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1 In tro duction

One of the primary goals of a compiler is to eliminate redundan t computations presen t in the input program.

Suc h redundancy elimination is esp ecially b ene�cial in lo ops, since eliminating computations from a fre-

quen tly executed region of co de can lead to massiv e p erformance gains in the program o v erall. T w o indep en-

den t compiler optimizations are customarily used to eliminate redundancies: Global Common Sub expression

Elimination (GCSE) and Lo op In v arian t Co de Motion (LICM). GCSE essen tially replaces computation sites

with a sa v ed v ersion of a computation, pro vided that the v alue of the computation has not b een altered since

the last time it w as made. Lo op-in v arian t co de motion is resp onsible for hoisting lo op-in v arian t computations

from the b o dy of a lo op or lo op nest, pro vided that it can safely do so.

Ho w ev er, neither LICM nor GCSE can handle p artial redundancies: redundan t computations that o ccur

on some execution paths reac hing a giv en p oin t, but not on others. A ddressing this de�ciency is the goal of

a p o w erful data�o w-based optimization kno wn as P artial Redundancy Elimination (PRE). PRE e�ectiv ely

subsumes b oth LICM and GCSE, in addition to safely transforming partial redundancies to full redundancies,

whic h can then b e remo v ed.

In this rep ort w e presen t implemen tation details, empirical p erformance data, and notable mo di�cations

to an algorithm for PRE based on [1]. In [1], a particular realization of PRE, kno wn as SSAPRE, is

describ ed, whic h is more e�cien t than traditional PRE implemen tations b ecause it relies on useful prop erties

of Static Single-Assignmen t (SSA) form to p erform data�o w analysis in a m uc h more sparse manner than the

traditional bit-v ector-based approac h. Our implemen tation is sp eci�c to a SSA-based compiler infrastructure

kno wn as LL VM (Lo w-Lev el Virtual Mac hine).

This pap er describ es the curren t state of our implemen tation using the LL VM infrastructure, and delin-

eates imp ortan t mo di�cations to the algorithm describ ed in [1].

2 Existing W ork

PRE w as �rst dev elop ed b y Morel and Ren v oise [1979]. Their implemen tation used data�o w analysis to

determine partial redundancies and eliminate them. This metho d w as enhanced b y the in tro duction of a

co de placemen t strategy called lazy co de motion (LCM) [3], whic h �nds the optimal placemen t for co de

within a con trol �o w graph (CF G). Ho w ev er, the previous v ersions of PRE are based on a bit-v ector form u-

lation of the problem and on the iterativ e solution of data �o w equations[1 ]. The primary dra wbac k to the

application of bit-v ector-based data�o w optimizations to an SSA in termediate represen tation is the high cost

of represen tational con v ersion. In order to propagate the data�o w predicates prop erly , the IR is essen tially

tak en out of SSA form prior to the analysis and put bac k in to SSA form after, a pro cess whic h incurs high

compile-time cost.

The SSAPRE pap er pro vides an SSA-based v ersion of PRE whic h com bines the optimal placemen t

prop erties of the previous algorithms for PRE with SSA's sparse use-de�nition information. In particular,

it lev erages features of SSA suc h as the single-assignmen t prop ert y and dominance in v arian ts so that PRE

analysis costs are greatly reduced in comparison to the traditional approac hes.[1 ]
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3 Ov erview

3.1 De�nitions

W e �rst presen t a few de�nitions from [1] whic h w e use throughout this pap er:

De�nition (R e dundant): If E

1

and E

2

are o ccurrences of some computation E and there is a con trol �o w

path from E

1

to E

2

con taining nothing that ma y alter the v alue of E , w e sa y that E

2

is r e dundant with

r esp e ct to E

1

.[1 ]

De�nition (Partial ly A vailable): W e sa y a computation is p artial ly available at some p oin t p in the pro-

gram if there is a con trol �o w path leading to p from some real o ccurrence of the computation and not

crossing an ything that ma y alter the v alue of the computation.[1 ]

De�nition (Partial ly R e dundant): W e sa y an o ccurrence ! is p artial ly r e dundant if it is an o ccurrence of

a computation that is partially a v ailable just b efore ! .[1 ]

De�nition ( � ): In the same w a y that the literature uses a � op erator in SSA form to factor the use-

def relation for v ariables, w e in tro duce a � op erator that factors the redundancy relation for computation

o ccurrences.[1 ]

De�nition ( ? ): There can b e op erands of � that are not partially redundan t; these ha v e no coun terpart

in SSA form, and w e denote them b y the sym b ol ? .[1 ]

De�nition (R epr esentative Oc curr enc e): W e de�ne the r epr esentative o c curr enc e for an expression to

b e the nearest expression that is either a � Occurrence or a non-partially redundan t real o ccurrence that

dominates the expression. [1]

3.2 SSAPRE Algorithm

The pap er presen ts t w o v ersions of the SSAPRE algorithm. The �rst v ersion pro vides ev erything necessary

to create a w orking v ersion of SSAPRE for a compiler. There are six steps in the algorithm: � Insertion ,

R ename , DownSafety , Wil lBeA vail , Finalize , and Co deMotion . Ho w ev er, this v ersion isn't sparse (there

are p oten tially extraneous � no des placed in to the graph, and the naiv e rename algorithm considers man y

v ersions of v ariables that ma y not app ear in an y PRE candidate expression) and deals with all of the

expressions in the program sim ultaneously , whic h can induce a large memory fo otprin t.

The second v ersion of the algorithm is a practical implemen tation of SSAPRE. It is a w orklist driv en

v ersion of the algorithm and requires a prepass o v er the co de to collect all lexically iden ti�ed o ccurrences of

expressions in to lexically equiv alen t sets. Once this is done, ho w ev er, w e no longer need to lo ok at all of the

co de again but only at the collected o ccurrences. Eac h collected o ccurrence set is placed in to the w orklist

then remo v ed one at a time so that the algorithm can b e applied to it. The practical implemen tation

algorithm replaces the �rst t w o parts of the initial algorithm � � Insertion and R ename � with a demand-

driv en v ersion of � Insertion and a dela y ed v ersion of R ename . See Figure 1 for a graphical represen tation

of the implemen tation of the w orklist driv en algorithm.

W e c hose to implemen t the w orklist driv en v ersion of the algorithm.

4 Implemen tation

While w e c hose to implemen t the w orklist driv en v ersion of the SSAPRE algorithm, our implemen tation

do esn't actually use the w orklist in the w a y a traditional w orklist is used. In the pap er, the w orklist is

needed for �comp ound� expressions (those of the form a + b � c , where a + b is a sub expression of the whole

expression). LL VM is a three-address represen tation and do esn't allo w for comp ound expressions.
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Figure 1: PRE W orklist Driv en Approac h from [1]

4.1 Assumptions

The assumptions that w e mak e are as follo ws (the �rst t w o assumptions are directly stated in the pap er,

and the latter t w o can easily b e inferred):

� "Eac h � assignmen t has the prop ert y that its left-hand side and all of its op erands are v ersions of the

same original program v ariable"[1 ]

� "The liv e ranges of di�eren t v ersions of the same original program v ariable do not o v erlap"[1 ]

� All critical edges are brok en; and

� W e ha v e access to the dominator tree and dominance fron tiers of basic blo c ks

Because of the �rst t w o assumptions, w e need to disable running a few optimization passes b efore our pass

is run. In particular, instcombine, mem2reg, and reassociate shouldn't b e run as they could p oten tially

violate the �rst t w o assumptions. Of course, since our pass is supp osed to subsume GCSE and LICM, b oth

gcse and licm shouldn't b e run. In order to ensure that critical edges ha v e b een brok en, the break-crit-

edges is required b efore our pass.

4.2 Data Structures

Our implemen tation of the algorithm is based on infrastructure that consists of a hierarc h y of Occurrence

classes. There are 5 t yp es of o ccurrences: Real, � , � Op erand, Exit, and Inserted; their instances trac k

an y information ab out them that the pap er sp eci�es as necessary . The main Occurrence class main tains

information that is shared b y all t yp es of o ccurrences. This information includes: the basic blo c k it exists

in, the instruction it represen ts, the cac hed temp orary instruction that sa v es the result (if an y), and the

Redundancy Class Num b er (R CN). The Real Occurrence class has additional �ags asso ciated with it suc h

as: Reload, Sa v e, and a p oin ter to its represen tativ e Occurrence. � Occurrences ha v e �ags to indicate
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whether they are do wnsafe, extraneous, �can b ea v ail�, or are �later�. � Op erand o ccurrences main tain what

their represen tativ e o ccurrence is, what � they b elong to, what instruction w ould b e inserted there if needed,

and a �ag indicating if they ha v e a real use. Inserted Occurrences and Exit Occurrences do not store an y

additional information.

4.3 P ass Details

The SSAPRE algorithm is done in six separate phases, whic h are discussed in detail b elo w.

4.3.1 Collect Occurrences

The main idea b ehind the Collect Occurrences phase is to iden tify lexically iden ti�ed

1

expressions to partition

them in to equiv alence classes (also referred to as �o ccurrence sets�). Unfortunately , the authors do not

describ e an y information ho w this is b est accomplished.

Since LL VM do es not explicitly represen t the �SSA v ersion� of a particular �original� program v ariable,

w e disco v er v ersions of the same SSA v ariable b y examining where v alues are merged b y � -no des in the SSA

represen tation. Whenev er w e witness a � -no de in the linear scan of the program instructions

2

, w e consider

the def of the � and its op erands �equiv alen t� for purp oses of hashing expressions to the prop er lexically-

iden ti�ed equiv alence classes. The hashing step can b e made more e�ectiv e through the previous application

of reasso ciation, but w e ha v e not fully explored the e�cacy of suc h reasso ciation, as the LL VM reasso ciation

pass has the p oten tial to violate the � -op erand deadness in v arian t required b y the SSAPRE algorithm. F or

e�ciency , w e use a Union-Find mec hanism with b oth Union-By-Rank and P ath Compression, so that the

run time cost of determining di�eren t v ersions of the same v ariable is a smal l �constan t�

3

for an y conceiv able

program size.[4]

4.3.2 � Insertion

Our implemen tation uses the demand-driv en � Insertion algorithm[1 ]. �The resulting algorithm is sparse in

the sense that all the � s inserted are justi�ed either b y app earing in the iterated dominance fron tier of some

real o ccurrence of the expression or b y app earing at a p oin t where the expression is partially an ticipated.� [1 ]

With LL VM, sparse � insertion is easy . Using the dominance fron tier information supplied b y LL VM,

w e determine the iterated dominance fron tier (IDF) for the basic blo c k of an expression's real o ccurrence.

That is, w e get the initial dominance fron tier for the original basic blo c k and then recurse on eac h individual

basic blo c k in that dominance fron tier adding to the IDF if it isn't in there already . Also, LL VM pro vides

quic k access to the de�nitions of op erands in expressions, so determining if they w ere SSA � no des or not is

simple. This in v olv es a recursiv e step on the � no de to see if its op erands w ere de�ned b y � no des or not.

4.3.3 R ename

The primary purp ose of the R ename pass is to assign redundancy class n um b ers (R CNs) to eac h o ccurrence

whic h places them in to equiv alence classes. T w o o ccurrences with equiv alen t R CNs ha v e the same v alue

throughout the program. That is, they are a r e�nement of the o ccurrence sets, whic h are p opulated with

lexically iden ti�ed expressions. F urthermore, it is straigh tforw ard to conclude that an y t w o o ccurrences along

a con trol path with t w o di�eren t R CNs will ha v e a rede�nition of one of their v ariables at some p oin t b et w een

the o ccurrences on that path. The secondary purp ose of R ename is to construct the F actored Redundancy

Graph (FR G). The FR G is de�ned as a collection of real o ccurrences, and � ± in the same redundancy class,

whic h represen t the no des. Up w ard edges in the FR G are from eac h partially redundan t � Op erand or Real

Occurrence to their represen tativ e o ccurrence.

The non-w orklist driv en approac h for R ename is mo deled after the SSA Renaming algorithm in [5],

mo di�ed sligh tly to main tain a stac k for eac h expression in addition to stac ks for eac h v ariable. The sole

1

Recall that t w o expressions are lexically iden ti�ed if their resp ectiv e op erands are v ersions of the same program v ariable.

Th us, a

5

+ b

4

is lexically iden ti�ed with a

0

+ b

19

2

This is the only time the en tire program is visited b y SSAPRE

3

That is, the In v erse A c k erman's function
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purp ose of ha ving the v ersion stac ks for the v ariables is to determine whether or not a new R CN needs to

b e assigned. Because p erforming rename this w a y requires the examination of man y v ersions of v ariables

that ma y not app ear in an y PRE candidate expression, the algorithm is not sparse. Th us, Kennedy et al.

presen ts an alternativ e algorithm called Dela y ed Renaming[1].

F or pure redundancy class assignmen t, Delaye d R enaming uses a redundancy class stac k for the expression

b eing analyzed. Delaye d R enaming main tains the in v arian t that, at an y p oin t during analysis, the top of the

stac k represen ts the curren t R CN and the represen tativ e o ccurrence no de for the expression. Eac h R CN has

a represen tativ e o ccurrence, whic h means that w e can safely replace other o ccurrences with the same R CN

and still main tain the original program seman tics. This is due to the prop ert y expressed ab o v e that t w o

o ccurrences of the same R CN ha v e the same v alue. A represen tativ e o ccurrence is alw a ys a real o ccurrence

or a � Occurrence, and � Occurrences alw a ys get a new R CN (since they represen t a merge of expression

computations), so there are only four situations that migh t arise when attempting to assign a R CN to an

Occurrence:

1. The top of the stac k is a Real Occurrence and

(a) Our curren t o ccurrence is a Real

(b) Our curren t o ccurrence is a � Op erand

2. The top of the stac k is a � Occurrence and

(a) Our curren t o ccurrence is a Real

(b) Our curren t o ccurrence is a � Op erand

Delaye d R enaming is p erformed in t w o steps. The �rst, R ename1 , pro cesses eac h Occurrence separately ,

pushing items on to the stac k when they are assigned a new R CN, and p opping items if they do not dom-

inate the curren t o ccurrence. If the top of the stac k is a Real Occurrence, w e ha v e the curren t v ersion of

the v ariables a v ailable and assigning a new R CN is as simple as comparing those v ersions to the curren t

o ccurrence. In LL VM there is no notion of v ersions, so this is equiv alen t to p erforming comparisons of eac h

op erand's V alue p oin ter. If the top of the stac k is a � Occurrence, the v ersions of v ariables are not pro vided.

T o resolv e this issue, R ename1 uses dominance information to determine whic h R CN is appropriate. This

dominance relation is that if all v ariable de�nitions of the curren t o ccurrence dominate the � Occurrence at

the top of the stac k, then the v ersions are iden tical[1 ].

Ho w ev er, there is one small detail o v erlo ok ed in R ename1 . When the curren t Occurrence is a � Op erand,

there exists no Real Occurrence whic h can pro vide us with the curren t v ersions of the v ariables. In these

cases, Rename1 mak es an optimistic assumption and assumes that the top of the redundancy class stac k

pro vides its v ariables v ersions and therefore is giv en the same R CN. This assumption is either correct or the

� op erand will ha v e no represen tativ e o ccurrence, ? . Ha ving no represen tativ e o ccurrence means that the

� Op erand is not partially redundan t. R ename1 k eeps trac k of eac h Real Occurrence that is de�ned b y a �

and places them in to a set to b e pro cessed. This set is pro cessed b y R ename2 whic h corrects the optimistic

assumption regarding � op erands if necessary .

R ename2 pro cesses eac h item in the set constructed b y R ename1 . Eac h of these Real Occurrences are

de�ned b y a � and pro vides the v ersions of the v ariables at that � that de�nes it. R ename2 �rst obtains

the � for the Real Occurrence and notes what basic blo c k it resides in. If there exists a � for an y of the

v ariables of that Real Occurrence in the basic blo c k of its de�ning � , w e m ust double c hec k our optimistic

assumption made to the � op erands.

F or eac h � Op erand, a Real Occurrence is man ufactured with the correct v ersions of the v ariables at that

p oin t. The � for the v ariable pro vides us with the v ersion to use when man ufacturing this real o ccurrence.

The man ufactured Real Occurrence is compared to the represen tativ e o ccurrence for the � Op erands. If the

represen tativ e o ccurrence is a Real Occurrence then p oin ters are compared. If it is a � Occurrence, w e c hec k

if all the de�nitions of the v ariables in the man ufactured o ccurrence dominate that � . If not in either case,

the optimistic assumption w as indeed wrong and the � Op erand is set to ? . If the R CN is determined to

b e correct and the represen tativ e o ccurrence is a � , the man ufactured o ccurrence needs to b e added to the

set for further pro cessing in order to ensure that the op erands of that � are also correct.
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It is imp ortan t to note that the pap er did not explain ho w to create this man ufactured real o ccurrence,

nor ho w its def edge ough t to b e set. Initially it seemed as simple as cloning the Real Occurrence, but later

pro v ed to b e more complicated b ecause a critical detail w as simply left out in the algorithm. The edge in

the FR G from this man ufactured o ccurrence m ust not b e an exact cop y , but should b e to the represen tativ e

o ccurrence for the � Op erand b eing examined. It is critical to recursiv ely c hec k � Occurrences and their

op erands as men tioned ab o v e.

Up on completion, Delaye d R enaming will ha v e assigned R CNs, and created FR Gs for eac h redundancy

class of the v ariable. This �rst pass is crucial to the success of the algorithm as a whole and during our

implemen tation and testing, sev eral bugs ha v e b een link ed bac k to this pass due to its complexit y .

4.3.4 DownSafety

In order for PRE to insert a computation it m ust b e do wn safe or fully an ticipated at the p oin t of insertion[1 ].

Do wn safet y is used to ensure that new exceptions or redundancy are not in tro duced b y inserting an ex-

pression. Since insertions are only done at � Op erands, it is su�cien t to determine do wn safet y only at �

Occurrences. Note that it is only safe to do so b ecause w e require critical edges to b e brok en. Do wnSafet y

is done in t w o steps: Initialization and Propagation. In addition to determining Do wnSafet y , this pass also

sets the hasRealUse �ags for � Op erand Occurrences.

In order for a � Occurrence to not b e do wn safe, there m ust exist a con trol �o w path from the � suc h

that the expression is either not computed prior to an exit or is not computed prior to a rede�nition of one of

its op erands[1 ]. Because Rename is already pro cessing the Occurrences in DT preorder, it is an appropriate

place to p erform the initialization. While the pap er giv es excellen t details on what mo di�cations to mak e to

the non-w orklist driv en rename algorithm, it do es not giv e an y information on ho w to mo dify the dela y ed

rename pass. Therefore, it to ok a signi�can t amoun t of time to come up with the correct approac h.

All do wnsafet y �ags are initialized to true, whic h is an optimistic assumption. Do wn safet y can only b e

set to false if w e see an Exit Occurrence b efore a Real Occurrence, or b efore a � Op erand that is de�ned

b y a do wn safe � . The pap er suggests that whenev er Rename assigns a Real Occurrence a new R CN, sets a

� Op erand to ? or encoun ters a program exit, it c hec ks the top of the stac k to see if it is a � Occurrence.

If so, it will reset that � 's do wnsafet y �ag. This approac h seems reasonable, except in dela y ed Renaming

Occurrences are only pushed on to the stac k if they are assigned a new redundancy class n um b er. Ho w ev er,

there are cases where a Real Occurrence is giv en the same R CN as a � or another Real Occurrence and

consequen tly it is not pushed on to the stac k. If a Real Occurrence is not pushed on to the stac k and the

next Occurrence is an Exit Occurrence, it presen ts a problem during do wn safet y initialization. It will mark

the � not do wn safe b ecause it nev er witnessed the Real Occurrence at the top of the stac k. This is also a

problem for setting hasRealUse �ags, where � Op erands will not see a Real Occurrence on the top of the

stac k and their hasRealUse �ags will b e incorrectly set to false.

It is not su�cien t to ha v e only the stac k describ ed in Rename1 and still initialize the do wnsafet y and

hasRealUse �ags appropriately . Therefore, w e k eep another stac k that k eeps trac k of all of the Occurrences

that dominate the curren t expression and that ha v e b een pro cessed. When determining if do wn safet y should

b e reset or hasRealUse should b e set, it lo oks at the top of this second stac k. W e a v oid the problem of missing

a Real Occurrence that w as not assigned a new R CN.

The second part of do wnsafet y is to propagate a non-do wn safe v alue to an y � 's that ha v e op erands that

use the non-do wn safe � as their represen tativ e o ccurrence. This is a simple w alk of the FR G.

4.3.5 Wil lBeA vail

The Wil lBeA vail step tells us if a v alue will b e a v ailable at a � o ccurrence follo wing insertions. If the � has

its wil l_b e_avail predicate set but a v alue isn't a v ailable there, later steps will insert an o ccurrence of the

expression at this p oin t. This, com bined with the DownSafety step, giv es us the optimal placemen t for new

expressions in the �nal CF G.

The algorithm starts where DownSafety ends. It calculates if a v alue can b e a v ailable at a � and whether

or not it can b e placed �later� in the CF G. The algorithm recursiv ely visits eac h � no de either clearing

or setting the c an_b e_avail and later �ags. The wil l_b e_avail predicate is determined b y the follo wing

equation:
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w il l _ be _ av ail = can _ be _ av ail ^ : l ater

4.3.6 Finalize

Finalize is resp onsible for transforming the FR G in to a new form that re�ects insertions and no � Op erand is

? . In addition this new form is optimized b y remo ving an y extraneous � Occurrences. The pass is separated

in to t w o parts: Finalize1 and Finalize2 .

Finalize1 is resp onsible for determining whic h Real Occurrences should b e reloaded from a temp orary or

computed. It uses a STL map to asso ciate redundancy class n um b ers to their a v ailable de�ning o ccurrence.

Eac h Occurrence is pro cessed in a preorder dominator tree tra v ersal. Up on encoun tering a Real Occurrence

the map for an a v ailable de�nition is accessed for its R CN. If no de�nition exists, or the de�nition do es

not dominate the Real Occurrence, it will b ecome its R CN's de�ning o ccurrence and reset its reload �ag.

Otherwise, the Real Occurrence will set its reload �ag to true and up date the FR G b y c hanging its up w ard

edge to p oin t to the a v ailable de�nition. When Finalize1 pro cesses a � Occurrence, it will only mak e this �

the a v ailable de�nition for its R CN if it satis�es wil l_b e_avail .

Lastly , when pro cessing � Op erands Finalize1 m ust decide whether it is p ossible to insert an expression

and c hange its represen tativ e o ccurrence to the Inserted Occurrence. In order to insert an expression, t w o

conditions m ust hold[1 ]:

1. The � that it b elongs to m ust satisfy wil l_b e_avail

2. The � Op erand m ust b e ? ; or hasRealUse �ag is false and its represen tativ e o ccurrence is a � that

do es not satisfy wil l_b e_avail

If insert is satis�ed, the curren t expression at the place the � Op erand o ccurs in the CF G should b e

inserted. While this step seems v ery straigh t-forw ard, no details are pro vided in the pap er ab out obtaining

the correct expression to insert. Due to the fact that w e implemen ted the w orklist driv en approac h, it is

ine�cien t to pass o v er the program to �nd the correct v ersions of the v ariables to form ulate this inserted

expression. Rather, the prop er place to p erform this analysis is in the Rename pass. This is a mo di�cation to

the Rename algorithm not men tioned in the pap er. When pro cessing the � Op erand Occurrences, Rename2

is a w are of the curren t v ersions of v ariables at that p oin t in the program. It is trivial to create the inserted

instruction at that p oin t, in the ev en t that it is needed b y Finalize in the future. It is a signi�can tly more

e�cien t to ha v e this inserted instruction cac hed, v ersus obtaining it during the Finalize pass. If insert is not

satis�ed, the � Op erand will up date its represen tativ e o ccurrence to p oin t to the a v ailable de�nition.

Finalize2 marks eac h Real Occurrence that is not reloaded as sa v ed, and remo v es extraneous � 's to

minimize the FR G. While not crucial to the success of PRE, lea ving extraneous � 's requires more space in

program represen tation and ma y impact the e�ciency of future optimizations[1 ]. Ho w ev er, remo ving these

extraneous � 's requires that the o ccurrences in its R CN refer to a di�eren t class whic h de�nes the v alue of

the � Occurrence.

Finalize2 b egins b y setting eac h � in the FR G that satis�es wil l_b e_avail to b e extraneous. Recall that

the save �ags for Real Occurrences w ere initialized to false. Finalize2 then lo oks at eac h Real Occurrence

that has its r elo ad �ag set. If it is to b e reloaded, it m ust up date its represen tativ e o ccurrence b y calling

Set_sa v e(). Set_sa v e() lo oks at the represen tativ e o ccurrence, and if it is a a Real Occurrence the sa v e �ag

for that Real is set to true. Otherwise, if it is a � Occurrence it will recursiv ely call Set_sa v e() in eac h

of its � Op erand Occurrences. Lastly , if the represen tativ e o ccurrence is a Real or Inserted Occurrence, it

will declare eac h � in its iterated dominance fron tier to b e extraneous. Finalize2 then needs to remo v e the

extraneous � 's and up date the FR G accordingly .

The algorithm for Finalize2 did not w ork according to the pap er. When remo ving extraneous � 's in�nite

lo ops w ere o ccurring. This w as due to the pap er lea ving out the detail that once a � has b een remo v ed and

its FR G up dated, it should not b e pro cessed again.

4.3.7 Co deMotion

An algorithm for Co deMotion w asn't giv en explicitly in the pap er. W e came up with the follo wing algorithm

based on the description giv en in [1 ].
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for f 2 F in preorder traversal of the Dominator Tree do

if f is a real occurrence

if save(f)

generate_save(f)

else if reload(f)

generate_reload( f)

else if f is a �

generate_ssa_phi( f)

else if f is a � operand

generate_reload(f )

else if f is an inserted occurrence

generate_save(f)

end

After the Finalize phase is �nished, w e ha v e a set with Real Occurrences, � no des, � op erand, and

Inserted Occurrences.

F or Real Occurrences, if they are to b e �sa v ed,� w e generate a sa v e of that expression to a temp orary . In

LL VM, this in v olv es creating a cast of the Real Occurrence's instruction and placing it in the CF G after that

instruction. This will act as this instruction's �curren t temp orary v ersion.� If the Real Occurrence should

b e �reloaded,� then w e generate a reload of the instruction. This is done b y simply taking the o ccurrence's

de�ning instruction's curren t temp orary v ersion and replacing the instruction with that curren t temp orary .

F or � no des, w e notice that these are the places where t w o or more expressions are merged in the CF G.

The expressions coming in are in registers ( Value* s in LL VM). W e create an SSA � no de to p erform this

merging.

F or � op erands, w e w an t to reload the temp orary v alue of its de�ning instruction. In our implemen ta-

tion, this do esn't require an y mo di�cations since w e will use the � op erand's de�ning instruction's curren t

temp orary instead of doing an actual insertion of co de at this p oin t.

F or Inserted Occurrences, w e need to generate a sa v e of the instruction in to a temp orary v ariable. W e

treat this in same w a y w e treat a Real Occurrence that is to b e sa v ed.

4.4 Limitations & W eaknesses

After m uc h discussion, it w as determined that the SSAPRE algorithm should only need to b e run once on

the co de to gain the full b ene�ts of PRE. Ho w ev er, it requires that the o ccurrence sets that are collected

for eac h expression t yp e b e top ographically sorted and run in order. That is, if an expression in set A uses

the result of an expression in set B , then set B should b e run through the algorithm b efore set A . Our

implemen tation do esn't k eep this top ographical ordering.

Our algorithm curren tly do es not use the v alue n um b ering in terface to �nd expressions that pro duce

the same v alue, but are not lexically equiv alen t. As a side e�ect of this, w e are unable to tak e adv an tage

of the load-vn v alue n um b ering pass, whic h w ould allo w our algorithm to transparen tly handle partially

redundan t loads disam biguated b y a user-selectable alias analysis implemen tation. W e consider this to b e a

straigh t-forw ard extension of our curren t implemen tation, whic h will b e easy to implemen t once the other

de�ciencies of the underlying algorithm are �xed.

Running our pass on co de t wice results in co de whic h is no longer correct; unfortunately , this fact seems

to b e from a laten t bug whic h w ould require more time to �nd than w e had.

4.5 Status

The implemen tation of SSAPRE is almost complete. A t the time of this rep ort, our implemen tation is

successfully remo ving partial redundancies prop erly from a go o d deal of input co des, although there are still

some bugs presen t whic h w e did not ha v e time to �x. In particular, w e ran in to some falsi�abilit y issues with

our input co des, in the sense that it w as di�cult to ascertain whether or not the � -op erand deadness in v arian t

had b een main tained b y preoptimization passes. As w e see it, there are four primary actions whic h m ust
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o ccur b efore our implemen tation is robust enough to b e fully in tegrated in to LL VM as a drop-in replacemen t

for GCSE and LICM:

� More testing to exp ose laten t bugs and �x the existing ones.

� A solution to the � -op erand deadness in v arian t that is compile-time e�cien t and correct. This is

primarily to relax the stringen t requiremen ts imp osed b y the pro vided SSAPRE algorithm [1]. The

authors of [1 ] do discuss the p ossibilit y of relaxing this criteria, but do not go in to detail.

� Determine ho w v alue n um b ering information (particularly for load instructions) can b e used to increase

the e�cacy of PRE.

� Implemen t a top ologically-ordered expression visitation mec hanism so that our implemen tation SS-

APRE can b e more aggressiv e in disco v ering redundancies in the input co de.

5 Issues with P ap er

While the algorithm presen ted in this pap er tak es adv an tage of the sparseness of SSA and can p erform com-

parable to LICM and GCSE, it unfortunately has a few dra wbac ks. The biggest dra wbac k is the requiremen t

that liv e ranges of SSA v ersions of the same v ariable can not o v erlap. While this is holds true immediately

after SSA construction, it is not guaran teed to hold true after sev eral optimizations ha v e b een p erformed

on a giv en program. T o assume that PRE is to op erate in a v acuum isn't v alid. Most lik ely it will o ccur

near the end of a long list of optimizations. Therefore, it is our b elief that further researc h is needed on this

algorithm to a v oid this requiremen t.

The ma jorit y of the phases of the SSAPRE algorithm w ere presen ted in a fairly straigh tforw ard manner.

Ho w ev er, there w ere signi�can t, crucial gaps left for the reader to infer and some implemen tation details

missing from the algorithms presen ted in the �gures but stated in a few lines in the text. In particular it

seems as though the W orklist driv en section w as not detailed. The status of particular phases with resp ect

to ho w useful the pap er w as is as follo ws:

� Collect Occurrences � No algorithm or details on ho w to do this.

� Rename � No details on what it really means to cop y a real o ccurrence (in particular, ho w to set the

def edge prop erly for man ufactured real o ccurrences).

� Do wn Safet y � No details on ho w to do initialization in the dela y ed renaming algorithm

� Finalize � W e witness an in�nite lo op in set_replacemen t for the implemen tation giv en in the pap er.

W e ha v e �xed the problem and b eliev e that w e are correct, but there is a bit of uncertain t y presen t.

F urthermore, no information is pro vided regarding the con ten ts of the inserted o ccurrences. In partic-

ular, the algorithm do es not explicitly state ho w to construct the o ccurrence to insert at a � op erand

when insert is satis�ed.

6 Exp erimen tal Results

T able 1 sho ws ho w SSAPRE p erforms on some of the b enc hmarks that w ork under the LL VM infrastructure.

Due to some problems with the Sparc bac k-end, w e used the lli command line utilit y to in terpret LL VM

b yteco de and coun t the n um b er of dynamic instructions. In almost all cases, w e see a mark ed reduction in

the n um b er of dynamic instructions generated, whic h corresp onds directly to the elimination of redundan t

computations.

The �Ra w� con�g denotes application of PRE to ra w, unoptimized b yteco de, and �Opt� refers to appli-

cation of PRE after man y preoptimization passes

4

. W e consider the Opt v ersion of Olden_p erimeter to b e

4

In particular, funcresolv e, globaldce, deadt yp eelim, constan tmerge, v eri�er, deadinstelim, raiseallo cs, indv arsimplify , raise-

p oin terrefs, mem2reg, simplifycfg, sccp, instcom bine, aggressiv edce, simplifycfg
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Benc hmark Con�g No PRE PRE % Impro v emen t

matT ransp ose Ra w 761157 591739 28.63

sumarra y Ra w 3848 3424 12.38

Du�sDevice Ra w 3750 3554 5.51

pi Ra w 95446 78008 22.35

sumarra y2d Ra w 512250 452464 13.21

sumarra ymallo c Ra w 4697 4215 11.44

test_indv ars Ra w 724987 583004 24.35

Olden_tsp (512) Ra w 9206950 8889874 3.57

Olden_treeadd (10) Ra w 4508523 4295345 4.96

Olden_treeadd (10) Opt 1986671 1986671 0.0

Olden_health Ra w 215848 201590 7.07

Olden_p erimeter (5) Ra w 2728844 2618785 4.20

Olden_p erimeter (5) Opt 1248856 1310623 -4.71

T able 1: Dynamic instruction reduction resulting from application of SSAPRE

an outlier

5

, and presume that no redundancies existed in the Opt v ersion Olden_treeadd.

T able 2 compares the dynamic instruction reduction induced b y PRE vs. application of LL VM's GCSE

and LICM implemen tation.

% Impro v emen t

Benc hmark Con�g GCSE/LICM PRE (PRE vs LICM)

Olden_tsp (512) Ra w 7867153 8889874 -11.5

Olden_treeadd (10) Ra w 4170526 4295345 -2.91

Olden_treeadd (10) Opt 1973272 1986671 -0.67

Olden_health Ra w 172438 201590 -14.46

Olden_p erimeter Ra w 2378062 2618785 -9.19

Olden_p erimeter Opt 1189636 1310623 -9.23

T able 2: Dynamic instruction reduction in GCSE/LICM vs. SSAPRE

Unfortunately , our implemen tation of SSAPRE do esn't b eat the LL VM implemen tation of GCSE and

LICM. W e b eliev e this to b e b ecause w e are not using v alue n um b ering information to disco v er more redun-

dancies than those a v ailable to the analysis b y considering only lexically iden ti�ed expressions. F urthermore,

w e w eren't able to eliminate redundan t loads b ecause v alue n um b ering information that simply yields equiv-

alence of load instructions is insu�cien t to pro v e a load redundan t and correctly eliminate the redundancy

in some cases. F or example, if w e w ere to emplo y (load) v alue-n um b ering analysis, t w o subsequen t loads

preceded b y a related store in the b o dy of a lo op nest ma y b e VN-equiv alen t and b oth b e pro v en redundan t

b y our implemen tation, since it w ouldn't explicitly lo ok for preceding related stores that ough t to prev en t

hoisting.

It is our b elief that the a prop er w orklist-driv en implemen tation, wherein the expression equiv alence

classes are visited in the prop er order w ould set SSAPRE closer to the results obtained via application of

GCSE and LICM. A dditionally , the application of the instcombine pass after SSAPRE w ould b e useful,

since SSAPRE in tro duces a lot of casts whic h are able to b e folded together (i.e. cop y propagation). W e

sp eculate that this could b e wh y w e witness an increase in the dynamic instruction coun t of Olden_p erimeter.

5

W e realize that PRE should nev er increase n um b er of dynamic instructions; unfortunately , w e did not ha v e time to

in v estigate this issue
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7 Conclusion

This wraps up our presen tation of the SSAPRE algorithm. W e'v e completed an initial implemen tation of the

algorithm presen ted in the pap er. Ev en though it has some de�ciencies, w e'v e learned a lot from the pro cess

of implemen tation and ha v e iden ti�ed sev eral problems with the algorithm as presen ted in the pap er.

W e'v e sho wn that PRE is v ery go o d at reducing the n um b er of dynamic instructions executed and b eliev e

PRE will b e an imp ortat part of an SSA based optimizer when the algorithm matures.
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APPENDIX

A Lazy Co de Motion Example

W e to ok the CF G from the Lazy Co de Motion pap er ([3] Figure 1) and created a program in LL VM whic h

has the same CF G with computations in the same basic blo c ks. Using this, w e can determine if our pass is

placing computations in the optimal places predicted b y [3 ]. Though our pass w orks on all expressions in

the program, for the sak e of brevit y w e will fo cus only on the �core� expressions � i.e., those of the form

%foo = mul int %a, %b .

A.1 Before SSAPRE P ass

%.LCA = internal global [ 13 x sbyte ] c"B%d: A = %d\0A\00" ; <[13 x sbyte*]>

%.LCB = internal global [ 13 x sbyte ] c"B%d: B = %d\0A\00" ; <[13 x sbyte*]>

%.LCX = internal global [ 13 x sbyte ] c"B%d: X = %d\0A\00" ; <[13 x sbyte*]>

%.LCY = internal global [ 13 x sbyte ] c"B%d: Y = %d\0A\00" ; <[13 x sbyte*]>

%.LCZ = internal global [ 13 x sbyte ] c"B%d: Z = %d\0A\00" ; <[13 x sbyte*]>

%.LCSUM = internal global [ 17 x sbyte ] c"B%d: Y Sum = %d\0A\00" ; <[17 x sbyte*]>

implementation ; Functions:

declare int %printf(sbyte*, ...)

int %main(int %argc, sbyte** %argv) {

B1: ; No predecessors!

%B1cond = setge int %argc, 2

%LCA = getelementptr [13 x sbyte]* %.LCA, long 0, long 0

%LCB = getelementptr [13 x sbyte]* %.LCB, long 0, long 0

%LCX = getelementptr [13 x sbyte]* %.LCX, long 0, long 0

%LCY = getelementptr [13 x sbyte]* %.LCY, long 0, long 0

%LCZ = getelementptr [13 x sbyte]* %.LCZ, long 0, long 0

%LCSUM = getelementptr [17 x sbyte]* %.LCSUM, long 0, long 0

br bool %B1cond, label %B2, label %B4

B2:

%a0 = cast int 1 to int

%b0 = cast int 3 to int

br label %B3

B3:

%x0 = mul int %a0, %b0

call int (sbyte*, ...)* %printf( sbyte* %LCX, int 3, int %x0 )

br label %B5

B4:

%a1 = cast int 1 to int

%b1 = cast int 27 to int

%x1 = cast int 0 to int

br label %B5

B5:

;; Expect Factor node here for expr in B3

%a2 = phi int [ %a0, %B3 ], [ %a1, %B4 ]
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%b2 = phi int [ %b0, %B3 ], [ %b1, %B4 ]

%x2 = phi int [ %x0, %B3 ], [ %x1, %B4 ]

call int (sbyte*, ...)* %printf( sbyte* %LCA, int 5, int %a2 )

call int (sbyte*, ...)* %printf( sbyte* %LCB, int 5, int %b2 )

call int (sbyte*, ...)* %printf( sbyte* %LCX, int 5, int %x2 )

%B5cond = seteq int %b2, 3

br bool %B5cond, label %B6, label %B7

B6:

%B6cond = seteq int %argc, 3

br bool %B6cond, label %B8, label %B9

B7:

call int (sbyte*, ...)* %printf( sbyte* %LCA, int 7, int %a2 )

call int (sbyte*, ...)* %printf( sbyte* %LCB, int 7, int %b2 )

call int (sbyte*, ...)* %printf( sbyte* %LCX, int 7, int %x2 )

br label %B18

B8:

%y0 = cast int 0 to int

%y_sum0 = cast int 0 to int

%count0 = cast int %x2 to int

br label %B11

B10:

%y1 = mul int %a2, %b2 ;; This expression is inside of a loop and

;; is invariant to that loop. It should be

;; moved to basic block B8.

%y_sum1 = add int %y_sum2, %y1

%count1 = sub int %count2, 1

br label %B11

B11:

;; Expect Factor node here for the expr in B10

%y2 = phi int [ %y0, %B8 ], [ %y1, %B10 ]

%y_sum2 = phi int [ %y_sum0, %B8 ], [ %y_sum1, %B10 ]

%count2 = phi int [ %count0, %B8 ], [ %count1, %B10 ]

%B11cond = setge int %count2, 0

br bool %B11cond, label %B10, label %B14

B14:

call int (sbyte*, ...)* %printf( sbyte* %LCSUM, int 14, int %y_sum2 )

br label %B16

B9:

br label %B12

B12:

%B12cond = seteq int %argc, 4

br bool %B12cond, label %B15, label %B17

B15:

%y3 = mul int %a2, %b2 ;; This expression won't be moved out of B15
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;; because this is the earliest position for

;; it with respect to those exprs and their

;; uses in B15 and B16.

call int (sbyte*, ...)* %printf( sbyte* %LCY, int 15, int %y3 )

br label %B16

B16:

;; Expect Factor node here for exprs in B10 and B15

%y4 = phi int [ %y3, %B15 ], [ %y2, %B14 ]

%z0 = mul int %a2, %b2 ;; This expression will be converted into an

;; assignment because there are evaluations

;; of this expression coming in from B8 and

;; B15 after the pass is run.

call int (sbyte*, ...)* %printf( sbyte* %LCZ, int 16, int %z0 )

br label %B18

B17:

%x3 = mul int %a2, %b2 ;; This expression will remain here because

;; there's no earlier placement for this

;; computation that is optimal.

call int (sbyte*, ...)* %printf( sbyte* %LCX, int 17, int %x3 )

br label %B18

B18:

;; Expect Factor node here for exprs in B10, B15, B16, B17

ret int 0

}

A.2 Exp ected Results

The Lazy Co de Motion pap er [3 ] concludes that the ab o v e program should ha v e a computation of mul int

%a, %b in basic blo c ks B3, B8, B15, and B17 with uses of those computations in basic blo c ks B3, B10, B15,

B16, and B17 ([3] Figure 7). As sho wn in the next section, the result of running the SSAPRE pass on the

ab o v e co de do es just this.

A.3 After SSAPRE P ass

%.LCA = internal global [13 x sbyte] c"B%d: A = %d\0A\00" ; <[13 x sbyte]*> [#uses=1]

%.LCB = internal global [13 x sbyte] c"B%d: B = %d\0A\00" ; <[13 x sbyte]*> [#uses=1]

%.LCX = internal global [13 x sbyte] c"B%d: X = %d\0A\00" ; <[13 x sbyte]*> [#uses=1]

%.LCY = internal global [13 x sbyte] c"B%d: Y = %d\0A\00" ; <[13 x sbyte]*> [#uses=1]

%.LCZ = internal global [13 x sbyte] c"B%d: Z = %d\0A\00" ; <[13 x sbyte]*> [#uses=1]

%.LCSUM = internal global [17 x sbyte] c"B%d: Y Sum = %d\0A\00" ; <[17 x sbyte]*> [#uses=1]

implementation ; Functions:

declare int %printf(sbyte*, ...)

int %main(int %argc, sbyte** %argv) {

B1: ; No predecessors!

%B1cond = setge int %argc, 2 ; <bool> [#uses=1]

%LCA = getelementptr [13 x sbyte]* %.LCA, long 0, long 0 ; <sbyte*> [#uses=2]

%LCB = getelementptr [13 x sbyte]* %.LCB, long 0, long 0 ; <sbyte*> [#uses=2]

%LCX = getelementptr [13 x sbyte]* %.LCX, long 0, long 0 ; <sbyte*> [#uses=4]
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%LCY = getelementptr [13 x sbyte]* %.LCY, long 0, long 0 ; <sbyte*> [#uses=1]

%LCZ = getelementptr [13 x sbyte]* %.LCZ, long 0, long 0 ; <sbyte*> [#uses=1]

%LCSUM = getelementptr [17 x sbyte]* %.LCSUM, long 0, long 0 ; <sbyte*> [#uses=1]

br bool %B1cond, label %B2, label %B4

B2: ; preds = %B1

%a0 = cast int 1 to int ; <int> [#uses=2]

%b0 = cast int 3 to int ; <int> [#uses=2]

br label %B3

B3: ; preds = %B2

%x0 = mul int %a0, %b0 ; <int> [#uses=2]

call int (sbyte*, ...)* %printf( sbyte* %LCX, int 3, int %x0 ) ; <int>:0 [#uses=0]

br label %B5

B4: ; preds = %B1

%a1 = cast int 1 to int ; <int> [#uses=1]

%b1 = cast int 27 to int ; <int> [#uses=1]

%x1 = cast int 0 to int ; <int> [#uses=1]

br label %B5

B5: ; preds = %B4, %B3

%a2 = phi int [ %a0, %B3 ], [ %a1, %B4 ] ; <int> [#uses=5]

%b2 = phi int [ %b0, %B3 ], [ %b1, %B4 ] ; <int> [#uses=6]

%x2 = phi int [ %x0, %B3 ], [ %x1, %B4 ] ; <int> [#uses=3]

call int (sbyte*, ...)* %printf( sbyte* %LCA, int 5, int %a2 ) ; <int>:1 [#uses=0]

call int (sbyte*, ...)* %printf( sbyte* %LCB, int 5, int %b2 ) ; <int>:2 [#uses=0]

call int (sbyte*, ...)* %printf( sbyte* %LCX, int 5, int %x2 ) ; <int>:3 [#uses=0]

%B5cond = seteq int %b2, 3 ; <bool> [#uses=1]

br bool %B5cond, label %B6, label %B7

B6: ; preds = %B5

%B6cond = seteq int %argc, 3 ; <bool> [#uses=1]

br bool %B6cond, label %B8, label %B9

B7: ; preds = %B5

call int (sbyte*, ...)* %printf( sbyte* %LCA, int 7, int %a2 ) ; <int>:4 [#uses=0]

call int (sbyte*, ...)* %printf( sbyte* %LCB, int 7, int %b2 ) ; <int>:5 [#uses=0]

call int (sbyte*, ...)* %printf( sbyte* %LCX, int 7, int %x2 ) ; <int>:6 [#uses=0]

br label %B18

B8: ; preds = %B6

%y0 = cast int 0 to int ; <int> [#uses=2]

%T_3 = cast int %y0 to int ; <int> [#uses=1]

%count0 = cast int %x2 to int ; <int> [#uses=1]

%y1_clone = mul int %a2, %b2 ; <int> [#uses=1]

%T_0 = cast int %y1_clone to int ; <int> [#uses=3]

br label %B11

B10: ; preds = %B11

%y_sum1 = add int %y_sum2, %T_0 ; <int> [#uses=1]

%count1 = sub int %count2, 1 ; <int> [#uses=1]

br label %B11
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B11: ; preds = %B10, %B8

%y2 = phi int [ %y0, %B8 ], [ %T_0, %B10 ] ; <int> [#uses=1]

%y_sum2 = phi int [ %T_3, %B8 ], [ %y_sum1, %B10 ] ; <int> [#uses=2]

%count2 = phi int [ %count0, %B8 ], [ %count1, %B10 ] ; <int> [#uses=2]

%B11cond = setge int %count2, 0 ; <bool> [#uses=1]

br bool %B11cond, label %B10, label %B14

B14: ; preds = %B11

call int (sbyte*, ...)* %printf( sbyte* %LCSUM, int 14, int %y_sum2 ) ; <int>:7 [#uses=0]

br label %B16

B9: ; preds = %B6

br label %B12

B12: ; preds = %B9

%B12cond = seteq int %argc, 4 ; <bool> [#uses=1]

br bool %B12cond, label %B15, label %B17

B15: ; preds = %B12

%y3 = mul int %a2, %b2 ; <int> [#uses=3]

%T_2 = cast int %y3 to int ; <int> [#uses=1]

call int (sbyte*, ...)* %printf( sbyte* %LCY, int 15, int %y3 ) ; <int>:8 [#uses=0]

br label %B16

B16: ; preds = %B15, %B14

%y4 = phi int [ %y3, %B15 ], [ %y2, %B14 ] ; <int> [#uses=0]

%T_1 = phi int [ %T_2, %B15 ], [ %T_0, %B14 ] ; <int> [#uses=1]

call int (sbyte*, ...)* %printf( sbyte* %LCZ, int 16, int %T_1 ) ; <int>:9 [#uses=0]

br label %B18

B17: ; preds = %B12

%x3 = mul int %a2, %b2 ; <int> [#uses=1]

call int (sbyte*, ...)* %printf( sbyte* %LCX, int 17, int %x3 ) ; <int>:10 [#uses=0]

br label %B18

B18: ; preds = %B17, %B16, %B7

ret int 0

}
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B Multiply Nested Lo ops

In one pass of the algorithm, SSAPRE can �hoist� co de whic h is lo op in v arian t out of the innermost lo op of

a lo op nest to its prop er place. Our example is a program that has a triply nested lo op whic h has t w o lo op

in v arian t instructions in it.

B.1 Before SSAPRE P ass

%.LCASUM = internal global [ 17 x sbyte ] c"B%d: A Sum = %d\0A\00" ; <[17 x sbyte*]>

%.LCBSUM = internal global [ 17 x sbyte ] c"B%d: B Sum = %d\0A\00" ; <[17 x sbyte*]>

%.LCCSUM = internal global [ 17 x sbyte ] c"B%d: C Sum = %d\0A\00" ; <[17 x sbyte*]>

implementation ; Functions:

declare int %printf(sbyte*, ...)

int %main(int %argc, sbyte** %argv) {

B1: ; No predecessors!

%x = cast int 27 to float

%y = cast int 3 to float

%r = cast int 927 to float

%i0 = cast int 10 to int

%asum0 = cast int 0 to int

%bsum0 = cast int 0 to int

%csum0 = cast int 0 to int

%LCASUM = getelementptr [17 x sbyte]* %.LCASUM, long 0, long 0

%LCBSUM = getelementptr [17 x sbyte]* %.LCBSUM, long 0, long 0

%LCCSUM = getelementptr [17 x sbyte]* %.LCCSUM, long 0, long 0

br label %B2

B2:

%i2 = phi int [ %i0, %B1 ], [ %i1, %B2_end ]

%asum2 = phi int [ %asum0, %B1 ], [ %asum1, %B2_end ]

%bsum2 = phi int [ %bsum0, %B1 ], [ %bsum1, %B2_end ]

%csum2 = phi int [ %csum0, %B1 ], [ %csum1, %B2_end ]

%j0 = cast int 10 to int

%a = mul int %i2, 10

%asum1 = add int %asum2, %a

br label %B3

B3:

%j2 = phi int [ %j0, %B2 ], [ %j1, %B3_end ]

%bsum3 = phi int [ %bsum2, %B2 ], [ %bsum1, %B3_end ]

%csum3 = phi int [ %csum2, %B2 ], [ %csum1, %B3_end ]

%k0 = cast int 10 to int

%b = mul int %j2, 10

%bsum1 = add int %bsum3, %b

br label %B4

B4:

%k2 = phi int [ %k0, %B3 ], [ %k1, %B4 ]

%csum4 = phi int [ %csum3, %B3 ], [ %csum1, %B4 ]

%z = div float %x, %y ;; Loop invariant computation: This should be

;; moved to before the outer-most loop.
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;;

%q = mul float %r, %z ;; Loop invariant computation: This should

;; also be moved to before the outer-most

;; loop, but this doesn't occur because we

;; do not keep a topological sort of the

;; occurrence sets.

%c = mul int %k2, 10

%csum1 = add int %csum4, %c

%k1 = sub int %k2, 1

%b4cond = setgt int %k1, 0

br bool %b4cond, label %B4, label %B3_end

B3_end:

%j1 = sub int %j2, 1

%b3cond = setgt int %j1, 0

br bool %b3cond, label %B3, label %B2_end

B2_end:

%i1 = sub int %i2, 1

%b2cond = setgt int %i1, 0

br bool %b2cond, label %B2, label %B_exit

B_exit:

%q2 = mul float %q, %q

call int (sbyte*, ...)* %printf( sbyte* %LCASUM, int 8, int %asum1 )

call int (sbyte*, ...)* %printf( sbyte* %LCBSUM, int 8, int %bsum1 )

call int (sbyte*, ...)* %printf( sbyte* %LCCSUM, int 8, int %csum1 )

ret int 0

}

B.2 Exp ected Results

W e exp ect b oth lo op in v arian t instructions %z = div float %x, %y and %q = mul float %r, %z to b e

placed in basic blo c k B1. Ho w ev er, as men tioned in the pap er, this requires an ordering on the o ccurrence

sets whic h our implemen tation do esn't enforce. So, as sho wn in the next section, only one instruction is

mo v ed to basic blo c k B1.

B.3 After SSAPRE P ass

%.LCASUM = internal global [17 x sbyte] c"B%d: A Sum = %d\0A\00" ; <[17 x sbyte]*> [#uses=1]

%.LCBSUM = internal global [17 x sbyte] c"B%d: B Sum = %d\0A\00" ; <[17 x sbyte]*> [#uses=1]

%.LCCSUM = internal global [17 x sbyte] c"B%d: C Sum = %d\0A\00" ; <[17 x sbyte]*> [#uses=1]

implementation ; Functions:

declare int %printf(sbyte*, ...)

int %main(int %argc, sbyte** %argv) {

B1: ; No predecessors!

%x = cast int 27 to float ; <float> [#uses=1]

%y = cast int 3 to float ; <float> [#uses=1]

%r = cast int 927 to float ; <float> [#uses=1]

%i0 = cast int 10 to int ; <int> [#uses=2]

%T_1 = cast int %i0 to int ; <int> [#uses=2]
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%asum0 = cast int 0 to int ; <int> [#uses=2]

%T_2 = cast int %asum0 to int ; <int> [#uses=2]

%LCASUM = getelementptr [17 x sbyte]* %.LCASUM, long 0, long 0 ; <sbyte*> [#uses=1]

%LCBSUM = getelementptr [17 x sbyte]* %.LCBSUM, long 0, long 0 ; <sbyte*> [#uses=1]

%LCCSUM = getelementptr [17 x sbyte]* %.LCCSUM, long 0, long 0 ; <sbyte*> [#uses=1]

%z_clone_clone_c lon e = div float %x, %y ; <float> [#uses=1]

%T_0 = cast float %z_clone_clone_ cl on e to float ; <float> [#uses=1]

br label %B2

B2: ; preds = %B2_end.B2_crit _ed ge , %B1

%i2 = phi int [ %i0, %B1 ], [ %i1, %B2_end.B2_crit_e dg e ] ; <int> [#uses=2]

%asum2 = phi int [ %asum0, %B1 ], [ %asum1, %B2_end.B2_crit_e dg e ] ; <int> [#uses=1]

%bsum2 = phi int [ %T_2, %B1 ], [ %bsum1, %B2_end.B2_crit_e dg e ] ; <int> [#uses=1]

%csum2 = phi int [ %T_2, %B1 ], [ %csum1, %B2_end.B2_crit_e dg e ] ; <int> [#uses=1]

%a = mul int %i2, 10 ; <int> [#uses=1]

%asum1 = add int %asum2, %a ; <int> [#uses=2]

br label %B3

B3: ; preds = %B3_end.B3_crit _ed ge , %B2

%j2 = phi int [ %T_1, %B2 ], [ %j1, %B3_end.B3_crit_ ed ge ] ; <int> [#uses=2]

%bsum3 = phi int [ %bsum2, %B2 ], [ %bsum1, %B3_end.B3_crit_e dg e ] ; <int> [#uses=1]

%csum3 = phi int [ %csum2, %B2 ], [ %csum1, %B3_end.B3_crit_e dg e ] ; <int> [#uses=1]

%b = mul int %j2, 10 ; <int> [#uses=1]

%bsum1 = add int %bsum3, %b ; <int> [#uses=3]

br label %B4

B4: ; preds = %B4.B4_crit_edg e, %B3

%k2 = phi int [ %T_1, %B3 ], [ %k1, %B4.B4_crit_edge ] ; <int> [#uses=2]

%csum4 = phi int [ %csum3, %B3 ], [ %csum1, %B4.B4_crit_edge ] ; <int> [#uses=1]

%q = mul float %r, %T_0 ; <float> [#uses=2]

%c = mul int %k2, 10 ; <int> [#uses=1]

%csum1 = add int %csum4, %c ; <int> [#uses=4]

%k1 = sub int %k2, 1 ; <int> [#uses=2]

%b4cond = setgt int %k1, 0 ; <bool> [#uses=1]

br bool %b4cond, label %B4.B4_crit_edge, label %B3_end

B4.B4_crit_edge: ; preds = %B4

br label %B4

B3_end: ; preds = %B4

%j1 = sub int %j2, 1 ; <int> [#uses=2]

%b3cond = setgt int %j1, 0 ; <bool> [#uses=1]

br bool %b3cond, label %B3_end.B3_crit_e dg e, label %B2_end

B3_end.B3_crit_e dg e: ; preds = %B3_end

br label %B3

B2_end: ; preds = %B3_end

%i1 = sub int %i2, 1 ; <int> [#uses=2]

%b2cond = setgt int %i1, 0 ; <bool> [#uses=1]

br bool %b2cond, label %B2_end.B2_crit_e dg e, label %B_exit

B2_end.B2_crit_e dg e: ; preds = %B2_end
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br label %B2

B_exit: ; preds = %B2_end

%q2 = mul float %q, %q ; <float> [#uses=0]

call int (sbyte*, ...)* %printf( sbyte* %LCASUM, int 8, int %asum1 ) ; <int>:0 [#uses=0]

call int (sbyte*, ...)* %printf( sbyte* %LCBSUM, int 8, int %bsum1 ) ; <int>:1 [#uses=0]

call int (sbyte*, ...)* %printf( sbyte* %LCCSUM, int 8, int %csum1 ) ; <int>:2 [#uses=0]

ret int 0

}
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C The Role of L ater

In the pap er, they discuss the role of the later predicate on a � no de. In essence, a � no de can satisfy

down_safe and c an_b e_avail but if it also satis�es later , then w e w on't use that � to insert expressions.

Doing so w ould not eliminate an y redundancies and w ould unnecessarily extend the liv e range of the tem-

p orary v ariable.[1 ] The example giv en here mo dels the CF G giv en in the pap er ([1] Fig. 9).

C.1 Before SSAPRE P ass

implementation ; Functions:

int %main(int %argc, sbyte** %argv) {

BBegin:

%a1 = cast int 37 to int

%b1 = cast int 27 to int

%cond = setle int %argc, 2

br bool %cond, label %B1, label %B0

B0:

%bb0cond = setle int %argc, 3

br bool %bb0cond, label %B3, label %B2

B1:

%x0 = add int %a1, %b1

br label %B3

B2:

;; If later were false for the PHI node in B5, we would expect an

;; inserted computation of a + b here.

%a2 = cast int 927 to int

br label %B5

B3:

;; Expect PHI node here for the expr in B1

%bb3cond = seteq int %argc, 2

br bool %bb3cond, label %BExit, label %B4

B4:

;; If later were false for the PHI node in B5, we would expect an

;; inserted computation of a + b here.

br label %B5

B5:

;; Expect PHI node here for the expr in B1

%a3 = phi int [ %a1, %B4 ], [ %a2, %B2 ], [ %a3, %B5 ]

%bb4cond = seteq int %argc, 0

br bool %bb4cond, label %B6, label %B5

B6:

%x1 = add int %a3, %b1

br label %BExit

BExit:

ret int 0
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}

C.2 Exp ected Results

W e exp ect none of the the add int %a, %b expressions to b e mo v ed since the � in B3 isn't down_safe and

the � in B5 satis�es later . As sho wn in the next section, that is what o ccurs.

C.3 After SSAPRE P ass

implementation ; Functions:

int %main(int %argc, sbyte** %argv) {

BBegin: ; No predecessors!

%a1 = cast int 37 to int ; <int> [#uses=2]

%b1 = cast int 27 to int ; <int> [#uses=2]

%cond = setle int %argc, 2 ; <bool> [#uses=1]

br bool %cond, label %B1, label %B0

B0: ; preds = %BBegin

%bb0cond = setle int %argc, 3 ; <bool> [#uses=1]

br bool %bb0cond, label %B0.B3_crit_edge , label %B2

B0.B3_crit_edge: ; preds = %B0

br label %B3

B1: ; preds = %BBegin

%x0 = add int %a1, %b1 ; <int> [#uses=0]

br label %B3

B2: ; preds = %B0

%a2 = cast int 927 to int ; <int> [#uses=1]

%bb4cond_clone1 = seteq int %argc, 0 ; <bool> [#uses=1]

%T_2 = cast bool %bb4cond_clone1 to bool ; <bool> [#uses=1]

br label %B5

B3: ; preds = %B1, %B0.B3_crit_edg e

%bb3cond = seteq int %argc, 2 ; <bool> [#uses=1]

br bool %bb3cond, label %B3.BExit_crit_e dg e, label %B4

B3.BExit_crit_ed ge : ; preds = %B3

br label %BExit

B4: ; preds = %B3

%bb4cond_clone = seteq int %argc, 0 ; <bool> [#uses=1]

%T_0 = cast bool %bb4cond_clone to bool ; <bool> [#uses=1]

br label %B5

B5: ; preds = %B5.B5_crit_edg e, %B4, %B2

%a3 = phi int [ %a1, %B4 ], [ %a2, %B2 ], [ %a3, %B5.B5_crit_edge ] ; <int> [#uses=2]

%T_1 = phi bool [ %T_0, %B4 ], [ %T_2, %B2 ], [ %T_1, %B5.B5_crit_edge ] ; <bool> [#uses=2]

br bool %T_1, label %B6, label %B5.B5_crit_edge

B5.B5_crit_edge: ; preds = %B5

br label %B5
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B6: ; preds = %B5

%x1 = add int %a3, %b1 ; <int> [#uses=0]

br label %BExit

BExit: ; preds = %B6, %B3.BExit_crit_ed ge

ret int 0

}
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