cals of p to

obtain an initial set of data
o w facts �v ; initializes the analysis of the b o dy of p using the

data
o w information �x = �v ^ EntryInfo

p

( � ), i.e., using the meet of the previously recorded

en try information for that calling con text and the curren t information at the call site; analyzes

the b o dy of p starting with this initial data
o w information; and up dates Summa ry

p

( � ) to b e

( � x; �y ), where �y is the resulting data
o w information at the exit from p .

None of this is v ery new, and w e don't pursue the details further. There are also ob vious re�nemen ts,

suc h as storing in Summa ry

p

only the data
o w information that ma y b e a�ect or b e a�ected b y to

a caller of p ; these are not directly relev an t for our purp oses and so are not discussed here. A

traditional con text-sensitiv e analysis in v olv es initializing data
o w v alues to > and then rep eatedly

tra v erse its call graph, analyzing eac h pro cedure at eac h of its call sites with the appropriate data
o w

information a v ailable at that call site, un til there is no c hange an ywhere.

In order to adapt this to a pro�le-guided analysis, w e pro ceed as follo ws. Supp ose that w e ha v e

the in ter-pro cedural con trol 
o w graph for a program P , together with a partitioning on the calling

con texts of eac h pro cedure in P induced b y execution pro�le information for P (for simplicit y of

presen tation w e assume here that this partitioning is �xed prior to analysis; in practice, it ma y c hange

during analysis, as in the example discussed ab o v e, but it isn't di�cult to extend the discussion here

to accommo date this). The only c hange, compared to a traditional con text-sensitiv e analysis, is

that the enco ding for a calling con text at a call site is no w determined b y the partition that calling

con text is in, so that calling con texts in the same partition ha v e the same enco ding.

T o see that this simple c hange ac hiev es what w e w an t, consider the analysis of a pro cedure p for

a particular con text � , suc h that the data
o w information at the call site under consideration is �u .

The pro cedure analyze p ro c starts b y taking the meet of the data
o w information � u (appropriately

mapp ed to p 's name space) together with the information EntryInfo

p

( � ) describing the curren tly

kno wn en try information for that calling con text. Since con texts in the same partition ha v e the

same con text enco ding, this e�ectiv ely computes the meet of �u with the curren tly kno wn en try

information at eac h con text that is in the same partition as � . After p has b een analyzed, the

resulting information at the exit from p is used to up date Summa ry

p

( � ): the e�ect of this is to

propagate the resulting data
o w information to all calling con texts in the same partition as � . In

e�ect, this realizes an analysis that is con text-insensitiv e for calling con texts that are in the same

partition, but is con text-sensitiv e across partitions.

3 An Example Analysis: Alias Analysis of Executable Co de

The previous section discussed pro�le-guided analyses in general terms. W e next describ e our ex-

p eriences with an implem en tation of a particular pro�le-guided analysis. The primary issue that

has to b e addressed is the mec hanism for partitioning the set of call sites in a program giv en an

execution pro�le. An ev aluation of sp eci�c criteria w e tested is giv en after a quic k o v erview of our

analysis problem.

The ideas describ ed in this pap er w ere motiv ated b y an alias analysis algorithm w e ha v e dev elop ed

for executable co de [9 ]. The basic idea in this algorithm is to reason ab out arithmetic computations

mo dulo some pre-selected v alue k : a set of addresses is then represen ted b y an addr ess descriptor ,

whic h is a pair h I ; S i , where I is an instruction, called the de�ning instruction for (a register describ ed
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b y) that address descriptor, and S a set of residues, mo dulo k , with resp ect to the v alue computed

b y instruction I . Since k is �xed, so is the set of p ossible residues mo dulo k , whic h means that S

can b e represen ted as a bit v ector. Additionally , as a matter of practicalit y , at v ertices in the (in ter-

pro cedural) 
o w graph that ha v e m ultiple predecessors , w e use a widening op eration to \merge"

the information coming in along the incoming con trol 
o w edges. The essen tial idea b ehind this

op eration is that if w e ha v e t w o incoming edges at a v ertex in the 
o w graph suc h that the v alues

for a register r b eing propagated along these edges is describ ed b y address descriptors h I

1

; S

1

i and

h I

2

; S

2

i resp ectiv ely , and I

1

6= I

2

, then the information ab out r is widened to ? , denoting a lac k of

information. This allo ws us to asso ciate a single address descriptor with a register at eac h program

p oin t of in terest, rather than a set of descriptors, and k eeps the memory requiremen ts of the analysis

reasonable. Ov erall, this leads to a reasonably time and space e�cien t analysis algorithm.

The original form ulation of our analysis w as con text-insensitiv e [9]. This turns out to lead to an

undesirable loss in precision in a n um b er of situations. An example of this can b e seen in the function

alignd() in the SPEC-95 b enc hmark m88ksim . The callers of this function pass it, as argumen ts in

registers r17 and r18 , p oin ters in to distinct structures in their stac k frames; the function con tains

a v ery hea vily executed lo op con taining a basic blo c k that has a series of indirect loads and stores

through these p oin ters, with the follo wing structure:

...

store r7, 0(r18)

load r6, 0(r17)

... use r6, de�ne r6

store r6, 0(r18)

load r23, 0(r17)

... use r23, de�ne r23

store r23, 0(r17)

load r8, 0(r18)

...

W e w ould lik e to sc hedule the load instructions in this blo c k to b etter hide their latency . In the

absence of accurate aliasing information ab out registers r17 and r18 , ho w ev er, w e are unable to

mo v e the load instructions past the imm ediately preceding store instructions. This signi�can tly

constrains the qualit y of instruction sc heduling p ossible in this blo c k.

It turns out, unfortunately , that the con text-insensitiv e v ersion of our alias analysis [9 ] do esn't

help us in this situation. The problem is that, since registers r17 and r18 are loaded with p oin ters

in to the caller's stac k frame at eac h call site to alignd() , the de�ning instruction for eac h of these

registers is di�eren t at eac h call site. Because of this, when w e compute the meet of the incoming

information at the en try no de of the function, the information asso ciated with these registers is

widened to ? , as describ ed ab o v e: that is, all of the information is lost. On the other hand,

abandoning the widening w ould cause a h uge increase in the cost of the analysis.

The ob vious solution to this problem w ould b e to use a con text-sensitiv e in terpro cedural analysis.

Ho w ev er, the de�ning instructions for a register are generally di�eren t at di�eren t call sites to a

function, whic h means that the aliasing information asso ciated with di�eren t call sites will also b e

di�eren t. This implies that v ery little sharing of information across call sites is p ossible, and also

that the callee will ha v e to b e analyzed separately for eac h suc h call site. Giv en that executable

programs|esp ecially statically link ed programs, where all of the co de for the v arious library routines

is a v ailable for analysis|tend to b e signi�can tly larger than the corresp onding source lev el en tities,

this indicates that the cost of a traditional con text-sensitiv e analysis is lik ely to b e quite high.

W e c hose, instead, to use a pro�le-guided analysis. Before going in to details, w e sp ecify what it

means for a basic blo c k to b e considered hot . Giv en a v alue � in the in terv al (0,1], w e determine the

largest execution frequency threshold N suc h that, b y considering only those basic blo c ks that ha v e

execution frequency at least N , w e are able to accoun t for at least the fraction � of the total n um b er
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Program Standard Callsite F req. Based Relev ance Conserv ativ e

� = 1 : 0 � = 0 : 8 � = 0 : 67 � = 1 : 0

compress 861 365 312 306 240 340

( 100.0% ) ( 42.4% ) ( 36.2% ) ( 35.5% ) ( 27.9% ) ( 39.5% )

gcc 25109 9701 4643 4003 9382 3671

( 100.0% ) ( 38.6% ) ( 18.5% ) ( 15.9% ) ( 37.4% ) ( 14.6% )

go 3062 2023 1010 903 1813 925

( 100.0% ) ( 66.1% ) ( 33.0% ) ( 29.5% ) ( 59.2% ) ( 30.2% )

ijp eg 2019 1027 862 838 669 858

( 100.0% ) ( 50.9% ) ( 42.7% ) ( 41.5% ) ( 33.1% ) ( 42.5% )

li 2651 1101 840 808 967 822

( 100.0% ) ( 41.5% ) ( 31.7% ) ( 30.5% ) ( 36.5% ) ( 31.0% )

m88ksim 2766 884 717 678 728 705

( 100.0% ) ( 32.0% ) ( 25.9% ) ( 24.5% ) ( 26.3% ) ( 25.5% )

p erl 5693 1428 970 897 1262 889

( 100.0% ) ( 25.1% ) ( 17.0% ) ( 15.8% ) ( 22.2% ) ( 15.6% )

v ortex 10107 4505 2344 2125 4328 2046

( 100.0% ) ( 44.6% ) ( 23.2% ) ( 21.0% ) ( 42.8% ) ( 20.2% )

Geo. Mean 100.0% 41.1% 27.3% 25.4% 34.1% 25.6%

T able 1: Analysis Costs: T otal call sites analyzed

of instructions executed b y the program (as indicated b y its basic blo c k execution pro�le). An y

basic blo c k whose execution coun t is at least N is then said to b e hot with resp ect to the threshold

� . F or example, giv en � = 0 : 95 (the v alue w e use for our exp erimen ts), the hot basic blo c ks of a

program consist of those that allo w us to accoun t for at least 95% of the instructions executed at

run time. W e use pro�le information to partition the call sites for eac h pro cedure as follo ws: if a call

site is considered to b e \imp ortan t" according to some criterion, it is giv en its o wn partition where

it is the only mem b er; otherwise, it is put in to a partition that con tains all \unimp ortan t" call sites.

W e exp erimen ted with three classes of criteria for determining the imp ortance of call sites:

1. Cal lsite F r e quency-b ase d Cuto�s : Here the decision as to whether a call site is imp ortan t or

not is made based on its execution frequency relativ e to the execution frequency of the other

call sites to the function. Sp eci�cally , w e use a cuto� threshold � , and mark the call sites of

eac h function in descending order of execution frequency un til the fraction of the dynamic calls

to the function accoun ted for b y the mark ed call sites is at least � . In the case where � = 1 : 0,

all call sites to a function with non-zero execution frequency are considered to b e imp ortan t.

2. R elevanc e-b ase d Cuto�s : Here the frequency-based criteria are augmen ted b y the notion of

\relev ance." W e de�ne a function f as b eing r elevant if either ( i ) f con tains a hot basic

blo c k; or ( ii ) there is a relev an t function g that is reac hable from f in the call graph of the

program. The in tuition is that a function is relev an t if it is p ossible for the (forw ard) data
o w

information computed for it to in
uence the data
o w information at a frequen tly executed

basic blo c k. Th us, in this case a call site is considered imp ortan t if its execution frequency is

high enough relativ e to the other call sites to the function, and the called function is relev an t.

3. Conservative : Here a call site is considered imp ortan t if its con tribution to the run time

execution pro�le of the called function is high enough that, ev en if all other call sites for the

callee are ignored, some basic blo c k in the callee w ould b e hot.

Our exp erimen ts w ere carried out in the con text of alto , a link-time optimizer w e ha v e constructed

for the DEC Alpha arc hitecture [14 ]. Programs w ere compiled with the DEC C compiler V5.2-036

in v ok ed as cc -O4 , with link er options to retain relo cation information and to pro duce statically

link ed executables. Lo w-lev el pro�le information w as generated with pixie , using the SPEC training

inputs. Timings w ere obtained on a ligh tly loaded DEC Alpha w orkstation with a 300 MHz Alpha

21164 pro cessor with 512 Mb ytes of main memory , running Digital Unix 4.0.
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T able 1 sho ws the n um b er of call sites considered b y a n um b er of di�eren t criteria w e exp eri-

men ted with.

4

Here, \Standard" refers to a traditional con text-sensitiv e in ter-pro cedural analysis.

F or eac h program, the top ro w giv es the actual n um b er of call sites considered, while the n um b ers

b elo w these sho w the ratio compared to the \Standard" column. It do es not come as a great surprise

that pro�le-guided tec hniques lead to a decrease in the n um b er of call sites considered: what is in-

teresting, p erhaps, is the magnitude of the reduction. Simply disregarding only those call sites that

are nev er executed (Callsite frequency based cuto�s, � = 1 : 0) leads to close to a 60% reduction, on

the a v erage, in the n um b er of call sites considered (and amoun t of memory used). When relev ance

information is also tak en in to accoun t, the a v erage n um b er of of callsites considered drops to just

o v er a third of that for the standard analysis. More stringen t criteria further reduce the n um b er of

call sites considered, to around a quarter of the n um b er considered b y the standard analysis.

T able 2 sho ws the time tak en b y the analysis under di�eren t selection criteria for call sites.

Disregarding call sites that are not executed leads to a reduction in analysis time of o v er 60%

on the a v erage. When relev ance is also tak en in to accoun t, the analysis time drops to just o v er

33% of the time for the standard analysis, on the a v erage. Callsite frequency based criteria with

lo w er cuto� thresholds giv e analysis times that are, on the a v erage, ab out 18%{20% of that of the

standard analysis. Ev en though the n um b er of call sites pro cessed using the conserv ativ e criterion

is comparable to that for the call site frequency based criterion with � = 0 : 67, the additional w ork

in v olv ed in iden tifying imp ortan t call sites for the former leads to analysis times that are, on the

a v erage, ab out 40% of the standard analysis, i.e., ab out double that for the call site frequency based

sc heme with � = 0 : 67. These a v erages are somewhat distorted b y the gc c b enc hmark, ho w ev er: the

problem with this program is that it con tains man y functions with a large n um b er of call sites whose

frequency distributions are not as sharply sk ew ed as those of the other programs. Because of this,

the relativ ely simple-minded algorithms w e use to prepro cess the program and iden tify imp ortan t

call sites end up b eing quite exp ensiv e o v erall. As a result, some of the pro�le-based analyses for

this program ended up b eing more exp ensiv e than the standard analysis. If w e don't consider gc c ,

for the remaining sev en b enc hmarks w e get an a v erage of ab out 31% for the callsite frequency based

sc heme with � = 1 : 0 and 26% for the relev ance-based sc heme with � = 1 : 0.

T ogether, these tables indicate that b y using pro�le information to a v oid analyzing unimp ortan t

call sites, w e can ac hiev e signi�can t reductions in the space and time requiremen ts for an analysis.

By itself, this result do esn't come as a h uge surprise: indeed, b y su�cien tly reducing the n um b er

of distinct call site partitions for the functions in a program, w e can approac h the e�ciency of a

con text-insensitiv e analysis. The k ey question, then, is whether these p erformance impro v emen ts are

accompanied b y a signi�can t degradation in the qualit y of data
o w information for the frequen tly

executed p ortions of the program. This issue is addressed in the next section.

4 Using the Analysis Information: Cloning for Instruction Sc heduling

Our goal is to use in terpro cedural alias analysis to determine whether the information a v ailable for a

particular call site for a function mak es p ossible co de impro v emen ts|in this case, b etter instruction

sc hedules|within the function that are not p ossible in general. If this turns out to b e the case,

w e clone the function as necessary (pro vided that the resulting co de impro v em en ts are judged to

b e signi�can t enough to w arran t the co de gro wth) to allo w this to b e done. Our approac h to

cloning is conceptually similar to that of Co op er et al. [7 , 8], except that w e use pro�le-guided

considerations for lo w lev el co de impro v emen ts to guide our cloning decisions, rather than fo cusing

on in ter-pro cedural constan t propagation. T o limit the amoun t of co de gro wth, cloning is considered

only for imp ortan t call sites. F urther, w e require that the alias information a v ailable at suc h a call

site C should allo w us to iden tify a pair of memory references I and J (at least one of whic h m ust

b e a store instruction), in some basic blo c k B within the function, as accessing non-o v erlapping

memory lo cations, suc h that ( i ) I and J cannot b e iden ti�ed as b eing non-o v erlapping without the

4

Our analysis main tains information ab out a �xed n um b er of registers for eac h call site, so its memory usage is

directly prop ortional to the n um b er of call sites considered. In particular, this means that the ratios of memory usage

for these criteria are iden tical to the ratios sho wn in T able 1. F or this reason they are not sho wn separately .
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Program Standard Callsite F req. Based Relev ance Conserv ativ e

� = 1 : 0 � = 0 : 8 � = 0 : 67 � = 1 : 0

compress 6.72 3.47 3.03 3.02 2.05 3.70

( 100.0% ) ( 51.6% ) ( 45.2% ) ( 44.9% ) ( 30.5% ) ( 55.1% )

gcc 633.24 1176.37 235.41 176.49 1177.49 480.38

( 100.0% ) ( 1.858 ) ( 37.2% ) ( 27.9% ) ( 1.859 ) ( 75.9% )

go 82.40 57.51 34.03 25.33 54.55 88.00

( 100.0% ) ( 69.8% ) ( 41.3% ) ( 30.7% ) ( 66.2% ) ( 1.068 )

ijp eg 26.85 7.85 7.43 7.37 5.63 8.33

( 100.0% ) ( 29.2% ) ( 27.7% ) ( 27.4% ) ( 21.0% ) ( 31.0% )

li 18.70 8.47 6.48 5.73 6.52 6.35

( 100.0% ) ( 45.3% ) ( 34.7% ) ( 30.7% ) ( 34.8% ) ( 34.0% )

m88ksim 45.98 8.87 6.57 6.30 8.18 12.53

( 100.0% ) ( 19.3% ) ( 14.3% ) ( 13.7% ) ( 17.8% ) ( 27.3% )

p erl 661.27 89.40 45.08 41.47 87.73 86.00

( 100.0% ) ( 13.5% ) ( 6.8% ) ( 6.3% ) ( 13.3% ) ( 13.0% )

v ortex 407.42 92.91 22.28 19.35 91.93 177.51

( 100.0% ) ( 22.8% ) ( 5.5% ) ( 4.7% ) ( 22.6% ) ( 43.6% )

Geo. Mean 100.0% 38.9% 20.8% 18.4% 33.2% 40.5%

T able 2: Analysis Time (secs)

alias information from C , i.e., based on purely lo cal reasoning; ( ii ) it is p ossible to reorder I and

J , i.e., there is no c hain of def-use dep endences b et w een them that forces one to b e executed b efore

the other; and ( iii ) B is a hot basic blo c k. After the in terpro cedural alias analysis, w e examine, for

eac h function, eac h of its imp ortan t call sites, and determine the set of memory reference instruction

pairs in that function that can b e iden ti�ed as b eing non-o v erlapping based on the alias information

at that call site, and that satisfy the additional criteria men tioned ab o v e. The call sites for eac h

function are then group ed in to buc k ets suc h that t w o call sites are in the same buc k et if and only

if they ha v e the same set of indep enden t pairs of memory reference instructions. A clone is created

for a buc k et if the com bined execution freqency of the relev an t call sites is high enough that at least

one indep enden t memory reference pair in the resulting clone w ould fall in a hot basic blo c k.

The exten t of cloning is sho wn in T able 5: eac h en try in this table is of the form m=n , where m

indicates the n um b er of clones created, and n the total n um b er of instructions added b y the cloning

pro cess. It can b e seen that the total amoun t of cloning is not v ery large, with only a relativ ely

small n um b er of clones b eing created. The largest amoun t of co de gro wth o ccurs for go (17%), vortex

(12%), and li (9.4%); the remaining programs exp erience co de gro wths of less than 5% eac h. This

indicates that the cloning criteria discussed earlier in the section are not unduly lib eral.

T urning to the question of qualit y of data
o w information obtained using pro�le-guided analysis,

T able 3 sho ws, for eac h of our b enc hmarks, the n um b er of indep enden t instruction pairs iden ti�ed

in functions that w ere cloned. Since a function is cloned only if w e determine that the data
o w

information a v ailable at a call site enables an optimization that w ould not otherwise b e enabled,

this is an indication of the exten t to whic h the con text-sensitiv e analysis is useful. Notice that

the analyses that disregard call sites that are not executed and/or not relev an t �nd exactly the

same n um b er of indep enden t instruction pairs in hot basic blo c ks as the standard analysis. Not

surprisingly , the more restrictiv e criteria lead to a drop in the n um b er of indep enden t instruction

pairs iden ti�ed; the drop is most pronounced for the programs gc c and li .

Ho w ev er, a reduction in the static coun t of the n um b er of indep enden t instructions found do es

not, b y itself, indicate a problematic lac k of precision, since it ma y happ en that the di�erences are

due to instructions in infrequen tly executed p ortions of the program. The run time imp ortance of the

pairs of indep enden t memory references found is sho wn in T able 4, where eac h pair of indep enden t

memory references in a cloned function is w eigh ted b y the execution frequency of the basic blo c k

in whic h those references o ccur. There are t w o p oin ts to b e noted here. The �rst is that this is a

measure of opp ortunities for optimization in the imp ortan t basic blo c ks in the program, and th us a
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Program Standard Callsite F req. Based Relev ance Conserv ativ e

� = 1 : 0 � = 0 : 8 � = 0 : 67 � = 1 : 0

compress 0 0 0 0 0 0

({) ({) ({) ({) ({) ({)

gcc 192 192 146 142 192 107

( 100.0% ) ( 100.0% ) ( 76.0% ) ( 74.0% ) ( 100.0% ) ( 55.7% )

go 197 197 189 161 197 189

( 100.0% ) ( 100.0% ) ( 95.9% ) ( 81.7% ) ( 100.0% ) ( 95.9% )

ijp eg 0 0 0 0 0 0

({) ({) ({) ({) ({) ({)

li 37 37 33 33 37 3

( 100.0% ) ( 100.0% ) ( 89.2% ) ( 89.2% ) ( 100.0% ) ( 08.1% )

m88ksim 118 118 118 118 118 111

( 100.0% ) ( 100.0% ) ( 100.0% ) ( 100.0% ) ( 100.0% ) ( 94.1% )

p erl 41 41 41 41 41 39

( 100.0% ) ( 100.0% ) ( 100.0% ) ( 100.0% ) ( 100.0% ) ( 95.1% )

v ortex 216 216 201 201 216 35

( 100.0% ) ( 100.0% ) ( 93.1% ) ( 93.1% ) ( 100.0% ) ( 16.2% )

T able 3: E�cacy of Analysis: indep enden t instruction pairs iden ti�ed (static coun ts)

reasonable measure of the pragmatic qualit y of the data
o w information obtained, ev en though the

sc heduler ma y decide to not reorder a pair of memory references that are deemed to b e indep enden t

from the alias information. The second is that while this do esn't accoun t for p ossible indep enden t

references in blo c ks that are not hot, note that with � = 0 : 95, suc h blo c ks accoun t for only 5% of

the dynamic instruction coun t of the program, so their signi�cance for co de optimization purp oses

is small. The conclusions from T able 4 are encouraging: analyses that disregard call sites that are

not executed and/or not relev an t do as w ell as the standard con text-sensitiv e analysis, and ev en

the more stringen t criteria, whic h eliminate most call sites as unimp ortan t, do quite w ell: if w e

ignore c ompr ess and ijp e g , for whic h the in terpro cedural analysis unco v ered no imp ortan t memory

reference pairs, with � = 0 : 8 the dynamic coun ts for the remaining programs (T able 4) is ab out 90%

of that obtained using the standard analysis, while with � = 0 : 67 w e get ab out 84% of that with the

standard analysis. Considering that these analysis tak e ab out 20% of the time and 25% of the space,

on the a v erage, as the standard analysis, the tradeo� they represen t do es not seem unreasonable.

Ov erall, w e conclude from these results that a relev ance-based approac h with � = 1 : 0, i.e., where

w e ignore an y call site that is that either not executed, or whose analysis cannot in
uence the data
o w

information at an y frequen tly executed basic blo c k, giv es the b est results. This approac h do es as

w ell as the classical con text-sensitiv e analysis in terms of pragmatic utilit y , but is considerably more

e�cien t in b oth space and time than a classical con text-sensitiv e analysis, requiring only ab out a

third of the space and time used b y the classical analysis. Moreo v er, lo w er v alues of the cuto�

threshold � also yield reasonable tradeo�s b et w een e�ciency and precision.

W e are curren tly in the pro cess of in tegrating this in to our sc heduler. Preliminary results are

encouraging: e.g., for the m88ksim b enc hmark, w e see a 3% impro v emen t in running time (whic h

go es from 229.6 secs to 222.5 secs) b ecause of sc heduling using the impro v ed alias information;

ho w ev er, w e ha v e not had the time to carry out extensiv e p erformance ev aluations. W e exp ect to

ha v e more complete empirical results shortly .

5 Related W ork

While there is a considerable b o dy of w ork on con text-sensitiv e in terpro cedural analyses (e.g., see

[10 , 13, 18]) and pro�le-guided program optimization (e.g., see [3 , 5, 6, 11 , 16]), there do es not seem

to b e a great deal of w ork on the use of execution pro�les to guide program analyses. The only

w ork that w e are a w are of on this topic, and the w ork that is most closely related to ours, is that of

Ammons and Larus [2], who consider ho w data
o w analyses ma y b e mo di�ed to in v est extra e�ort in

analyzing frequen tly executed paths within a pro cedure in order to obtain b etter information along
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Program Standard Callsite F req. Based Relev ance Conserv ativ e

� = 1 : 0 � = 0 : 8 � = 0 : 67 � = 1 : 0

compress 0.00 0.00 0.00 0.00 0.00 0.00

({) ({) ({) ({) ({) ({)

gcc 0.39 0.39 0.32 0.30 0.39 0.25

( 100.0% ) ( 100.0% ) ( 82.2% ) ( 76.6% ) ( 100.0% ) ( 64.9% )

go 7.48 7.48 7.02 6.10 7.48 7.24

( 100.0% ) ( 100.0% ) ( 93.8% ) ( 81.7% ) ( 100.0% ) ( 96.8% )

ijp eg 0.00 0.00 0.00 0.00 0.00 0.00

({) ({) ({) ({) ({) ({)

li 1.68 1.61 1.39 1.30 1.61 0.70

( 100.0% ) ( 95.5% ) ( 82.7% ) ( 77.5% ) ( 95.5% ) ( 41.6% )

m88ksim 32.68 32.68 32.67 32.65 32.68 32.59

( 100.0% ) ( 100.0% ) ( 100.0% ) ( 99.9% ) ( 100.0% ) ( 99.7% )

p erl 0.20 0.20 0.19 0.19 0.20 0.18

( 100.0% ) ( 100.0% ) ( 96.2% ) ( 95.5% ) ( 100.0% ) ( 90.5% )

v ortex 767.50 767.50 672.43 586.89 767.50 473.14

( 100.0% ) ( 100.0% ) ( 87.6% ) ( 76.5% ) ( 100.0% ) ( 61.6% )

T able 4: E�cacy of Analysis: indep enden t instruction pairs iden ti�ed (dynamic coun ts, � 10

6

)

those paths, p ossibly incurring an additional time and space cost. Conceptually , our approac h is a

dual of theirs in the sense that the k ey idea in our approac h is to in v est less e�ort on unimp ortan t

program fragmen ts in order to reduce the time and space costs of the analysis. Also, Ammons and

Larus consider in tra-pro cedural analyses, while w e fo cus on in ter-pro cedural analyses. Notice that

our approac h could nev ertheless b e used to pursue goals similar to those of Ammons and Larus,

in the follo wing w a y: giv en a particular space and/or time \budget" for an analysis, one could use

either an ordinary analysis that examines the en tire program, or a more sophisticated analysis that

is more exp ensiv e, but also more precise, using our ideas to ignore the unimp ortan t p ortions of the

program. Using the more sophisticated analysis w ould pro vide more precise information for the

imp ortan t areas of the program, but the added exp ense of suc h an analysis w ould b e mitigated b y

not applying it to the unimp ortan t p ortions of the program. Ov erall, suc h an approac h could allo w

a compiler to obtain b etter data
o w information for the imp ortan t p ortions of a program while

exp ending a comparable analysis e�ort and remaining within a particular time or space \budget."

Zhang et al. describ e ho w, for p oin ter alias analysis of C programs, a program can b e partitioned

suc h that ob jects in di�eren t partitions can b e analyzed indep enden tly of eac h other, p ossibly using

di�eren t algorithms [19 ]. They sho w that a judicious mix of 
o w-sensitiv e and 
o w-insensitiv e

p oin ter alias analyses can reduce analysis costs without signi�can tly sacri�cing the qualit y of the

information obtained. While their goals are conceptually v ery similar to ours, the tec hnical details

are v ery di�eren t. They also don't use pro�le information to guide their decisions ab out whether to

use a 
o w-sensitiv e or 
o w-insensitiv e analysis for a particular partition, but this isn't inheren t in

their mo del, whic h could b e mo di�ed easily enough to tak e pro�le information in to accoun t.

Cham b ers et al. ha v e observ ed that the degree of con text-sensitivit y of an in ter-pro cedural

analysis can b e con trolled b y selectiv e merging of calling con texts [4 , 12]. Ho w ev er, they don't

consider using pro�le information to con trol the pro cessing of di�eren t call sites to a function.

Moreo v er, while this do esn't app ear to b e inheren t in their framew ork, their examples seem to suggest

that, once certain parameters con trolling the degree of con text-sensitivit y ha v e b een selected, all the

functions in the program are analyzed in the same w a y , regardless of their pragmatic imp ortance.

6 Conclusions

T raditional con text-insensitiv e in terpro cedural analyses are simple and e�cien t, but can b e impre-

cise; con text-sensitiv e analyses, whic h are t ypically more precise, ha v e the dra wbac k of b eing more

complex and exp ensiv e. Pragmatically , it turns out that most functions t ypically ha v e a sk ew ed

execution frequency distribution|that is, most run time calls are accoun ted for b y a small n um b er
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Co de Gro wth due to cloning

Program Original Standard Callsite F req. Based Relev ance Conserv ativ e

� = 1 : 0 � = 0 : 8 � = 0 : 67 � = 1 : 0

compress 316/20707 0/0 0/0 0/0 0/0 0/0 0/0

gcc 2465/353002 34/9228 34/9228 30/7992 29/7806 34/9228 22/7139

go 945/83929 16/14235 16/14235 15/14197 18/15788 16/14235 15/14197

ijp eg 788/62639 0/0 0/0 0/0 0/0 0/0 0/0

li 722/40832 6/3836 6/3836 5/3801 5/3801 6/3836 1/83

m88ksim 638/53498 2/1050 2/1050 2/1050 2/1050 2/1050 1/222

p erl 722/97079 6/4469 6/4469 6/4469 6/4469 6/4469 5/4406

v ortex 1446/155030 17/18802 17/18802 14/15392 14/15392 17/18802 8/7675

T able 5: Co de gro wth due to cloning (F unctions/Instructions)

of call sites|whic h means that neither approac h is en tirely satisfactory . This pap er describ es a

simple approac h whereb y pro�le information can b e used to partition the call sites of eac h function

suc h that the in terpro cedural analysis is con text-sensitiv e across partitions but con text-insensitiv e

within eac h partition. This allo ws an analysis to b e con text-sensitiv e, and hence precise, for the

imp ortan t call sites of a function, and con text-insensitiv e, and hence e�cien t, for the unimp ortan t

ones. Exp erimen ts indicate that the resulting analyses can b e signi�can tly c heap er than a tradi-

tional con text-sensitiv e analysis without signi�can tly compromising the pragmatic qualit y of the

information obtained.
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