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Abstract

Optimizations p erformed at link time or directly ap-

plied to �nal program executables ha v e receiv ed in-

creased atten tion in recen t y ears. This pap er discuss

the disco v ery and elimination of redundan t load op-

erations in the con text of a link time optimizer, an

optimization that w e call L o ad R e dundancy Elimina-

tion (LRE) . Our exp erimen ts sho w that b et w een 50%

and 75% of a program's memory references can b e con-

sidered redundan t b ecause they are accessing memory

lo cations that ha v e b een referenced less than 200{400

instructions a w a y . W e then presen t three pro�le-based

LRE algorithms targeted at optimizing a w a y this re-

dundancies. Our results sho w that b et w een 5% and

30% of the redundancy detected can indeed b e elimi-

nated, whic h translates in to program sp eedups in the

range of 3% to 8%. W e also test our algorithm assum-

ing di�eren t cac he latencies, and sho w that, if latencies

con tin ue to gro w, the load redundancy elimination will

b ecome more imp ortan t.

1 In tro duction

Optimizations p erformed at link time or directly ap-

plied to �nal program executables ha v e receiv ed in-

creased atten tion in recen t y ears [24 , 9, 12 , 21 ], due

to t w o main reasons: First, large programs tend to

b e compiled using separate compilation, that is, one

or a few �les at a time. Therefore, the compiler do es

not ha v e the opp ortunit y to optimize the full program

as a whole. Th us, ev en if the compiler p erforms so-

phisticated in ter-pro cedural analysis, the fact that it

is only lo oking at a few �les at a a time sev erely lim-

its the usefulness of in ter-pro cedural transformations.

F urthermore, alias information and basic kno wledge

ab out v ariable allo cation (for example, whether a v ari-

able is stored on the heap, stac k or global area) is also

lost when mo ving from one �le (compilation unit) to

the next. V endors ha v e tried to o v ercome this limita-

tion b y compiling separate �les that con tain in terme-

diate represen tations rather than �nal ob ject co de [1].

Later, when linking, these \fak e" in termediate ob-

ject �les are fully compiled and optimized together

with the rest of the program units. The dra wbac k

of this approac h is that it do esn't mix w ell with tra-

ditional Mak e�le-based soft w are dev elopmen t en viron-

men ts. As a consequence, link time optimizations that

are based solely on the �nal ob ject represen tation ha v e

the attraction of b eing able to w ork on a full program

basis and b e fully in tegrated on a normal compile-

build-test cycle.

A second reason for the recen t in terest in binary op-

timization has b een the emergence of pro�le-directed

feedbac k [22 , 7 , 10 , 13 ]. As it has b een sho wn in sev eral

studies [3 , 4 ], the compiler can use to great adv an tage

the pro�ling information. Ho w ev er, the same problem

of separate compilation plagues the pro duction use of

pro�le feedbac k. If the pro�ling information has to

b e used when compiling, then a large pro ject will b e

forced to re-build eac h and ev ery �le in order to tak e

adv an tage of the pro�ling information. F urthermore,

the pro�le-guided compilation needs to b e sp ecially

co ded in to the Mak e�le en vironmen t. By con trast, it

w ould b e m uc h b etter to b e able to build the full ap-

plication, instrumen t it to obtain pro�le data and then

re-optimize the �nal binary without recompiling a sin-

gle source �le. This is the approac h tak en b y Spik e,

for example [9 ] and is only p ossible if using binary

optimization tec hniques.

This pap er presen ts an optimization to b e applied

in the con text of binary optimizers or link time op-

timizers. W e discuss the disco v ery and elimination

of load op erations that are redundan t and can b e

safely remo v ed in order to sp eed up a program, an

optimization that w e call L o ad R e dundancy Elimina-

tion (LRE) .

Unnecessary memory references app ear in a binary

due to a v ariet y of reasons: a v ariable ma y not ha v e

b een k ept in a register b y the compiler b ecause it w as

a global, or ma yb e the compiler w as unable to resolv e
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Figure 1: Dynamic amoun t of load redundancy for the whole SPECin t95 (Compaq/Alpha executables compiled

with full optimizations). X-axis is logarithmic.

aliasing adequately , or ma yb e there w ere not enough

free registers a v ailable. W e quan tify these e�ects and

sho w that b et w een 50% and 75% of a program's mem-

ory references can b e considered redundan t b ecause

they are accessing memory lo cations that ha v e b een

referenced less than 200{400 instructions a w a y . W e

then presen t three pro�le-based LRE algorithms tar-

geted at optimizing a w a y this redundancies: a basic

LRE algorithm for extended basic blo c ks, and t w o

general algorithms that w ork o v er regions of arbitrary

con trol 
o w complexit y: one for remo ving fully re-

dundan t loads and the other for remo ving partially

redundan t loads.

Our results sho w that b et w een 5% and 30% of the

redundancy detected can indeed b e eliminated, whic h

translates in to program sp eedups in the range of 3%

to 8%. W e also test our algorithm assuming di�er-

en t cac he latencies, and sho w that, if latencies con-

tin ue to gro w, the load redundancy elimination will

b ecome more imp ortan t. Finally , w e discuss what are

the factors that prev en t us from eliminating all the

redundancy detected and p erform exp erimen ts with

di�eren t n um b ers of mac hine registers to sho w their

impact on the amoun t of redundancy eliminated.

2 Dynamic amoun t of load re-

dundancy

Before presen ting our algorithms for remo ving redun-

dan t loads, w e motiv ate our w ork b y measuring a p o-

ten tial upp er b ound on ho w man y loads could b e re-

mo v ed from a program. Our goal is to measure ho w

often a load is re-loading data that has already b een

loaded in the near past and also to quan tify the t ypical

distance (in memory instructions) b et w een re-loads of

the same data item.

T o ac hiev e this goal, w e instrumen t the SPECin t95

programs to catc h all their memory references. Dy-

namic load redundancy is measured b y recording the

most recen t n memory references in to a r e dundancy

window . This windo w is a simple FIF O queue, where

new references coming in to it displace the oldest mem-

ory reference stored in the windo w. A dynamic in-

stance of a load is then redundan t if its e�ectiv e ad-

dress matc hes the address of an y prior load or store

that is still in the redundancy windo w.

The results of our sim ulations are sho wn in Fig 1,

where w e presen t data for all the SPECin t95 programs

for v arious redundancy windo w sizes. As an exam-

ple, the graph sho ws that, for m88ksim , almost 75%

of all load references w ere to memory lo cations that

had b een referenced b y at least one of the most re-

cen t 256 memory instructions. That is, almost 75%

of all load references w ere to memory lo cations that

had b een loaded recen tly and that, therefore, should

b e candidates to b e optimized a w a y b y the compiler.

Clearly , a lot of redundancy exists ev en in these

highly optimized binaries. As w e can see, almost

50% of all loads are re-loading a data item that w as

read/written less than 100 memory instructions ago.

Considering that in these streams, around 1/3 of in-

structions are memory references, it means that 50% of

all loads are re-loading data that w as already accessed

2



--------------load (a2), r2

  ...

  ...
load (a2), r2

load (a1), r1

  ...

(a) (b)

  ...

load (a1), r1
move r1  , r0
  ...

  ...

move r0  , r2

I1

I2

I1

I2

Figure 2: Elimination of redundan t load inside a ma-

c hine co de basic blo c k.

or stored less than 300 instructions ago. F urthermore,

to da y's optimizing compilers are clearly able to deal

with regions larger than this size and, th us, should b e

exp ected to optimize all this redundancy a w a y .

3 LRE on executable co de

The simplest example of Load Redundancy Elimina-

tion (LRE) is sho wn in Figure 2a. Supp ose that an in-

struction I

1

loads a v alue in to register r

1

from memory

lo cation p oin ted b y a

1

. F urthermore, this load is fol-

lo w ed after some instructions b y another instruction

I

2

within the same basic blo c, whic h puts its v alue

from lo cation p oin ted b y a

2

in to register r

2

. If it can

b e pro v ed that b oth lo cations p oin ted b y a

1

and a

2

are the same, and this lo cation is not mo di�ed b e-

t w een these t w o instructions, then I

2

is r e dundant in

fron t of I

1

. Note that the redundancy is also presen t

if the instruction I

1

is a store op eration.

Once a redundan t load has b een iden ti�ed, w e ma y

try to eliminate it b y byp assing the v alue from the �rst

load to the redundan t one, as sho wn in Figure 2b. By-

passing the v alue is accomplished b y inserting a couple

of mo v e op erations that use a new available register

( r

0

in the example; this register ma y or ma y not b e

the same as r

1

or r

2

, dep ending on register lifetimes).

The exp ectation is that, after running the LRE opti-

mization, a cop y propagator is also run to eliminate as

man y register mo v es in tro duced b y LRE as p ossible.

Although this is but the most simple case of LRE,

it already in tro duces the three fundamen tal problems

that this optimization has to deal with: alias analysis,

register liv eness analysis and cost-b ene�t analysis. W e

no w discuss eac h problem in more detail.

Alias analysis. The �rst problem is to decide if b oth

loads (or an y store/load pair) are really accessing

the same memory lo cation or not, and also to

pro v e that there is no other store b et w een them

that may b e in con
ict with the memory lo ca-

tion accessed b y the redundan t load. In our ex-

ample in Figure 2, this amoun ts to pro ving that

registers a

1

and a

2

do indeed p oin t to the same

memory lo cation. Although there is an extensiv e

w ork on p oin ter alias analysis [2, 25 ], suc h anal-

yses are t ypically form ulated in terms of source-

lev el constructs, and do not handle features suc h

as p oin ter arithmetic and out-of-b ound arra y ref-

erences, while these are precisely the features en-

coun tered in executable programs [11 ].

Register liv eness analysis. The second problem is

to �nd an a v ailable register to b ypass the v alue

from the redundancy source to the redundan t in-

struction. This is not an easy task, due to the lim-

ited n um b er of mac hine registers and also due to

the constrain ts imp osed b y the calling con v en tion.

Register liv eness analysis [12 , 20 ] is a tec hnique

that computes whic h registers are liv e or dead

at ev ery p oin t in the co de. On executable co de,

con trol 
o w reconstruction is k ey to impro v e the

accuracy of the register liv eness analyzer, other-

wise the analysis b ecomes to o conserv ativ e to b e

useful.

Cost-Bene�t Analysis Finally , the simple example

presen ted sho ws that eliminating the load do es-

n't come without a cost: in fact, w e ha v e inserted

t w o \mo v e" instructions in the optimized co de

in the hop e that (a) they can b e remo v ed b y a

cop y propagator and (b) ev en if they are not, their

cost will b e lo w er than that of the original redun-

dan t load. Of course, the cost can b e reduced if

w e can use register r

1

as the b ypassing register.

This, ho w ev er, will require that r

1

is not o v er-

written b et w een instructions I

1

and I

2

. In an y

case, LRE on executable co de requires of a care-

ful cost-b ene�t analysis, as Section 4 will discuss.

If the cost-b ene�t analysis is to o optimistic, p er-

formance degradation ma y app ear.

Alias and register liv eness analysis are w ell-kno wn

data-
o w problems already describ ed in the litera-

ture [19 ]. F rom no w on, w e assume that b oth of them

ha v e b een computed b efore applying the LRE opti-

mization. Then, the more accurate are these analysis,

the more opp ortunities app ear for LRE. A signi�can t

n um b er of opp ortunities ma y b e lost if the alias ana-

lyzer is not able to decide whether t w o references are in

con
ict. Also, disco v ered LRE opp ortunities are lost

if the register liv eness analyzer is not able to �nd an
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a v ailable register to e�ectiv ely b ypass the redundan t

v alue.

LRE on In termediate Co de vs. Executable

Co de

It is in teresting to p oin t out the di�erence b et w een

p erforming LRE on in termediate co de (as done b y

compilers) and on executable co de: our prop osed op-

timization m ust deal with the limitations of a small

register �le. By con trast, most compilers will p erform

LRE b y taking a new \pseudo-virtual" register from

the in�nite virtual register p o ol to b ypass the v alue

b et w een the t w o loads. In terestingly , it ma y happ en

that at a later stage, when the register allo cator runs,

the compiler re-inserts the redundancy due to lac k of

mac hine registers (a problem that LRE on executable

co de do es not su�er from).

W orking on executable co de also has the added dif-

�cult y that alias analysis b ecomes ev en more di�cult,

since no information on the original program v ariables

is a v ailable. On the other side, the one adv an tage

of w orking on executable co de is that estimating the

costs and b ene�ts of inserting and remo ving instruc-

tions is rather more accurate than when w orking on

in termediate lev el co de.

4 Pro�le-Guided LRE

Information ab out the program execution b eha vior

can b e v ery useful in optimizing programs. Our pro-

p osal is to b e a w are of pr o�le information to guide

LRE. Pro�le information consists of a frequency for

eac h basic blo c k and a probabilit y for eac h branc h in

the program. W e next outline the algorithms used and

presen t the cost-b ene�t equations that use the basic

blo c k frequency information gathered in a pro�le run

to c ho ose the candidates for remo v al.

4.1 Eliminating Close Redundancy

The results presen ted in Section 2 sho w that b et w een

25% and 40% of all the redundancy detected can b e

captured using a redundancy windo w of just 16 en-

tries. This indicates that the �rst source of redun-

dancy that w e should target our optimization at is lo-

cated either within the same basic blo c k or in groups

of small basic blo c ks.

LRE on Extended Basic Blo cs

W e ha v e already seen the easiest form of LRE in the

example giv en in Section 3, where w e lo ok for redun-

  ...

load (a1), r1
move r1  , r0
  ...

--------------load (a2), r2

  ...

  ...

move r0  , r2
I2

I1

BB1

BB2

Path
Hot

Figure 3: Elimination of redundan t load within ex-

tended basic blo c ks; LRE m ust b e only applied cou-

pled to a cost-b ene�t analysis.

dancy within a basic blo c k. A natural extension of this

sc heme is to p erform LRE on Extended Basic Blo c ks

1

.

The implemen tation of LRE on an extended basic

blo c k is straigh t-forw ard using a b ottom-up searc h to

the EBB ro ot. F or ev ery load in the EBB, w e searc h

b ottom-up for other loads or stores that ma y b e a

source of redundancy , as sho wn in Figure 3. If w e can

pro v e, again, that addresses a

1

and a

2

p oin t to the

same memory lo cation and that no in terv ening store

has mo di�ed said lo cation

2

, then it is safe to remo v e

I

2

and b ypass the v alue from r

1

to r

2

.

Ho w ev er, as already discussed, in tro ducing a

\mo v e" instruction increases the cost of executing ba-

sic blo c k BB1. What if, as in Figure 3, the hot path

do es not 
o w through BB2? In this case, a mo v e in-

struction has b een inserted in the critical path, al-

though the b ypassed v alue will b e most often dis-

carded. There is no b ene�t in applying LRE to I

2

in

this example and w e migh t risk lo w ering p erformance.

The lesson to learn is that it is not alw a ys b ene�-

cial to remo v e a redundan t load, and it is necessary

to apply LRE carefully . W e need to b e compute as

precisely as p ossible the cost and b ene�t of applying

the optimization for eac h particular load.

The equations w e use to compute the b ene�ts ( B )

and costs ( C ) of remo ving a certain load are as follo ws:

1

An EBB is a set of basic blo c ks with a single en try p oin t

but m ultiple exit p oin ts.

2

If an in terv ening store can b e pro v ed to write to the same

lo cation, then it b ecomes itself the source of redundancy and the

algorithm w orks the same w a y . The problem is when an in ter-

v ening store has an unkno wn address. In suc h case, b ypassing

is not safe and redundancy elimination can not pro ceed.

4



B = l at

load

� B B

f r eq

2

C = l at

mov e

� ( B B

f r eq

1

+ B B

f r eq

2

)

LR E , C � B

As it can b e seen, the b ene�t computation includes

the latency of the load b eing eliminated times the fre-

quency of its basic blo c k. On the other hand, the

costs include the latencies of the two \mo v e" instruc-

tions in tro duced w eigh ted b y the execution frequen-

cies of the t w o basic blo c ks where they app ear. Note

that the costs are p essimistic, as they alw a ys include

b oth \mo v e" instructions, ev en though they migh t b e

later remo v ed b y the cop y propagation phase. Our

algorithm c hec ks �rst whether either the source of re-

dundancy register or the �nal destination register ( r

1

and r

2

in our example, resp ectiv ely) can b e c hosen

to b ypass the redundan t v alue, a v oiding some of the

\mo v e" insertions and k eeping the cost C more real-

istic.

4.2 Eliminating Distan t Redundancy

The LRE approac h describ ed in the previous Section

w as targeted at close redundancy . Ho w ev er, going

bac k to Figure 1 in Section 2 there is still a lot of re-

dundancy that can b e caugh t if w e can explore larger

distances b et w een instructions. Of course, in order

to catc h this distan t redundancy , w e need to apply

LRE to regions of co de that expand b ey ond an EBB

and whic h, therefore, con tain complicated con trol 
o w

structures.

The ma jor di�erence with the previous Section is

that when w orking on a candidate load to b e remo v ed,

w e need to examine al l the p ossible con trol 
o w paths

that ma y reac h the load in order to decide whether

the load is truly redundan t or not. Tw o situations

ma y arise:

F ull redundancy The candidate load is indeed re-

dundan t with resp ect to all the con trol 
o w paths

that reac h it.

P artial redundancy The candidate load is redun-

dan t on some paths, but not all, that reac h it.

F ully Redundan t Loads

The second algorithm w e will ev aluate is targeted

at detecting fully redundan t loads. F or ev ery candi-

date load, w e scan all p oten tial paths that ma y reac h

it lo oking for a source instruction that ma y render

the load redundan t. If redundancy is found on al l

paths and, again, all in terv ening stores ha v e kno wn

addresses that do not alias with the load, then the

I1

BB1

  ...

  ...

load (a2), r2
move r2  , r0

I2

BB2

--------------load (a3), r3

move r1  , r0
load (a1), r1

  ...

  ...

move r0  , r3
I3

BB3

  ...

  ...

Figure 4: Elimination of a m ulti-path redundan t load.

That is, the redundan t load is ful ly r e dundant for ev ery

path that reac hes to it.

load b ecomes a candidate for remo v al. An example is

sho wn in Figure 4.

Once a load is a candidate w e apply to it the cost-

b ene�t equations already describ ed. Ho w ev er, w e ha v e

to extend the cost ( C ) equation to accoun t for all the

mo v e instructions that m ust b e inserted on eac h of the

redundancy paths, as sho wn b elo w:

C = l at

mov e

�

�

B B

f r eq

r ed

+

P

n

i =1

B B

f r eq

sr c

i

�

As b efore, this cost is a p essimistic upp er b ound,

since an appropriate c hoice of registers to b ypass the

v alue ma y a v oid some of the \mo v e" instructions.

Again, the load will main tain its \candidate" status

only if the b ene�ts of remo ving it out-w eigh t the costs

of adding the \mo v e" instructions. If this is the case,

then our algorithm starts lo oking for a v ailable regis-

ters to b ypass the v alue. First of all, w e start c hec king

whether the destination register ( r

3

in our example)

can b e used to b ypass the v alue from al l sour c e p aths .

That is, if r

3

is not liv e on the paths that lead from

BB1 and BB2 to BB3. Cho osing r

3

as the b ypass reg-

ister results in a v oiding the mo v e instruction in BB3.

If the destination register can not b e used, the basic

blo c ks that are the source of the redundancy (BB1 and

BB2 in Figure 4) are sorted according to their execu-

tion frequency . No w, w e start with the most executed

basic blo c k and c hec k whether w e can use the source

redundancy register ( r

1

in our example) to b ypass the

v alue on al l the other paths. That is, if r

1

happ ens to

5



b e free on the path(s) that leads from BB2 to BB3,

then b y c ho osing r

1

as the b ypass register w e sa v e a

mo v e instruction in BB1. W e iterate for ev ery source

basic blo c k un til a free register is found (that is, if r

1

is not a v ailable on the path from BB2 to BB3, then

w e will try to use as b ypass register r

2

, again to sa v e

a \mo v e" instruction in BB2). If after this pro cess no

register is found, then w e simply lo ok for any register

that migh t b e a v ailable on all paths sim ultaneously

{note that this w ould matc h the p essimistic cost anal-

ysis outlined ab o v e. If still no register is found, then

the redundan t load can not b e remo v ed.

Clearly , this is an exp ensiv e optimization that

should b e applied only once. F urthermore, as w e will

see in Section 5, it ma y happ en that after all the ex-

p ensiv e alias analysis, w e can not remo v e a load simply

b ecause w e ha v e no register a v ailable.

P artially Redundan t Loads

So far, all the LRE algorithms discussed w ere only

able to remo v e loads that are fully redundan t. The

upside of the previous algorithms is that the remo v al

a of particular load is alw a ys a safe transformation,

b ecause there is alw a ys a static source of redundancy

for the load remo v ed. Ho w ev er, a high p ercen tage of

dynamic redundancy comes from loads that are redun-

dan t only on some con trol 
o w paths. W e call these

loads p artial ly r e dundant lo ads .

W e can see an example of a partially redundan t

load in Figure 5. Imagine that instruction I

2

is an

in v arian t instructions inside the lo op (supp ose that

neither a

0

nor lo cation p oin ted b y a

0

are c hanging in

the lo op). If w e apply the algorithm of the previous

Section, it will fail to remo v e the load b ecause it is

not fully redundan t: instruction I

2

is redundan t on

the lo op bac k-edge with the store I

1

, but it is not on

the en try p oin t of the lo op. A similar situation arises

frequen tly ev en without considering lo ops.

The partial redundan t load m ust b e remo v ed b y

inserting a cop y of the instruction on the con trol 
o w

paths where it is not a v ailable, th us making the load

fully redundan t. In the example, this means that a

cop y of the redundan t load m ust b e inserted in the

lo op preheader.

P artial LRE in v olv es insertion of new instructions.

As this insertions are usually done on a di�eren t ex-

tended basic blo c k, the inserted instruction b ecomes

sp e culative . In general, it is safe to p erform sp ecu-

lation for instructions that cannot cause exceptions,

but this is not the case for sp eculativ e loads. When

sp eculating loads, the optimizer m ust b e careful not

to in tro duce side-e�ects in to a program that did not

load  (a0), r1

  ...

move  r0  , r1
---------------

  ...

store r1  , (a0)

I2

move  r1  , r0

load  (a0), r0

I1

  ...

  ...

I2

I1

  ...

load  (a0), r1

store r1  , (a0)

  ...

  ...

  ...

(a) (b)

Figure 5: Elimination of a p artial ly r e dundant lo ad .

Remo ving the redundan t load requires to insert in-

stances in less-frequen t paths, in order to mak e the

load fully redundan t.

exhibit them b efore. In order to deal with safe load

insertions only , our implemen tation of partial LRE is

restricted to global and stac k references. Access to

global v ariables is alw a ys safe, b ecause they are alw a ys

liv e in the whole execution of a program. Lo cal v ari-

ables lo cated in the stac k are considered only if neither

the stac k p oin ter c hanges within the function (except

the en try and exit p oin ts) nor other callee function

store v alues in the stac k out of its stac k frame.

F or the implemen tation of our partial LRE opti-

mization, w e ha v e follo w ed the approac h describ ed b y

Horsp o ol and Ho [14 ]. They prop osed a general pro�le

driv en PRE algorithm based up on edge pro�les. The

main idea is to insert copies on less frequen tly executed

paths in fa v or of more frequen tly executed paths, as

sho wn if Figure 5. W e ha v e adapted their algorithm to

(a) only consider redundan t load op erations and (b)

to deal with our cost-b ene�t analysis.

The cost of remo ving a redundan t load on partial

LRE is then as follo ws:

C

by pass

= l at

mov e

�

�

B B

f r eq

r ed

+

P

n

i =1

B B

f r eq

sr c

i

�

C

inser t

= l at

load

�

P

m

i =1

E D G

f r eq

i

C = C

by pass

+ C

inser t

Being n the n um b er of partial redundancies and m

the n um b er of load insertions needed. Cost in v olv es

not only b ypassing the v alue, but inserting the new

load op erations that mak e the candidate load b ecome

fully redundan t. T o obtain a register to b ypass the

v alue, w e use the same algorithm already describ ed

for the fully redundan t loads case. The algorithm has

6



to b e extended, ho w ev er, to also lo ok for register a v ail-

abilit y at the new insertion p oin ts where w e insert a

load to mak e our candidate load fully redundan t.

4.3 A Com bined LRE algorithm

W e ha v e implemen ted the prop osed LRE approac hes

within the alto link-time optimizer [21 ]. In order to

maximize the optimization opp ortunities w e use the

follo wing sc heme.

First w e run an inlining pass using the already ex-

isting Alto framew ork. The reason is that our LRE al-

gorithms are not in ter-pro cedural and, y et, the calling

con v en tions do in tro duce an imp ortan t amoun t of re-

dundancy at compile time. Th us, since w e are w orking

on the �nal binary , it is a go o d opp ortunit y to remo v e

this calling con v en tion o v erhead.

Then w e apply the close-distance LRE, that is, the

LRE on extended basic blo c ks. Indeed, w e re-run LRE

on extended basic blo c ks sev eral times during opti-

mization, since computing the data-
o w equations for

an EBB and p erforming the load redundancy searc hes

is relativ ely cost-e�ectiv e.

Next, w e run one of the long-distance algorithms,

whether fully-redundan t LRE or partially redundan t

LRE (Section 5 presen ts results for b oth cases)

3

.

These are exp ensiv e optimizations and, therefore, w e

p erform them only once, after p erforming also a space-

and time-in tensiv e data 
o w analysis. T o maximize

the b ene�ts of the LRE optimization, w e apply the

analysis phase of LRE to ev ery function and k eep a

list of all the candidates for remo v al sorted b y net

b ene�t. Then, the most executed loads (\hot" loads)

are the ones that are tried to remo v e �rst, when the

c hance of �nding a v ailable registers inside the function

is higher.

After running the long-distance algorithms, w e re-

run the close-distance LRE (LRE on EBB), to catc h

an y new opp ortunities op ened up b y the previous LRE

phase. Since this is a c heap optimization, it do esn't

con tribute m uc h to the o v erall running time of the

algorithm.

Finally , to k eep the running time of the LRE al-

gorithm under con trol w e use a parameter � in the

in terv al (0 ; 1]. Basic blo c ks are sorted according to

their relativ e execution frequency and the LRE opti-

mization is only applied to loads within basic blo c ks

that ha v e en execution frequency larger than 1 � � .

Th us, setting � = 1 : 0 will cause the algorithm to ap-

ply LRE to ev ery single load in the co de, but it will

3

Note that the partial-LRE algorithm, of course, subsumes

the b eha vior of the fully-redundan t LRE algorithm.

Benc hmark Input

099.go 50 10

124.m88ksim dcrand.lit (train input)

126.gcc gcc.i

129.compress 50000 e 2231

130.li b o y er.lsp (train input)

132.ijpeg sp ecm un (test input)

134.perl primes.in (ref input, 51 lines)

147.vortex p ersons.250 (train input)

T able 1: SPEC95 in teger b enc hmark suite and their

inputs.

also cause a large increase in optimization time. The

idea is to apply LRE only to the \hot loads" in the

program. F or all our exp erimen ts w e ha v e used a �

v alue of 0 : 75.

5 P erformance ev aluation

5.1 Exp erimen tal framew ork

W e ha v e implemen ted the prop osed LRE approac hes

within the alto link-time optimizer [21 ]. The b enc h-

marks used w ere the eigh t programs in the SPEC95

in teger b enc hmark suite. The eigh t programs and the

inputs used for our exp erimen ts are listed in table 1.

Note that w e ha v e used v arian ts of the o�cial SPEC

input sets to k eep sim ulation time do wn to a manage-

able v alue.

All programs w ere compiled with full optimiza-

tions, using the v endor-supplied C compiler on an Al-

phaServ er 8400 equipp ed with an Alpha 21264 micro-

pro cessor. F or pro cessing b y Alto, the compiler w as

also in v ok ed with link er options to retain information

and to pro duce statically link ed executables

4

The executables w ere instrumen ted using Pixie and

executed on the SPEC training inputs to obtain an ex-

ecution frequency pro�le. Finally , these binaries and

their pro�les w ere pro cessed b y Alto using di�eren t

degrees of pro�le-guided LRE, for obtaining di�eren t

measures ab out the e�ect of this optimization.

5.2 LRE Algorithm E�ectiv eness

W e start ev aluating the e�ectiv eness of the three LRE

algorithms under study (LRE on EBB for catc hing

4

W e used statically link ed executables b ecause Alto relies

on the presence of relo cation information for its con trol 
o w

analysis. The T ru64 Unix link er refuses to retain information

for non-statically link ed executables.
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EBB F ully P artial

Benc hmark P ot Ben Rem P ot Ben Rem P ot Ben Rem

099.go 542 436 430 584 470 454 754 532 489

124.m88ksim 572 481 462 705 607 585 858 664 615

126.gcc 2962 1886 1833 2996 1917 1854 3088 1960 1884

129.compress 246 191 185 253 201 195 287 215 209

130.li 917 389 382 1238 671 640 2027 958 913

132.ijpeg 369 309 303 386 324 316 491 378 363

134.perl 1096 894 872 1109 904 878 1152 928 891

147.vortex 1966 1759 1718 1970 1763 1722 2236 1918 1841

T able 2: Static LRE n um b ers for the SPEC95 in teger b enc hmark suite. Pot : p oten tial n um b er of opp ortunities,

Ben : opp ortunities that are b ene�cial using the cost/b ene�t analysis, R em : loads actually remo v ed (there w as a

register to b ypass the redundan t v alue).

close redundancy and fully-LRE and partial-LRE for

catc hing distan t redundancy) b y comparing the n um-

b er of dynamic loads executed against the program

baseline. As a baseline, this section and all further

sections use the fully-optimized b enc hmarks after b e-

ing run through Alto with inlining turned on. That is,

w e are comparing the e�ectiv eness of the algorithms

implemen ted against what could b e considered state-

of-the-art optimized mac hine co de.

Figure 6 presen ts the reduction in n um b er of dy-

namic loads for eac h b enc hmark with resp ect to the

original baseline. As it can b e seen, all programs do

sho w impro v emen ts t ypically around 5%, with some

rather b etter cases suc h as m88ksim and compress .

Comparing our results to T able 2 in Lo et al [17 ], w e

can see that w e ac hiev e less b ene�ts. Ho w ev er, w e b e-

liev e the reason for that is that w e are w orking on �nal

mac hine co de while they w ere measuring reduction in

dynamic loads b efor e co de generation and register al-

lo cation. F actoring this in, our results are v ery m uc h

in line with those presen ted in [17 ], y et w e do not ha v e

the adv an tage of high qualit y alias analysis as they do.

The results sho w also that w orking only on EBBs

is not enough to catc h the close-redundancy w e pre-

sen ted in Section 2. Except ma yb e for perl and

vortex , LRE applied to EBBs yields a small reduction

in dynamic loads. By con trast, fully-LRE impro v es

the o v erall results for �v e programs and partial-LRE

only yields extra impro v emen ts for compress .

In order to b etter understand this results, it is

w orth lo oking at the in ternals of our algorithm. T a-

ble 2 breaks do wn the opp ortunities for LRE for eac h

of the three algorithms under ev aluation. F or eac h al-

gorithm, three n um b ers are presen ted: P ot, Ben and

Rem. Column \P ot" indicates the n um b er of loads

considered b y the algorithm as candidates for remo v al.
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rl
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Figure 6: E�ect of di�eren t LRE degrees in n um b er of

loads at run time. The baseline is optimized binaries

without an y LRE at all.

Note that this n um b er is computed after memory dis-

am biguation has determined that there are no con-


icting aliases that prev en t LRE. The second column,

\Ben", are the n um b er of candidates remaining after

applying our cost b ene�t analysis based on BB fre-

quencies. F or example, the large drop in gc c indicates

that the costs of remo ving those loads out-w eigh t the

b ene�ts. Finally , column \Rem" indicates the n um-

b er of static loads actually remo v ed. The di�erences

b et w een column \Ben" and \Rem" are attributed to

lac k of registers to b ypass the v alue from the source

to the redundan t load.

The lac k of registers to b ypass a v alue is dir e ctly

resp onsible for only a minorit y of the \lost opp ortuni-

ties". The largest drop corresp onds to column \Ben",

where our cost-b ene�t analysis discards man y opp or-

tunities for load remo v al. Since our cost equations are

conserv ativ e, they alw a ys assume that a mo v e instruc-

tion will b e inserted, regardless of whether registers
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Figure 7: E�ect of di�eren t LRE degrees in execution

time. The baseline is optimized binaries without an y

LRE at all.

are really a v ailable or not. W e are curren tly in v esti-

gating other cost form ulations that in tegrate the cost

computation with the register a v ailabilit y computa-

tion.

5.3 Sp eedup using LRE

Coun ting the n um b er of dynamic loads remo v ed is cer-

tainly of in terest to understand the e�ectiv eness of

eac h algorithm. Ho w ev er, the �nal measure of in ter-

est is whether execution time is reduced or not. T o

this end, w e ha v e decided to use the SimpleScalar 3.0

sim ulation to olset [6 ] to get an accurate measure of

the di�erences b et w een applying or not the LRE algo-

rithms

5

. Our out-of-order sim ulator mo dels a Com-

paq Alpha 21264 con�guration [15 ]. Detailed sim ula-

tion parameters are describ ed in T able 3.

The results of our sim ulations are presen ted in Fig-

ure 7. Of course, since loads are only a fraction of

all instructions executed in a program, reduction in

execution time is smaller than the corresp onding re-

duction in n um b er of dynamic loads. Th us, for exam-

ple, the 30% reduction in dynamic loads in m88ksim

only translates in to an 8% reduction in o v erall execu-

tion time. Ov erall, ho w ev er, the decrease in execution

time sho ws that w e ha v e hit (remo v ed) some loads that

indeed w ere on the program's critical path and, there-

fore, con tributed hea vily to o v erall execution time.

5.4 E�ects of load latency

Another in teresting measure to gauge the imp ortance

of the LRE transformation is to see what will hap-

5

V ariations in real execution time due to in teractions with

other pro cesses and OS v ariations w ere to o large to allo w e�ec-

tiv e measuremen t of sp eedups
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Figure 8: E�ect of load latency (from 3-cycle to 5-cycle

hit latency)

p en in the future, as L1-cac he latency con tin ues to

increase. Curren t CPUs are t ypically at a 2-cycle or 3-

cycle latency and the trend is to w ards h yp er-pip elining

and, therefore, longer latencies. In this section w e re-

sim ulated all the b enc hmarks c hanging the L1-cac he

latency from its v alue to 3 cycles up to 4 and 5 cycles.

F urthermore, for eac h exp erimen t w e also re-compiled

ev ery b enc hmark, since all our cost/b ene�t analysis

are dep enden t on the latency of the loads. A t larger

latencies, it is more lik ely that the cost/b ene�t equa-

tions tend to fa v or the substitution of a load b y one

or more \mo v e" instructions.

The results can b e seen in Figure 8. The �rst thing

to observ e, as exp ected, is that the longer the latency

the w orse the execution time of all programs. Ho w-

ev er, as latency increases, the imp ortance of p erform-

ing LRE also gro ws. Consider, for example, the case

of vortex . After applying partial-LRE, the execution

time at a 5-cycle latency is b etter than the original

execution time using a 3 cycle latency .

5.5 E�ects of register �le size

Another in teresting exp erimen t that our sim ulation

en vironmen t allo ws is to v ary the n um b er of logical

registers a v ailable to the compiler. While w e clearly

do not exp ect in the near future that micropro cessor

v endors increase the n um b er of registers in their in-

struction sets, it is a v ery in teresting exp erimen t from

the compiler's p oin t of view. By increasing the logical

register set, w e can get insigh t in to ho w man y opp or-

tunities for load remo v al could b e re-gained b y b etter

register allo cation or, in our case in executable co de,

b y b etter register re-sh u�ing.

W e mo di�ed b oth Alto and the SimpleScalar

to olset to b e able to optimize and sim ulate Alpha bi-
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P arameter V alue

F etc h width 4 instructions.

L1 I-cac he 64Kb, 4-w a y set-asso ciativ e, 64-b yte line, LR U, 1-cycle hit latency .

Branc h predictor Com bined predictor of a 2-lev el adaptativ e predictor with 8K 2-bit

coun ters, 16-bit global history , and a bimo dal predictor of 8K en tries

with 2-bit coun ters. 3-cycle extra mispredict latency .

Deco de/Commit width 4 instructions.

Issue mec hanism 4-w a y out-of-order issue, wrong-path issue included.

Instruction windo w size 128 en tries.

F unctional units 4 simple in teger, 1 in teger m ult/div, 4 simple FP , 1 m ult/div.

Load/store queue (LSQ) 64 en tries, stores in LSQ ma y b ypass v alues to later loads.

L1 D-cac he 64Kb, 2-w a y set-asso ciativ e, 64-b yte line, LR U, 3-cycle hit latency .

L2 uni�ed I/D-cac he 1Mb, 4-w a y set-asso ciativ e, 64-b yte line, LR U, 12-cycle hit latency .

16 b ytes to main memory , 16 cycles �rst c h unk, 2 cycles in terc h unk.

Instruction TLB 1Mb, 4-w a y set-asso ciativ e, 4Kb page, LR U, 30-cycle miss p enalt y .

Data TLB 1Mb, 4-w a y set-asso ciativ e, 4Kb page, LR U, 30-cycle miss p enalt y .

T able 3: Sim ulation parameters for an Alpha 21264 con�guration.
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Figure 9: E�ect of register �le size. Num b er of logical

in teger registers v aries from 32 to 128 registers.

naries con taining 64 and 128 in teger registers (the de-

fault b eing 32). Of course, w e re-optimized all the

binaries with the new in teger register �le sizes and re-

sim ulated them on SimpleScalar. The results can b e

seen in Figure 9.

First of all, ha ving more registers impro v es execu-

tion time whether w e apply LRE or not, as the blac k

bars in Figure 9 sho w. When w e turn to the results for

the LRE algorithm, w e see that only the go program

really tak es adv an tage of the extra registers. This

suggests that register pressure ma y b e less of a prob-

lem than originally an ticipated and that, probably , w e

should fo cus future w ork on impro ving the n um b er of

candidates that our LRE algorithm targets (i.e., the

\P ot" column in T able 2).

6 Related w ork

While a n um b er of systems ha v e b een describ ed for

optimization of executable co de [24, 9 , 12 , 21 ], to the

b est of our kno wledge, an y elimination of redundan t

loads carried out b y these systems is limited to fairly

simple load remo v al.

Load redundancy elimination can b e seen as

a particular case of Partial R e dundancy Elimina-

tion (PRE), where the expressions to b e considered

for remo ving are only load op erations. PRE [16 , 8] is

a w ell kno wn scalar optimization that subsumes v ar-

ious ad ho c co de motion optimizations (as common

sub expression elimination and lo op in v arian t co de mo-

tion) b y attempting to remo v e redundancies that o c-

cur only on some con trol 
o w paths. Horsp o ol and

Ho [14 ] describ ed a new form ulation of PRE based on

a cost-b ene�t of the 
o wgraph, b y using edge pro�les

(our curren t implemen tation of partial LRE optimiza-

tion is based in their equations). Gupta, Berson and

F ang [13 ] extended this pro�le driv en PRE algorithm

b y using path pro�les.

R e gister Pr omotion allo ws scalar v alues to b e allo-

cated to registers for regions or their lifetime, where

the compiler can pro v e that there are no aliases for

the v alue. Promotion carries out elimination of b oth

redundan t loads and dead stores. Co op er and Lu [18 ]

examined promotion o v er lo op regions. Their results

indicate that the main b ene�t of promotion comes

from remo ving store op erations. Lo et al use a v arian t

of SSA-PRE to remo v e unnecessary loads and stores

o v er an y program region. Ho w ev er, they not consider
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the e�ect of spilling b ecause it sim ulate with an in-

�nite sym b olic register set b efore register allo cation.

Both previous w orks only coun ted the impro v emen t

compared to the total n um b er of load and store in-

structions. P osti�, Greene and Mudge [23 ] presen ted

recen tly a register promotion algorithm at link-time,

although their algorithm do es not use an y PRE ap-

proac h at all. They also presen t n um b ers for long

register �les, but the gain in this case seems to come

from sev eral ad ho c tec hniques for promoting global

and constan t v alues in to a dedicated subset of the long

register �le.

Bo d � �k, Gupta and So�a [5] dev elop ed a load redun-

dancy analysis, and design a metho d for ev aluating its

precision. Ho w ev er, their pap er is only fo cused in the

analysis, they do not p erform an y elimination of re-

dundan t loads at all.

7 Summary and future direc-

tions

This pap er has presen ted three algorithms to p er-

form load redundancy elimination on executable �les.

W e ha v e instrumen ted the SPECin t95 programs and

sho wn that b et w een 50% and 75% of all memory ref-

erences can b e considered \redundan t"', since they

access memory lo cations that had already b een ref-

erenced b y another load or store instruction within a

close dynamic distance (less than 256 references a w a y

in our dynamic windo w exp erimen ts).

W e ha v e presen ted an algorithm targeted at catc h-

ing the close-distance redundancy b y lo oking at re-

dundancy within an extended basic blo c k. This �rst

algorithm is able to remo v e less than 5% of all loads

and, therefore, yields sp eedups b elo w 4% in execution

time. The results seem to indicate that an extended

basic blo c k is to o small of a region to catc h the redun-

dancy measured in our redundancy exp erimen ts. The

second algorithm presen ted, LRE for fully redundan t

loads found on arbitrary con trol 
o w regions, yields an

a v erage increase of a 10% in candidate loads consid-

ered to b e remo v ed. Despite this small increase, fully-

LRE do es detect some of the critical loads and th us

increases sp eedups up to an 8%. The third algorithm

discussed, LRE for partially redundan t loads, signif-

ican tly increases the n um b er of static loads remo v ed

(a 30% o v er the EBB algorithm). Ho w ev er, the ex-

tra cost of the algorithm only sho ws its strengths on

compress , where an extra 12% of dynamic loads are

remo v ed o v er the fully-LRE algortithm.

In the third part of the pap er w e ha v e explored

the e�ects of our algorithms on future arc hitectures.

Our sim ulations ha v e sho wn that, as the L1 cac he la-

tency increases, the imp ortance of the LRE optimiza-

tion also increases. F urthermore, w e ha v e explored

ho w w ell our optimization w ould do under a scenario

with more mac hine registers a v ailable (suc h as in the

IA64 arc hitecture). Results indicate that lac k of reg-

ister do es not seem to b e the gating factor to ac hiev e

b etter sp eedups. On the con trary , w e b eliev e that w e

need to explore b etter alias analysis algorithms to fully

obtain the p oten tial of the LRE optimization.

Ac kno wledgmen ts

This w ork is b eing supp orted b y the Spanish Min-

istry of Education under gran ts CYCIT TIC98-0511

and PN98 46057403-1. The researc h describ ed in this

pap er has b een dev elop ed using the resources of the

CEPBA.

References

[1] MIPSpr o Compiling and Performanc e T unning

Guide . Num b er 007-2360-008. Silicon Graphics,

Inc., Moun tain View, CA, 1999.

[2] A. V. Aho, R. Sethi, and J. D. Ullman. Compilers

principles, te chniques, and to ols . Addison-W esley ,

Reading, MA, 1986.

[3] T. Ball and J. R. Larus. E�cien t path pro�l-

ing. In Pr o c e e dings of the 29th A nnual Inter-

national Symp osium on Micr o ar chite ctur e , pages

46{57, P aris, F rance, Dec, 2{4 1992. A CM Press.

[4] T. Ball, P . Mataga, and M. Sagiv. Edge pro-

�ling v ersus path pro�ling: The sho wdo wn. In

Confer enc e R e c or d of POPL '98: The 25th A CM

SIGPLAN-SIGA CT Symp osium on Principles of

Pr o gr amming L anguages , pages 46{57, Orlando,

Florida, Jan uary 19{21 1998.

[5] R. Bo dik, R. Gupta, and M. L. So�a. Load-reuse

analysis: Design and ev aluation. In Pr o c e e dings

of the A CM SIGPLAN '99 Confer enc e on Pr o-

gr amming L anguage Design and Implementation ,

pages 64{76, A tlan ta, Georgia, Ma y 1{4 1999.

[6] D. Burger and T. M. Austin. The SimpleScalar

to ol set, v ersion 2.0. T ec hnical Rep ort CS-TR-97-

1342, Computer Sciences Departmen t, Univ ersit y

of Wisconsin-Madison, 1997.

11



[7] P . P . Chang, S. A. Mahlk e, W. Y. Chen, and

W.-M. W. Hwu. Pro�le-guided automatic inline

expansion for C programs. Softwar e Pr actic e and

Exp erienc e , 22(5):349{369, Ma y 1992.

[8] F. Cho w, S. Chan, R. Kennedy , S.-M. Liu, R. Lo,

and P . T u. A new algorithm for partial redun-

dancy elimination based on SSA from. In Pr o c e e d-

ings of the A CM SIGPLAN '97 Confer enc e on

Pr o gr amming L anguage Design and Implementa-

tion , pages 273{286, Las V egas, Nev ada, June 15{

18 1997.

[9] R. Cohn, D. Go o dwin, P . G. Lo wney , and N. Ru-

bin. Spik e: An optimizer for Alpha/NT executa-

bles. In USENIX, editor, The USENIX Windows

NT Workshop 1997 , pages 17{23, Seattle, W ash-

ington, August 11{13 1997.

[10] R. Cohn and P . G. Lo wney . Hot cold optimization

of large Windo ws/NT applications. In Pr o c e e d-

ings of the 29th A nnual International Symp osium

on Micr o ar chite ctur e , pages 80{89, P aris, F rance,

Dec, 2{4 1992. A CM Press.

[11] S. Debra y , R. Muth, and M. W eipp ert. Alias anal-

ysis of executable co de. In Confer enc e R e c or d of

POPL '98: The 25th A CM SIGPLAN-SIGA CT

Symp osium on Principles of Pr o gr amming L an-

guages , pages 12{24, Orlando, Florida, Jan uary

19{21 1998.

[12] D. W. Go o dwin. In terpro cedural data
o w anal-

ysis in an executable optimizer. In Pr o c e e dings

of the A CM SIGPLAN '97 Confer enc e on Pr o-

gr amming L anguage Design and Implementation ,

pages 122{133, Las V egas, Nev ada, June 15{18

1997.

[13] R. Gupta, D. A. Berson, and J. Z. F ang. P ath

pro�le guided partial redundancy elimination us-

ing sp eculation. In Pr o c e e dings of the 1998 In-

ternational Confer enc e on Computer L anguages ,

pages 230{239, Chicago, Ma y 14{16 1998. IEEE

Computer So ciet y Press.

[14] R. N. Horsp o ol and H. C. Ho. P artial redundancy

elimination driv en b y a cost-b ene�t analysis. In

8th Isr aeli Confer enc e on Computer System and

Softwar e Engine ering , pages 111{118, Herzliy a,

Israel, June 1997.

[15] R. E. Kessler. The Alpha 21264 micropro cessor.

IEEE Micr o , 19(2):24{36, 1999.

[16] J. Kno op, O. R • uthing, and B. Ste�en. Optimal

co de motion: Theory and practice. A CM T r ans-

actions on Pr o gr amming L anguages and Systems ,

16(4):1117{1155, July 1994.

[17] R. Lo, F. Cho w, R. Keneddy , S.-M. Liu, and

P . T u. Register promotion b y sparse partial re-

dundancy elimination of loads and stores. In

Pr o c e e dings of the A CM SIGPLAN '98 Confer-

enc e on Pr o gr amming L anguage Design and Im-

plementation , pages 26{37, Mon treal, Canada,

June 17{19 1998.

[18] J. Lu and K. Co op er. Register promotion in

C programs. In Pr o c e e dings of the A CM SIG-

PLAN '97 Confer enc e on Pr o gr amming L anguage

Design and Implementation , pages 308{319, Las

V egas, Nev ada, June 15{18 1997.

[19] S. S. Muc hnic k. Building an Optimizing Com-

piler . Morgan Kaufman, 1997.

[20] R. Muth. A lto: A Platform for Obje ct Co de Mo d-

i�c ation . PhD thesis, Departmen t of Computer

Science, Univ ersit y of Arizona, 1999.

[21] R. Muth, S. Debra y , S. W atterson, and

K. de Bossc here. alto: A link-time optimizer for

the DEC Alpha. T ec hnical Rep ort TR98-14, De-

partmen t of Computer Science, Univ ersit y of Ari-

zona, 1998.

[22] K. P ettis and R. C. Hansen. Pro�le guided co de

p ositioning. In Pr o c e e dings of the A CM SIG-

PLAN '90 Confer enc e on Pr o gr amming L anguage

Design and Implementation , pages 16{27, June

1990.

[23] M. P osti�, D. Greene, and T. Mudge. The need

for large register �les in in teger co des. T ec hnical

Rep ort CSE-TR-434-00, EECS/CSE Univ ersit y

of Mic higan, 2000.

[24] A. Sriv asta v a and D. W. W all. A practical sys-

tem for in termo dule co de optimization at link-

time. Journal of Pr o gr amming L anguages , 1(1):1{

18, Dec. 1992.

[25] R. P . Wilson and M. S. Lam. E�cien t con text-

sensitiv e p oin ter analysis for C programs. In

Pr o c e e dings of the A CM SIGPLAN '95 Confer-

enc e on Pr o gr amming L anguage Design and Im-

plementation , pages 1{12, La Jolla, California,

June 18{21 1995.

12


