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Abstract

In this thesis w e in tro duce the CSSAME form, a new analysis framew ork

for explicitly parallel programs that recognizes three fundamen tal elemen ts

of a parallel program: (1) parallel structure, (2) memory seman tics, and (3)

sync hronization structure. By mo deling these three elemen ts in a single uni�ed

framew ork, a compiler can b etter exploit optimization opp ortunities in parallel

programs.

W e also dev elop a new sync hronization analysis tec hnique to detect m utual

exclusion sync hronization patterns that cannot b e analyzed with existing

tec hniques. W e in tro duce the notion of m ultiple-en try/m ultiple-exit m utex

regions and pro vide metho ds for v alidating m utual exclusion sync hronization

at compile-time. This analysis pro vides the basis for the elimination of

sup er
uous memory con
ict edges in the program's 
o wgraph, leading to a

simpler represen tation and allo wing more optimization opp ortunities.

W e in tegrate reac hing de�nition analysis and dead-co de elimination in to

the CSSAME framew ork. F urthermore, w e in tro duce new optimization

tec hniques to reduce m utual exclusion sync hronization o v erhead: Lo c k

Pic king, Lo c k Indep enden t Co de Motion and Mutex Bo dy Lo calization. W e

study the e�ects of these transformations in the con text of SPLASH and Ja v a

applications, pro v e their correctness, and pro vide algorithms that implemen t

them.
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Chapter 1

In tro duction

P arallel computers ha v e the p oten tial to solv e complex problems m uc h faster

than con v en tional sequen tial computers. Unfortunately , the mere presence

of m ultiple pro cessors do es not automatically guaran tee b etter p erformance.

P arallel programs m ust explicitly distribute the w ork among the a v ailable

pro cessors and co ordinate their activities. In turn, this division of lab or

also a�ects the algorithm used to solv e the problem. While some sequen tial

algorithms lend themselv es to parallel implemen tations, others do not.

Sequen tial algorithms amenable to parallelization ha v e b een extensiv ely

studied and existing to ols can automatically turn some algorithms in to

their parallel coun terpart. This approac h, kno wn as implicit or automatic

p ar al lelization w orks w ell on some application domains but it is not a univ ersal

solution (Blume and Eigenmann 1992; Eigenmann and Blume 1991). In this

dissertation w e are in terested in algorithms that are parallel from the outset.

These algorithms express the solution to a problem in terms of sub-problems

to b e solv ed concurren tly . The necessary allo cation of w ork to the di�eren t

pro cesses, co ordination and data sharing are explicitly stated in the algorithm.

Languages that supp ort the implemen tation of explicitly parallel algorithms

are called explicitly p ar al lel languages .

In an explicitly parallel language, the programmer has full con trol o v er the

parallelism in the program. This is an expressiv e mo del b ecause it allo ws the

user to tak e full adv an tage of the system capabilities. Ho w ev er, p erformance

is still an issue; using an explicitly parallel language do es not necessarily

1
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lead to optim um run time p erformance. In addition to go o d algorithm design

and implemen tation, an essen tial k ey to obtaining go o d p erformance is the

compiler. The compiler is resp onsible for translating a program written

in a high-lev el language to an equiv alen t program in a lo w-lev el language

that the target arc hitecture can understand. During this translation pro cess

the compiler applies optimizing transformations to the co de to impro v e its

p erformance. In general these transformations ha v e an imp ortan t prop ert y:

they preserv e the seman tics of the original program (i.e., the optimized

program b eha v es lik e the original one). In certain circumstances, ho w ev er,

optimizing transformations can alter the seman tics of the program. T ypical

examples include transformations that trade-o� 
oating p oin t arithmetic

precision in fa v or of sp eed.

T o successfully transform a program the compiler m ust gather information

ab out it. This pro cess, kno wn as pr o gr am analysis , builds the necessary

data structures represen ting the 
o w of con trol and data in the original

program. This information is vital for the subsequen t pro cess of pr o gr am

optimization that impro v es the original program. It should b e noted that the

term optimization is really a misnomer. Optimizing transformations try to

impro v e the original co de but they mak e no guaran tees that the transformation

will actually b e optimal . The transformations are in tended to pro duce co de

that is no worse than the original one.

This thesis in tro duces no v el compiler analysis and transformation

tec hniques to optimize the p erformance of explicitly parallel programs. In

the follo wing sections w e describ e the problem in detail (Section 1.1), presen t

our main con tributions of this w ork (Section 1.2) and describ e the organization

of this thesis (Section 1.3).

1.1 The Problem

Arguably , the easiest w a y to dev elop a parallel program is to write sequen tial

co de and ha v e the system automatically generate an equiv alen t parallel

program. This pro cess, kno wn as automatic or implicit p ar al lelization , has

b een the fo cus of in tense researc h and dev elopmen t for o v er three decades.
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Conceptually , this pro cess w orks lik e an y other optimizing transformation; the

parallelizer (often built in to the compiler) lo oks for constructs in the original

program that can b e executed concurren tly without altering the original

seman tics. By executing m ultiple instructions sim ultaneously , the execution

path of the program is shortened, th us reducing its run time.

This approac h to generating parallel co de has b een extremely successful in

certain application domains. T raditionally , programs p erforming matrix and

v ector computations using regular lo ops are prime candidates for automatic

parallelization. Man y scien ti�c problems in ph ysics, engineering and c hemistry

fall in to this category . Unfortunately , the state of the art in parallelizing

tec hnology has not adv anced m uc h b ey ond this. P arallelizing compilers are

fundamen tally limited b y the need to preserv e the original sequen tial seman tics

of the program. The transformations m ust b e suc h that the resulting parallel

program should pro duce exactly the same results as the sequen tial v ersion.

F or man y application domains implicitly parallelizing a sequen tial algorithm

is seldom b etter than using an explicitly parallel algorithm from the outset.

F or instance, the parallel v ersion of the w ell-kno wn quicksort algorithm, a

v ery go o d sequen tial algorithm, p erforms v ery p o orly compared to PSRS, an

explicitly parallel sorting algorithm (Shi and Sc hae�er 1992).

The recognition of these limitations has resulted in an increased demand

for explicitly parallel languages. An explicitly parallel language pro vides

language constructs or library functions that allo w the programmer to

describ e concurren t activit y inside the program. This added 
exibilit y is

a double-edged sw ord; programmers are free to sp ecify parallel algorithms

an y w a y they c ho ose at the p oten tial exp ense of increased programming

complexit y . F or some time no w, researc hers ha v e dev elop ed new programming

mo dels, programming en vironmen ts and automatic v alidation tec hniques to

simplify the dev elopmen t of parallel programs. Ho w ev er, dev eloping parallel

programs is complex in another dimension: p erformance. Most of the existing

w ork in the language area has addressed expressibilit y and 
exibilit y issues.

Programming en vironmen ts lik e En terprise (Sc hae�er et al. 1993) pro vide

an in tegral framew ork for dev eloping parallel programs based on common

parallel constructs. Analysis to ols exist to statically detect deadlo c k patterns
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(Masticola and Ryder 1993) and shared memory con
icts (Emrath et al.

1992; Helm b old and McDo w ell 1994; Callahan et al. 1990). New languages

and programming mo dels are b eing constan tly in tro duced; eac h t ypically

w ell-suited to a few sp eci�c classes of problems. Ho w ev er, these dev elopmen ts

rarely address p erformance, whic h is, in our view, the main reason for using a

parallel computer in the �rst place.

Little researc h has b een done on making compilers understand explicitly

parallel co de for the purp ose of optimization. T ypically , existing systems

and to ols rely on the programmer to dev elop e�cien t co de. The system

understands explicitly parallel seman tics only to the exten t of mapping the

program to the target arc hitecture. Little or no attempt is made to optimize

the co de. In fact, curren t commercial compilers treat explicitly parallel

sections of the co de as a \blac k b o x" and lea v e them un touc hed. There is

a go o d reason for this limitation: transformation tec hniques for optimizing

sequen tial programs cannot b e directly applied to explicitly parallel co de

b ecause they ma y generate incorrect transformations (Midki� and P adua

1990). The tec hniques dev elop ed in this thesis �ll part of the v oid. W e presen t

a uni�ed framew ork for analyzing and optimizing explicitly parallel programs.

The optimizations describ ed here fall in to t w o classes: the adaptation of

sequen tial optimizations to a parallel en vironmen t; and the direct optimization

of the parallel and sync hronization structure of the program.

1.2 Summary of Ma jor Con tributions

The tec hniques dev elop ed in this thesis can b e organized in to t w o categories:

analysis and transformation tec hniques. Analysis tec hniques allo w the

compiler to reason ab out an explicitly parallel program. W e pro v e correctness

prop erties ab out the analysis and pro vide algorithms that implemen t the

tec hniques. T ransformation tec hniques use the information gathered b y the

analysis and con v ert parts of the program in to a more e�cien t but seman tically

equiv alen t form. W e pro v e correctness prop erties ab out the transformations

and pro vide algorithms that implemen t them. W e ha v e also implemen ted most

of these algorithms in the SUIF compiler infrastructure (Hall et al. 1996).
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W e apply them to sev eral explicitly parallel programs and sho w that these

optimizations can result in signi�can t impro v emen ts in p erformance. The

follo wing sections pro vide an o v erview of the sp eci�c con tributions of this

w ork.

1.2.1 Analysis T ec hniques

Static Single Assignmen t F orm for P arallel Programs

This thesis in tro duces the Concurren t Static Single Assignmen t form

with Mutual Exclusion (CSSAME). CSSAME

1

is an in termediate program

represen tation based on the the w ell-kno wn Static Single Assignmen t (SSA)

form (Cytron et al. 1991). The SSA form is based on the fundamen tal premise

that ev ery memory v ariable in the in termediate program can only b e assigned

once. If a program is transformed to comply with this condition w e sa y that

the program is in SSA form.

An SSA form for parallel programs with in terlea ving memory seman tics

m ust tak e in to accoun t that write and read op erations to a giv en v ariable

can tak e place sim ultaneously from di�eren t pro cesses. The CSSAME form

extends the single assignmen t concept to the parallel case. It is based on

the Concurren t Static Single Assignmen t (CSSA) form (Lee et al. 1997b).

CSSAME extends the CSSA form to supp ort t w o imp ortan t sync hronization

mec hanisms, namely m utual exclusion and barrier sync hronization. Chapter

4 presen ts a formal description of the CSSAME framew ork.

Mutual Exclusion Sync hronization Detection

Mutual exclusion sync hronization is used when a pro cess needs to ha v e

exclusiv e access to a shared resource. Exclusiv e access to a shared resource

prev en ts sim ultaneous mo di�cations whic h migh t lead to an inconsisten t state.

W e will mo del m utual exclusion using lock and unlock op erations. Exclusiv e

access to a shared resource is requested using a lock op eration. Once the

requesting thread is done accessing the resource, it calls unlock to free the

resource and allo w other threads to access it. All the instructions executed

1

Pronounced sesame .
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b et w een the lock and the corresp onding unlock op eration are said to b e inside

a mutual exclusion se ction . Other names for m utual exclusion section include

mutex b o dy and critic al se ction . In the con text of concurren t programs, m utual

exclusion is t ypically used to access shared v ariables that migh t b e otherwise

mo di�ed b y sev eral concurren t threads.

Since sync hronization op erations can o ccur in arbitrary sections of the

co de, the m utual exclusion sections de�ned b y lock and unlock op erations

can b e di�cult to discern. In this thesis w e dev elop a new analysis tec hnique

to detect m utual exclusion sections in the program. Although tec hniques exist

to detect m utual exclusion sections, they are limited in the t yp es of lo c king

patterns that they can detect. W e form ulate a di�eren t algorithm for detecting

critical sections that can cop e with irregular lo c king patterns in the co de. This

analysis pro vides the foundation for all the transformations that optimize the

sync hronization structure of the program, and can also b e used to w arn the

programmer ab out illegal lo c king patterns.

1.2.2 Optimizations

W e apply the CSSAME analysis framew ork to p erform t w o t yp es of

optimizations: (1) the adaptation of kno wn sequen tial transformations to the

parallel case and (2) the dev elopmen t of new transformations that target the

parallel and sync hronization structure of the program directly .

Curren t researc h e�orts in the �eld are geared to w ards the �rst t yp e of

transformations (Kno op et al. 1996; Lee et al. 1998; Lee et al. 1999). In this

thesis w e adapt a sequen tial dead-co de elimination algorithm to the parallel

case.

T ransforming the parallel and sync hronization structure of explicitly

parallel co de has receiv ed less atten tion (Krishnam urth y and Y elic k

1996; No villo et al. 1998). W e con tribute new algorithms to eliminate

sync hronization o v erhead from explicitly parallel programs: lo c k pic king,

lo c k-indep enden t co de motion and m utex b o dy lo calization.
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Dead-Co de Elimination

When a statemen t computes a v alue that is not used an ywhere else in the

program w e sa y that that computation is de ad . Dead co de is usually remo v ed

from the program b ecause it serv es no useful purp ose. In this thesis w e adapt a

sequen tial dead-co de elimination algorithm (Cytron et al. 1991) to the parallel

case.

Lo c k Pic king

Using lo c k information collected during the construction of the CSSAME form,

it is p ossible to detect lock and unlock op erations that are not needed

in the program. As a simple case, consider a sequen tial program or a

sequen tial section of a parallel program. Since there is no parallel activit y ,

an y sync hronization op eration in that section is not necessary and can b e

remo v ed. W e call this transformation lo ck picking .

Lo c k-Indep enden t Co de Motion (LICM)

Mutual exclusion can b ecome a p erformance b ottlenec k if used excessiv ely

b ecause it restricts parallel activit y in the program. In general it is desirable

to reduce the size and n um b er of m utual exclusion sections in the co de.

Lo c k-Indep enden t Co de Motion (LICM) tries to reduce the size of m utual

exclusion sections b y mo ving co de outside m utual exclusion sections. This

tec hnique scans all the m utual exclusion regions in the program lo oking for

in terior co de that do es not need to b e protected b y the corresp onding lo c k. The

algorithm can mo v e expressions, statemen ts and ev en whole con trol structures

out of critical sections.

Mutex Bo dy Lo calization (MBL)

Mutex Bo dy Lo calization is a new transformation that con v erts references to

shared memory in to references to lo cal memory inside critical sections of the

co de. This transformation can p oten tially create more lo c k-indep enden t co de

that can b e later optimized b y LICM.
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1.3 Thesis Organization

The rest of this thesis is organized as follo ws:

� Chapter 2 pro vides bac kground information and related w ork ab out

parallel programming, sync hronization mo dels and optimizing compilers.

It also pro vides details ab out the necessit y of adapting sequen tial

optimization tec hniques to w ork on explicitly parallel programs. The

sp eci�c language mo del that w e assume in the rest of this thesis is

in tro duced: an explicitly parallel language with in terlea ving memory

seman tics and three di�eren t sync hronization mec hanisms (m utual

exclusion, barriers and ev en t v ariables).

� Chapters 3 and 4 describ e the analysis framew ork that w e use to reason

ab out parallel programs. W e describ e the Concurren t Con trol Flo w

Graph (CCF G) that represen ts the con trol and sync hronization structure

of parallel programs, the tec hnique used to iden tify m utual exclusion

sync hronization patterns and the CSSAME form.

� Chapter 5 builds on the CSSAME form to dev elop the follo wing

optimizing transformations: concurren t dead-co de elimination,

lo c k-indep enden t co de motion, m utex b o dy lo calization, lo c k pic king

and lo c k partitioning.

� Exp erimen tal results are presen ted in Chapter 6. W e illustrate the

b ene�ts of using the CSSAME framew ork and the e�ects of the di�eren t

transformations on selected parallel programs tak en from SPLASH

(Singh et al. 1992) and T readMarks (Keleher et al. 1994). W e also

in v estigated the p oten tial b ene�ts of our optimizations on programs

written in Ja v a. W e found that the generic nature of Ja v a's thread-safe

libraries leads to correct but conserv ativ e implemen tations that are

often o v erly sync hronized. When our optimizations are applied to

sample Ja v a programs w e observ ed up to a factor of 4 impro v emen t

in run time compared to the original parallel program. In fact, b ecause

the same libraries are used for sequen tial programs, w e w ere able to get
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b et w een 10% and 25% impro v emen t in se quential programs when our

optimizations are applied.

� Conclusions and future w ork are the sub ject of Chapter 7.

1.4 Summary

With lo w-cost m ultipro cessor systems no w b eing ubiquitous, the need for

to ols to maximize parallel p erformance has nev er b een greater. This thesis

represen ts a signi�can t step forw ard in impro ving the capabilities of compilers

for parallel programs. In particular, w e exp ect these tec hniques to ha v e a

signi�can t impact in high-lev el concurren t or thread-based languages. Of

particular imp ortance in these en vironmen ts is the abilit y of the compiler to

understand sync hronization op erations whic h can b e a source of substan tial

o v erhead in some applications.
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Chapter 2

Bac kground

This c hapter in tro duces the fundamen tal concepts used as the foundation for

the tec hniques dev elop ed in this thesis. The discussion starts with an o v erview

of the more p opular parallel programming mo dels, including the sp eci�cation

of parallel activit y , memory seman tics and sync hronization constructs (Section

2.1).

The discussion con tin ues with a description of the structure and

resp onsibilities of a t ypical optimizing compiler. The emphasis is on the data

structures and program represen tations used in the optimization phase of the

compilation pro cess (Section 2.2).

Finally , Sections 2.3, 2.4 and 2.5 pro vide bac kground information ab out the

�eld of analysis and optimization of explicitly parallel programs. T ec hniques

used in sequen tial compilers cannot b e directly applied to parallel programs.

W e will describ e the reasons for this limitation and surv ey existing w ork in

the area. This discussion will motiv ate the new tec hniques dev elop ed in the

rest of this dissertation.

2.1 P arallel Programming Mo dels

Sev eral issues m ust b e considered in a parallel programming en vironmen t:

sp eci�cation of parallel activit y (language mo del), data sharing seman tics

(memory mo del) and sync hronization op erations to order the access to shared

resources (sync hronization mo del).

11
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Language mo del . The sp eci�cation of parallel activit y determines ho w the

di�eren t pro cesses participate in a computation. There are t w o t yp es of

parallelism: task and data . In a task-p ar al lel program, di�eren t threads

execute di�eren t sections of the program on di�eren t data elemen ts.

Con v ersely , in a data-p ar al lel program, di�eren t threads execute the

same co de on di�eren t data elemen ts.

Memory mo del . Unlik e sequen tial programs, the di�eren t pro cesses that

execute a parallel program do not necessarily ha v e access to the same

memory address space. The memory can b e shared among the pro cesses,

or distributed. The c hoice of memory mo del will ha v e a signi�can t

impact on the implemen tation and ev en on the algorithms used.

Sync hronization mo del . Sync hronization is necessary to protect the

in tegrit y of resources shared b y sev eral pro cesses. It prev en ts a pro cess

from computing with stale or incomplete data.

2.1.1 Language Mo del

F or a long time, researc h in the �eld of parallel compilation has fo cused on the

automatic transformation of sequen tial programs in to their parallel equiv alen t

(Gupta and Banerjee 1992; Wilson et al. 1994). The compiler analyzes the

program lo oking for sections of the co de that can b e executed in parallel

without a�ecting the original data dep endencies in the program.

P arallelizing compilers are v ery useful for some application domains. They

t ypically excel in n umeric and scien ti�c applications in v olving computations on

regular data structures lik e matrices. Unfortunately , there are some imp ortan t

problem domains that parallelizing compilers cannot handle e�cien tly (Blume

and Eigenmann 1992; Eigenmann and Blume 1991) (e.g., sorting, searc hing,

sparse matrix computations, etc). These shortcomings are not alw a ys due

to limitations in the parallelization tec hniques used. F or some applications,

the b est sequen tial algorithms con tain data and con trol dep endencies that

curren t automatic parallelization tec hniques cannot handle. T o o v ercome these

limitations, parallelizing compilers pro vide a set of annotations and directiv es

so that the programmer can direct the actions of the parallelizer. Ev en these



2.1 P arallel Programming Mo dels 13

= � Start N threads to execute di�eren t

� sections of co de concurren tly .

� =

cob egin

T

1

: b egin

statemen ts

end

T

2

: b egin

statemen ts

end

. . .

T

N

: b egin

statemen ts

end

co end

(a) A task-parallel program.

= � Start N threads to execute the same

� co de concurren tly . Eac h thread executes

� with a di�eren t v alue of i.

� =

parlo op ( i , 1, N ) f

stm t

1

;

stm t

2

;

. . .

stm t

M

;

g

(b) A data-parallel program.

Figure 2.1: Syn tax for sp ecifying parallel activit y in a program.

extensions are often not enough; often the b est solution is to solv e the problem

using a parallel algorithm from the outset (Shi and Sc hae�er 1992). All the

tec hniques and algorithms dev elop ed in this thesis w ork on explicitly parallel

programs. Our goal is not to extract parallelism from a sequen tial program

but to analyze and optimize a program that is already parallel. This applies

to programs that are explicitly parallel from the outset and to the output of

an automatic parallelization to ol.

W e assume that explicitly parallel programs start as a single thread of

computation. New threads are logically created when execution reac hes

a parallel section in the program. Although the creation, placemen t and

sc heduling of threads is not signi�can t for our researc h, the compiler m ust

b e able to recognize parallel sections in the co de. There are a v ariet y

of mec hanisms for expressing parallel activit y . Some examples include

cobegin / coend constructs, fork statemen ts and parallel lo ops.

W e will represen t task-parallel programs using cobegin / coend constructs

(Figure 2.1(a)) and data-parallel programs using parallel lo ops (Figure

2.1(b)). The program fragmen ts in Figure 2.1 launc h N threads that execute

indep enden tly and join with the in v oking thread at the end of the parallel

section. The threads created b y the cobegin / coend construct will execute

di�eren t co de sections while the threads created b y the parloop lo op will
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Figure 2.2: A distributed-memory system. Pro cessors ha v e their o wn memory .
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Figure 2.3: A shared-memory system. Pro cessors share the same address space.

execute the same piece of co de. With these t w o constructs it is p ossible to

express b oth task-parallel and data-parallel algorithms.

2.1.2 Memory Mo del

Memory can b e shared or distributed among the pro cessors in the system.

On a distributed-memory system, eac h pro cessor has its o wn lo cal memory

whic h cannot b e accessed b y other pro cessors in the system (Figure 2.2).

In terpro cessor comm unication is based on message passing. Data is sen t from

one pro cessor to another via data comm unication primitiv es send and r e c eive .

In con trast to the distributed approac h, a shared-memory system pro vides

a single address space that can b e accessed b y all the pro cessors in the

system (Figure 2.3). T raditionally , shared memory has b een pro vided in

hardw are with pro cessors connected to a common memory p o ol through a

shared bus. These systems, kno wn as Symmetric Multipro cessors (or SMPs),

su�er from scalabilit y problems; b ey ond a certain n um b er the p erformance of
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SMP systems degrades greatly b ecause of the increased tra�c on the shared

memory bus.

T o address the scalabilit y problem, researc h has fo cused on pro viding

a shared memory image on top of ph ysically distributed hardw are. These

systems, kno wn as Distributed Shared Memory (or DSM) or Non-Uniform

Memory Access systems (NUMA), mask the distributed nature of the memory

b y pro viding an abstraction that transforms shared memory references in to

messages b et w een di�eren t memory mo dules.

A sometimes heated debate exists in the parallelism comm unit y ab out

the relativ e b ene�ts of shared-memory v ersus distributed-memory systems.

Supp orters of the shared memory mo del argue that its uni�ed data

access notation mak es for simpler and easier to main tain programs. An y

comm unication required to access the common memory is transparen tly

handled b y the system. The curren t trend is for these t w o t yp es of arc hitectures

to merge in to h ybrid arc hitectures with features from b oth t yp es of systems.

While this is a con v enien t programming mo del, the o v erhead of rep eated

shared-memory references can restrict the p erformance of the program

signi�can tly . The fo cus of curren t researc h in to shared-memory systems is in

minimizing comm unication due to shared-memory tra�c. This has pro duced

compiler tec hniques, cac hing algorithms and latency-hiding tec hniques at the

hardw are and op erating system lev el. In this w ork w e assume that threads run

in a shared address space with in terlea ving seman tics (i.e., up dates to shared

memory made b y one thread are immediately visible to the other threads).

Programs share memory via shared v ariables.

2.1.3 Sync hronization Mo del

The analysis tec hniques discussed in this do cumen t rely on the e�ects that

sync hronization op erations ha v e on the 
o w of data in the parallel program.

The algorithms dev elop ed in this thesis supp ort three standard sync hronization

constructs, namely m utual exclusion, ev en ts and barriers:

� Mutual exclusion is used to serialize references to shared v ariables in

the program. W e will assume that programmers use standard lock
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and unlock instructions to serialize access to shared v ariables. Both

instructions op erate on lo c k v ariables whic h can only b e referenced in a

lock or unlock statemen t. F urthermore, w e assume that lock(L) reads

and writes to the lo c k v ariable L and unlock(L) only writes to L .

lock(L) blo c ks the calling thread un til it is gran ted exclusiv e access

to the lo c k v ariable L . If a thread t

2

tries to acquire a lo c k already

held b y another thread t

1

, t

2

will blo c k un til t

1

releases the lo c k. If

m ultiple threads try to acquire the lo c k sim ultaneously , exactly one

is guaran teed to succeed. The other threads are forced to w ait.

unlock(L) releases the lo c k on L and allo ws one of the threads w aiting

on the lo c k to pro ceed.

� Ev en t sync hronization is supp orted using ev en t v ariables. An ev en t

v ariable is an in teger with t w o p ossible v alues, p osted and cleared . Three

op erations apply to an ev en t v ariable e :

set(e) sets ev en t v ariable e to p osted .

wait(e) if e is set to cleared , it blo c ks the calling thread un til e is set

to p osted .

clear(e) sets e to cleared .

Ev en t sync hronization is used as a signaling mec hanism b et w een threads.

By using ev en ts, the programmer can in tro duce a partial order in the

execution of concurren t threads. Assume that some computation B

in thread T

2

can only execute after thread T

1

has pro duced another

computation A . This relation can b e implemen ted b y using an ev en t

v ariable e that is set b y T

1

immediately after computing A and wait ed

b y T

2

immediately prior to computing B . Our w ork do es not address

ev en t sync hronization directly; all the supp ort for ev en t sync hronization

is deriv ed from the precedence algorithms in (Lee et al. 1997a).

� Barriers are used in algorithms that need to pro ceed in phases. A

barrier(b, N) instruction forces the calling thread to w ait un til N

threads ha v e executed the statemen t barrier(b, N) .
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Object
Code

Figure 2.4: A high-lev el view of the compilation pro cess.

2.2 Optimizing Compilers

A compiler analyzes an input program written in one language (source co de)

and transforms it in to a seman tically equiv alen t program in another language

(ob ject co de). During translation an optimizing compiler applies certain

transformations to the input program to impro v e its e�ciency . There are

t w o fundamen tal w a ys of measuring e�ciency: p erformance and space. Most

optimizing transformations are mean t to impro v e p erformance. In certain

situations, space considerations are more imp ortan t (e.g., systems with limited

amoun ts of memory and/or registers).

W e should p oin t out that the transformations applied b y an optimizing

compiler are generally not optimal; they merely attempt to impro v e certain

asp ects of the program. Optimizing transformations try to b e as aggressiv e

as p ossible without mo difying the original seman tics of the program. T o

ac hiev e this the optimization algorithms alw a ys err on the safe side; a

transformation will only b e applied if it is v alid for ev ery p ossible execution of

the program. T o summarize, an optimizing transformation m ust b e aggressiv e

but conserv ativ ely correct.

This section starts with an o v erview of a t ypical compiler system.

Compilers ha v e t w o ma jor comp onen ts: the fron t-end, whic h is resp onsible

for recognizing and v alidating the input program; and the bac k-end, whic h

translates the input program in to the target language and applies optimizing

transformations to mak e the program more e�cien t (Figure 2.4). Sp ecial

atten tion is giv en to the bac k-end of the compiler; w e will only brie
y describ e

the compiler fron t-end (an in-depth description of this topic can b e found in

(Aho et al. 1986)).
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2.2.1 F ron t-End

Before the program can b e optimized and translated in to co de for the target

mac hine, the compiler m ust understand its lexical and syn tactic structure.

The fron t-end of the compiler con v erts the string of c haracters represen ting

the input program in to data structures that con v ey all the information needed

b y the bac k-end to transform the program and generate ob ject co de. The

recognition of the input program is done in three phases, namely lexical

analysis, syn tax analysis and in termediate co de generation (Figure 2.5).

Input
Program

Lexical
Analysis

Syntax
Analysis
(Parsing)

Semantic
Analysis

Intermediate
Code

Generation

Intermediate
Representation

Figure 2.5: The fron t-end analyzes and prepares the program for optimization.

Lexical Analysis

This phase reads the stream of c haracters that mak e up the input program and

groups them in to tokens . T ok ens are sym b ols with a predetermined meaning

in the grammar of the input language (i.e., the wor ds of the language). This

tokenization pro cess pro duces a more syn thetic v ersion of the input program

that simpli�es the task of subsequen t phases. F or example, giv en the follo wing

stream of c haracters represen ting an assignmen t statemen t

foo = bar + 30.4 - foo

a lexical analyzer migh t pro duce the follo wing sev en tok ens

IDENT ASSIGN IDENT PLUS NUM MINUS IDENT

foo = bar + 30.4 - foo

Limited error c hec king is p erformed at this phase. Basically , the lexical

analyzer can only determine whether a string of c haracters is a v alid tok en

of the input language. The hierarc hical grouping of tok ens in to statemen ts is

p erformed b y the syn tax analyzer.



2.2 Optimizing Compilers 19

assignment

IDENT = expression

foo expression + expression

IDENT

bar

expression - expression

NUM

30.4

IDENT

foo

Figure 2.6: P arse tree for the statemen t foo = bar + 30.4 - foo .

Syn tax and Seman tic Analysis

The syn tax analyzer, also kno wn as parser, uses the grammar rules of the input

language to group the tok ens in to statemen ts. Statemen ts are hierarc hical

groupings often represen ted b y p arse tr e es . Information con tained in parse

trees is used to v alidate the syn tax of the input program and generate

in termediate co de used for optimization and �nal ob ject co de generation.

Figure 2.6 sho ws the parse tree corresp onding to the statemen t foo = bar

+ 30.4 - foo . In terior no des of the tree corresp ond to grammar constructs

(e.g., statemen ts, expressions, declarations, etc); lea v es corresp ond to the

individual tok ens recognized b y the lexical analyzer.

Grammar rules are de�ned recursiv ely in terms of statemen ts, expressions,

pro cedures and con trol structures. Seman tic analysis is also p erformed during

this phase. It mainly in v olv es c hec king expressions to detect op erations that

are not allo w ed b y the t yping rules of the language (e.g., m ultiplying a string

b y a 
oating p oin t n um b er).

In termediate Co de Generation

Once the program syn tax has b een v eri�ed, the compiler generates

in termediate co de whic h is a more syn thetic represen tation of the original

program. The in termediate represen tation used b y the compiler often
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resem bles assem bly language for an abstract mac hine. By separating the

language (fron t-end) from the arc hitecture (bac k-end), it is p ossible to re-use

the same optimization and co de generation tec hniques for a v ariet y of input

languages. F urthermore, the simpler form of this in termediate language

simpli�es the task of optimizing and generating ob ject co de. Returning to

our running example, the expression foo = bar + 30.4 - foo is translated

to the follo wing in termediate form in SUIF (Stanford Univ ersit y In termediate

F orm) (Hall et al. 1996):

1: ldc nd#4 = 3.04e+01 /* Load nd#4 with constant 30.4 */

2: add nd#3 = .bar, nd#4 /* Add nd#3 = bar + nd#4 */

3: sub .foo = nd#3, .foo /* Subtract foo = nd#3 - foo */

In this co de fragmen t, the sym b ols nd#i are temp orary v ariables used

in ternally b y the compiler and actual program v ariable names are preceded

b y a \.". All the analysis and transformation tec hniques p erformed b y the

compiler are applied to this in termediate represen tation. The amoun t of

detail pro vided b y the in termediate represen tation dep ends on the t yp e of

optimization b eing p erformed. Optimizing compilers t ypically ha v e more than

one in termediate represen tation, eac h suited for di�eren t transformations. F or

example, high-lev el transformations lik e lo op transformations are t ypically

p erformed b y the fron t-end while lo w-lev el transformations lik e co de sc heduling

are t ypically done b y the bac k-end (co de sc heduling reorders the generated

instructions to tak e adv an tage of the target pro cessor).

2.2.2 Bac k-End

The compiler bac k-end is resp onsible for applying optimizing transformations

to the in termediate co de and generating the ob ject co de that will execute

on the real mac hine. The fron t-end for compilers for b oth sequen tial and

parallel languages use similar metho dologies. The tec hniques for recognizing

and v alidating the input program are w ell-kno wn and do not v ary m uc h when

mo ving from the sequen tial to the parallel case. Ho w ev er, fundamen tal c hanges

are necessary to the compiler's bac k-end when mo ving from the sequen tial to

the parallel case.
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There are also signi�can t di�erences b et w een compiler tec hniques for

explicitly parallel languages (lik e the ones dev elop ed in this thesis) and the

tec hniques used in parallelizing compilers. P arallelizing compilers analyze

sequen tial programs to generate parallel co de with sequen tial seman tics. On

the other hand, compilers for explicitly parallel languages analyze and optimize

programs that already ha v e parallel seman tics.

Optimizing T ransformations

The compiler fron t-end acquires v ery little kno wledge of what the program

actually do es. Optimization is p ossible when the compiler understands the


o w of con trol in the program (con trol-
o w analysis) and ho w the data is

transformed as the program executes (data-
o w analysis). Both t yp es of

analysis are discussed in Sections 2.4 and 2.5.

Analysis of the con trol and data-
o w of the program allo ws the compiler to

impro v e the run time p erformance of the co de. Man y di�eren t optimizations

are p ossible once the compiler understands the con trol and data-
o w of the

program. The follo wing are a few of the more p opular optimization tec hniques

used in standard optimizing compilers:

Algebraic simpli�cations . Expressions are simpli�ed using algebraic

prop erties of their op erators and op erands. F or instance, i + 1 � i is

con v erted to 1. Other prop erties lik e asso ciativit y , comm utativit y and

distributivit y are also used to simplify expressions.

Constan t folding . Expressions for whic h all op erators are constan t can b e

ev aluated at compile time and replaced with their v alue. F or instance,

the expression a = 4 + 3 � 8 can b e replaced with a = � 1. This

optimization (usually p erformed b y the fron t-end) yields b est results

when com bined with constan t propagation (page 23).

Redundancy elimination . There are sev eral tec hniques that deal with the

elimination of redundan t computations. Some of the more common ones

include:
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L o op-invariant c o de motion . Computations inside lo ops that pro duce

the same result for ev ery iteration are mo v ed outside the lo op.

Common sub-expr ession elimination . If an expression is computed more

than once on a sp eci�c execution path and its op erands are nev er

mo di�ed, the rep eated computations are replaced with the result

computed in the �rst one.

Partial r e dundancy elimination . A computation is partially redundan t

if some execution path computes the expression more than once.

This optimization adds and remo v es computations from execution

paths to minimize the n um b er of redundan t computations in the

program. It encompasses the e�ects of lo op-in v arian t co de motion

and common sub-expression elimination.

Register allo cation . Registers are memory lo cations inside the pro cessor

itself that are extremely fast and scarce. Register allo cation tries to k eep

memory tra�c within the CPU registers as m uc h as p ossible.

Co de Generation

Final target co de consists of mac hine or assem bly co de for the target

arc hitecture. F urther optimizations are enabled during this translation.

Register allo cation and co de sc heduling are t ypically applied during this phase.

Co de sc heduling refers to a family of instruction re-ordering tec hniques that

tak e adv an tage of sp eci�c features of the pro cessor (e.g., pip elining, VLIW,

sup er-scalar features, etc).

2.3 Analysis and Optimization of Explicitly

P arallel Programs

In 1990 Midki� and P adua published a study that sho w ed ho w optimizing

transformations designed for sequen tial programs ma y fail when applied to

explicitly parallel co de (Midki� and P adua 1990). The core of the problem is

that tec hniques for sequen tial languages ha v e no concept of concurren t activit y ,
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they assume a single thread of execution. Consequen tly , they cannot assert

whether it is safe to apply the transformations.

Curren t w ork-arounds to this problem in v olv e disabling optimizations in

parallel sections of the program and/or restricting data sharing b et w een

threads. Both are inappropriate b ecause they are to o restrictiv e. This means

that the compiler can only optimize the sequen tial parts of the program.

The compiler should \understand" parallel co de and b e able to mak e v alid

optimizing transformations. A classic example of ho w sequen tial compilers

fail on explicitly parallel co de is sho wn in Figure 2.7. The program sho ws t w o

threads sharing a common arra y . Thread T

0

(the pr o duc er ) creates new v alues

while thread T

1

(the c onsumer ) w aits for T

0

to generate all the v alues b efore

doing its w ork. The t w o threads are sync hronized using a busy-w ait lo op on

v ariable done . When thread T

0

�nishes up dating the arra y , it sets v ariable

done to 1 whic h terminates the while lo op in thread T

1

.

A common transformation used in optimizing compilers is called c onstant

pr op agation . Basically , a constan t propagation algorithm replaces v ariables

b y their v alues if they are kno wn to b e constan t. Consider v ariable done ;

since a sequen tial constan t propagation analyzer do es not kno w ab out the

parallel structure of the program, it will pro duce incorrect transformations.

If the compiler considers that T

0

and T

1

execute in sequence, it will conclude

that v ariable done is alw a ys 1 when con trol reac hes the while lo op in T

1

.

Therefore, constan t propagation will e�ectiv ely remo v e the busy-w ait lo op

and the program will lik ely pro duce the wrong results at run time.

This example illustrates the fundamen tal reason wh y w e need compilers

to understand explicitly parallel co de. Concurren t threads of activit y on

shared data in tro duce data dep endencies that a sequen tial compiler cannot

see b ecause it assumes a single thread of execution.

There are other elemen ts in a parallel program that a compiler m ust

understand, namely the sync hronization and memory mo dels. Di�eren t

sync hronization sc hemes will imp ose di�eren t constrain ts on ho w data is

shared. As w e will see in later sections this can create more opp ortunities

for the compiler to apply more aggressiv e optimizations.
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done = 0;

cob egin

T

0

: b egin

for ( i = 0; i < N ; i ++)

A [ i ] = pro duce ( i );

done = 1;

end

T

1

: b egin

while ( done == 0)

; = � busy-w ait � =

for ( i = 0; i < N ; i ++)

prin t ( A [ i ]);

end

co end

(a) Original program.

done = 0;

cob egin

T

0

: b egin

for ( i = 0; i < N ; i ++)

A [ i ] = pro duce ( i );

done = 1;

end

T

1

: b egin

while (1 == 0) = � Alw a ys false! � =

; = � busy-w ait nev er executed � =

for ( i = 0; i < N ; i ++)

prin t ( A [ i ]);

end

co end

(b) Constan t propagation eliminates sync hronization.

Figure 2.7: Constan t propagation problems in an explicitly parallel program.

2.4 Con trol-Flo w Analysis

The goal of con trol-
o w analysis is to disco v er the con trol structure of the

program. This task migh t seem trivial when one examines the original source

co de, but recall that the compiler do es not deal with the original co de.

Dep ending on the in termediate represen tation used, when the co de is con v erted

to its in termediate form, all the high-lev el con trol constructs lik e lo ops and

conditionals are sometimes lost. Ev en if the con trol information w as preserv ed,

programmers can still write obfuscated co de that hide the high-lev el con trol

structures of the program.

The con trol-
o w of the program is often represen ted in a graphical form

called the c ontr ol-
ow gr aph . The no des of the graph, called b asic blo cks ,

represen t a non-branc hing sequence of statemen ts (i.e., execution starts with

the �rst instruction in the group and it only lea v es the blo c k after the last

instruction has b een executed). The edges of the graph represen t p ossible

execution paths in the 
o w of con trol (i.e., conditionals, lo ops, etc.).

2.4.1 The Con trol-Flo w Graph

The con trol-
o w graph (also kno wn as the 
owgr aph ) is a graphical

represen tation of the con trol structure of the program. Its no des represen t
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computations and its edges represen t the 
o w of con trol. The no des of a


o wgraph are called b asic blo cks .

De�nition 2.1 (Basic blo c k) A b asic blo ck is a sequence of consecutiv e

statemen ts in whic h 
o w of con trol en ters at the b eginning and lea v es at the

end without an y p ossibilit y of branc hing except at the end (Aho et al. 1986).

2

F ormally , a con trol-
o w graph is de�ned as a directed graph G =

h N ; E ; b e gin ; end i suc h that N is the set of basic blo c ks (or no des), E � N � N

is the set of con trol-
o w edges, b e gin is the unique en try p oin t to the graph and

end is the unique exit p oin t from the graph. An edge b et w een basic blo c ks n

and m is denoted n ! m . W e sa y that no de n is the imme diate pr e de c essor of

m and no de m is the imme diate suc c essor of n . Similarly w e de�ne the sets of

Suc c ( n ) and Pr e d ( n ) to b e the sets of immediate successors and predecessors

of n resp ectiv ely .

a = f ();

b = g ();

c = h ();

if ( a + b < c ) f

d = c ;

g else f

d = a + b ;

c = a � b ;

g

begin

a = f();
b = g();
c = h();

if (a + b < c)

d = c;

then

d = a + b;
c = a * b;

else

endif

end

Figure 2.8: A sequen tial program and its con trol-
o w graph.
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Figure 2.8 sho ws a sample 
o wgraph for a sequen tial program. While there

is little v ariation in the con v en tions used to represen t 
o wgraphs for sequen tial

programs, there do es not exist a unique notation to represen t 
o wgraphs

for parallel programs. The di�eren t represen tations share commonalities,

but some include extra edges to represen t sync hronization and ha v e di�eren t

notions of basic blo c ks.

P arallel Flo w Graph

Sriniv asan and Grun w ald in tro duce the Par al lel Flow Gr aph (PF G) (Grun w ald

and Sriniv asan 1993). In their language mo del sync hronization is sp eci�ed

using Post and Wait statemen ts and parallel sections in the co de are sp eci�ed

using cobegin / coend or parallel sections / end parallel sections .

The no des of a PF G represen t extended basic blo c ks. An extende d b asic

blo ck is a basic blo c k with at most one Wait statemen t at the start of the blo c k

and at most one Post statemen t at the end of the blo c k. Statemen ts demarking

parallel sections are denoted b y cobegin and coend no des in the graph. There

are three t yp es of edges: a se quential c ontr ol-
ow e dge represen ts sequen tial


o w of con trol within sequen tial parts of the program. A p ar al lel c ontr ol-
ow

e dge represen ts parallel con trol 
o w. It connects a cobegin no de with its

immediate successors and a coend no de with its immediate predecessors. A

synchr onization e dge is a directed edge b et w een a no de con taining a Post

statemen t to a no de con taining the corresp onding Wait statemen t.

Extended Flo w Graph

Sriniv asan, Ho ok and W olfe in tro duce the Extende d Flow Gr aph (EF G)

(Sriniv asan et al. 1993). P arallel activit y is sp eci�ed using Parallel

Sections . Eac h section within a Parallel Sections construct has its o wn

iden tifying name. The only sync hronization supp orted is the Wait(sec) clause

whic h can only b e used at the b eginning of a section. The Wait(sec) command

causes the in v oking section to w ait un til section sec has �nished.

The EF G is comp osed of t w o separate abstractions; the Par al lel Contr ol

Flow Gr aph (PCF G) whic h represen ts the sequen tial sections of the co de

and the Par al lel Pr e c e denc e Gr aph whic h represen ts the parallel sections.
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The PCF G is a standard con trol-
o w graph with one sp ecial no de called

sup erno de that represen ts an en tire Parallel Sections construct. Eac h

section within a Parallel Sections is a no de of a Par al lel Pr e c e denc e Gr aph .

Sync hronization b et w een parallel sections is represen ted with directed edges

b et w een the corresp onding no des in the PPG. In turn, eac h no de of the PPG

is expanded in to a PCF G represen ting the co de inside the section.

Concurren t Con trol Flo w Graph

Lee, Midki� and P adua in tro duce the Concurr ent Contr ol Flow Gr aph (CCF G)

(Lee et al. 1997b). It is similar to the P arallel Flo w Graph but since

the memory mo del that they use allo ws concurren t mo di�cations to shared

memory lo cations, the CCF G also con tains con
ict edges b et w een basic blo c ks

that con tain con
icting memory references (i.e., at least one of the basic blo c ks

is attempting to mo dify that lo cation).

The no des of a CCF G are called c oncurr ent b asic blo cks and are exactly lik e

the extende d b asic blo cks of a PF G. The 
o wgraph represen tation used in this

thesis is based on the CCF G. W e will describ e CCF Gs in detail in Chapter 3.

2.4.2 Common Graph Concepts

In this section w e de�ne sev eral relations b et w een no des in a con trol-
o w graph

that are commonly used b y the analysis algorithms. In what follo ws w e assume

a con trol-
o w graph G = h N ; E ; Entry

G

; Exit

G

i and t w o no des x; y 2 G .

De�nition 2.2 (Dominance) No de x dominates no de y , denoted x DOM y ,

if ev ery con trol path from E ntr y

G

to y con tains x . No de x is in the set

of dominators of y , denoted x 2 DOM ( y ). No de y is in the set of no des

dominated b y x , denoted y 2 DOM

� 1

( x ). Note that ev ery no de alw a ys

dominates itself.

2

De�nition 2.3 (Strict dominance) No de x strictly dominates no de y ,

denoted x SDOM y , if x DOM y and x 6= y . No de x is in the set of

strict dominators of y , denoted x 2 SDOM ( y ). No de y is in the set of no des

strictly dominated b y x , denoted y 2 SDOM

� 1

( x ).

2



28 Bac kground

De�nition 2.4 (P ost-dominance) No de y p ost-dominates no de x , denoted

y PDOM x , if ev ery con trol path from x to E xit

G

con tains y . No de y is in the

set of p ost-dominators of x , denoted y 2 PDOM ( x ). No de x is in the set of

no des p ost-dominated b y y , denoted x 2 PDOM

� 1

( y ). Note that ev ery no de

alw a ys p ost-dominates itself.

2

De�nition 2.5 (Strict p ost-dominance) No de y strictly p ost-dominates

no de x , denoted y SPDOM x , if y PDOM x and x 6= y . No de y is in the

set of strict p ost-dominators of x , denoted y 2 SPDOM ( x ). No de x is in the

set of no des strictly p ost-dominated b y y , denoted x 2 SPDOM

� 1

( y ).

2

De�nition 2.6 (Dominance fron tier) The dominanc e fr ontier for no de x ,

denoted D F ( x ) is the set of all no des y in the 
o wgraph suc h that x dominates

an immediate predecessor of y but it do es not dominate y .

2

De�nition 2.7 (Immediate dominator) If x DOM y , w e sa y that no de x

is the imme diate dominator of no de y , denoted x IDOM y , if x is the last

dominator of y on an y path from the en try no de to y .

2

De�nition 2.8 (Dominator tree) The dominator tr e e is de�ned recursiv ely

using the dominance relation b et w een the no des in the graph. The ro ot of the

dominator tree is the en try no de to the graph. The c hildren of a no de n in the

dominator tree are the no des immediately dominated b y n in the 
o wgraph.

2

W e illustrate these concepts using the 
o wgraph sho wn in Figure 2.9(a).

The en try no de (no de 0) dominates ev ery no de in the graph. Consequen tly its

dominance fron tier is empt y . No des 1 ; 2 ; 6 and 7 p ost-dominate no de 0 b ecause

ev ery path 0 ! 7 m ust go through those no des. The dominance fron tier for

no de 4 is no de 6 b ecause no de 4 dominates an immediate predecessor of no de

6 (i.e., no de 5), but it do es not dominate no de 6 itself (i.e., there is a path

from 0 to 6 that do es not include no de 4). Using the dominance relation on

the no des of the graph w e obtain the dominance tree sho wn in Figure 2.9(b).

The tables in Figures 2.10 and 2.11 sho w the dominance and p ost-dominance

relations for the no des in the example 
o wgraph.
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0

1

2

3 4

6

5

7

(a) Flo wgraph.

0

1

2

3 4 6

5 7

(b) Dominator tree.

Figure 2.9: An example 
o wgraph and its dominator tree.

2.5 Data-Flo w Analysis

A data-
o w analyzer explores all the p ossible executions of the program to

determine ho w it transforms the data it manipulates. A fundamen tal prop ert y

of data-
o w analysis is that it m ust guaran tee that the information it gathers is

v alid for every p ossible execution of the program. Otherwise, decisions based

on this analysis could yield erroneous results.

This section describ es some of the more common data-
o w analyses found

in optimizing compilers. Tw o p opular data-
o w analysis framew orks are

discussed: iterativ e data-
o w analysis and the Static Single Assignmen t form.

W e also surv ey prop osed analysis tec hniques for explicitly parallel languages

based on these data-
o w framew orks.
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No de (n) DOM ( n ) DOM

� 1

( n ) D F ( n )

0 f 0 g f 0 ; 1 ; 2 ; 3 ; 4 ; 5 ; 6 ; 7 g ;

1 f 0 ; 1 g f 1 ; 2 ; 3 ; 4 ; 5 ; 6 ; 7 g ;

2 f 0 ; 1 ; 2 g f 2 ; 3 ; 4 ; 5 ; 6 ; 7 g ;

3 f 0 ; 1 ; 2 ; 3 g f 3 g f 6 g

4 f 0 ; 1 ; 2 ; 4 g f 4 ; 5 g f 6 g

5 f 0 ; 1 ; 2 ; 4 ; 5 g f 5 g f 6 g

6 f 0 ; 1 ; 2 ; 6 g f 6 g ;

7 f 0 ; 1 ; 2 ; 6 ; 7 g f 7 g ;

Figure 2.10: Dominance sets and dominance fron tiers for Figure 2.9.

No de (n) PDOM ( n ) PDOM

� 1

( n )

0 f 0 ; 1 ; 2 ; 6 ; 7 g f 0 g

1 f 1 ; 2 ; 6 ; 7 g f 0 ; 1 g

2 f 2 ; 6 ; 7 g f 0 ; 1 ; 2 g

3 f 3 ; 6 ; 7 g f 3 g

4 f 4 ; 5 ; 6 ; 7 g f 4 g

5 f 5 ; 6 ; 7 g f 4 ; 5 g

6 f 6 ; 7 g f 0 ; 1 ; 2 ; 3 ; 4 ; 5 ; 6 g

7 f 7 g f 0 ; 1 ; 2 ; 3 ; 4 ; 5 ; 6 ; 7 g

Figure 2.11: P ost-dominance sets for the 
o wgraph in Figure 2.9.

2.5.1 Common Data-Flo w Problems

Data-
o w problems mo del prop erties ab out v arious program ob jects at sp eci�c

p oin ts in the program. The information gathered when solving a sp eci�c

problem is then used b y the optimizer to mak e the actual transformations.

Reac hing De�nitions

A v ariable v is de�ne d (denoted D

v

) ev ery time a new v alue is assigned to it.

W e sa y that a de�nition D

v

of v r e aches a certain p oin t p in the program if

there exists a path r b et w een D

v

and p suc h that r con tains no de�nitions to v .

F or example, the program in Figure 2.12 con tains three de�nitions of v ariable

a , namely D

1

a

at line 1, D

2

a

at line 4 and D

3

a

at line 7. Reac hing de�nition

analysis on this program should determine that de�nition D

1

a

reac hes the use

of a at lines 2, 4 and 6 but it do es not reac h line 8 b ecause of de�nition D

3

a

at

line 7.
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1: a = 4; = � D

a

1

� =

2: b = a + 3; = � U

a

1

� =

3: if ( b > 10) f

4: a = b � 2; = � D

a

2

� =

5: g

6: prin t a ; = � U

a

2

� =

7: a = a + 10; = � D

a

3

; U

a

3

� =

8: prin t a ; = � U

a

4

� =

Entry

a = 4;
b = a + 3;

if (b > 10)

a = b * 2;

then

endif

print a;
a = a + 10;

print a;

Exit

Figure 2.12: Example of the reac hing de�nitions problem.

Def r e ache d-uses

D

1

a

f U

1

a

; U

2

a

; U

3

a

g

D

2

a

f U

2

a

; U

3

a

g

D

3

a

f U

4

a

g

(a) Reac hed uses for eac h de�nition of a .

Use r e aching-defs

U

1

a

f D

1

a

g

U

2

a

f D

1

a

; D

2

a

g

U

3

a

f D

1

a

; D

2

a

g

U

4

a

f D

3

a

g

(b) Reac hing de�nitions for eac h use of a .

Figure 2.13: Reac hing de�nitions and reac hed uses sets for the program in Figure

2.12.



32 Bac kground

De�nition 2.9 (Use-def c hains) Reac hing de�nition information is usually

stored in use-def chains or ud-chains whic h are lists of de�nitions reac hing a

particular use of a v ariable.

2

Use-def c hains for v ariable a are sho wn as dashed arro ws in the con trol-
o w

graph for the program (Figure 2.12). Other data structures of in terest include

r e ache d-uses and r e aching-defs sets whic h are de�ned as follo ws:

De�nition 2.10 (Reac hed-uses set) Giv en a de�nition D

v

for v ariable v ,

the set r e ache d-uses for D

v

is the set of all uses of v that are reac hed b y D

v

.

2

De�nition 2.11 (Reac hing-defs) Giv en a use U

v

of v ariable v , the set

r e aching-defs for U

v

is the set of all de�nitions for v that can reac h U

v

.

2

Note that in collecting reac hing de�nition information for this program w e

ha v e said that de�nition D

1

a

reac hes line 6. This migh t app ear coun ter-in tuitiv e

b ecause there app ears to b e another de�nition in the path from line 1 to line

6, namely de�nition D

2

a

at line 4. Ho w ev er, de�nition at line 4 is not alw a ys

executed therefore the conserv ativ ely correct decision is to assume that b oth

de�nitions, D

1

a

and D

2

a

, reac h line 6. Reac hing de�nitions and reac hed uses

sets for v ariable a are sho wn in Figure 2.13.

Liv e V ariables

A v ariable v is live at a certain p oin t p in the program if the v alue of v at

p could b e used along some path starting at p . Otherwise, w e sa y that v is

de ad at p . Going bac k to the example program in Figure 2.12, the v alue of b

computed at line 2 is liv e at line 3 but it b ecomes dead at line 5 b ecause it is

not used an ymore.

Av ailable Expressions

An expression a + b is available at a p oin t p in the program if all the paths

from the en try no de to p oin t p in the graph compute a + b . The notion

of a v ailabilit y is used in optimizations lik e redundancy elimination. If an

expression is rep eatedly computed without its op erands b eing mo di�ed, then

redundan t computations can b e remo v ed.
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2.5.2 Iterativ e Data-Flo w Analysis

Iterativ e data-
o w analysis is the traditional metho d for solving data-
o w

problems. Data-
o w information is collected in sets that represen t the

information needed b y eac h particular problem. T raditionally , optimizing

transformations are phrased in terms of data-
o w problems. F or instance, in

the case of constan t propagation eac h elemen t of the data-
o w set corresp onds

to a di�eren t v ariable in the program.

The analysis is p erformed b y setting up and solving systems of equations,

kno wn as data-
ow e quations , that describ e the lo cal e�ects that eac h basic

blo c k has on the data-
o w sets. The propagation of data-
o w prop erties is

done lo cally to eac h basic blo c k and the results are aggregated o v er all the

basic blo c ks to determine global prop erties of the program. Eac h data-
o w

problem m ust de�ne appropriate data-
o w sets and equations needed to gather

the required information.

Data-
o w information is t ypically stored in four main sets: in is the set

represen ting information en tering the blo c k, out is the information that exits

the blo c k, kil l is the information in v alidated (or killed) b y the blo c k and gen

is the information generated lo cally b y the blo c k. In general, the equations

are set up so that they follo w the natural 
o w of con trol of the program. In

other w ords, the set out is de�ned in terms of in , gen and kil l . These are

kno wn as forwar d data-
o w problems. But for some other problems, kno wn

as b ackwar d data-
o w problems, the data-
o w equations and their asso ciated

iterations pro ceed bac kw ards.

Once set up, data-
o w equations are solv ed iterativ ely from an initial set

of v alues. The most common implemen tation of iterativ e data-
o w analyzers

uses bit-v ectors to represen t the sets in the data-
o w equations. This is wh y

this is sometimes called bit-ve ctor analysis . More information ab out these

tec hniques can b e found in (Aho et al. 1986) and (Muc hnic k 1997).

Iterativ e Data-Flo w Analysis for Explicitly P arallel Programs

Grun w ald and Sriniv asan dev elop ed data-
o w equations to compute reac hing

de�nition information on explicitly parallel programs with cobegin/coend
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parallel sections (Grun w ald and Sriniv asan 1993). They assume a w eak

memory consistency mo del in whic h parallel sections are required to b e data

indep enden t; memory up dates are done at sp eci�c p oin ts in the program using

copy-in/copy-out seman tics. They supp ort ev en t-based sync hronization

sync hronization using set and wait op erations.

Kno op, Ste�en and V ollmer dev elop ed a bit-v ector analysis framew ork for

parallel programs with in terlea ving memory seman tics (Kno op et al. 1996).

They sho w ho w to adapt standard optimization algorithms to their framew ork.

Ho w ev er, they do not incorp orate sync hronization op erations in their analysis.

They use this framew ork to adapt lazy c o de motion optimization whic h is a

redundancy elimination metho d.

2.5.3 Static Single Assignmen t F orm

Static Single Assignmen t (SSA) is a relativ ely new in termediate represen tation

that is b ecoming increasingly p opular b ecause it leads to e�cien t algorithmic

implemen tations of data-
o w analyzers and optimizing transformations

(Cytron et al. 1991). The SSA form is based on the premise that program

v ariables are only assigned once. Multiple assignmen ts to the same v ariable

create new v ersions of the v ariable. In essence, the SSA form mak es all the

use-def c hains explicit in the program, b ecause ev ery use of a v ariable is reac hed

b y exactly one de�nition.

Actual programs are seldom in SSA form initially b ecause v ariables tend to

b e assigned m ultiple times; not just once. An SSA-based compiler mo di�es the

program represen tation so that ev ery time a v ariable is assigned in the co de, a

new v ersion of the v ariable is created. Di�eren t v ersions of the same v ariable

are distinguished b y subscripting the v ariable name with its v ersion n um b er.

V ariables used in the righ t-hand side of expressions are renamed so that their

v ersion n um b er matc hes that of the most recen t assignmen t. Notice that it is

not alw a ys p ossible to statically determine what is the most recen t assignmen t

for a giv en use. These am biguities are the result of branc hes and lo ops in the

program 
o w of con trol. T o solv e this am biguit y , the SSA form in tro duces

the so-called � functions. � functions merge m ultiple incoming assignmen ts to

generate a new de�nition; they are placed at p oin ts in the program where the
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1: a = 4

2: b = a + 3

3: if ( a > 3) f

4: prin t a

5: a = a + 3

6: g

7:

8: b = 5

9: prin t a + b

(a) Original program.

1: a

1

= 4

2: b

1

= a

1

+ 3

3: if ( a

1

> 3) f

4: prin t a

1

5: a

2

= a

1

+ 3

6: g

7: a

3

= � (a

1

, a

2

)

8 : b

2

= 5

9 : prin t a

3

+ b

2

(b) Program in SSA form.

Figure 2.14: An example sequen tial program and its SSA form.


o w of con trol causes more than one assignmen t to b e a v ailable (essen tially , a

� functions are needed at dominance fron tier no des).

Figure 2.14 sho ws a sequen tial program and its corresp onding SSA form

(Figures 2.14(a) and 2.14(b) resp ectiv ely). Notice that ev ery assignmen t

in the program in tro duces a new v ersion n um b er for the corresp onding

v ariable. Ev ery time a v ariable is used, its name is replaced with the v ersion

corresp onding to the most recen t assignmen t for the v ariable. No w consider

the use of v ariable a in line 9. There are t w o assignmen ts to a that could reac h

line 9; the assignmen t at line 1 and the assignmen t inside the if statemen t

at line 5. T o solv e this am biguit y , SSA in tro duces a � function for a whic h

merges b oth assignmen ts to create a new v ersion of a ( a

3

). The seman tics of

the � function dictate that a

3

will tak e the v alue from one of the function's

argumen ts. The sp eci�c argumen t returned b y the � function is not kno wn

un til run time.

Static Single Assignmen t for Explicitly P arallel Programs

Sriniv asan, Ho ok and W olfe dev elop ed a Static Single Assignmen t (SSA)

framew ork for explicitly parallel programs (Sriniv asan et al. 1993). Their

analysis framew ork w orks on the Parallel Sections mo del (page 26). Tw o

di�eren t merge op erators are used; � and  functions. A � function serv es the

same purp ose as in sequen tial programs, it is placed at no des that represen t

merge p oin ts in the program.  functions mo del m ultiple parallel up dates;

they are placed at sync hronization p oin ts in the program if t w o or more
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concurren t sections mo dify the same v ariable.

Lee, Midki� and P adua prop ose a Concurren t SSA framew ork (CSSA) for

explicitly parallel programs and in terlea ving memory seman tics (Lee et al.

1997b). Our w ork builds on the CSSA form; a more detailed description can

b e found in Chapter 4. Lee et al. also adapt some sequen tial optimizing

transformations to the parallel case using CSSA (Lee et al. 1998; Lee et al.

1999).

2.5.4 Other Approac hes to Optimizing Explicitly

P arallel Programs

Shasha and Snir prop osed an analysis tec hnique called cycle dete ction that

allo ws re-ordering of memory references in a program to increase concurrency

while main taining the sequen tial consistency dictated b y the co de (Shasha and

Snir 1988).

Krishnam urth y and Y elic k extended cycle detection analysis to incorp orate

additional information from sync hronization in the program (Krishnam urth y

and Y elic k 1996). Although their w ork supp orts post/wait , barrier and

m utual exclusion sync hronization, they only fo cus on optimizing remote

memory references on a sp eci�c class of explicitly parallel programs.

Recen t researc h e�orts in the area ha v e fo cused on the Ja v a language. Since

Ja v a is a m ulti-threaded language, its class libraries m ust supp ort concurren t

accesses b y m ultiple threads of execution. This is supp orted at the language

lev el using synchr onize d metho ds , also kno wn as monitors , whic h are a v ariation

of the traditional m utual exclusion section. An imp ortan t asp ect of optimizing

Ja v a programs is reducing the o v erhead imp osed b y the thread-safe nature of

Ja v a's libraries. Diniz, Rinard and Whaley ha v e dev elop ed sev eral tec hniques

to reduce the impact of sync hronization in Ja v a programs (Whaley and Rinard

1999; Diniz and Rinard 1998).
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2.6 Summary

Mo dern compilers are organized around t w o ma jor phases: analysis and

synthesis . During analysis, the compiler extracts detailed information ab out

the program. In particular the analysis phase disco v ers ho w the program is

structured and ho w it manipulates its data. The optimization phase uses

this information to transform the original program in to an equiv alen t but

more e�cien t v ersion. In this con text, e�ciency is usually asso ciated with

p erformanc e ; w e w an t to pro duce co de that executes as fast as p ossible on the

target arc hitecture. Finally , the syn thesis phase generates ob ject co de that

can b e executed on the target mac hine.

While analysis and optimization tec hniques for sequen tial languages are

w ell-kno wn, these tec hniques cannot b e used in explicitly parallel programs

that share memory . Concurren t execution, data sharing and sync hronization

op erations a�ect the con trol and data 
o w of the program in w a ys that

the sequen tial tec hniques are unable to handle. There ha v e b een recen t

adv ances in dev eloping analysis framew orks for explicitly parallel programs

and adapting traditional optimization tec hniques suc h as constan t propagation

and dead-co de elimination to the parallel case. Ho w ev er, there has b een

less emphasis on optimizing the parallel and sync hronization structure of the

program itself.

In the follo wing c hapters w e in tro duce no v el analysis tec hniques that

incorp orate b oth the parallel and sync hronization structure of the program in to

a uni�ed framew ork for analyzing and optimizing explicitly parallel programs.
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Chapter 3

Analyzing Explicitly P arallel

Programs

In an explicitly parallel program with shared memory seman tics, the use

of a shared v ariable v can b e reac hed b y an y de�nition of v in another

concurren t thread. Ho w ev er, sync hronization constructs ma y prev en t some

v ariable de�nitions from b eing visible to other threads. F or example, consider

the program in Figure 3.1. If the compiler ignores the m utual exclusion

regions created b y the lo c k op erations, it will conclude that the de�nition

for v ariable a in thread T

0

can reac h b oth uses of a in thread T

1

. Ho w ev er,

the sync hronization used in the program serializes the references to a so that

the assignmen t to a in T

0

cannot reac h the second use of a in T

1

. Therefore,

the call to function g () in T

1

will alw a ys b e executed with a = 3.

This c hapter in tro duces the foundations for the analysis framew ork

dev elop ed in Chapter 4. W e start with a description of the Concurren t Con trol

Flo w Graph (CCF G) (Section 3.1). Section 3.2 describ es the pro cess used to

build the CCF G for a giv en program. W e then use the CCF G to analyze

the sync hronization patterns in the program to gather non-concurrency

information. As observ ed in Figure 3.1, sync hronization can reduce data

dep endencies across concurren t threads in the program. This reduction of

data dep endencies ma y allo w more aggressiv e optimization in subsequen t

transformation passes. In this w ork w e supp ort three t yp es of sync hronization

op erations: ev en ts, m utual exclusion and barriers (Section 3.3).

39
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cob egin = � Begin concurren t execution � =

T

0

: b egin = � Launc h thread T

0

� =

if ( b > 0) f

b = 3 = a ;

g

lo c k ( L );

a = a + b ;

unlo c k ( L );

end

T

1

: b egin = � Launc h thread T

1

� =

f ( a );

lo c k ( L );

a = 3; = � This kills the assignmen t to a in T

0

� =

b = b + g ( a ); = � V ariable a is alw a ys 3 � =

unlo c k ( L );

end

co end

Figure 3.1: Mutual exclusion can reduce data dep endencies across threads in a

parallel program.

3.1 Concurren t Con trol Flo w Graph

A Concurren t Con trol Flo w Graph (CCF G) (Lee et al. 1997b) is similar to its

sequen tial coun terpart, the Con trol Flo w Graph (Aho et al. 1986). It represen ts

the con trol structure of a parallel program including the parallel constructs

cobegin / coend and parloop . In addition, a CCF G con tains edges to represen t

memory con
icts across concurren t threads and ev en t sync hronization. W e

extend the CCF G so that eac h lock , unlock and barrier op eration is

represen ted b y a separate no de.

De�nition 3.1 (V ariable references) V ariables are r efer enc e d ev ery time

their v alues are read or mo di�ed b y the program. Read references are also

kno wn as uses , while write references are also kno wn as de�nitions .

2

De�nition 3.2 (Shared v ariable reference con
icts) Tw o v ariable

references in di�eren t threads c on
ict if (a) b oth reference the same v ariable,

(b) one of them is a write reference, and, (c) the threads can execute

concurren tly .

2

De�nition 3.3 (Concurren t basic blo c k) A c oncurr ent b asic blo ck is a

basic blo c k (Aho et al. 1986) with the follo wing additional prop erties:

1. Only the �rst statemen t of the blo c k can b e a wait statemen t or con tain
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a use of a con
icting v ariable.

2. Only the last statemen t of the blo c k can b e a set statemen t or con tain

a de�nition of a con
icting v ariable.

3. Sync hronization op erations lock , unlock and barrier are placed in

their o wn blo c k.

4. P arallel con trol instructions cobegin , coend and parloop are placed in

their o wn blo c k.

2

De�nition 3.4 (Con
icts b et w een concurren t basic blo c ks) Tw o

concurren t basic blo c ks a and b in di�eren t threads c on
ict if they can

execute concurren tly and con tain con
icting v ariable references.

2

De�nition 3.5 (Concurren t Con trol Flo w Graph (CCF G))

A Concurr ent Contr ol Flow Gr aph (CCF G) is a directed graph

G = h N ; E ; Entry

G

; Exit

G

i suc h that:

1. N is the set of no des in the graph. Eac h no de in N corresp onds to a

concurren t basic blo c k.

2. E ntr y

G

and E xit

G

are the unique en try and exit p oin ts of the program.

3. E = E

f

S

E

s

S

E

c

is the set of edges in the graph suc h that:

(a) E

f

is the set of con trol 
o w edges. These edges ha v e the same

meaning as in a sequen tial Con trol Flo w Graph.

(b) E

s

is the set of edges represen ting ev en t sync hronization. These are

directed edges that join related set and wait no des in concurren t

threads.

(c) E

c

is the set of con
ict edges. Con
ict edges are bi-directional edges

that join an y t w o concurren t basic blo c ks that con
ict. There is a

lab el on a con
ict edge that represen ts the memory op erations done

at eac h end of the edge. There are t w o kinds of con
icts:

i. def-use : one of the no des writes to the shared v ariable and

the other one reads from it. These con
icts are lab eled DU(v) ,

where v is the name of the v ariable b eing accessed.
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ii. def-def : b oth no des write to the shared v ariable. These

con
icts are lab eled DD(v) , where v is the name of the v ariable

b eing mo di�ed.

2

De�nition 3.6 (En try and exit no des) Giv en a thread T , b e gin

T

is the

en try no de for T , end

T

is the exit no de for T , c ob e gin

T

is the c ob e gin no de

for the innermost cobegin / coend structure con taining T , and c o end

T

is the

corresp onding c o end no de for c ob e gin

T

.

2

De�nition 3.7 (Con trol path) Giv en t w o no des x and y in a CCF G G , a

path from x to y is a c ontr ol p ath if it only con tains edges in E

f

.

2

3.1.1 Graphical Represen tation of a CCF G

This section describ es the graphical notation w e use to represen t CCF Gs.

Figures 3.2(a) and 3.2(b) sho w the represen tation for cobegin / coend and

parloop constructs resp ectiv ely . Figure 3.2(c) illustrate the represen tation of

ev en t sync hronization edges.

Graph no des are represen ted using three di�eren t shap es. Ellipses represen t

en try and exit no des for the graph, lo ops, parallel structures ( cobegin / coend

and parloop ) and nested scop es in the source program. Header no des for

conditional statemen ts are represen ted using diamonds. Finally , rectangles

represen t concurren t basic blo c ks. Con trol 
o w edges are represen ted using

solid lines. Con
ict edges are represen ted with dotted lines. Dashed lines

represen t ev en t sync hronization edges.

Eac h cobegin no de has one outgoing con trol edge for eac h c hild thread it

launc hes. Graphically , eac h thread is represen ted as a sub-graph ro oted at the

cobegin no de (Figure 3.2(a)). All the c hildren threads join at the coend no de.

Con
ict edges alw a ys join no des in threads that share at least one common

cobegin no de.

W e exp erimen ted with t w o di�eren t w a ys of represen ting parallel lo ops.

Since a parallel lo op is not really an iterativ e con trol structure, w e initially

represen ted parallel lo ops as a cobegin / coend with one thread. Eac h no de

inside the parloop structure had the prop ert y of b eing concurren t with itself.

Therefore, the algorithms and data structures ha v e to supp ort self-referencing
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begin

cobegin

begin begin

...

begin

stmts;

end

coend

stmts;

end

stmts;

end

end

(a) cobegin / coend construct.

Original Replica

begin

parloop (i, 1, N)

stmts; stmts';

stmts;

parend

stmts';

end

(b) parloop construct.

begin

cobegin

stmts wait(e)

stmts

set(e)

coend

stmts

stmts

end

(c) Ev en t sync hronization edges.

Figure 3.2: Represen tation of parallel constructs and sync hronization in a CCF G.
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con
ict edges. This is particularly imp ortan t in building the CSSAME form

for the program (Chapter 4).

Although this represen tation w as enough for our purp oses, it can b e

confusing to visualize and it do es not p ermit certain analyses used in the

literature (lik e cycle detection (Shasha and Snir 1988)). The other metho d

to represen t parallel lo ops is to replicate the b o dy of the lo op and consider

it lik e a cobegin / coend structure with t w o threads: the original and the

replica (Figure 3.2(b)). This represen tation is iden tical to the cobegin / coend

represen tation, con
ict edges join distinct no des (there are no self-referencing

con
icts) and it facilitates the design of some of the analysis algorithms

prop osed in the literature (Krishnam urth y and Y elic k 1996; Lee et al. 1999).

F rom an implemen tation p oin t of view, this represen tation has the dra wbac k of

p oten tially doubling the memory requiremen ts. In subsequen t sections w e use

this represen tation to simplify the explanation of some algorithms. Ho w ev er,

in our curren t implemen tation w e do not create replicas of parallel lo op b o dies.

Ev en t sync hronization op erations ( set and wait ) are represen ted in the


o wgraph using directed edges from set no des to the corresp onding wait no de.

Notice that set and wait are the only sync hronization op erations that create

additional edges in the CCF G. This is used during sync hronization analysis

to compute guaran teed precedence ordering (Section 3.3.3). Mutual exclusion

and barrier sync hronization are supp orted but no additional edges are required

b y the sync hronization analysis phase. An example of an explicitly parallel

program and its CCF G are illustrated in Figures 3.3 and 3.4.

3.2 Building the CCF G

Algorithm 3.1 builds the concurren t con trol 
o w graph for an explicitly parallel

program P . It consists of three phases: (a) placemen t of no des and con trol

edges, (b) placemen t of con
ict edges and (c) placemen t of sync hronization

edges.

Graph no des and con trol edges are created using a sligh tly mo di�ed v ersion

of a standard algorithm to build con trol 
o w graphs (Aho et al. 1986). The

mo di�cation allo ws the original algorithm to recognize the cobegin / coend
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a = 0;

b = 0;

cob egin

T

0

: b egin

lo c k ( L );

a = 5;

b = a + 3;

if ( b > 4) f

a = a + b ;

g

x = a ;

unlo c k ( L );

end

T

1

: b egin

lo c k ( L );

a = b + 6;

y = a ;

unlo c k ( L );

end

co end

prin t ( x , y );

Figure 3.3: A task parallel program.

and parloop constructs. Basic blo c ks are built using a linear scan of all the

statemen ts in the program. This step builds basic blo c ks, not concurren t basic

blo c ks. Subsequen t phases of the algorithm will split the basic blo c ks to create

concurren t basic blo c ks, and incorp orate con
ict and sync hronization edges to

the base graph.

Algorithm 3.1 Build a Concurren t Con trol Flo w Graph.

input: An explicitly parallel program P

output: The concurren t con trol 
o w graph G = h N ; E ; Entry

G

; Exit

G

i for P

1: Build maximal basic blo c ks and con trol edges (Aho et al. 1986).

2: Add con
ict edges (Algorithm 3.3).

3: Add sync hronization edges (Algorithm 3.4).

Once the basic structure of the 
o wgraph has b een built, con
ict and

sync hronization edges are added to the graph. T o add con
ict edges, the

graph is tra v ersed lo oking for no des that can execute concurren tly and access

the same memory lo cation in a con
icting manner. Algorithm 3.2 is used to

determine whether t w o arbitrary no des in the graph can execute concurren tly .

The algorithm assumes the existence of t w o data structures:

T hr ead ( n ) is the thread that con tains no de n . Threads are assumed to ha v e
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begin

a = 0;
b = 0;

cobegin

begin begin

lock(L);

a = 5;

b = a + 3;

if (b > 4) {

a = a + b;

endif

a = b + 6;

DU(a)

y = a;

DU(a)

x = a;

unlock(L);

DU(a)

end

coend

lock(L);

DD(a)

DU(a)DU(b)DU(a)

unlock(L);

end

print(x);
print(y);

end

Control flow edge

Conflict edge    

Figure 3.4: Concurren t Con trol Flo w Graph for the program in Figure 3.3.
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a unique id computed automatically b y the compiler. The sequen tial

parts of the program are alw a ys executed b y thread T

se q

.

P ar Ancestor s ( n ) is the set of cobegin and parloop no des that can b e

reac hed in a bac kw ards tra v ersal of the dominator tree from no de n

to the en try no de of the CCF G.

Algorithm 3.2 Concurrency relation.

input: Tw o concurren t basic blo c ks a; b 2 G = h N ; E ; Entry

G

; Exit

G

i .

output: tr ue if a and b can execute concurren tly , f alse otherwise.

1: function c onc ( a; b )

2: /* If a or b are in a sequen tial region, they cannot b e concurren t. */

3: if Thr e ad ( a ) = T

se q

_ Thr e ad ( b ) = T

se q

then

4: return f alse

5: end if

6:

7: /* If a and b ha v e a common parloop no de in their ParA nc estors set, they are concurren t. */

8: if 9 n 2 ParA nc estors ( a ) s.t. n = parloop ^ n 2 ParA nc estors ( b ) then

9: return tr ue

10: end if

11:

12: /* If a and b ha v e a common cobegin no de in their */

13: /* ParA nc estors set and they are on di�eren t threads */

14: /* and they are not the same no de, then they are concurren t. */

15: if 9 n 2 ParA nc estors ( a ) s.t. n = cobegin ^ Thr e ad ( a ) 6= Thr e ad ( b ) ^ a 6= b then

16: return tr ue

17: end if

18:

19: /* None of the previous tests succeeded. The no des are not concurren t. */

20: return f alse

Concurren t no des with memory con
icts are mark ed as con
icting and split

up to create concurren t basic blo c ks according to the rules giv en in De�nition

3.3. Con
ict edges are created to join the con
icting no des (Algorithm 3.3).

Notice that at this stage w e do not use the non-concurrency information that

can b e gathered from the sync hronization structures of the program. As w e

will discuss in Section 3.3, it is generally more con v enien t for sync hronization

analysis to ha v e the basic CCF G already built. In practice, ho w ev er, this

analysis could b e p erformed in conjunction with sync hronization analysis.

When implemen ting the compiler, w e disco v ered that it is easier to build

concurren t basic blo c ks from the outset than it is to build maximal basic blo c ks

and then split them up. The main reason is that when splitting basic blo c ks

one m ust tak e care of b oundary conditions so that no empt y basic blo c ks are
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created. What w e implemen ted is a t w o pass algorithm that will �rst scan

the program and determine con
ict lists at the lev el of instructions. During

the concurren t basic blo c k building pass, the con
ict list in eac h instruction

is c hec k ed to see if the instruction should b e added to the curren t blo c k or a

new blo c k b e created. This is more memory in tensiv e, but it simpli�ed our

implemen tation. F or clarit y of presen tation w e ha v e decided to describ e them

as t w o separate phases.

Algorithm 3.3 Add con
ict edges.

input: An incomplete concurren t con trol 
o w graph G = h N ; E ; Entry

G

; Exit

G

i with no con
ict

edges.

output: The CCF G G giv en as input with con
ict edges E

c

added.

1: E

c

 ;

2: foreac h a 2 N do

3: foreac h b 2 N do

4: /* Call Algorithm 3.2 ( c onc ) to determine whether a and b are concurren t */

5: if ( c onc ( a; b ) = tr ue ) ^ ( a con
icts with b ) then

6: E

c

 E

c

S

f ( a; b ) g

7: end if

8: end for

9: end for

10: foreac h ( a; b ) 2 E

c

do

11: Split blo c ks a and b to comply with de�nition 3.3.

12: end for

The last step in the construction of the CCF G is to add directed

sync hronization edges for related set and wait op erations in the program

(Algorithm 3.4). F or ev ery pair of no des set and wait the algorithm c hec ks

if they can execute concurren tly and op erate on the same sync hronization

v ariable. If so, a directed edge from the set no de to the wait no de is added.

Algorithm 3.4 Add sync hronization edges.

input: An incomplete concurren t con trol 
o w graph G = h N ; E ; Entry

G

; Exit

G

i with no

sync hronization edges.

output: The graph G with sync hronization edges E

s

added.

1: E

s

 ;

2: /* F or ev ery ev en t v ariable v add an edge from eac h set(v) to ev ery wait(v) . */

3: foreac h a 2 N do

4: foreac h b 2 N do

5: if conc ( a; b ) = tr ue then

6: if ( a = set ( v )) ^ ( b = w ait ( v )) then

7: E

s

 E

s

S

f ( a; b ) g

8: end if

9: end if

10: end for

11: end for
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3.3 Sync hronization Analysis

P arallel programs use sync hronization to order the access to shared data

b y the di�eren t threads in the program. T ypically , sync hronization

op erations in tro duce non-concurrency among otherwise concurren t regions of

the program. The goal of sync hronization analysis is to determine whic h no des

in concurren t sections of the program will not execute concurren tly . This

information is used to disregard memory con
icts from the CCF G that cannot

o ccur at run time due to sync hronization restrictions. Reducing the n um b er of

memory con
icts giv es more freedom to the compiler when applying optimizing

transformations. F urthermore, information ab out sync hronization seman tics

allo ws the dev elopmen t of tec hniques to v alidate the sync hronization structure

of the program.

In this w ork w e supp ort three t yp es of sync hronization: m utual exclusion,

ev en ts and barriers. Section 3.3.1 dev elops new tec hniques to analyze m utual

exclusion sync hronization patterns in parallel programs. T ec hniques for

statically v alidating m utual exclusion are discussed in Section 3.3.2. W e

use existing sync hronization analysis tec hniques to gather non-concurrency

information for set / wait and barrier op erations (Jeremiassen and Eggers

1994; Lee et al. 1997b) (Sections 3.3.3 and 3.3.4).

3.3.1 Mutex Sync hronization

Giv en an arbitrary statemen t s in a program and a lo c k v ariable L , a m utex

structure analyzer should b e able to answ er the question \do es s execute under

the protection of lo c k L ?". The answ er to that question should b e one of

always , never or sometimes .

In the con text of this w ork, the answ ers never and sometimes are

equiv alen t. If the compiler cannot assert that statemen t s will alw a ys b e

protected b y L at run time then the conserv ativ ely correct decision is to assume

that s is nev er protected b y L . F urthermore, if the analysis determines that s

is sometimes protected and sometimes not, this information could b e used to

w arn the user ab out an anomalous lo c king pattern.
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Motiv ation

Existing w ork on m utual exclusion sync hronization is based on a structural

de�nition of m utex b o dies (Krishnam urth y and Y elic k 1996; Masticola and

Ryder 1993; No villo et al. 1998). A m utex b o dy is indicated b y a pair of lock

and unlock no des. All the graph no des dominated b y the lock no de and

p ost-dominated b y the unlock no de are part of the m utex b o dy . Although

correct, this notion of m utex b o dy fails to iden tify some v alid lo c king patterns

presen t in some programs (i.e., the m utex b o dy recognizer resp onds never to o

often).

Initially , w e had only considered traditional single-en try , single-exit m utex

b o dies (No villo et al. 1998) but w e so on disco v ered that some programs con tain

m utex b o dies that do not �t that structure. F or instance, consider the co de

fragmen t in Figure 3.5. This routine is part of a quic ksort algorithm tak en from

the sample application programs bundled with the T readMarks DSM system

(Keleher et al. 1994). This routine grabs a piece of w ork to b e done from a

shared stac k. W e are in terested in the m utual exclusion sections created b y

the lo c k v ariable TSL .

Notice that a structural de�nition of m utex b o dies will iden tify no m utex

b o dies in this function. The only lock / unlock pair that migh t qualify as

a m utex b o dy are the statemen ts L

1

and U

3

(lines 6 and 48 resp ectiv ely).

Ho w ev er, the presence of other lock and unlock op erations in b et w een these

statemen ts forces the compiler to disregard this pair as a v alid m utex b o dy .

Despite the irregular lo c king pattern presen t in this co de fragmen t, it is

p ossible to iden tify sections that will alw a ys execute under the protection of the

TSL v ariable. A closer insp ection of the co de rev eals that the only statemen t

that executes without lo c k protection is the busy w ait statemen t S

1

(line 31).

Informally , w e mo dify ev ery lock or unlock no de for lo c k v ariable L so

that they con tain a de�nition and a use for L . All the other no des in the graph

are mo di�ed to con tain a use for lo c k v ariable L . T o determine whether or

not a 
o w graph no de n is protected b y lo c k L w e compute reac hing de�nition

information for the use of L at n . If at least one of the reac hing de�nitions

comes from an unlock no de or if there are no reac hing de�nitions, then no de

n is not protected b y lo c k L .
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1 # de�ne NPR OCS 5

2 # de�ne DONE � 1

3

4 in t P opW ork ( T askElemen t � task )

5 f

6 L

1

) lo c k(TSL) ;

7

8 while (T askStac kT op == 0 ) f

9 if (++NumW aiting == NPR OCS) f

10 = � All the threads are w aiting for w ork.

11 � W e are done.

12 � =

13 lo c k (pause lo c k);

14 pause 
ag = 1 ;

15 unlo c k (pause lo c k);

16

17 U

1

) unlo c k(TSL) ;

18 return DONE;

19 g else f

20 if (NumW aiting == 1 ) f

21 lo c k (pause lo c k);

22 pause 
ag = 0 ;

23 unlo c k (pause lo c k);

24 g

25

26 U

2

) unlo c k(TSL) ;

27

28 = � W ait for w ork. This is the only

29 � statemen t not protected b y TSL.

30 � =

31 S

1

) while (!pause 
ag) ; = � busy-w ait � =

32

33 L

2

) lo c k(TSL) ;

34

35 if (NumW aiting == NPR OCS) f

36 U

3

) unlo c k(TSL) ;

37 return DONE;

38 g

39 �� NumW aiting ;

40 g

41 g = � while task-stac k empt y � =

42

43 = � P op a piece of w ork from the stac k � =

44 T askStac kT op �� ;

45 task � > left = T askStac k[T askStac kT op].left;

46 task � > righ t = T askStac k[T askStac kT op].righ t;

47

48 U

3

) unlo c k(TSL) ;

49

50 return 0 ;

51 g

Figure 3.5: Lo c king pattern in function P opW ork() .
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0: Entry

2: while (...)

3: if (...)

16: endwhile

4: ... 7: ...

6: return DONE;

Exit

9: while (!pause_flag) ;

11: if (...)

13: return DONE;

17: ...

PSfrag replacemen ts

1: lo c k(TSL

1

);

TSL

2

= � (TSL

1

, TSL

6

)

TSL

8

= � (TSL

1

, TSL

6

)

5: unlo c k(TSL

4

);

19: TSL

9

= � (TSL

4

, TSL

6

, TSL

7

, TSL

8

)

8: unlo c k(TSL

5

);

10: lo c k(TSL

6

);

12: unlo c k(TSL

7

);

18: unlo c k(TSL

8

);

Figure 3.6: P artial SSA form for function P opW ork() .
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The pro cess is illustrated in Figure 3.6. F or simplicit y , the graph only

sho ws the SSA information related to the lo c k v ariable TSL . Consider, for

instance, no de 7. A use of TSL in that no de can b e reac hed b y de�nitions TSL

1

and TSL

6

. Since b oth de�nitions come from a lock op eration, w e conclude

that no de 7 is protected b y the lo c k TSL . Similarly , if w e compute reac hing

de�nition information for no de 9, w e conclude that the only de�nition for TSL

that can reac h it is TSL

5

. Since TSL

5

comes from an unlock op eration, no de

9 is not protected b y the lo c k.

Detecting Mutex Structures

The detection of m utex structures is reduced to the problem of computing

reac hing de�nitions for the lo c k v ariables in the program. The Concurren t

Con trol Flo w Graph (CCF G) for the program is mo di�ed so that:

1. ev ery graph no de con tains a use for e ach lo c k v ariable in the program,

2. ev ery lock and unlock no de for lo c k v ariable L con tains a de�nition for

L , and

3. for eac h lo c k v ariable L the en try no de of the graph is assumed to con tain

an unlock(L) op eration (this assumption can b e o v erridden using call

graph information).

De�nition 3.8 (Lo c k-protected no des) W e sa y that a 
o wgraph no de b

is lo c k-protected b y lo c k L if, and only if, the use of L at b is only reac hed b y

de�nitions of L in lock(L) no des. Therefore, if at least one of those sequen tial

reac hing de�nitions comes from an unlock(L) no de, then b is not protected

b y L .

2

Mutex b o dies are de�ned in terms of lo c k-protected no des. F or instance,

in Figure 3.7(a), the call to a () at line 4 is protected b y lo c k L b ecause it is

only reac hed b y the lock op eration at line 1 and the lock op eration at line 7.

In general, a m utex b o dy is a m ultiple-en try , m ultiple-exit region of the graph

that encompasses all the 
o wgraph no des that are reac hed b y a common set

of lock no des. In con trast, previous w ork (Krishnam urth y and Y elic k 1996;
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1 lo c k ( L );

2 while ( expr ) f

3

4 a ();

5 unlo c k ( L );

6 b ();

7 lo c k ( L );

8 c ();

9 g

10

11 unlo c k ( L );

(a) Original program. a () and c () are

protected b y L . b () is not.

1 lo c k ( L

1

);

2 while ( expr ) f

3 L

5

= � (L

1

, L

3

);

4 a();

5 unlo c k (L

2

);

6 b();

7 lo c k (L

3

);

8 c();

9 g

10 L

6

= � (L

1

, L

3

);

11 unlo c k (L

4

);

(b) SSA form for the program. b () is not

protected b ecause it is reac hed b y an

unlock op eration.

Figure 3.7: Detecting irregular m utex structures in a parallel program.

Masticola and Ryder 1993) has treated m utex b o dies as single-en try , single-exit

regions.

De�nition 3.9 (Mutex b o dy) Giv en a lo c k v ariable L and a set of lock(L)

no des N = f n

1

; n

2

; : : : ; n

r

g kno wn as the lo ck no des , a mutex b o dy B

L

( N ) =

f b

1

; b

2

; : : : ; b

s

g is a set of no des suc h that:

1. Ev ery no de in f b

1

; b

2

; : : : ; b

s

g is reac hed b y at least one no de n

i

2 N .

2. There exists at least one no de b

i

2 B

L

( N ) that is reac hed b y al l the

no des in N .

3. F or ev ery no de n

i

2 N , there exists at least one no de x

i

= unlock ( L )

suc h that x

i

is reac hed b y n

i

. All the unlock ( L ) no des are kno wn as the

unlo ck no des of the m utex b o dy .

4. No no de n

i

2 B

L

( N ) can b e a lock(L) no de.

2

The �rst t w o conditions establish that the no des in a m utex b o dy m ust

b e related in t w o w a ys. First, all the no des in the b o dy m ust b e reac hed

b y a common set of lock(L) no des. Second, all the lo c k no des m ust reac h

at least one common no de in the m utex b o dy . Without this restriction, the

analysis w ould consider t w o disjoin t sets of no des to b e the same m utex b o dy .
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This clearly mak es no sense b ecause they ha v e nothing in common. The third

condition de�nes the exit p oin ts of a m utex b o dy . There m ust b e a \w a y out"

of the m utex b o dy from ev ery en try p oin t.

Finally , the fourth condition explicitly excludes lo c k no des from the m utex

b o dy . This is an imp ortan t distinction b ecause of the serialization seman tics

imp osed b y lock op erations. A fundamen tal prop ert y of m utex b o dies is

that giv en t w o no des a and b in t w o di�eren t m utex b o dies for the same lo c k

v ariable, a and b c annot execute concurren tly . If the lo c k no des w ere considered

part of the m utex b o dy , the compiler w ould think that t w o concurren t threads

can nev er execute di�eren t lock(L) no des at the same time. This is incorrect

and therefore not allo w ed.

Subsequen t to this w ork, Hendren (Hendren 2000) prop osed an alternativ e

de�nition of m utex b o dies. F or ev ery lock(L) no de n , all the no des reac hable

from n are mark ed in one color. F or ev ery unlock(L) no de x , all the no des

reac hable from x are mark ed in another color. The m utex b o dy is the set

of no des that are mark ed in b oth colors. This is a m uc h simpler alternativ e

that should lead to more e�cien t implemen tations of m utex sync hronization

analysis.

De�nition 3.10 (Mutex structure) A m utex structure M

L

for lo c k

v ariable L is the set of all the m utex b o dies B

L

( N ) in the program.

2

Mutex structures are detected using sequen tial reac hing de�nition

information for eac h lo c k v ariable L . No des that are only reac hed b y de�nitions

of L coming from lock(L) no des are protected b y L . No des that can b e

reac hed b y at least one unlock(L) no de are not protected b y L . Using this

information Algorithm 3.5 builds an initial set of m utex for eac h individual

lock(L) no de in the graph. It then re�nes this initial set b y merging m utex

b o dies with common no des (see Algorithm 3.5).

W e illustrate the pro cess using the SSA form for the sample program in

Figure 3.7(b). F or simplicit y , assume that eac h line of the program corresp onds

to a no de in the program's 
o wgraph. The m utex structure for lo c k L initially

con tains one m utex b o dy for eac h lock(L) no de. In this case there are t w o

m utex b o dies for L : B

L

( f 1 g ) and B

L

( f 7 g ). No de 1 de�nes L

1

while no de 7

de�nes L

3

(Figure 3.7(b)).
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Using reac hed-uses information for de�nitions L

1

and L

3

w e determine

whic h no des are reac hed b y eac h lock op eration. Consider for instance the

no de holding the call to a () (no de 4). The use of L at no de 4 can b e reac hed

b y de�nitions L

1

and L

3

. Since b oth de�nitions come from lock(L) no des,

no de 4 is added to b oth m utex b o dies for L . No w consider the call to b () at

no de 6. The use of L at this no de can b e reac hed b y de�nition L

2

whic h is

an unlock(L) no de. Therefore, no de 6 is not protected and it is not added to

an y m utex b o dy .

Pro ceeding in this fashion for all the no des in the reac hed-uses set for L ,

Algorithm 3.5 pro duces t w o m utex b o dies for L (underlined no de n um b ers

represen t unlo c k no des in the m utex b o dy): B

L

( f 1 g ) = f 2 ; 3 ; 4 ; 5 ; 9 ; 10 ; 11 g

and B

L

( f 7 g ) = f 8 ; 9 ; 10 ; 11 ; 2 ; 3 ; 4 ; 5 g .

Notice that these t w o m utex b o dies ha v e sev eral no des in common.

Therefore, it is p ossible to merge them in to one m utex b o dy . The resulting

m utex structure for L for the program in Figure 3.7(a) con tains only one m utex

b o dy: B

L

( f 1 ; 7 g ) = f 2 ; 3 ; 4 ; 5 ; 8 ; 9 ; 10 ; 11 g .

3.3.2 V alidating Mutex Sync hronization

The framew ork describ ed in the previous section can b e used as a v alidation

to ol in a compiler. Using this analysis, a compiler can detect irregularities

lik e lo c k tripping, deadlo c k patterns, incomplete m utex b o dies, dangling lock

and unlock op erations and partially protected co de (i.e., co de that ma y not

alw a ys execute under the protection of a lo c k).

In this section w e describ e sev eral di�eren t illegal lo c king patterns that

can b e incorp orated in to the compiler as compile-time w arnings. W e sa y that

a lock(L) no de n reac hes another no de m if and only if the set of reac hing

de�nitions for the use of L at m includes the de�nition in no de n .

Lo c k T ripping

W e sa y that a lo c k has b een tripp e d over if the same thread tries to acquire it

more than once without releasing it �rst. This is imp ortan t to detect b ecause

in some systems lo c k tripping can cause the program to deadlo c k.
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Algorithm 3.5 Iden ti�cation of m utex structures.

input: A CCF G G = h N ; E ; Entry

G

; Exit

G

i in CSSA form, a set L = f L

1

; L

2

; : : : ; L

m

g con taining

all the lo c k v ariables used in the program

output: A set of m utex structures M = f M

1

; M

2

; : : : ; M

m

g where M

i

is the set of m utex b o dies for

lo c k v ariable L

i

.

Compute sequen tial reac hing de�nitions for G .

/* Find candidate m utex b o dies and m utex structures. */

foreac h lo c k v ariable L

i

do

M

i

 ;

foreac h 
o wgraph no de n suc h that n = lock ( L

i

) do

create m utex b o dy B

L

i

( f n g ) = ; and add it to M

i

end for

end for

/* Determine no des protected b y eac h lo c k. In this phase m utex b o dies are single-no de sets. */

foreac h m utex structure M

i

do

foreac h m utex b o dy B

L

i

( f n g ) 2 M

i

do

d  de�nition of L

i

in n

if no no de in Se qR e ache dUses ( d ) is an unlock ( L

i

) no de then

disregard B

L

i

( f n g )

else

foreac h use u 2 Se qR e ache dUses ( d ) do

no de  no de ( u )

pr ote cte d  tr ue

foreac h de�nition d 2 Se qR e achingDefs ( u ) do

if no de ( d ) is unlock ( L

i

) then

pr ote cte d  f alse

end if

end for

if pr ote cte d then

add no de to m utex b o dy B

L

i

( f n g )

end if

end for

end if

end for

end for

/* Merge m utex b o dies that ha v e common no des. Lo c k no des can no w ha v e more than one no de. */

foreac h m utex structure M

i

do

foreac h m utex b o dy B

1

L

i

( N

1

) 2 M

i

do

foreac h m utex b o dy B

2

L

i

( N

2

) 2 M

i

do

if B

1

L

i

( N

1

)

T

B

2

L

i

( N

2

) 6= ; then

B

L

i

( N

1

S

N

2

)  B

1

L

i

( N

1

)

S

B

2

L

i

( N

2

)

remo v e B

1

L

i

( N

1

) and B

2

L

i

( N

2

) from M

i

end if

end for

end for

end for

return f M

1

; M

2

; : : : ; M

m

g
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if ( expr ) f

lo c k ( L

1

);

. . .

g else f

. . .

lo c k ( L

2

);

g

L

3

= � (L

1

, L

2

);

. . .

lo c k (L

4

);

. . .

unlo c k (L);

(a) Lo c k L will b e tripp ed at

run time.

lo c k ( L

1

);

. . .

if ( expr ) f

unlo c k ( L

2

);

. . .

g

L

3

= � (L

1

, L

2

);

. . .

lo c k (L

4

);

(b) Lo c k L ma y b e tripp ed at

run time.

Figure 3.8: Some lo c k tripping scenarios.

Let L b e a lo c k v ariable and n b e a lock(L) no de. Recall that n con tains

b oth a de�nition and a use for L . Supp ose that n is reac hed b y other lock(L)

no des (Figure 3.8)

1

. If all the de�nitions come from other lock(L) no des

(Figure 3.8(a)), the program is guaran teed to trip o v er lo c k L at run time. If

only some de�nitions come from other lock(L) no des, the program ma y or

ma y not trip o v er lo c k L (Figure 3.8(b)). Dep ending on the run time seman tics

of lo c k tripping, a compiler ma y w arn the user ab out the p oten tial problem.

Deadlo c k

Let L and M b e t w o di�eren t lo c k v ariables suc h that in thread T

1

there is a

lock(L) no de that reac hes a lock(M) no de. In another thread T

2

a lock(M)

no de reac hes a lock(L) no de. If b oth T

1

and T

2

can execute concurren tly ,

then the program ma y deadlo c k at run time.

Tw o di�eren t deadlo c k scenarios are illustrated in Figure 3.9. Both

programs launc h t w o threads that satisfy the deadlo c k requiremen t describ ed

previously . The program in Figure 3.9(a) ma y or ma y not deadlo c k b ecause

the m utex b o dy for M in T

1

is not alw a ys executed. Ho w ev er, the program

in Figure 3.9(b) is lik ely to deadlo c k b ecause b oth threads will execute the

1

The subscripts in the �gure refer to SSA n um b ering. They do not represen t di�eren t

v ariables.
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m utex b o dies for L and M for ev ery execution of the program.

Notice that ev en if these conditions hold, the program ma y or ma y

not deadlo c k at run time. Other conditions lik e the sc heduling of threads

or additional sync hronization migh t prev en t deadlo c k situations. A

comprehensiv e deadlo c k analysis is b ey ond the scop e of our researc h. Masticola

dev elop ed tec hniques that deal sp eci�cally with static deadlo c k detection

(Masticola and Ryder 1993).

cob egin

T

1

: b egin

. . .

lo c k ( L );

. . .

if ( expr ) f

lo c k ( M );

. . .

unlo c k ( M );

g

. . .

unlo c k ( L );

end

T

2

: b egin

. . .

lo c k ( M );

. . .

lo c k ( L );

. . .

unlo c k ( L );

. . .

unlo c k ( M );

end

co end

cob egin

T

1

: b egin

. . .

lo c k ( L );

. . .

lo c k ( M );

. . .

unlo c k ( M );

. . .

unlo c k ( L );

end

T

2

: b egin

. . .

lo c k ( M );

. . .

lo c k ( L );

. . .

unlo c k ( L );

. . .

unlo c k ( M );

end

co end

Figure 3.9: Some deadlo c k scenarios.

Other Lo c king Irregularities

Incomplete m utex b o dies . Let B

L

( n ) b e a partially built m utex b o dy for

L suc h that no no de in B

L

( n ) is an unlock(L) no de. A t run time, if lo c k

L is acquired at n , it will not b e released. In the presence of incomplete

m utex b o dies, the compiler ma y still c ho ose to regard incomplete m utex

b o dies as complete when optimizing. No des that b elong to incomplete
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m utex b o dies are still protected b y the lo c k. Optimizations that target

m utual exclusion sync hronization migh t b e applied pro vided that they

do not require the existence of exit no des in the m utex b o dy .

Dangling unlo c k op erations . Let x b e an unlo c k no de for L suc h that

the set of reac hing de�nitions for L at x do es not include a lock(L)

no de. This indicates that the calling thread is releasing a lo c k that

it has not acquired. Although releasing an unheld lo c k migh t not ha v e

consequences at run time, it indicates a problem with the sync hronization

structure of the program.

P artially protected no des . Let b b e a 
o wgraph no de and L b e a lo c k

v ariable. The framew ork for building m utex structures guaran tees that

the set of reac hing de�nitions RD for the use of L at b is not empt y .

If all the de�nitions in RD come from unlock(L) no des, then b is nev er

protected. Con v ersely , if all the de�nitions in RD come from lock(L)

no des, no de b is alw a ys protected. Ho w ev er, if some de�nitions in RD

come from a mix of lock(L) and unlock(L) no des, then b is only

partially protected b ecause it will only b e protected on certain executions

of the program.

A m utex b o dy with partially protected no des is said to b e an impure

m utex b o dy . A m utex structure con taining impure m utex b o dies is

also considered an impure m utex structure and ma y indicate a p ossible

sync hronization problem in the input program.

Unprotected shared v ariable references . Using concurren t

reac hing-de�nition information (Algorithm 5.1) it is p ossible to

determine whether all the reac hing de�nitions for a giv en shared

v ariable use come from m utex b o dies in the same m utex structure.

F or instance, in the co de fragmen t in Figure 3.10(d) v ariable a is read

and mo di�ed b y the three threads in the program. Threads T

1

and T

2

protect the access to a using lo c k L . Ho w ev er, thread T

0

do es not. Using

the concurren t reac hing-de�nition algorithm dev elop ed in Section 5.2 the

compiler can determine that at least one of the reac hing de�nitions for
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a in thread T

0

comes from within a m utex b o dy . Since the reference to

a made b y T

0

is not protected and the other concurren t references are,

then the compiler can issue a message w arning the programmer ab out

the mismatc h.

The co de fragmen ts sho wn in Figure 3.10 illustrate eac h of the lo c king

irregularities previously describ ed.

3.3.3 Ev en t Sync hronization

Ev en t sync hronization imp oses execution precedence b et w een related set and

wait no des. Precedence b et w een set and wait no des will also establish

precedence for other no des in the program. In tuitiv ely , no des preceding the

set no de will execute b efore no des after the wait no de.

The metho d dev elop ed b y Lee et al. (Lee et al. 1997b) pro vides a

conserv ativ e appro ximate solution to the problem of �nding the guaran teed

ordering b et w een no des in the CCF G. In general this problem has b een sho wn

to b e co-NP hard (Netzer and Miller 1990). F or reference, w e include their

algorithm as Algorithm 3.6.

F or eac h no de n in the CCF G of the program, Algorithm 3.6 computes

pr ec ( n ), the set of no des guaran teed to execute b efore n . Notice that this

particular algorithm has some limitations on the t yp es of programs that it can

analyze (Lee et al. 1997b):

1. The b o dy of a sequen tial lo op ma y not con tain the cobegin / coend

construct.

2. P arallel lo ops ma y not con tain set / wait constructs.

3.3.4 Barrier Sync hronization

Similar to ev en t-based sync hronization, barriers imp ose ordering constrain ts

in a parallel program. T o gather non-concurrency information from barrier

sync hronization in the program w e use the analysis dev elop ed b y Jeremiassen

and Eggers (Jeremiassen and Eggers 1994). This analysis w as dev elop ed
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cob egin

T

0

: b egin

. . .

lo c k ( L

1

);

. . .

= � These statemen ts are

� protected b y L but the lo c k

� is nev er released. � =

. . .

end

T

1

: . . .

co end

(a) Incomplete m utex b o dies.

cob egin

T

0

: b egin

. . .

= � There is no corresp onding

� lo c k(L) op eration.

� =

unlo c k ( L

1

);

. . .

end

T

1

: . . .

co end

(b) Dangling unlo c k op erations.

cob egin

T

0

: b egin

if ( expr ) f

lo c k ( L

1

);

g

. . .

= � These statemen ts ma y or

� ma y not b e protected

� dep ending on 'expr'

� =

. . .

if ( expr ) f

unlo c k ( L

2

);

g

end

T

1

: . . .

co end

(c) P artially protected no des (impure

m utex b o dies).

a = 0;

cob egin

T

0

: b egin

= � These references to a

� are not protected b y lo c k L

� =

a = a + 5;

end

T

1

: b egin

lo c k ( L );

a = b + 3;

unlo c k ( L );

end

T

3

: b egin

lo c k ( L );

prin t ( a );

unlo c k ( L );

end

co end

(d) Unprotected shared v ariable

references.

Figure 3.10: Lo c king irregularities.
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Algorithm 3.6 Guaran teed partial execution ordering.

input: A P arallel Flo w Graph G = h N ; E ; Entry

G

; Exit

G

i

output: pr ec ( n ) for eac h no de n 2 N

1: /* F old lo op b o dies in to a represen tativ e no de. */

2: /* Loop ( n ) is a function that returns the set of no des in a lo op whose header is n . */

3: Build a sub-graph of G suc h that:

N

0

 N � f n : m; n 2 N ^ n 2 Loop ( m ) ^ m is a lo op header ^ m 6= n g

E

0

 ( E

f

[ E

s

) � f ( m; n ) : m; n 2 N ^ ( m 62 N

0

_ n 62 N

0

) g

4: foreac h n 2 N

0

do

5: pr ec ( n )  ;

6: end for

7: Initialize w ork queue Q with the immediate successors of E ntr y

G

8: while Q 6= ; do

9: Remo v e some no de n from Q

10: pr ec

old

 pr ec ( n )

11: if n is coend then

12: pr ec

f

( n )  

S

( m;n ) 2 E

ct

pr ec ( m ) [ f n g

13: else

14: pr ec

f

( n )  

T

( m;n ) 2 E

ct

pr ec ( m ) [ f n g

15: end if

16: pr ec

s

 

T

( m;n ) 2 E

s

pr ec ( m ) [ f n g

17: pr ec ( n )  pr ec

f

( n ) [ pr ec

s

( n )

18: if pr ec

old

6= pr ec ( n ) then

19: Put immediate con trol 
o w and sync hronization successors of n in Q

20: end if

21: end while

22: foreac h n 2 N � N

0

do

23: /* header ( n ) is a function that returns the header no de */

24: /* of the outermost lo op enclosing n */

25: pr ec ( n )  pr ec ( header ( n ))

26: end for

for explicitly parallel programs that conform to the SPMD (Single-Program

Multiple-Data) mo del whic h is compatible to the parloop mo del used in this

thesis. In their analysis barriers are assumed to b e global: when a thread

reac hes a barrier it m ust w ait un til al l the other threads in the program cross

the same barrier.

The barrier analysis algorithm divides the program in to a set of

non-concurren t phases. This information is used later on to disregard memory

con
icts b et w een no des in di�eren t phases. In what follo ws w e ha v e adapted

some of the notation dev elop ed in (Jeremiassen and Eggers 1994) to use


o wgraph no des instead of statemen ts.

W e denote barrier no des B ( i; x ), where i is a unique in teger iden tifying

the barrier call site and x is the name of the barrier v ariable b eing crossed

(Figure 3.11, adapted from Jeremiassen's pap er (Jeremiassen and Eggers
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cob egin f

T

0

: b egin = � W ork ers � =

parlo op ( i , 0, N � 1) f

while (! con v erged ) f

barrier ( a , N );

partA ();

barrier ( b , N );

partB ();

barrier ( c , N );

g

g

end

T

1

: b egin = � Master � =

while ( con v erged == 0) f

pro duceA ();

barrier ( a , N );

pro duceB ();

barrier ( b , N );

con v erged = has con v erged ();

barrier ( c , N );

g

end

g

Original Replica

begin

cobegin

begin begin

parloop (...)

while (...) while (...)

B(1, a)

partA();

B(2, b)

partB();

B(3, c)
=SynchVar3
SynchVar1 =
SynchVar2=
SynchVar3=
SynchVar4=
SynchVar5=
SynchVar6=

endwhile

parend

B(1, a)

partA();

B(2, b)

partB();

B(3, c)
=SynchVar3
SynchVar1 =
SynchVar2=
SynchVar3=
SynchVar4=
SynchVar5=
SynchVar6=

endwhile

end

coend

while (...)

produceA();

B(4, a)

produceB();

B(5, b)

has_converged();

B(6, c)

endwhile

end

end

Figure 3.11: An example of barrier sync hronization.
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1994)). Barrier no des de�ne pr o c ess se gments . A pro cess segmen t is the set

of all the 
o wgraph no des along barrier free con trol paths b et w een one barrier

no de B ( i; x ) and another barrier no de B ( j; y ). Pro cess segmen ts are denoted

using the barrier call sites at either end of the segmen t: ( B

i

; B

j

). There is an

implicit barrier at the start of the program denoted S .

A phase of the program is the set of pro cess segmen ts that ma y execute

concurren tly b et w een t w o global barriers. The goal of the barrier analysis

algorithm is to divide the 
o wgraph in to a set of pro cess segmen ts and partition

these segmen ts in to a set of phases. No des in segmen ts from t w o di�eren t

phases cannot execute concurren tly .

There are t w o stages to the algorithm. The �rst stage divides the program

in to sets of pro cess segmen ts b y computing whic h other barriers can b e reac hed

from eac h barrier. This is similar to the problem of matc hing lock and unlock

op erations describ ed in Section 3.3.1 but they use a di�eren t approac h. F or

eac h barrier no de B ( n; x ) in the CCF G a v ariable SynchV ar

n

is created. Then,

eac h barrier no de B ( n; x ) is mo di�ed so that righ t after the barrier call the

no de con tains a use of v ariable SynchV ar

n

follo w ed b y a de�nition of al l the

v ariables SynchV ar

i

.

The next step is to determine whic h of the SynchV ar

i

v ariables are live

at the end of eac h barrier no de. If v ariable SynchV ar

j

is liv e at barrier no de

B ( i; x ) (i.e., its v alue is going to b e used again along some program path

starting at that no de), then w e create the pro cess segmen t ( B

i

; B

j

).

W e illustrate this pro cess using the program in Figure 3.11. Consider the

barrier no de B (3 ; c ). W e mo dify the no de so that it con tains a use of v ariable

SynchV ar

3

follo w ed b y de�nitions of six other SynchV ar v ariables used for this

program. V ariable SynchV ar

1

is liv e at no de B (3 ; c ) b ecause its v alue is used

again at no de B (1 ; a ). Therefore, ( B

3

; B

1

) is a pro cess segmen t of the program.

Pro ceeding in this fashion w e obtain the complete set of pro cess segmen ts for

the program: ( S; B

1

), ( S; B

4

), ( B

1

; B

2

), ( B

2

; B

3

), ( B

3

; B

1

), ( B

4

; B

5

), ( B

5

; B

6

)

and ( B

6

; B

4

).

The second stage of the algorithm partitions the pro cess segmen ts in to

non-concurren t phases using a w ork queue approac h. The initial set of phases

is created b y assuming that all the pro cess segmen ts that start at the same
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Initial state Iteration 1 Iteration 2 Final state

Phase 1 f ( S; B

1

) ; ( S; B

4

) g f ( S; B

1

) ; ( S; B

4

) g f ( S; B

1

) ; ( S; B

4

) g f ( S; B

1

) ; ( S; B

4

) g

Phase 2 f ( B

1

; B

2

) g f ( B

1

; B

2

) ; ( B

4

; B

5

) g f ( B

1

; B

2

) ; ( B

4

; B

5

) g f ( B

1

; B

2

) ; ( B

4

; B

5

) g

Phase 3 f ( B

2

; B

3

) g f ( B

2

; B

3

) g f ( B

2

; B

3

) ; ( B

5

; B

6

) g f ( B

2

; B

3

) ; ( B

5

; B

6

) g

Phase 4 f ( B

3

; B

1

) g f ( B

3

; B

1

) g f ( B

3

; B

1

) g f ( B

3

; B

1

) ; ( B

6

; B

4

) g

Phase 5 f ( B

4

; B

5

) g

Phase 6 f ( B

5

; B

6

) g f ( B

5

; B

6

) g

Phase 7 f ( B

6

; B

4

) g f ( B

6

; B

4

) g f ( B

6

; B

4

) g

Figure 3.12: P artition of pro cess segmen ts in to phases for the program in Figure

3.11.

barrier call site and end at barrier no des that cross the same v ariable can

execute concurren tly . The initial set of phases is re�ned in an iterativ e pro cess

b y merging phases that can execute concurren tly . Eac h phase P

i

is examined so

that for eac h pair of pro cess segmen ts ( B ( j; x ) ; B ( k ; y )) and ( B ( r ; z ) ; B ( s; y ))

in P

i

it creates a new phase with all the phases that start with B ( k ; y ) or

B ( s; y ) in an y of their pro cess segmen ts and whose pro cess segmen ts end in

the same barrier no de. Figure 3.12 illustrates this iterativ e pro cess applied to

the example program in Figure 3.11.

The algorithm stops when the w ork queue is empt y (i.e., no more phases

can b e merged in to a new one). The output of the algorithm is a set of

non-concurren t phases P

1

; P

2

; : : : P

m

. Eac h phase P

i

con tains a set of pro cess

segmen ts whic h, in turn, delimit sets of CCF G no des. The data-
o w analysis

tec hniques dev elop ed in Chapter 4 will use this information to determine

whether t w o arbitrary CCF G no des can execute concurren tly . If no des a and b

b elong to pro cess segmen ts from t w o di�eren t phases then they cannot execute

concurren tly .

3.4 Summary

The Concurren t Con trol Flo w Graph (CCF G) is the basic data structure

used to analyze and optimize an explicitly parallel program. It describ es the

con trol structure of the program as w ell as memory con
icts and ev en t-based

sync hronization. W e then use the CCF G to gather non-concurrency

information. First, the parallel structure of the CCF G determines an initial

set of graph no des that ma y execute concurren tly (Algorithm 3.2).
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The initial set of concurren t 
o wgraph no des is then re�ned b y analyzing

the sync hronization structure of the program (Section 3.3). W e ha v e dev elop ed

a new tec hnique to analyze non-concurrency for m utex sync hronization that

can handle lo c king patterns not supp orted b y existing tec hniques. This

is a signi�can t impro v emen t that allo ws the analysis of more complex

m utual exclusion sync hronization patterns in explicitly parallel programs.

W e also adapt existing tec hniques that analyze set / wait and barrier

sync hronization.

Non-concurrency tec hniques are imp ortan t in the con text of an optimizing

compiler for explicitly parallel programs. Since the problem of analyzing

non-concurrency is orthogonal to the data-
o w framew ork, as new tec hniques

are disco v ered they can b e readily incorp orated in to the compiler with little

or no mo di�cations to the o v erlying data-
o w framew ork. In the next c hapter

w e dev elop an SSA-based data-
o w framew ork that uses the sync hronization

analyses dev elop ed in this c hapter to determine whether some memory con
icts

can b e disregarded b ecause of sync hronization constrain ts.
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Chapter 4

The CSSAME F orm

This c hapter describ es the CSSAME form, a data-
o w framew ork for analyzing

explicitly parallel programs. The CSSAME form builds on and extends the

CSSA form (Lee et al. 1997b) whic h is describ ed in Section 4.1. Section

4.2 in tro duces the extensions necessary to build the CSSAME form. The

extensions allo w the framew ork to handle parallel lo ops

1

, m utual exclusion

and barrier sync hronization in explicitly parallel programs.

Algorithms and time complexit y analyses are included in the discussion.

W e p oin t out that algorithmic design decisions ha v e b een made to fa v or

clarit y of presen tation, they should not b e an indication of ho w an actual

implemen tation should b e organized. In particular, an implemen tation migh t

decide to p erform all the � rewriting actions of Sections 4.2.4 and 4.2.5 prior

to the placemen t of con
ict edges to simplify the task of placing � functions

in the �rst place.

4.1 The CSSA F orm

A program in SSA form has the prop ert y that eac h use of a v ariable is

reac hed b y exactly one de�nition. When the 
o w of con trol causes more

than one de�nition to reac h a particular use, a � function is in tro duced

to resolv e the am biguit y . The � function merges all the incoming reac hing

1

In recen t w ork, Lee et al. ha v e indep enden tly incorp orated parallel lo ops in to their

framew ork (Lee et al. 1999).

69
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de�nitions to create a new de�nition for the v ariable (Cytron et al. 1991).

In a parallel program, the single assignmen t prop ert y is disrupted b y the

presence of concurren t de�nitions to the v ariable b ecause de�nitions made in

concurren t threads ma y b e observ ed at the thread reading the shared v ariable.

The CSSA framew ork solv es this am biguit y with � functions. A � function

merges the de�nitions coming from the curren t thread via con trol paths and

other concurren t threads via con
ict edges.

This section describ es the algorithms needed to build the CSSA form as

describ ed in (Lee et al. 1997b). Algorithm 4.1 computes the CSSA form of a

program. The algorithms to place � functions and build factored use-def c hains

compute the sequen tial SSA form (W olfe 1996). Note that all the algorithms

in this section are unmo di�ed v ersions of the original references. They are

only included to facilitate an implemen tation of the CSSAME framew ork and

simplify the discussion of the complexit y analysis of the CSSAME algorithm.

Algorithm 4.1 Build the CSSA form.

input: An explicitly parallel program P and its CCF G

output: The program P in CSSA form

1: Find guaran teed execution ordering using Algorithm 3.6.

2: Build sequen tial SSA form using Algorithms 4.2 and 4.3.

3: Place � functions using Algorithm 4.4.

4.1.1 Computing the Sequen tial SSA F orm

The CSSA algorithm calls for the computation of the sequen tial SSA form for

the program. W e compute the sequen tial SSA form using factored use-def

c hains (W olfe 1996). Algorithm 4.2 adds � functions to the graph and

Algorithm 4.3 builds the use-def c hains that link ev ery v ariable use to its

unique con trol reac hing de�nition. These algorithms assume the existence of

the follo wing data structures:

chil d ( n ) is the set of dominator c hildren for no de n .

succ ( n ) is the set of immediate successors of no de n .

w hichP r ed ( n ! m ) is an index telling whic h immediate predecessor of m

corresp onds to the con trol edge from n .
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D F ( n ) is the dominance fron tier for no de n 2 G .

D ( v ) is the set of no des in G that con tain a de�nition for v ariable v .

S y mbol s is the set of v ariables used in the program.

Algorithm 4.2 Place � functions.

input: A P arallel Flo w Graph G = h N ; E ; Entry

G

; Exit

G

i

output: Graph G with � functions added at join no des

1: foreac h n 2 N do

2: inW or k ( n )  ?

3: added ( n )  ?

4: end for

5: w or k List  ;

6: foreac h v 2 S y mbol s do

7: foreac h n 2 D ( v ) do

8: w or k List  w or k List [ f n g

9: inW or k ( n )  v

10: end for

11: while w or k List 6= ; do

12: Remo v e some no de n from w or k List

13: foreac h w 2 D F ( n ) do

14: if added ( w ) 6= v then

15: Add � function for v at w

16: added ( w )  v

17: if inW or k ( w ) 6= v then

18: w or k List  w or k List [ f w g

19: inW or k ( w ) = v

20: end if

21: end if

22: end for

23: end while

24: end for

4.1.2 Placing � F unctions

The �nal phase of the CSSA algorithm tra v erses the graph placing � functions

at ev ery no de that con tains one or more con
icting v ariable uses. Algorithm

4.4 adds the required � functions to the graph. The basic principle is

straigh tforw ard, if a shared v ariable is used in a no de and there exist concurren t

de�nitions for that v ariable, a � function is needed in the no de where the

v ariable is read.

Recall from section 3.1 that no des with con
icting use references for

v ariable v ha v e one DU(v) con
ict edge for eac h de�nition of v in concurren t

threads. F urthermore, there will b e a de�nition of v coming from the incoming
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Algorithm 4.3 Build FUD c hains.

input: A P arallel Flo w Graph G = h N ; E ; Entry

G

; Exit

G

i with � functions added

output: The graph with factored use-def c hains

1: foreac h v 2 S y mbol s do

2: cur r D ef ( v )  ?

3: end for

4: call sear ch ( E ntr y

G

)

5: pro cedure sear ch ( x )

6: foreac h v ariable use or def or � function r 2 x do

7: m  v ariable referenced at r

8: if r is a use then

9: chain ( r )  cur r D ef ( m )

10: else if r is a def or a � function then

11: sav eC hain ( r )  cur r D ef ( m )

12: cur r def ( m )  r

13: end if

14: end for

15: foreac h y 2 succ ( x ) do

16: j  w hichP r ed ( x ! y )

17: foreac h � function r in y do

18: m  v ariable referenced at r

19: � � chain ( r )[ j ]  cur r D ef ( m )

20: end for

21: end for

22: foreac h y 2 chil d ( x ) do

23: call sear ch ( y )

24: end for

25: foreac h v ariable use or def or � function r 2 x in rev erse order do

26: m  v ariable referenced at r

27: if r is a def or a � function then

28: cur r D ef ( m )  sav eC hain ( r )

29: end if

30: end for

con trol edge. Therefore, Eac h � function has n + 1 argumen ts; the unique

incoming con trol 
o w edge and the n incoming con
ict edges. As w e will

discuss later in this do cumen t, some of these argumen ts to a � function ma y

b e pro v en redundan t b ecause of sync hronization op erations in the program.

4.1.3 Time Complexit y of the CSSA Algorithm

The computation of the CSSA form is done in three phases. The �rst phase

computes guaran teed partial execution ordering for all the no des in the graph

(Algorithm 3.6). In the w orst case, ev ery no de will ha v e to b e compared to

ev ery other no de in the graph. Hence, computing partial orderings can b e

done in O ( j N j

2

).

The second phase computes the sequen tial SSA form for the program
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Algorithm 4.4 Place � functions.

input: A P arallel Flo w Graph G = h N ; E ; Entry

G

; Exit

G

i with FUD c hains

output: The graph G with � functions added

1: foreac h b 2 N do

2: foreac h DU con
ict edge e = ( a; b ) do

3: v  v ariable de�ned in a

4: if b do es not ha v e a � function for v then

5: Insert a new � function for v in b

6: u  con
icting use of v in b

7: � ( v )[0]  chain ( u )

8: end if

9: if n 62 pr ec ( s ) then

10: d  con
icting def of v in s

11: app end d to � ( v )

12: end if

13: end for

14: end for

(Algorithms 4.2 and 4.3). This phase computes the SSA form in O ( r

3

) time,

where r is the maxim um of the n um b er of no des ( j N j ), n um b er of con trol

edges ( j E

f

j ), n um b er of assignmen ts and n um b er of v ariable references in the

program (Brandis and Mo essen b o ec k 1994; Cytron et al. 1991). Note that it

is p ossible to place � function using the linear time algorithms in (Johnson

et al. 1994) and (Sreedhar and Gao 1995). W e use the algorithms from (W olfe

1996) solely b ecause they are easier to implemen t.

The third phase of the computation of the CSSA form places � functions

at the concurren t join no des of the graph (Lee et al. 1997b). By examining

the � placing algorithm (Algorithm 4.4) w e conclude that this phase can b e

computed in O ( j N j

2

) time.

In conclusion, the CSSA form can b e computed in O ( j N j

2

) time when using

the linear time algorithms for placing � functions. If the traditional � placing

algorithms are used, then the CSSA form can b e computed in O ( r

3

) time.

4.2 The CSSAME F orm

Mutual exclusion analysis iden ti�es memory in terlea vings that are not p ossible

at run time due to the sync hronization structure of the program. This analysis

allo ws the compiler to reduce the n um b er of incoming con
ict edges to no des in

the CCF G that use shared v ariables. This section describ es our re�nemen ts to

the CSSA framew ork (Lee et al. 1997b). W e call this new form CSSAME
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(Concurren t SSA with Mutual Exclusion sync hronization). While CSSA

only recognizes set / wait sync hronization, CSSAME extends it to include

lock / unlock sync hronization. Note that although w e include lo c k v ariables

in our analysis, for clarit y of presen tation w e will not use SSA n um b ering

for lo c k v ariables in the example programs. Since lock op erations t ypically

read and write to the lo c k v ariable and unlock op erations only write to it, an

implemen tation should create � functions for ev ery lock no de in the graph.

The k ey observ ation that giv es rise to the CSSAME form is that � functions

inside m utual exclusion sections migh t ha v e one or more argumen ts for memory

in terlea vings that cannot o ccur at run time. W e ha v e dev elop ed t w o su�cien t

conditions, called c onse cutive kil ls and pr ote cte d uses , for the remo v al of

argumen ts from � functions inside m utex b o dies (Sections 4.2.2 and 4.2.3).

This analysis is imp ortan t b ecause it allo ws the remo v al of redundan t con
ict

edges whic h in turn allo ws the optimizer to safely apply more aggressiv e

transformations and generate faster co de. Both remo v al conditions can b e

implemen ted as predicates called b y the compiler when analyzing m utex

b o dies.

4.2.1 P arallel Lo ops

P arallel lo ops are treated similarly to cobegin / coend structures. The

lo op b o dy is replicated to allo w the parallel lo op to b e considered lik e a

cobegin / coend structure with t w o iden tical b o dies. This is enough for the

purp oses of this analysis b ecause w e are only in terested in determining whether

there is a memory referencing con
ict or not. It is not necessary to determine

ho w man y threads participate in the con
ict. Kno wing that there is at

least t w o threads in con
ict is enough.

2

A similar approac h is tak en in

(Krishnam urth y and Y elic k 1996) and (Lee et al. 1999). The pro cess of adding

� functions do es not need to b e mo di�ed to handle parallel lo ops b ecause ev ery

no de in the lo op b o dy is concurren t with its replica and with ev ery other no de

inside the parallel lo op.

All the transformations to � functions due to sync hronization are p erformed

2

This of course ma y ha v e to b e revised if other analyses need more sp eci�c information

ab out the con
ict.
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parlo op ( i , 1, N ) f

a = . . .;

. . . = a + 4;

g

Original Replica

begin

parloop (i, 1, N)

DU(a) DU(a)

parend

end

PSfrag replacemen ts

a

1

= : : :

a

2

= � ( a

1

; a

0

1

);

: : : = a

2

+ 4;

a

0

1

= : : :

a

0

2

= � ( a

0

1

; a

1

);

: : : = a

0

2

+ 4;

Figure 4.1: � functions inside a parallel lo op.

on the original lo op b o dy . F or instance, consider the co de fragmen t in Figure

4.1. The con
ict analysis algorithm has determined that there is a con
ict

b et w een the no de that de�nes a and the no de that uses a to compute a +

4. Notice that the � function generated for the second no de con tains the

argumen ts a

1

and a

0

1

. The �rst a

1

is the de�nition inherited via the con trol

path. The second a

0

1

is the de�nition coming from the lo op b o dy's replica.

This replica represen ts one of the N concurren t threads executing the b o dy of

the parallel lo op.
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cob egin

T

0

: b egin

lo c k ( L );

a

1

= . . .

. . .

a

2

= . . .

unlo c k ( L );

end

T

1

: b egin

lo c k ( L );

. . .

= � De�nition a

1

cannot � =

= � reac h this use. � =

a

3

= � (a

0

, a

1

, a

2

); ) a

3

= � (a

0

, a

2

);

. . . = a

3

;

unlo c k (L);

end

co end

(a) Consecutiv e kills.

cob egin

T

0

: b egin

lo c k ( L );

. . .

a

1

= . . .

= � De�nition a

1

protects further � =

= � uses of a in this m utex b o dy . � =

a

3

= � (a

1

, a

2

); ) a

3

= � (a

1

);

. . . = a

3

;

unlo c k (L);

end

T

1

: b egin

lo c k (L);

. . .

a

2

= . . .

unlo c k (L);

end

co end

(b) Protected uses.

Figure 4.2: Remo ving memory con
icts.

4.2.2 Consecutiv e Kills

If a v ariable is de�ned more than once inside a m utex b o dy b , the only

de�nitions that can b e observ ed b y other m utex b o dies (in the same m utex

structure) are those that reac h the exit no de of b . This is b ecause all the m utex

b o dies in the same m utex structure are serialized and execute atomically . This

situation is illustrated in Figure 4.2(a) where de�nition a

1

in thread T

0

is

o v erridden b y de�nition a

2

in the same thread. Therefore, the read reference

a

3

in thread T

1

can only b e reac hed b y de�nition a

2

.

De�nition 4.1 (Reac habilit y) Giv en a CCF G G , a de�nition D

v

for a

v ariable v r e aches no de n 2 G if there is a con trol path from the no de

con taining D

v

to n suc h that there is no other de�nition of v along that path

(Aho et al. 1986).

2

Theorem 4.1 (Consecutiv e kills) Let M

L

b e a m utex structure for lo c k

v ariable L . Let D

B

a

b e a de�nition for a shared v ariable a inside a m utex b o dy

B

L

( N ) 2 M

L

. If D

B

a

do es not reac h an y exit no de x 2 B

L

( N ) then D

B

a

can

b e remo v ed from all the � functions in an y other m utex b o dy B

0

L

( N

0

) 2 M

L

that ha v e D

B

a

as an argumen t.

2

Pr oof Let U

B

0

a

b e a use of a in B

0

L

( N

0

). Let d b e the no de con taining D

B

a

.
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Let u b e the no de con taining U

B

0

a

. Since d and u are inside m utex b o dies in the

same m utex structure they cannot execute concurren tly . Therefore, for ev ery

execution of the program that includes b oth m utex b o dies there can only b e

t w o p ossible partial orderings b et w een them:

1. B

L

( N ) executes to completion b efore B

0

L

( N

0

). Ev en though no de

d executes b efore no de u , the de�nition D

B

a

cannot reac h U

B

0

a

b ecause it is alw a ys killed b y some other de�nition b efore it

reac hes one of the exit no des of B

L

( N ).

2. B

0

L

( N

0

) executes to completion b efore B

L

( N ). No de u executes

b efore no de d , therefore D

B

a

cannot reac h U

B

0

a

.

Since it is imp ossible for the de�nition D

B

a

to reac h the use U

B

0

a

then

the argumen t represen ting D

B

a

for the � function in U

B

0

a

is not necessary .

Therefore, it can b e safely remo v ed and the DU(a) con
ict edge b et w een d and

u can b e eliminated from the CCF G.

�

4.2.3 Protected Uses

The second con
ict remo v al opp ortunit y is for uses that cannot b e a�ected

b y de�nitions in other m utex b o dies b ecause they are protected b y a lo cal

de�nition. Supp ose that a con
icting v ariable a is used inside a m utex b o dy

B but its con trol reac hing de�nition is inside B (Figure 4.2(b)). Since a is

de�ned inside the m utex b o dy , de�nitions made in other m utex b o dies are

killed b y the in ternal de�nition of a .

De�nition 4.2 (Up w ard exp osure for m utex b o dies) Giv en a m utex

b o dy B , a use U

B

v

in B for a v ariable v is upwar d-exp ose d (Aho et al. 1986)

from B if U

B

v

ma y use a de�nition outside of B .

2

Theorem 4.2 (Protected uses) Let M

L

b e a m utex structure for lo c k

v ariable L . Let U

B

a

b e a con
icting use for a shared v ariable a inside a

m utex b o dy B

L

( N ) 2 M

L

. If U

B

a

is not up w ard-exp osed from B

L

( N ) then

the argumen ts for the � function for a coming from an y other m utex b o dy

B

0

L

( N

0

) 2 M

L

can b e remo v ed.

2

Pr oof Let D

B

0

a

b e a de�nition for v ariable a in m utex b o dy B

0

L

( N

0

). Let d
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b e the no de in B

0

L

( N

0

) that con tains the de�nition D

B

0

a

. Let u b e the no de

in m utex b o dy B

L

( N ) that con tains the use U

B

a

. Since d and u are inside

m utex b o dies in the same m utex structure they cannot execute concurren tly .

Therefore, for ev ery execution of the program that includes b oth m utex b o dies

there can only b e t w o p ossible partial orderings b et w een them:

1. B

L

( N ) executes to completion b efore B

0

L

( N

0

). This means that

no de u executes b efore no de d , therefore D

B

0

a

cannot reac h U

B

a

.

2. B

0

L

( N

0

) executes b efore B

L

( N ). Since U

B

a

is not up w ard-exp osed

from B

L

( N ), an y de�nitions of a made b efore B

L

( N ) starts

executing are guaran teed to b e killed b y some other de�nition

inside B

L

( N ). Therefore, D

B

0

a

cannot reac h U

B

a

.

Since the de�nition D

B

0

a

cannot reac h the use U

B

a

then the argumen t

represen ting D

B

0

a

for the � function in U

B

a

is not necessary . Therefore, it

can b e safely remo v ed and the DU(a) con
ict edge b et w een d and u can b e

eliminated from the CCF G.

�

4.2.4 Mo difying � F unctions Inside Mutex Bo dies

Using the prop erties of consecutiv e kills and protected uses inside m utex

b o dies, w e no w examine ev ery m utex b o dy of the program trying to remo v e

argumen ts from eac h of its � functions. Algorithm 4.5 tra v erses all the m utex

b o dies in the graph lo oking for � functions to rewrite. There are three main

steps to the algorithm:

1. Lines 1{6 tra v erse all the m utex b o dies in the program. F or eac h m utex

b o dy b , it in v ok es the analysis routine in lines 7{27.

2. Lines 9{20 analyze all the � functions inside a m utex b o dy b . F or eac h

� function, eac h of its argumen ts d is analyzed for compliance with

Theorems 4.1 and 4.2.

Chec king for protected uses is a simple matter of c hec king whether the

con trol reac hing de�nition for the � function is reac hed b y at least one

lo c k no de in N . This information has already b een computed b y the
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m utex structure detection algorithm (Section 3.3.1). Therefore, it can

b e accessed in essen tially constan t time.

Chec king for consecutiv e kills can b e done in O ( j c onfdefs j

2

) time, where

the v alue j c onfdefs j represen ts the n um b er of con
icting de�nitions made

in the program. T o c hec k if a de�nition d reac hes the exit no de of a m utex

b o dy w e tra v erse the p ost-dominator tree for d lo oking for a de�nition

that p ost-dominates d and is p ost-dominated b y some exit no de (i.e., w e

c hec k whether there is another de�nition d

0

on ev ery path from d to an

exit no de that kills d ).

3. Lines 21{25 remo v e an y � functions with no argumen ts for con
icting

references.

Examining the nesting structure of the � rewriting algorithm w e conclude

that the total time complexit y of the algorithm is O ( m � mb � mbsz � j � j �

j c onfdefs j

2

), w ere m is the n um b er of lo c k v ariables in the program, mb is the

total n um b er of m utex b o dies in the program, mbsz is the maxim um n um b er

of no des that a m utex b o dy can con tain, j � j is the n um b er of � functions

in the program and j c onfdefs j is the n um b er of con
icting de�nitions in the

program. A w orst case scenario with a con
icting de�nition in ev ery no de and

a con
icting use in ev ery no de will yield a time complexit y of O ( j N j

3

).

Lemma 4.1 (Correctness of the � rewriting algorithm) The only

argumen ts from � functions remo v ed b y Algorithm 4.5 represen t memory

in terlea vings that cannot o ccur at run time.

2

Pr oof The algorithm only examines � functions inside m utex b o dies. F or

eac h � function found it c hec ks all the argumen ts that come from other m utex

b o dies in the same m utex structure. These are the only p oten tial candidates

for remo v al b ecause they represen t memory references protected b y the same

lo c k (line 15).

If d complies with one of the t w o su�cien t conditions giv en b y Theorems

4.1 and 4.2 then it ma y b e safely remo v ed b ecause the de�nition represen ted

b y d cannot reac h that particular use.

Finally , if after this analysis is done a � function p con tains exactly one

argumen t, it m ust b e the argumen t for the incoming con trol edge to the no de
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b ecause this is the only argumen t that is nev er remo v ed b y Algorithm 4.5.

Hence, this � function p can b e remo v ed from the graph. Before remo ving p ,

the algorithm up dates the use-def p oin ter of the use a�ected b y p ( chain(u) )

so that it p oin ts to p 's con trol reac hing de�nition (line 23).

�

Algorithm 4.5 Rewrite � functions to accoun t for m utual exclusion.

input: A CCF G G = h N ; E ; Entry

G

; Exit

G

i in CSSA form

output: The graph G in CSSAME form

1: /* T ra v erse all the m utex b o dies in the graph lo oking for � functions to rewrite. */

2: foreac h lo c k v ariable L

i

do

3: foreac h m utex b o dy b 2 MutexStruct ( L

i

) do

4: call r ewrite ( b )

5: end for

6: end for

7: /* Examine all the � functions in b . */

8: pro cedure r ewrite ( b )

9: foreac h no de n 2 b do

10: foreac h � function p 2 n do

11: v is the v ariable referenced b y p

12: /* If an argumen t of the � function p complies with Theorems 4.1 or 4.2, */

13: /* then w e ma y safely remo v e the argumen t from p function. */

14: foreac h argumen t d of p coming from a con
ict edge do

15: if d comes from another m utex b o dy b

0

2 MutexStruct ( b ) then

16: if (the use of v is not up w ard-exp osed from b ) or ( d do es not reac h an y exit no de of b

0

) then

17: remo v e d from p

18: end if

19: end if

20: end for

21: /* If p is left with only one argumen t, remo v e p . */

22: if p has only one argumen t then

23: chain ( u )  �rst argumen t of p

24: remo v e p from n

25: end if

26: end for

27: end for

4.2.5 Mo difying � F unctions A�ected b y Barriers

Barrier sync hronization o�er another source of non-concurrency information in

parallel programs. Using the barrier analysis algorithm describ ed in Section

3.3.4 it is p ossible to remo v e � -function argumen ts for some con
ict edges

that cross phase b oundaries. Since no des in di�eren t phases of the program

are guaran teed to execute in sequence, some of the con
icts that migh t exist

b et w een these no des can b e eliminated.

Barrier sync hronization is \w eak er" than m utex sync hronization in the

sense that it do es not serialize the execution of threads. The ordering created
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b y barriers create phases in the execution of the program. Within a phase,

threads execute concurren tly . Consider for instance the parallel lo op in Figure

4.3. If w e disregard the presence of the barrier, then b oth de�nitions a

1

and

a

2

can reac h the use of a ( a

3

) at line 10. Ho w ev er, the presence of the barrier

at line 5 guaran tees that de�nition a

1

will b e killed b y all the threads b efore

crossing the barrier. Therefore, a

1

cannot reac h the use of a at line 10. The

same cannot b e said ab out de�nition a

2

. Although all threads join at the

barrier, w e cannot statically determine whic h thread will b e the last to reac h

the barrier. This means that there are t w o de�nitions for v ariable a that

could reac h a

3

: the con trol reac hing de�nition (i.e., a

2

, the sequen tial reac hing

de�nition) and the de�nition made b y the last thread to join the barrier ( a

0

2

).

In general, in the presence of barriers the only argumen ts that can b e remo v ed

from a � function are those that represen t de�nitions from a di�eren t phase

and do not reac h the � function via con trol edges.

Theorem 4.3 (Barrier protection) Let U

v

b e a con
icting use for shared

v ariable v . Let D

v

b e a de�nition for v suc h that D

v

reac hes U

v

via a con
ict

edge and D

v

do es not sequen tially reac h U

v

. If D

v

and U

v

are in di�eren t

phases due to barrier sync hronization, then D

v

can b e remo v ed from the �

function asso ciated with U

v

.

2

Pr oof Since D

v

reac hes via a con
ict edge, there is a � function asso ciated

with U

v

that has D

v

as one of its argumen ts. If D

v

and U

v

are on di�eren t

phases as determined b y barrier sync hronization analysis (Section 3.3.4), then

they cannot execute concurren tly . F urthermore, since D

v

do es not reac h U

v

via con trol edges, it means that there exists at least one other de�nition for v

that kills D

v

. Since D

v

cannot reac h U

v

via con trol edges nor con
ict edges,

it is safe to remo v e it from the � function asso ciated with U

v

.

�

Algorithm 4.6 rewrites � functions to accoun t for barrier sync hronization.

It assumes that program phases ha v e already b een computed (Section 3.3.4).

The algorithm tra v erses all the � functions in the program. F or ev ery argumen t

d

i

of a � function p it c hec ks whic h no de con tains d

i

. If the no de of d

i

is inside

a di�eren t phase than the no de holding p and d

i

do es not sequen tially reac h

the use asso ciated with p , then d

i

can b e remo v ed from the argumen t list.

Figure 4.3 sho ws a program fragmen t with its CSSAME form partially
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1 parlo op ( i , 1, N ) f

2 a

1

= c

1

+ 5;

3 . . .

4 a

2

= a

1

+ c

1

;

5 barrier ( B , N );

6 . . .

7 = � Argumen t a

1

' can b e safely

8 remo v ed from this � function. � =

9 a

3

= � (a

2

, a

1

', a

2

');

10 b

1

= a

3

+ 3 ;

11 g

Figure 4.3: E�ects of barrier sync hronization on � functions.

built. The assignmen t to b in line 10 mak es a con
icting use of v ariable a .

Hence the � function at line 9 con tains only t w o argumen ts and b oth come from

the same de�nition ( a

1

is b oth the con trol-reac hing and the con
ict-reac hing

de�nition). The computation of phases for this program will result in t w o

phases, one con taining lines 1 � 4 and the other one con taining lines 6 � 10.

Therefore, de�nitions a

1

and a

2

will b e in one phase and use a

3

will b e in

another one. Since de�nition a

1

is killed b y a

2

and it is in a di�eren t phase

than the use a

3

, w e can remo v e the second argumen t of the � function at line

9 b ecause a

1

cannot reac h this use.

Notice that unlik e m utex sync hronization, this pruning pro cess will nev er

lead to the elimination of � functions. The reason is that inside a parallel lo op

� functions ha v e t w o argumen ts coming from the same de�nition, namely the

con trol reac hing de�nition. The con trol reac hing de�nition app ears t wice in

the � argumen t list b ecause it reac hes the use via con trol and con
ict edges.

The argumen t coming via con trol edges cannot b e eliminated b ecause it is

not a�ected b y sync hronization and the argumen t coming via a con
ict edge

cannot b e eliminated b ecause it is not p ossible to determine whic h thread

w as the last one to mak e that de�nition. It migh t b e p ossible to eliminate

a � function if one could pro v e that b oth argumen ts are alw a ys the same

v alue using tec hniques lik e v alue n um b ering, cop y propagation or constan t

propagation. W e ha v e not considered these extensions in this do cumen t.
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Algorithm 4.6 Rewrite � functions to accoun t for barrier sync hronization.

input: A P arallel Flo w Graph G = h N ; E ; Entry

G

; Exit

G

i in CSSA form

output: The graph G in CSSA form with � functions mo di�ed to accoun t for barrier

sync hronization

1: /* This algorithm assumes that phases due to barrier */

2: /* sync hronization ha v e already b een computed (Section 3.3.4). */

3: compute sequen tial reac hing de�nitions ( Se qR e achingDefs )

4: foreac h � -function p do

5: u  use reference asso ciated with p

6: foreac h parallel argumen t d of p do

7: if node ( p ) and node ( d ) are in di�eren t phases and d 62 Se qR e achingDefs ( u ) then

8: remo v e d from p

9: end if

10: end for

11: end for

4.2.6 Computing the CSSAME F orm

Algorithm 4.7 transforms an explicitly parallel program P to its CSSAME

form. The algorithm is a direct extension of the CSSA algorithm (Lee et al.

1997b). Steps 2 and 4 incorp orate the mo di�cations needed to handle m utual

exclusion sync hronization.

The algorithm starts b y building the concurren t con trol 
o w graph for

P using the algorithms describ ed in Section 3.2. Once the CCF G has b een

built, the algorithm creates the m utex structures for the m utual exclusion

sync hronization used in the program. The next step builds the CSSA form

using the algorithms describ ed in Section 4.1. Once the CSSA form has b een

computed, � functions are mo di�ed to accoun t for an y m utex and/or barrier

sync hronization in the program. Notice that it migh t b e p ossible to compute

the CSSAME form directly , without computing the CSSA form �rst. W e

decided to use this approac h b ecause the analysis needed to remo v e sup er
uous

sync hronization edges is simpler if CSSA is computed �rst.

Theorem 4.4 (Correctness of the CSSAME algorithm) A program in

CSSAME form is also in CSSA form and retains the single assignmen t

prop ert y: ev ery use is reac hed b y exactly one de�nition.

2

Pr oof The CSSAME form is a direct extension of the CSSA form. The

computation of the CSSA form is done using existing algorithms kno wn to

b e correct (Lee et al. 1997a; W olfe 1996). Lemma 4.1 pro v es that the only
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Algorithm 4.7 Build the CSSAME form.

input: An explicitly parallel program P

output: The program P in CSSAME form

1: Build the CCF G G for P using Algorithm 3.1.

2: Iden tify m utex structures using Algorithm 3.5.

3: Compute the CSSA form for the graph using Algorithm 4.1.

4: Rewrite � functions using Algorithm 4.5.

5: Rewrite � functions using Algorithm 4.6.

transformation done to the underlying CSSA form do es not alter the single

assignmen t prop ert y . Therefore, a program in CSSAME form is also in CSSA

form and retains the single assignmen t prop ert y .

�

4.2.7 Time Complexit y of the CSSAME Algorithm

Computing the CSSAME form do es not increase the complexit y of the CSSA

algorithm signi�can tly . The t w o ma jor mo di�cations to the original algorithm

are steps 2 (computation of m utex structures) and 4 (rewriting of � functions).

As discussed in Chapter 3, the iden ti�cation of m utex structures can b e done

in O ( j E

f

j ) time. The CSSA form is computed in O ( r

3

) time, where r is

the maxim um of the n um b er of no des ( j N j ), n um b er of con trol edges ( j E

f

j ),

n um b er of assignmen ts and n um b er of v ariable references in the program

(Section 4.1.3). Finally , rewriting � functions can b e done in O ( j N j

3

) time.

Therefore, the CSSAME algorithm has a w orst time complexit y of O ( j N j

3

).

4.3 Summary

In this c hapter w e ha v e dev elop ed a new data-
o w framew ork for explicitly

parallel programs: the CSSAME form. It supp orts b oth task and data parallel

programs that share memory and sync hronize using three t yp es of mec hanisms:

m utual exclusion, barriers and ev en ts.

The CSSAME form represen ts a signi�can t step to w ards an in tegrated

analysis framew ork that can b e adapted to supp ort v arious t yp es of parallel

constructs, memory seman tics and sync hronization constructs. F or instance,

to add a new t yp e of sync hronization mec hanism, w e only need to gather

non-concurrency information due to sync hronization and mo dify the �
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functions appropriately . Di�eren t memory seman tics can b e supp orted in

a similar fashion. Memory con
icts across concurren t threads need only

b e added if the memory seman tics of the target arc hitecture allo w suc h

in terlea ving. F or instance, in a release-consisten t memory (Keleher et al. 1994)

memory con
icts need only b e added at sync hronization p oin ts in the program.

In the follo wing c hapter w e use the CSSAME framew ork to optimize

parallel programs. W e will consider t w o t yp es of optimization, the adaptation

of sequen tial tec hniques to the parallel case and the direct optimization of

the sync hronization structure of a parallel program. Emphasis will b e on the

optimization of m utual exclusion patterns.
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Chapter 5

Optimizing explicitly parallel

programs

Using the CSSAME form, new optimization opp ortunities are no w p ossible.

This section describ es six optimization tec hniques. The �rst t w o are

adaptations of w ell-kno wn sequen tial optimizations: constan t propagation

(Section 5.1) and dead co de elimination (Section 5.2). The other four are

new optimizations sp eci�cally designed for explicitly parallel programs: lo c k

pic king (Section 5.3), lo c k-indep enden t co de motion (Section 5.4), m utex

b o dy lo calization (Section 5.5) and single-writer m ultiple-readers co de motion

(Section 5.5.1). All the m utual exclusion transformations in this c hapter

assume that the program con tains w ell-formed m utex structures.

5.1 Constan t Propagation

Lee et al. (Lee et al. 1997b) adapted the sequen tial Sparse Conditional

Constan t propagation (SCC) algorithm (W egman and Zadec k 1991) to w ork

with explicitly parallel programs; Concurren t Sparse Conditional Constan t

propagation (CSCC). W e will use the program in Figure 5.1(a) to sho w ho w

our extensions to the original CSSA framew ork can b e used to impro v e the

constan t propagation algorithm when m utual exclusion is tak en in to accoun t.

Figure 5.1(b) is the original CSSA form without m utual exclusion extensions.

Figure 5.2(a) sho ws the CSSAME form built using the algorithms in Section

87
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4.2. Notice that the CSSAME form has few er � functions than the CSSA

form.

a = 0;

b = 0;

cob egin

T

0

: b egin

lo c k ( L );

a = 5;

b = a + 3;

if ( b > 4) f

a = a + b ;

g

x = a ;

unlo c k ( L );

end

T

1

: b egin

lo c k ( L );

a = b + 6;

y = a ;

unlo c k ( L );

end

co end

prin t ( x , y );

(a) Original program.

a

1

= 0;

b

1

= 0;

cob egin

T

0

: b egin

lo c k ( L );

a

2

= 5;

a

3

= � (a

2

, a

6

);

b

2

= a

3

+ 3 ;

if (b

2

> 4 ) f

a

4

= � (a

2

, a

6

);

a

5

= a

4

+ b

2

;

g

a

7

= � (a

2

, a

5

);

a

8

= � (a

7

, a

6

);

x

1

= a

8

;

unlo c k (L);

end

T

1

: b egin

lo c k (L);

b

3

= � (b

1

, b

2

);

a

6

= b

3

+ 6 ;

a

9

= � (a

6

, a

2

, a

5

);

y

1

= a

9

;

unlo c k (L);

end

co end

a

10

= � (a

7

, a

6

);

prin t(x

1

, y

1

);

(b) CSSA form.

Figure 5.1: Constan t propagation example (CSSA).

W e no w apply the CSCC algorithm to b oth the original CSSA form and the

new CSSAME form. Notice that since CSSA do es not recognize the m utual

exclusion seman tics of the program, the constan t propagation algorithm cannot

propagate an y constan ts. On the other hand, translating the program to

CSSAME allo ws the compiler to remo v e all the � functions for v ariable a in

thread T

0

. The k ey factor that allo ws the compiler to do this optimization is

the assignmen t to v ariable a in thread T

0

immediately after the lo c k op eration.

Since all the statemen ts in thread T

0

execute indivisibly , uses of v ariable a after

the �rst assignmen t cannot p ossibly b e a�ected b y de�nitions of a made b y

thread T

1

. This allo ws the compiler to propagate constan ts inside thread T

0

as
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if it w ere a sequen tial program. Figure 5.2(b) sho ws the results of applying the

CSCC algorithm using CSSAME. Notice that w e also include the results of the

constan t folding and unreac hable co de elimination. Both passes are p ossible

using information gathered b y the constan t propagation algorithm (W egman

and Zadec k 1991). Since w e ha v e not mo di�ed the CSCC algorithm, the

optimizations p erformed are still correct as pro v ed in (Lee et al. 1997b).

F urther optimizations can still b e done in this example program. The

redundan t assignmen ts in Figure 5.2(b) are the result of applying the

concurren t constan t propagation on the program in Figure 5.2(a). These

redundan t assignmen ts can b e remo v ed using the concurren t dead-co de

elimination algorithm dev elop ed in Section 5.2.

a

1

= 0;

b

1

= 0;

cob egin

T

0

: b egin

lo c k ( L );

a

2

= 5;

b

2

= a

2

+ 3;

if ( b

2

> 4) f

a

3

= a

2

+ b

2

;

g

a

4

= � (a

2

, a

3

);

x

1

= a

4

;

unlo c k (L);

end

T

1

: b egin

lo c k (L);

b

3

= � (b

1

, b

2

);

a

5

= b

3

+ 6 ;

y

1

= a

5

;

unlo c k (L);

end

co end

a

6

= � (a

4

, a

5

);

prin t(x

1

, y

1

);

(a) CSSAME form for program

in Figure 5.1(a).

a

1

= 0;

b

1

= 0;

cob egin

T

0

: b egin

lo c k ( L );

a

2

= 5;

b

2

= 8;

a

3

= 13;

a

4

= 13;

x

1

= 13;

unlo c k ( L );

end

T

1

: b egin

lo c k ( L );

b

3

= � (b

1

, b

2

);

a

5

= b

3

+ 6 ;

y

1

= a

5

;

unlo c k (L);

end

co end

a

6

= � (a

4

, a

5

);

prin t(x

1

, y

1

);

(b) Constan t propagation using CSSAME.

Figure 5.2: Constan t propagation example (CSSAME).
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5.2 Concurren t Dead Co de Elimination

Dead co de refers to program statemen ts that ha v e no e�ect on the program

output (Cytron et al. 1991). Although it is not common for the programmer to

in tro duce dead co de in ten tionally , dead co de ma y b e generated b y optimizing

transformations (Aho et al. 1986). W e in tro duce the Concurren t Dead Co de

Elimination algorithm (CDCE), an extension of the dead co de elimination

algorithm prop osed b y Cytron et al. (Cytron et al. 1991) to w ork on explicitly

parallel programs. The algorithm starts b y marking as dead all the statemen ts

of the program except those that are assumed to a�ect the program output

suc h as I/O statemen ts or assignmen ts to v ariables outside the curren t scop e.

This initial set of liv e statemen ts is used to seed the w ork list main tained b y

the algorithm. The list is up dated with ev ery new statemen t that is mark ed

liv e. When the list empties, all the statemen ts still mark ed dead are remo v ed

from the program. A statemen t will b e mark ed liv e if it satis�es one of the

follo wing conditions (Cytron et al. 1991):

1. The statemen t is assumed to a�ect the program output. Examples

include I/O statemen ts, calls to pro cedures that ma y ha v e side e�ects,

etc.

2. The statemen t con tains a de�nition that reac hes a use in a statemen t

already mark ed as liv e.

3. The statemen t is a conditional branc h and there is a liv e statemen t that

is con trol dep enden t on this conditional branc h.

The CDCE algorithm is the same algorithm dev elop ed b y Cytron et al.

(Cytron et al. 1991) with the follo wing mo di�cations:

� Condition 2 of Cytron et al. 's algorithm calls for the computation of

reac hing de�nition information for eac h liv e statemen t of the program.

The rationale is that if statemen t s is liv e then an y other statemen t

that mak es de�nitions with reac hed uses in s m ust also b e mark ed liv e.

W e incorp orate reac hing de�nition and reac hed uses information in our

CSSAME framew ork. W e ha v e adapted the corresp onding sequen tial



5.2 Concurren t Dead Co de Elimination 91

algorithms (W olfe 1996) b y incorp orating additional tests for � functions

when tra v ersing the SSA use-def c hains. Concurren t reac hing de�nition

information is computed b y Algorithm 5.1.

� A cobegin statemen t will b e mark ed liv e if there is at least one statemen t

in t w o or more of its threads mark ed liv e. If the transformation lea v es

only one thread with liv e statemen ts, the cobegin / coend construct will

b e replaced b y the sequen tial co de corresp onding to the liv e thread.

Serializing this liv e thread will cause all the sync hronization op erations

in the thread to b ecome dead. Hence, they can b e safely remo v ed.

These mo di�cations to the sequen tial DCE algorithm are necessary to

accoun t for the concurren t activit y in the program. Since reac hing de�nition

and reac hed uses information will b e computed using b oth � and � functions,

a liv e use u in one thread will k eep concurren t de�nitions that reac h u

aliv e. F urthermore, the reduction of dep endencies made p ossible b y CSSAME

directly b ene�ts the elimination of dead co de in the program. Most notably ,

the detection of consecutiv e kills inside a m utex b o dy (Theorem 4.1) will help

the detection of dead co de inside m utex b o dies.

T o sho w the e�ects of CDCE, consider the program in Figure 5.1(a) after

constan t propagation has b een p erformed (Figure 5.2(b)). As can b e seen in

the example program, all the assignmen ts to v ariable a in T

0

are dead b ecause

they do not a�ect the output of the program (i.e., they do not reac h an y other

use of a in the program). On the other hand, the assignmen t to b in T

0

cannot

b e considered dead b ecause it is used b y T

1

. Note that a sequen tial dead

co de elimination algorithm w ould ha v e erroneously mark ed the assignmen t to

b dead b ecause it lac ks the appropriate reac hing de�nition information. Figure

5.3 sho ws the result of a dead co de pass on the co de in Figure 5.2(b).

Theorem 5.1 (Correctness of the CDCE algorithm) The concurren t

dead co de elimination algorithm is correct. It only remo v es co de that has no

e�ect on program output.

2

Pr oof W e will sho w that the CDCE algorithm do es not mark dead

statemen ts that are really liv e. Since the sequen tial v ersion is kno wn to

b e conserv ativ e, w e only need to consider the t w o mo di�cations w e ha v e
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b

1

= 0;

cob egin

T

0

: b egin

lo c k ( L );

b

2

= 8;

x

1

= 13;

unlo c k ( L );

end

T

1

: b egin

lo c k ( L );

b

3

= � (b

1

, b

2

);

a

4

= b

3

+ 6 ;

y

1

= a

4

;

unlo c k (L);

end

co end

prin t(x

1

, y

1

);

Figure 5.3: Concurren t Dead Co de Elimination for program in Figure 5.2(b).

in tro duced.

Let D

v

b e a de�nition of v ariable v in thread T

0

. Let U

v

b e a use of

v in thread T

1

. Assume that there is a con
ict edge b et w een the no de

con taining D

v

and the no de holding U

v

(i.e., the threads are concurren t

and no sync hronization prev en ts b oth memory op erations from executing

concurren tly). Since the reac hing de�nition information includes de�nitions

reac hing through con
ict edges, if the statemen t holding U

v

is mark ed liv e

then the statemen t that con tains D

v

will also b e mark ed liv e. The second

condition is guaran teed b y simply considering cobegin / coend structures as

conditional branc hes.

�

5.3 Lo c k Pic king

Sometimes it is p ossible to remo v e sync hronization op erations from a

program without a�ecting its seman tics. F or example, m utual exclusion

sync hronization is unnecessary in a sequen tial program and can b e safely

remo v ed. In this section w e describ e lo ck picking , a transformation that �nds

and remo v es sup er
uous lock and unlock op erations. W e sa y that a m utex

b o dy can b e lo ck-picke d if its lo c k and unlo c k no des can b e remo v ed. An
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Algorithm 5.1 Concurren t reac hing de�nitions.

input: A CCF G G in CSSAME form

output: The set of reac hing de�nitions for eac h v ariable used in the program and the set of reac hed

uses for eac h v ariable de�ned in the program

/* marke d ( d ) is used to mark visited de�nitions */

/* uses ( d ) is the set of uses reac hed b y d */

foreac h v ariable de�nition d in the program do

marke d ( d )  ?

uses ( d )  ;

end for

foreac h v ariable use u in the program do

defs ( u )  ;

call follo wChain(c hain(u), u)

end for

/* Recursiv ely follo w use-def c hains set up b y the CSSAME algorithm */

pro cedure f ol l ow C hain ( d; u )

if marke d ( d ) = u then

return

end if

marke d ( d )  u

/* If the reference d is a de�nition, add it to the set of */

/* reac hing de�nitions for u , and add u to the set of reac hed uses of d */

if d is a de�nition for u then

Add d to defs ( u )

Add u to uses ( d )

end if

/* If the reference d is a � or a � function, follo w the argumen ts */

if ( d is a � function) or ( d is a � function) then

foreac h function argumen t j do

call follo wChain( j , u )

end for

end if

imp ortan t prop ert y of lo c k pic king is that it do es not need to examine the

m utex b o dies of the program. Only the lo c k and unlo c k no des are analyzed.

Lo c k pic king uses reac hing de�nition information for all the lo c k v ariables

to determine whether a m utex b o dy can b e lo c k-pic k ed or not. The algorithm

for recognizing m utex b o dies dev elop ed in Section 3.3.1 mo di�es the 
o wgraph

so that ev ery lock(L) no de con tains one de�nition of v ariable L and a use for

eac h lo c k v ariable used in the program (including L ). As suc h, the CSSAME

form will initially place a � function for all the uses of lo c k v ariables at

eac h m utex b o dy's lo c k no de. Ho w ev er, if the program con tains additional

sync hronization, it is p ossible that some of these � functions will b e remo v ed

b y the CSSAME � pruning phase. F urthermore, in the case of sequen tial

sections of the program, � functions will not b e placed at all.

The lo c k pic king algorithm (Algorithm 5.2) examines the lo c k no des for

ev ery m utex b o dy in the program. The decision to lo c k-pic k a m utex b o dy
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double Sum = 0;

parlo op ( p , 0, N ) f

. . .

for ( i = 0; i < M ; i ++) f

S

3

= � (S

0

, S

1

, S

2

);

R

3

= � (R

0

, R

1

, R

2

);

lo c k (R

1

);

for (j = 0 ; j < M; j++) f

sum reduction(A[i][j]);

g

unlo c k (R

2

);

g

. . .

g

sum reduction( double x)

f

S

4

= � (S

0

, S

1

, S

2

)

R

4

= � (R

0

, R

1

, R

2

)

lo c k (S

1

);

Sum = Sum + x;

unlo c k (S

2

);

g

(a) Original CSSAME form.

double Sum = 0;

parlo op ( p , 0, N ) f

. . .

for ( i = 0; i < M ; i ++) f

S

3

= � (S

0

, S

1

, S

2

)

R

3

= � (R

0

, R

1

, R

2

)

lo c k (R

1

);

for (j = 0 ; j < M; j++) f

S

4

= � (S

0

, S

1

, S

2

)

lo c k (S

1

);

Sum = Sum + A[i][j];

unlo c k (S

2

);

g

unlo c k (R

2

);

g

. . .

g

(b) CSSAME form after inlining and �

pruning.

double Sum = 0;

parlo op ( p , 0, N ) f

. . .

for ( i = 0; i < M ; i ++) f

R

3

= � (R

0

, R

1

, R

2

)

lo c k (R

1

);

for (j = 0 ; j < M; j++) f

Sum = Sum + A[i][j];

g

unlo c k (R

2

);

g

. . .

g

(c) After lo c k pic king.

Figure 5.4: E�ects of lo c k pic king on nested m utex b o dies.
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is based on the absence of � functions for one or more lo c k v ariables at eac h

m utex b o dy lo c k no de. Recall that the absence of � functions for lo c k v ariables

at lo c k no des means that there are no concurren t threads trying to acquire that

lo c k. This migh t mak e the lo c k op eration unnecessary . These conditions are

t ypically disco v ered using whole program analysis. F or example, consider the

program in Figure 5.4(a). The inner lo op calls the function sum r e duction to

up date a global reduction v ariable. Since sum r e duction is a generic reduction

function, it lo c ks the v ariable b efore doing the reduction. Ho w ev er, as a result

of inlining, reduction lo c k S is no longer necessary b ecause the reduction is

alw a ys protected b y lo c k R (Figure 5.4(b)). When function sum r e duction is

inlined, the use of lo c k R at the lo c k no de of the m utex b o dy for S b ecomes a

protected use and its � function can b e remo v ed (No villo et al. 1998) (Figure

5.4(b)).

Lemma 5.1 (Nested m utex structures) Let L = f L

1

; L

2

; : : : ; L

m

g b e the

set of lo c k v ariables used in the program. Let M

L

j

b e the m utex structure

for lo c k v ariable L

j

. If all the lo c k no des in every m utex b o dy of M

L

j

are

lo c k-protected b y the same lo c k v ariable L

i

, then the lo c k and unlo c k no des

for m utex b o dies in M

L

j

are unnecessary and can b e remo v ed. In this case,

w e sa y that m utex structure M

L

j

is neste d inside m utex structure M

L

i

.

2

Pr oof Since all the lo c k no des in all the m utex b o dies in M

L

j

are

lo c k-protected b y the same lo c k v ariable L

i

, all the lock op erations on L

j

are serialized b y lo c k L

i

. Therefore, they are unnecessary b ecause they are

alw a ys guaran teed to succeed. Consequen tly , all the lo c k and unlo c k no des for

L

j

can b e safely remo v ed.

�

The second opp ortunit y to lo c k-pic k m utex b o dies is when a particular

m utex b o dy cannot execute concurren tly with an y other m utex b o dy of its

same m utex structure. If this happ ens, w e sa y that the m utex b o dy is

non-c on
icting . T ypically , a m utex b o dy will b e non-con
icting when it

app ears in sequen tial sections of a parallel program or if the program itself

is sequen tial. Non-con
icting m utex b o dies can also b e disco v ered if all the

m utex b o dies in the same m utex structure are totally ordered b y some other

sync hronization mec hanism (e.g., set / wait , barriers , coend no des). All the

sequen tial programs describ ed in Section 6.2 had their lo c ks pic k ed b ecause
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Algorithm 5.2 Lo c k-pic king.

input: A CCF G in CSSAME form

output: The graph with unnecessary lo c k and unlo c k op erations remo v ed

rep eat

/* First phase. Find nested m utex b o dies. */

foreac h lo c k v ariable L

i

do

foreac h m utex b o dy B

L

i

( N ) 2 M

L

i

do

foreac h lo c k v ariable L

j

do

neste d  tr ue

foreac h no de n 2 N do

if n con tains a � function for L

j

then

neste d  f alse

end if

end for

if neste d then

Pr ote ctors ( N )  L

j

end if

end for

end for

if

T

N

Pr ote ctors ( N ) 6= ; then

remo v e all lo c k and unlo c k no des for m utex b o dies in M

L

i

up date CSSAME information for L

i

end if

end for

/* Second phase. Find non-con
icting m utex b o dies. */

foreac h lo c k v ariable L

i

do

foreac h m utex b o dy B

L

i

( N ) 2 M

L

i

do

hasCon
icts  f alse

foreac h no de n 2 N do

if n con tains a � function for L

i

then

hasCon
icts  tr ue

end if

end for

if not hasCon
icts then

remo v e all lo c k and unlo c k no des for B

L

i

( n )

up date CSSAME information for L

i

end if

end for

end for

un til no more c hanges ha v e b een made

they had no con
icts.

Lemma 5.2 (Non-con
icting m utex b o dies) Let M

L

b e the m utex

structure for lo c k v ariable L . Let B

L

( N ) b e a m utex b o dy in M

L

. If no lo c k

no de n 2 N con tains a � function for L then the lock and unlock op erations

for m utex b o dy B

L

( N ) are unnecessary and can b e remo v ed.

2

Pr oof If no lo c k no de n 2 N con tains a � function for L then no de�nition

for L comes from other concurren t threads. Since lo c k v ariables are de�ned

at lock(L) no des, this means that no other lock(L) no de can execute

concurren tly with the lo c k no des of B

L

( N ). Therefore, the m utex b o dy B

L

( N )
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is not necessary b ecause all its lo c k no des are guaran teed to acquire L ev ery

time it executes.

�

The conditions for lo c k pic king giv en b y these t w o lemmas ha v e subtle

di�erences that are w orth noting. The conditions for Lemma 5.2 are only

required to b e met b y a single m utex b o dy . In con trast, Lemma 5.1 needs

to c hec k al l the m utex b o dies in the same m utex structure. It is not enough

for one m utex b o dy to b e nested inside another. The whole m utex structure

m ust b e nested inside the same lo c k. Otherwise, the transformation cannot

b e done.

5.4 Lo c k-Indep enden t Co de Motion

Because of the sequen tial seman tics imp osed b y m utual sync hronization

op erations, it is desirable to minimize the time sp en t inside m utex b o dies

in the program. T o ac hiev e this goal w e can optimize the co de inside m utex

b o dies as m uc h as p ossible. Alternativ ely , w e can minimize the amoun t of

co de executed inside a m utex b o dy b y mo ving co de that do es not need to b e

lo c k ed outside the m utex b o dy .

Lo c k-Indep enden t Co de Motion (LICM) is a co de motion tec hnique that

attempts to minimize the amoun t of co de executed inside a m utex b o dy . This

optimization di�ers from lo c k pic king in that it do es not target the lock

op erations directly . Rather, it analyzes the m utex b o dy itself to �nd co de that

can b e mo v ed outside. If at the end of the transformation a m utex b o dy only

con tains unlo c k no des, then the lock and unlock instructions are remo v ed.

De�nition 5.1 (Lo c k-indep endence) An expression E inside a m utex

b o dy B

L

is lo c k-indep enden t with resp ect to L if mo ving E outside B

L

do es

not c hange the meaning of the program. Similarly , a statemen t (or group of

statemen ts) S is lo c k indep enden t with resp ect to L if all the expressions and

de�nitions in S are lo c k-indep enden t. A 
o wgraph no de n is lo c k indep enden t

if all its statemen ts are lo c k-indep enden t.

2

Lo c k-indep enden t co de is mo v ed to sp ecial no des called pr emutex and

p ostmutex no des. F or ev ery m utex b o dy B

L

( N ) there is a prem utex no de,

denoted pr emutex ( n

i

), for eac h lock no de n

i

2 N . Prem utex no des are created
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as immediate dominators of eac h lock no de n

i

. Similarly , there is a p ostm utex

no de, denoted p ostmutex ( x

i

) for ev ery unlock no de x

i

. P ostm utex no des are

created as immediate p ost-dominators of eac h exit no de x

i

.

The concept of lo c k-indep endence is similar to the concept of lo op-in v arian t

co de for standard lo op optimization tec hniques (Aho et al. 1986). Ho w ev er,

the conditions that mak e co de to b e lo c k-indep enden t are di�eren t from those

that mak e it lo op in v arian t. Lo c k-indep enden t co de computes the same

result whether it is inside a m utex b o dy or not. F or instance, a statemen t

that references v ariables priv ate to the thread will compute the same v alue

whether it is executed inside a m utex b o dy or not. This is also true if the

statemen t references v ariables not mo di�ed b y an y other concurren t thread in

the program.

5.4.1 Mo ving Lo c k-Indep enden t Statemen ts

Lo c k-indep endence is a necessary condition for mo ving a statemen t outside

the m utex b o dy , but it is not su�cien t. The su�cien t condition is that after

the motion, the statemen t should preserv e all its original con trol and data

dep endencies. F or instance, if the statemen t is inside a lo op it cannot b e

mo v ed out unless it is also lo op in v arian t. This section dev elops an algorithm to

detect and mo v e lo c k-indep enden t statemen ts outside m utex b o dies. Sections

5.4.2 extends this to con trol structures and 5.4.3 deals with lo c k-indep enden t

expressions.

Mo ving Statemen ts to Prem utex No des

Giv en a lo c k-indep enden t statemen t s inside a m utex b o dy B

L

( N ), LICM will

attempt to mo v e s to prem utex or p ostm utex no des for B

L

( N ). This section

describ es the conditions required when attempting to mo v e s to prem utex

no des for B

L

( N ). The selection of lock no des to receiv e statemen t s in their

prem utex no de is done satisfying the follo wing conditions:

Protection. Candidate lock no des are initially selected among

all the lock no des in N that reac h the no de con taining s

(denoted no de ( s )). F or instance, consider the program in Figure
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1 A = 0;

2 cob egin

3 T

0

: b egin

4 x = 1;

5 y = 0;

6 done = 0;

7 lo c k ( L );

8 while (! done ) f

9 y = y + 3;

10 A = A + x ;

11 unlo c k ( L );

12 x = x + 1;

13 if ( x > 0) f

14 lo c k ( L );

15 done = 1;

16 x = x � A ;

17 g else f

18 lo c k ( L );

19 A = A � x ;

20 x = x + 5;

21 g

22 y = y � 2;

23 g

24 if ( A < x ) f

25 A = A + x ;

26 unlo c k ( L );

27 x � = 3;

28 g else f

29 A = A � x ;

30 unlo c k ( L );

31 g

32 prin t ( A , x , y );

33 end

34

35 T

1

: b egin

36 lo c k ( L );

37 A += f ();

38 unlo c k ( L );

39 end

40 co end

(a) Original program.

1 A = 0;

2 cob egin

3 T

0

: b egin

4 x = 1;

5 y = 0;

6 done = 0;

7 lo c k ( L );

8 while (! done ) f

9 A = A + x ;

10 unlo c k ( L );

11 x = x + 1;

12 if ( x > 0) f

13 ) y = y + 3;

14 ) done = 1;

15 lo c k (L);

16 x = x � A;

17 g else f

18 ) y = y + 3;

19 lo c k (L);

20 A = A � x;

21 x = x + 5 ;

22 g

23 y = y � 2 ;

24 g

25 if (A < x) f

26 A = A + x;

27 unlo c k (L);

28 x � = 3 ;

29 g else f

30 A = A � x;

31 unlo c k (L);

32 g

33 prin t(A, x, y );

34 end

35

36 T

1

: b egin

37 lo c k (L);

38 A += f ();

39 unlo c k (L);

40 end

41 co end

(b) After LICMS.

Figure 5.5: Mo ving lo c k-indep enden t statemen ts. Mo v ed statemen ts are mark ed

with arro ws ( ) ).
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5.5(a). Thread T

0

con tains one m utex b o dy B

L

( f 7 ; 14 ; 18 g ) =

f 8 ; 9 ; 10 ; 11 ; 15 ; 16 ; 19 ; 20 ; 21 ; 22 ; 2 3 ; 24 ; 25 ; 28 ; 2 9 g

1

. Statemen t A = A + x

at line 10 is reac hed b y the lock no des at lines 7, 14 and 18. Ho w ev er,

statemen t x = x + 5 at line 20 is only reac hed b y the lock no de at line

18. This condition pro vides an initial set of candidate lock no des called

pr ote ctors ( s ).

Reac habilit y . Since s is reac hed b y all the no des in pr ote ctors ( s ), there

is a con trol path b et w een eac h lock no de in pr ote ctors ( s ) and no de ( s ).

Therefore, when statemen t s is remo v ed from its original lo cation, the

statemen t m ust b e replaced on ev ery path from eac h lock no de to

no de ( s ). This implies that s ma y need to b e replicated to more than

one prem utex no de.

T o determine whic h lock no des could receiv e a cop y of s w e p erform

reac habilit y analysis among the lock no des reac hing s ( pr ote ctors ( s )).

This analysis computes a partition of pr ote ctors ( s ), called r e c eivers ( s ),

that con tains all the lock no des that ma y receiv e a cop y of statemen t

s . The selection of receiv er no des is done so that (a) there exists a path

b et w een s and ev ery lock no de in pr ote ctors ( s ), and (b) instances of

s o ccur only once along an y of these paths (i.e., s is not unnecessarily

replicated).

Besides ha ving m ultiple prem utex no des that could receiv e s , a m utex

b o dy could ha v e m ultiple com binations of receiv er no des for s . F or

instance, in the program fragmen t of Figure 5.5(a), lo c k-indep enden t

statemen t s : y = y + 3 at line 9 is reac hed b y lock no des 7,

14 and 18. F or the purp ose of this discussion w e disregard other

considerations that migh t prev en t mo ving s outside the m utex b o dy

(e.g., data dep endencies). Notice that mo ving s to all three prem utex

no des is not a v alid option b ecause this creates duplicate instances of s

on a single con trol path. There are t w o sets of receiv er no des for s in

this program, namely f 7 g and f 14 ; 18 g . F urther analysis will determine

whic h of these receiv er sets is the b etter c hoice.

1

F or simplicit y w e are assuming that eac h line corresp onds to a no de in the CCF G.
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Algorithm 5.3 computes all the di�eren t sets of lock no des that

ma y receiv e a lo c k-indep enden t statemen t s in their prem utex no des.

Basically , the algorithm computes reac habilit y sets among the no des

in pr ote ctors ( s ). The set pr ote ctors ( s ) is partitioned in to k partitions

P

1

; P

2

; : : : P

k

. No des in eac h partition P

j

cannot reac h eac h other but put

together they reac h or are reac hed b y ev ery other no de in pr ote ctors ( s ).

These partitions are the sets of lock no des that can receiv e a cop y of s

in their prem utex no des.

Data Dep endencies. When mo ving a statemen t s to one of the receiv er

sets for s , the motion m ust not alter the original data dep endencies for

the statemen t and other statemen ts in the program. If P

j

is the selected

receiv er set for s , t w o restrictions m ust b e observ ed:

1. No v ariable de�ned b y s ma y b e used or de�ned along an y path

from no de ( s ) to ev ery no de in P

j

.

2. No v ariable used b y s ma y b e de�ned along an y path from no de ( s )

to ev ery no de in P

j

.

These t w o restrictions are used to prune the set of receiv er no des

computed in Algorithm 5.3. Notice that since the program is in CSSAME

form, � functions are also considered de�nitions and uses for a v ariable.

In the example program of Figure 5.5(a) the receiv er no de for statemen t

x = x + 5 at line 20 is no de 18, whic h cannot receiv e it b ecause x is used

at line 19. Statemen t y = y + 3 has t w o sets of receiv er no des: f 7 g and

f 14 ; 18 g . No de 7 cannot b e used b ecause of the � function for y at the

head of the while lo op. Ho w ev er, b oth no des 14 and 18 could receiv e a

cop y of the statemen t.

When more than one statemen t is mo v ed to the same prem utex no de, the

original data dep endencies among the statemen ts in the same prem utex

no de m ust also b e preserv ed. This is accomplished b y main taining the

original con trol precedence when mo ving statemen ts in to the prem utex

no de.
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Algorithm 5.3 Compute candidate prem utex no des ( r e c eivers ).

input: A m utex b o dy B

L

( N ) and a lo c k-indep enden t statemen t s .

output: A list of receiv er sets. Eac h receiv er set P

i

con tains the lock no des whose prem utex no des

ma y receiv e s .

1: pr ote ctors ( s )  set of lock no des that reac h s .

2: Q  pr ote ctors ( s )

3: k  1

4: while Q 6= ; do

5: n

i

 �rst no de in Q

6: P ( k )  f n

i

g

7: remo v e n

i

from Q /* Add to P ( k ) all the no des that are not c onne cte d with n

i

*/

8: foreac h no de n

j

2 Q and Q 6= ; do

9: if (there is no path n

i

! n

j

) and (there is no path n

j

! n

i

) then

10: P ( k )  P ( k )

S

f n

j

g

11: remo v e n

j

from Q

12: end if

13: end for

14: k  k + 1

15: end while

16: return r e c eivers  P (1) ; P (2) ; : : : ; P ( k � 1)

Theorem 5.2 (Hoistable statemen ts) Let s b e a lo c k-indep enden t

statemen t s inside a m utex b o dy B

L

( N ). Let pr ote ctors ( s ) b e a set of lock

no des in N suc h that:

1. 8 n

i

2 pr ote ctors ( s ) : no de n

i

reac hes no de ( s ),

2. there exist k partitions P : P

1

; P

2

; : : : ; P

k

( k � 1) of the set

pr ote ctors ( s ) computed as p er Algorithm 5.3, and

3. there exists a partition P

j

2 P for whic h (a) no v ariable de�ned

b y s is de�ned nor used in an y path b et w een no de ( s ) and no des in

P

j

, and (b) no v ariable used b y s is de�ned in an y path b et w een

no de ( s ) and no des in P

j

.

If these conditions hold for at least one partition P

j

then it is p ossible to

mo v e s to the prem utex no des for the lock no des in P

j

.

2

Pr oof Since no de ( s ) is reac hed b y ev ery no de n

i

2 pr ote ctors ( s ), there exists

a path b et w een n

i

and no de ( s ). Let P

j

b e a set of no des that complies with the

three conditions in the theorem. The no des in P

j

ha v e the follo wing prop erties:
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1. 8 n

i

; n

k

2 P

j

suc h that n

i

6= n

k

, there is no con trol path b et w een

n

i

and n

k

. This is immediate from the w a y the algorithm selects

the no des (lines 9-10 of Algorithm 5.3).

2. 8 n

i

2 pr ote ctors ( s ) : if n

i

62 P

j

then 9 n

k

2 P

j

suc h that there

is a path b et w een n

i

and n

k

. Supp ose that there is a no de n

i

2

pr ote ctors ( s ) that cannot b e reac hed b y an y no de in P

j

then the

algorithm w ould ha v e placed n

i

in P

j

, whic h is a con tradiction.

The previous t w o conditions guaran tee that if s is remo v ed from no de ( s )

and replicated to ev ery no de in P

j

then one and only one instance of s will

still b e a v ailable on paths leading to or from no des in pr ote ctors ( s ). Finally ,

let D

s

b e the set of v ariables de�ned in s . Since no path b et w een no de ( s ) and

the no des in P

j

de�nes or uses a v ariable in D

s

, mo ving s will not alter data

dep endencies for s . Similarly , let U

s

b e the set of v ariables used in s . Since no

path b et w een no de ( s ) and n

i

de�nes de�nes v ariables in U

s

, it is safe to mo v e

s .

�

Mo ving Statemen ts to P ostm utex No des

The LICM transformation ma y also mo v e statemen ts to p ostm utex no des of

a m utex b o dy B

L

( N ). The analysis for p ostm utex no des is similar to the

previous case. The conditions are essen tially the rev erse of the conditions

required for prem utex no des.

Protection. Unlo c k no de x

i

m ust b e reac hed b y the same lock no des that

reac h statemen t s . This guaran tees that there exists a con trol path

b et w een no de ( s ) to x

i

. This condition pro vides an initial set of unlock

no des to consider as candidates. In the example program in Figure

5.5(a), the statemen t y = y + 3 at line 9 is reac hed b y lock no des 7, 14

and 18 whic h also reac h unlock no des 11, 26 and 30.

Reac habilit y . Algorithm 5.4 computes all the di�eren t sets of unlock no des

that ma y receiv e a lo c k-indep enden t statemen t s in their p ostm utex

no des. The algorithm p erforms the same reac habilit y analysis done

b y Algorithm 5.3. The set r ele asers ( s ) con tains all the unlock no des
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reac hed b y the same lock no des that reac h s . The set r ele asers ( s ) is

partitioned in to k partitions X

1

; X

2

; : : : X

k

. No des in eac h partition X

j

cannot reac h eac h other but put together they reac h or are reac hed b y

ev ery other no de in r ele asers ( s ). These partitions are the sets of unlock

no des that can receiv e a cop y of s in their p ostm utex no des.

Data dep endencies. The same requiremen ts needed for prem utex no des

are necessary for p ostm utex no des. If an y v ariable de�ned b y s is de�ned

or used in an y path from s to a no de in r ele asers ( s ) then s ma y not b e

mo v ed. Similarly , if an y v ariable used b y s is de�ned in an y path from s

to a no de in r ele asers ( s ) then s ma y not b e mo v ed.

Algorithm 5.4 Compute candidate p ostm utex no des ( r ele asers ).

input: A m utex b o dy B

L

( N ) and a lo c k-indep enden t statemen t s .

output: A list of releaser sets. Eac h releaser set X

i

con tains the unlock no des whose p ostm utex

no des ma y receiv e s .

1: pr ote ctors ( s )  set of lock no des that reac h s .

2: Q  f x

i

2 B

L

( N ) suc h that x

i

is reac hed b y a no de in pr ote ctors ( s ) g

3: k  1

4: while Q 6= ; do

5: x

i

 �rst no de in Q

6: X ( k )  f x

i

g

7: remo v e x

i

from Q /* Add to X ( k ) all the no des that are not c onne cte d with x

i

*/

8: foreac h no de x

j

2 Q and Q 6= ; do

9: if (there is no path x

i

! x

j

) and (there is no path x

j

! x

i

) then

10: X ( k )  X ( k )

S

f x

j

g

11: remo v e x

j

from Q

12: end if

13: end for

14: k  k + 1

15: end while

16: return r ele asers  X (1) ; X (2) ; : : : ; X ( k � 1)

Theorem 5.3 (Do wn w ard-mo v able statemen ts) Let s b e a

lo c k-indep enden t statemen t s inside a m utex b o dy B

L

( N ). Let r ele asers ( s )

b e a set of unlock no des in B

L

suc h that:
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1. 8 x

i

2 r ele asers ( s ) : no de x

i

is reac hed b y a no de in pr ote ctors ( s ),

2. there exist k subsets X : X

1

; X

2

; : : : ; X

k

( k � 1) of the set

r ele asers ( s ) computed as p er Algorithm 5.4, and

3. there exists a partition X

j

2 X for whic h (a) no v ariable de�ned

b y s is de�ned nor used in an y path b et w een no de ( s ) and no des in

X

j

, and (b) no v ariable used b y s is de�ned in an y path b et w een

no de ( s ) and no des in X

j

.

If these conditions hold for at least one partition X

j

then it is p ossible to

mo v e s to the p ostm utex no des for the unlock no des in X

j

.

2

Pr oof Similar to the pro of for Theorem 5.2.

�

LICM for Statemen ts (LICMS)

Theorems 5.2 and 5.3 are used as the basis for the algorithm to mo v e

statemen ts outside m utex b o dies (Algorithm 5.5). Notice that ev en though w e

refer to hoistable statemen ts for statemen ts that can b e mo v ed to a prem utex

no de, the mo v emen t is not necessarily made against the 
o w of con trol. The

name w as c hosen b ecause that is what happ ens in the most general case.

Similarly , downwar d-movable statemen ts ma y b e mo v ed up.

The LICMS algorithm scans all the m utex b o dies in the program lo oking

for lo c k-indep enden t statemen ts to mo v e outside the m utex b o dy . Eac h

lo c k-indep enden t statemen t s is c hec k ed against the conditions describ ed

previously . Lines 8 � 15 in Algorithm 5.5 determine the sets of prem utex

receiv ers for s . The initial set of candidates computed b y Algorithm 5.3 c hec ks

ev ery lo c k no de in a m utex b o dy against eac h other lo oking for paths b et w een

them. If mb is the n um b er of m utex b o dies in the program, this can b e

accomplished in O ( mb

2

) time. T o c hec k data dep endencies eac h statemen t

has to b e compared with all the statemen ts in paths to eac h prem utex no de

(lines 9 � 15). Giv en that there ma y b e up to mb prem utex no des, data

dep endencies can b e c hec k ed in O ( mb � j S j

2

), where S is the set of statemen ts

in the program. This yields a total time complexit y for lines 8 � 15 of

O ( mb

2

+ mb � j S j

2

). Similarly , lines 16 � 24 compute sets of p ostm utex receiv ers

in time O ( mb

2

+ mb � j S j

2

).
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Notice that it migh t b e p ossible that a statemen t can b e mo v ed to b oth

the prem utex and the p ostm utex no des. In that case a cost mo del should

determine whic h no de is more con v enien t. W e will base our cost mo del on the

e�ects of lo c k con ten tion. Supp ose that there is high con ten tion on a particular

lo c k. All the statemen ts mo v ed to prem utex no des will not b e a�ected b y

it b ecause they execute b efore acquisition of the lo c k. Ho w ev er, statemen ts

mo v ed to the p ostm utex no de will b e dela y ed if there is con ten tion b ecause

they execute after the lo c k has b een released. Therefore, when a statemen t

can b e mo v ed to b oth the prem utex and p ostm utex no des, the prem utex no de

is selected.

When more than one set of prem utex or p ostm utex no des can receiv e a

statemen t s a cost mo del should b e use to select the more pro�table target.

Although not addressed in this do cumen t, cost mo dels ma y include simple

factors lik e c hec king that statemen ts are not mo v ed in to lo ops or ev en dela ying

all the hoisting decisions un til the algorithm has �nished analyzing all the

statemen ts in a single m utex b o dy .

Finally , if the m utex b o dy is empt y at the end of the transformation, the

lock and unlock no des are remo v ed (lines 36 � 39). The total time complexit y

for the LICMS algorithm is then O ( m � mb � ( mb

2

+ mb � j S j

2

)). In general, w e

exp ect the cost to b e dominated b y j S j b ecause m (n um b er of lo c k v ariables)

and mb (n um b er of m utex b o dies in the program) will b e relativ ely small

compared to j S j . The e�ects of LICMS on the program in Figure 5.5(a) are

sho wn in Figure 5.5(b). Notice that the statemen t y = y + 3 at line 9 in Figure

5.5(a) as b een replicated in to lines 13 and 18 in the transformed program

of Figure 5.5(b). It is necessary to replicate the statemen t, otherwise the

transformed program will not compute the same v alue of y than the original

one.

5.4.2 LICM for Con trol Structures

The basic mec hanism for mo ving statemen ts outside m utex b o dies can b e used

to mo v e lo c k-indep enden t con trol structures. Con trol structures are handled

b y c hec king and aggregating all the no des con tained in the structure in to a

single sup er-no de and treating it lik e a single statemen t. After this pro cess,
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Algorithm 5.5 Lo c k-Indep enden t Co de Motion for Statemen ts (LICMS).

input: A CCF G G = h N ; E ; Entry

G

; Exit

G

i in CSSAME form with pre and p ostm utex no des

inserted in ev ery m utex b o dy

output: The program with lo c k-indep enden t statemen ts mo v ed to the corresp onding prem utex and

p ostm utex no des

1: foreac h lo c k v ariable L

i

do

2: foreac h m utex b o dy B

L

i

( N ) 2 M utexS tr uct ( L

i

) do

3: n

i

 no de ( L

i

)

4: foreac h lo c k-indep enden t statemen t s reac hed b y n

i

do

5: D

s

 v ariables de�ned b y s

6: U

s

 v ariables used b y s

7: /* Determine whic h prem utex no des can receiv e s . */

8: P  receiv ers of s at prem utex no des (Algorithm 5.3)

9: foreac h P

i

2 P do

10: foreac h no de n 2 P

i

do

11: if (an y path b et w een n and no de ( s ) de�nes or uses a v ariable in D

s

)

or (an y path b et w een n and no de ( s ) de�nes a v ariable in U

s

) then

12: remo v e P

i

from P

13: end if

14: end for

15: end for

16: /* Determine whic h p ostm utex no des can receiv e s . */

17: X  receiv ers of s at p ostm utex no des (Algorithm 5.4)

18: foreac h X

i

2 X do

19: foreac h no de x 2 X

i

do

20: if (an y path b et w een x and no de ( s ) de�nes or uses a v ariable in D

s

)

or (an y path b et w een x and no de ( s ) de�nes a v ariable in U

s

) then

21: remo v e X

i

from X

22: end if

23: end for

24: end for

25: /* Sets P and X con tain sets of prem utex and p ostm utex no des that can receiv e s . */

26: if P 6= ; then

27: select one P

i

2 P (cost mo del or random)

28: remo v e s from its original lo cation

29: replicate s to eac h no de n 2 P

i

30: else if X 6= ; then

31: select one X

i

2 X (cost mo del or random)

32: remo v e s from its original lo cation

33: replicate s to eac h no de x 2 X

i

34: end if

35: end for

36: /* Remo v e the m utex b o dy if it is empt y . */

37: if B

L

i

( N ) = ; then

38: remo v e all the lock and unlock no des of B

L

i

( N )

39: end if

40: end for

41: end for
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Algorithm 5.5 can b e used to hoist the structures outside m utex b o dies.

Algorithm 5.6 lo oks for con trol structures that only con tain

lo c k-indep enden t statemen ts. Con trol structures are iden ti�ed using

standard in terv al analysis tec hniques (Aho et al. 1986). Basically , con trol

structures form a single-en try , single-exit region of the graph. An en try no de

dominates all the no des in the con trol structure. An exit no de p ost-dominates

all the no des in the con trol structure.

Once iden ti�ed, sub-graphs inside a m utex b o dy are scanned to determine

if all their in terior statemen ts are lo c k-indep enden t. If so, the v ariables de�ned

and used b y eac h statemen t are aggregated in to the sets D

H

and U

H

for eac h

sub-graph (lines 9 � 22 in Algorithm 5.6). After all the sub-graphs in ev ery

m utex b o dy of the program ha v e b een iden ti�ed, Algorithm 5.5 is used to hoist

them out of m utex b o dies. The iden ti�cation of lo c k-indep enden t sub-graphs

can b e done in O ( m � mb � j S j ) time. Where m is the n um b er of lo c k v ariables

used in the program, mb the n um b er of m utex b o dies and S is the set of

statemen ts in the program.

Algorithm 5.6 LICM for Con trol Structures (LICMT).

input: A CCF G G = h N ; E ; Entry

G

; Exit

G

i in CSSAME form

output: The graph with lo c k indep enden t con trol structures mo v ed to the corresp onding prem utex

and p ostm utex no des

1: build sub-graphs for all con trol structures in the program

2: foreac h lo c k v ariable L

i

do

3: foreac h m utex b o dy B

L

i

( N ) 2 MutexStruct ( L

i

) do

4: /* Build sub-graphs for all the con trol structures in the m utex b o dy . */

5: /* Find lo c k-indep enden t sub-graphs. */

6: foreac h subgraph H inside B

L

i

( N ) do

7: D

H

 ;

8: U

H

 ;

9: foreac h statemen t s in H do

10: if s is not lo c k-indep enden t then

11: mark H as lo c k-dep enden t (i.e., it cannot b e mo v ed)

12: con tin ue with next sub-graph

13: else

14: /* Add de�nes and uses made b y s to the sub-graph. */

15: D

H

 D

H

S

D

s

16: U

H

 U

H

S

U

s

17: end if

18: end for

19: mark H as lo c k-indep enden t

20: end for

21: end for

22: end for

23: hoist lo c k-indep enden t sub-graphs using Algorithm 5.5
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5.4.3 LICM for Expressions

If hoisting statemen ts or con trol structures outside m utex b o dies is not

p ossible, it ma y still b e p ossible to consider mo ving lo c k-indep enden t

sub-expressions outside m utex b o dies. This strategy is similar to mo ving

statemen ts (Algorithm 5.5) with the follo wing di�erences:

1. Sub-expressions do not de�ne v ariables. They only read v ariables or

program constan ts.

2. If a sub-expression is mo v ed from its original lo cation, the computation

p erformed b y the expression m ust b e stored in a temp orary v ariable

created b y the compiler. The original expression is then replaced b y

the temp orary v ariable. This is the same substitution p erformed b y

common sub-expression and partial redundancy elimination algorithms

(Aho et al. 1986; Cho w et al. 1997).

3. Con trary to the case with statemen ts and con trol structures, expressions

can only b e mo v ed against the 
o w of con trol. The reason is that the

v alue computed b y the expression needs to b e a v ailable at the statemen t

con taining the original expression.

Algorithm 5.7 �nds and remo v es lo c k-indep enden t expressions from m utex

b o dies in the program. The pro cess of gathering candidate expressions is

similar to that of SSAPRE, an SSA based partial redundancy elimination

algorithm (Cho w et al. 1997). Mutex b o dies are scanned for lo c k-indep enden t

�rst-order expressions, whic h are expressions that con tain only one op erator.

Higher order expressions are handled b y successiv e iterations of the algorithm.

Once lo c k-indep enden t expressions are iden ti�ed, the algorithm lo oks for

suitable prem utex or p ostm utex no des to receiv e eac h expression. W e observ e

that since expressions can only b e hoisted up in the graph, it is not necessary

to consider p ostm utex no des when mo ving lo c k-indep enden t expressions.

Theorem 5.4 (T arget no des for lo c k-indep enden t expressions) Let e

b e a lo c k-indep enden t expression inside m utex b o dy B

L

( N ). If e can b e hoisted

to a p ostm utex no de of B

L

( N ) there exists a prem utex no de of B

L

( N ) that

can also receiv e e .

2
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Algorithm 5.7 Lo c k-Indep enden t Co de Motion for Expressions (LICME).

input: A CCF G in CSSAME form

output: The graph with lo c k-indep enden t expressions mo v ed to the corresp onding prem utex no des

1: rep eat

2: foreac h lo c k v ariable L

i

do

3: foreac h m utex b o dy B

L

i

( N ) 2 M

L

i

do

4: E  E

S

set of lo c k-indep enden t expressions in B

L

i

( N ).

5: if E 6= ; then

6: foreac h expression E

j

2 E do

7: P  prem utex receiv ers for E

j

(Algorithm 5.3)

8: c andidates  ;

9: foreac h P

i

2 P do

10: if 8 n 2 P

i

: ( n DOM no de ( E

j

)) or ( no de ( E

j

) PDOM n ) then

11: c andidates  P

i

12: stop lo oking for candidates

13: end if

14: end for

15: if c andidates 6= ; then

16: insert the statemen t t

j

= E

j

in all the prem utex no des for lock no des in c andidates

17: end if

18: end for

19: end if

20: end for

21: end for

22: /* Replace hoisted expressions inside eac h m utex b o dy . */

23: foreac h lo c k v ariable L

i

do

24: foreac h m utex b o dy B

L

i

( N ) 2 M

L

i

do

25: replace hoisted expressions in B

L

i

( N ) with their corresp onding temp oraries

26: end for

27: end for

28: un til no more c hanges ha v e b een made

Pr oof Let x b e an unlock no de in B

L

( N ) suc h that p ostmutex ( x ) can receiv e

e . Since e can only b e mo v ed against the 
o w of con trol, there exists a con trol

path from x to no de ( e ). F urthermore, since e is inside the m utex b o dy , no de ( e )

m ust b e reac hed b y some lock no de n 2 N suc h that every path from x to

no de ( e ) go es through n . Therefore, if e can b e placed in p ostmutex ( x ) it can

also b e mo v ed to pr emutex ( n ).

�

W e use the previous result to reduce the n um b er of candidate no des to b e

considered when mo ving lo c k-indep enden t expressions. Only lock no des are

considered b y the algorithm. F urthermore, the candidate lock m ust dominate

or b e p ost-dominated b y the no de holding the expression (lines 7 � 13 in

Algorithm 5.7).

The acceptable receiv er sets are stored in the set c andidates . Using a

similar reasoning to Theorem 5.4 it can b e sho wn that in this case, the

algorithm for computing receiv er prem utex no des (Algorithm 5.3) will �nd
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none or exactly one set of lock no des that can receiv e the expression in their

prem utex no des.

Figure 5.6 sho ws an example program b efore and after running the LICM

algorithm. When LICM is applied to the program in Figure 5.6(a), the �rst

phase of the algorithm mo v es the statemen t at line 9 and the assignmen t j = 0

to the prem utex no de. The statemen t at line 13 is sunk to the p ostm utex

no de resulting in the equiv alen t program in Figure 5.6(b). There is still some

lo c k-indep enden t co de in the m utex b o dy , namely the expressions j < M at

line 11, the statemen t j + + at line 11 and the expression y [ j ] + sqrt ( a ) � sqrt ( b )

at line 12. The only hoistable expression is sqrt ( a ) � sqrt ( b ) b ecause it is the

only expression with all its reac hing de�nitions outside the m utex b o dy . Note

that a lo op-in v ariance transformation w ould ha v e detected this expression and

hoisted it out of the lo op. LICM go es a step further and hoists the expression

outside the m utex b o dy .

5.4.4 Putting it All T ogether: Lo c k-Indep enden t Co de

Motion (LICM)

The individual algorithms discussed in previous sections can b e com bined in to

a single LICM algorithm (Algorithm 5.8). There are four main phases to

the algorithm. The �rst phase lo oks for m utex b o dies that ha v e nothing but

lo c k-indep enden t no des. These are the simplest cases. If all the no des in

a m utex b o dy are lo c k-indep enden t, then the lock op erations at the lo c k

no des and the unlock op erations in the b o dy can b e remo v ed. The next

three phases mo v e in terior lo c k-indep enden t statemen ts, con trol structures and

expressions outside the m utex b o dies in the program (Algorithms 5.5, 5.6 and

5.7). W e sho w the e�ect of the LICM transformation in sev eral explicitly

parallel programs in Chapter 6.

5.5 Mutex Bo dy Lo calization

In this section w e discuss a transformation tec hnique that ma y enhance the

opp ortunities for further optimization of the program. Consider a m utex b o dy
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1 double X [ ]; = � shared � =

2

3 parlo op ( i , 0, N ) f

4 double a , b ; = � lo cal � =

5 double y [ ]; = � lo cal � =

6

7 . . .

8 lo c k ( L );

9 b = a � sin ( a );

10 for ( j = 0; j < M ; j ++) f

11 X [ j ] = y [ j ] + sqrt ( a ) � sqrt ( b );

12 g

13 a = y [ i ];

14 unlo c k ( L );

15 . . .

16 g

(a) Program b efore LICM.

1 double X [ ]; = � shared � =

2

3 parlo op ( i , 0, N ) f

4 double a , b ; = � lo cal � =

5 double y [ ]; = � lo cal � =

6

7 . . .

8 b = a � sin ( a );

9 j = 0;

10 lo c k ( L );

11 for (; j < M ; j ++) f

12 X [ j ] = y [ j ] + sqrt ( a ) � sqrt ( b );

13 g

14 unlo c k ( L );

15 a = y [ i ];

16 . . .

17 g

(b) After LICM on statemen ts.

1 double X [ ]; = � shared � =

2

3 parlo op ( i , 0, N ) f

4 double a , b ; = � lo cal � =

5 double y [ ]; = � lo cal � =

6

7 . . .

8 b = a � sin ( a );

9 j = 0;

10 t

1

= sqrt ( a ) � sqrt ( b );

11 lo c k ( L );

12 for (; j < M ; j ++) f

13 X [ j ] = y [ j ] + t

1

;

14 g

15 unlo c k ( L );

16 a = y [ i ];

17 . . .

18 g

(c) After LICM on expressions.

Figure 5.6: E�ects of lo c k-indep enden t co de motion (LICM).
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Algorithm 5.8 Lo c k-Indep enden t Co de Motion (LICM).

input: A CCF G in CSSAME form

output: The graph with lo c k-indep enden t expressions mo v ed to the corresp onding prem utex no des

/* First phase. T ry to remo v e lo c k and unlo c k no des for m utex b o dies with nothing but LI no des. */

foreac h lo c k v ariable L

i

do

foreac h m utex b o dy B

L

i

( N ) do

if all the no des a 2 B

L

i

( N ) are lo c k indep enden t then

remo v e all lo c k and unlo c k no des for B

L

i

( N )

end if

end for

end for

/* Second phase. Mo v e whole con trol structures out. */

p erform LICM on structures (Algorithm 5.6)

/* Third phase. Mo v e individual statemen ts out. */

p erform LICM on statemen ts (Algorithm 5.5)

/* F ourth phase. T ry to mo v e expressions. */

p erform LICM on expressions (Algorithm 5.7)

B

L

that mo di�es a shared v ariable V (Figure 5.7(a)). With the exception of

the de�nition reac hing the unlo c k no de of B

L

, all the mo di�cations done to V

inside the m utex b o dy can only b e observ ed b y the thread.

Giv en these conditions, it is p ossible to create a lo cal cop y of V and replace

all the references to V inside the m utex b o dy to references to the lo cal cop y

(Figure 5.7(b)). W e call this transformation mutex b o dy lo c alization (MBL).

It is the dual tec hnique to LICM. While LICM lo oks for lo c k-indep enden t

co de, MBL creates lo c k-indep enden t co de b y mo difying the left-hand side of

statemen ts. The basic transformation is straigh tforw ard:

1. A t the start of the m utex b o dy a lo cal cop y of the shared v ariable

is created if there is at least one use for the v ariable with reac hing

de�nitions outside the m utex b o dy .

2. A t the m utex b o dy exits, the shared cop y is up dated from the lo cal cop y

of the v ariable if at least one in ternal de�nition of the v ariable reac hes

that particular unlo c k no de.

3. All the in terior references to the shared v ariable are mo di�ed so that

they reference the lo cal cop y .

Notice that this transformation is legal pro vided that the a�ected references

are alw a ys made inside m utex b o dies. Otherwise, the transformation migh t

prev en t memory in terlea vings that w ere allo w ed in the original program.
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double V = 0;

parlo op ( i , 0, N ) f

double x , y [ ];

in t i ;

. . .

lo c k ( L );

i = 0;

while ( V < = x ) f

V = V + y [ i ++];

g

unlo c k ( L );

. . .

g

(a) A m utex b o dy b efore lo calization.

double V = 0;

parlo op ( i , 0, N ) f

double x , y [ ], p V ;

in t i ;

. . .

lo c k ( L );

p V = V ;

i = 0;

while ( p V < = x ) f

p V = p V + y [ i ++];

g

V = p V ;

unlo c k ( L );

. . .

g

(b) After lo calization.

double V = 0;

parlo op ( i , 0, N ) f

double x , y [ ], p V ;

in t i ;

. . .

lo c k ( L );

p V = 0;

i = 0;

while ( p V < = x ) f

p V = p V + y [ i ++];

g

V = V + p V ;

unlo c k ( L );

. . .

g

(c) After reduction recognition.

double V = 0;

parlo op ( i , 0, N ) f

double x , y [ ], p V ;

in t i ;

. . .

p V = 0;

i = 0;

while ( p V < = x ) f

p V = p V + y [ i ++];

g

lo c k ( L );

V = V + p V ;

unlo c k ( L );

. . .

g

(d) After LICM.

Figure 5.7: Applications of m utex b o dy lo calization.
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Algorithm 5.10 mak es lo cal copies of a v ariable a inside a m utex b o dy

B

L

( N ) if the v ariable can b e lo calized. T o determine whether the v ariable a

can b e lo calized it calls Algorithm 5.9 (a subroutine of Algorithm 5.10) whic h

returns tr ue if a can b e lo calized inside m utex b o dy B

L

( N ). The lo calization

algorithm relies on t w o data structures that can b e built during the � rewriting

phase of the CSSAME algorithm (Algorithm 4.5):

exp ose dUses ( N ) is the set of up w ard-exp osed uses from the m utex b o dy

B

L

( N ). This set is asso ciated with the en try no des in N .

r e achingDefs ( X ) is the set of de�nitions that can reac h the exit no des X of

B

L

( N ).

Algorithm 5.10 starts b y c hec king whether the v ariable can b e lo calized

(lines 1 � 4). It then c hec ks where the lo cal copies are needed. If there are

up w ard-exp osed uses of a , a cop y is needed at the start of the m utex b o dy

(lines 5 � 16). If there are de�nitions of a reac hing an exit no de, the shared

cop y of a m ust b e up dated b efore exiting the m utex b o dy (lines 17 � 29). The

�nal phase of the algorithm up dates the in terior references to a to b e references

to p a (lines 30 � 34). After this phase, the CSSAME form for the program

has b een altered and it should b e up dated. The simplest w a y to do this is to

run the CSSAME algorithm again (Algorithm 4.7). Ho w ev er, this migh t b e

exp ensiv e if the lo calization pro cess is rep eated man y times.

An alternate solution is to incremen tally up date the CSSAME form after

the v ariable has b een lo calized. The follo wing are some guidelines that should

b e considered when p erforming an incremen tal up date of the CSSAME form:

1. If the lo cal cop y is created at the start of the m utex b o dy , the statemen t

p a = a con tains a use of a . This use of a will ha v e the same con trol

reac hing de�nition that the up w ard-exp osed uses of a ha v e. Notice

that all the up w ard-exp osed uses of a ha v e the same con trol reac hing

de�nition.

Since this statemen t has a con
icting use of a , it requires a � function.

The argumen t list to this � function is the union of all the argumen ts

to all the � functions for a inside the m utex b o dy . Notice that the �
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functions for a should b e for up w ard-exp osed uses of a . This is b ecause

the program is in CSSAME form and all con
icting references to a

are made inside m utex b o dies of the same m utex structure (i.e., a is

lo calizable).

2. All the � functions for a inside the m utex b o dy m ust disapp ear b ecause

all the in terior references to a are replaced b y references to p a .

3. All the in terior � functions for a m ust b e con v erted in to � functions for

p a .

4. If the shared cop y is up dated at the end of the m utex b o dy , the statemen t

a = p a con tains a use of p a whose con trol reac hing de�nition should

b e the de�nition of p a reac hing the exit no de x .

Algorithm 5.9 Lo calization test ( lo c alizable ).

input: A v ariable a and m utex b o dy B

L

( N )

output: tr ue if a can b e lo calized in B

L

( N ), f alse otherwise

1: M

L

 m utex structure con taining B

L

( N )

2: /* Chec k ev ery con
icting reference r to a in the program. All the con
icting */

3: /* references to a m ust o ccur inside m utex b o dies of M

L

, otherwise a is not lo calizable. */

4: foreac h con
icting reference r 2 R efs ( a ) do

5: /* If w e cannot �nd r in an y of the m utex b o dies of M

L

, then a is not lo calizable. */

6: pr ote cte d  f alse

7: foreac h m utex b o dy B

0

L

( N

0

) 2 M

L

do

8: if no de ( r ) is reac hed b y some lock no de in N

0

then

9: pr ote cte d  tr ue

10: end if

11: end for

12: if not pr ote cte d then

13: return f alse

14: end if

15: end for

16: /* All the references to a are protected. Therefore, a is lo calizable. */

17: return tr ue

The MBL transformation b y itself do es not necessarily impro v e the

p erformance of a program but it op ens up new optimization opp ortunities.

The main e�ect of lo calization is that it migh t create more lo c k-indep enden t

co de. F or instance, if a thread con tains read-only references to a v ariable V ,

lo calizing V will mak e those reads in to lo c k-indep enden t op erations whic h in

turn migh t mak e the whole statemen t lo c k-indep enden t. Consider the sample

program in Figure 5.7(a). After lo calization (Figure 5.7(b)), most statemen ts
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Algorithm 5.10 Mutex b o dy lo calization.

input: (1) An explicitly parallel program P in CSSAME form, (2) A v ariable a to b e lo calized, (3)

A m utex b o dy B

L

( N )

output: B

L

( N ) with v ariable a lo calized

1: /* Chec k if a can b e lo calized (Algorithm 5.9) */

2: if not lo c alizable ( a; B

L

( N )) then

3: return

4: end if

5: /* Chec k for up w ard-exp osed uses of a . Since the program is in CSSAME form, */

6: /* up w ard-exp osed uses ha v e already b een computed (Algorithm 4.5). If there are */

7: /* up w ard-exp osed uses of a then w e need to mak e a lo cal cop y of a at the start of B

L

( N ). */

8: ne e dEntryCopy  f alse

9: foreac h use u 2 exp ose dUses ( N ) do

10: if u is a use of a then

11: ne e dEntryCopy  tr ue

12: end if

13: end for

14: if ne e dEntryCopy then

15: insert the statemen t p a = a at the start of the m utex b o dy

16: end if

17: /* Chec k if an y de�nition of a reac hes the exit no des of B

L

( N ). */

18: /* Since the program is in CSSAME form, the de�nitions that reac h the exit no des X */

19: /* ha v e already b een computed (Algorithm 4.5). If a de�nition */

20: /* of a reac hes x , w e need to mak e a cop y of a b efore lea ving the m utex b o dy . */

21: ne e dExitCopy  f alse

22: foreac h de�nition d 2 r e achingDefs ( X ) do

23: if d is a de�nition of a then

24: ne e dExitCopy  tr ue

25: end if

26: end for

27: if ne e dExitCopy then

28: insert the statemen t a = p a at the exit no des of the m utex b o dy

29: end if

30: /* Up date references to a inside the m utex b o dy to reference */

31: /* the lo cal v ersion p

a

instead of the shared v ersion a . */

32: foreac h reference to a inside B

L

( N ) do

33: replace a with p a

34: end for

35: up date CSSAME information for all references to p a inside B

L

( N )

inside the m utex b o dy for L are lo c k-indep enden t. Ho w ev er, none can b e

mo v ed outside b ecause of the read and write op erations to the shared v ariable

V at the fringes of the m utex b o dy . If the compiler incorp orates a reduction

recognition pass, it is p ossible to do the reduction lo cally and only up date V

at the end (Figure 5.7(c)). No w all the lo c k-indep enden t co de in the m utex

b o dy can b e mo v ed to the prem utex no de resulting in the equiv alen t program in

Figure 5.7(d). As w e will discuss in Chapter 6 this is a common transformation

p erformed man ually b y programmers. Using these tec hniques, it is p ossible to

mak e this transformation automatically in the compiler.
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5.5.1 Single W riter, Multiple Readers Lo c k Pic king

Supp ose that a parallel program exhibits an access pattern to a shared v ariable

V suc h that

1. V is read and written b y exactly one thread T

w

and it is read-only in

all of the threads concurren t with T

w

(i.e. there is a single writer and

m ultiple readers for V ),

2. all the references to V are atomic with resp ect to the op eration b eing

p erformed (i.e., V is not an aggregate data t yp e that ma y require

m ultiple memory op erations to up date or retriev e),

3. within the concurren t threads (i.e., the writer T

w

and all the readers),

v ariable V is only accessed inside critical sections of the co de, and

4. the underlying memory mo del is strongly consisten t.

Under these circumstances it is p ossible to lo calize the references to V in

T

w

so that atomicit y can b e main tained without requiring lo c ks. F or example,

consider the program in Figure 5.8(a). Thread T

0

computes a v alue for V ,

c hec ks a b ound and up dates V if necessary (assume that global v ariables X

and Y ha v e no con
icts). Both threads T

1

and T

2

read V but nev er mo dify

it. The sync hronization on V is necessary to prev en t threads T

1

and T

2

from

reading in termediate v alues of V while T

0

computes. Supp ose that w e lo calize

v ariable V inside T

0

to obtain the equiv alen t program in 5.8(b). Since X

and Y con tain no con
icts and the references to V ha v e b een lo calized, all

the statemen ts inside the m utex b o dy are no w lo c k-indep enden t and can b e

mo v ed out to obtain the program in Figure 5.8(c). Finally , since thread T

0

writes to V only once, the lo c ks are not really necessary and can b e remo v ed

to obtain the equiv alen t program in in Figure 5.8(d).

5.6 Summary

In this c hapter w e used the CSSAME framew ork to dev elop t w o t yp es of

optimizing transformations: the adaptation of sequen tial tec hniques to w ork on
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X = . . .

Y = . . .

cob egin

T

0

: b egin

. . .

lo c k ( L );

a = 0;

while ( a < = X ) f

a = a + Y ;

g

unlo c k ( L );

end

T

1

: b egin

lo c k ( L );

. . . = a ;

unlo c k ( L );

end

T

2

: b egin

lo c k ( L );

. . . = a ;

unlo c k ( L );

end

co end

(a) Original program.

X = . . .

Y = . . .

cob egin

T

0

: b egin

. . .

lo c k ( L );

p a = 0;

while ( p a < = X ) f

p a = p a + Y ;

g

a = p a ;

unlo c k ( L );

end

T

1

: b egin

lo c k ( L );

. . . = a ;

unlo c k ( L );

end

T

2

: b egin

lo c k ( L );

. . . = a ;

unlo c k ( L );

end

co end

(b) After lo calization.

X = . . .

Y = . . .

cob egin

T

0

: b egin

. . .

p a = 0;

while ( p a < = X ) f

p a = p a + Y ;

g

lo c k ( L );

a = p a ;

unlo c k ( L );

end

T

1

: b egin

lo c k ( L );

. . . = a ;

unlo c k ( L );

end

T

2

: b egin

lo c k ( L );

. . . = a ;

unlo c k ( L );

end

co end

(c) After LICM.

X = . . .

Y = . . .

cob egin

T

0

: b egin

. . .

p a = 0;

while ( p a < = X ) f

p a = p a + Y ;

g

a = p a ;

end

T

1

: b egin

. . . = a ;

end

T

2

: b egin

. . . = a ;

end

co end

(d) After relaxing lo c k indep endence.

Figure 5.8: E�ects of MBL in the presence of single-writer, m ultiple-readers.
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explicitly parallel programs and the direct optimization of the sync hronization

structure of a parallel program. T o our kno wledge the tec hniques presen ted in

this c hapter are the �rst to address the problem of optimizing m utual exclusion

structures in an explicitly parallel program.

These transformations will b ene�t explicitly parallel programs that use

m utex sync hronization frequen tly . In particular, programs that mak e use

of thread-safe libraries (e.g., m ulti-threaded Ja v a applications) ma y con tain

sup er
uous m utex sync hronization that slo w do wn the program unnecessarily .

In this con text w e observ ed that these tec hniques can ha v e a signi�can t

impact on p erformance. Ev en sequen tial programs can b ene�t from these

transformations. In the follo wing c hapter w e study the e�ectiv eness of these

tec hniques in sev eral C and Ja v a applications.



Chapter 6

Results

The tec hniques dev elop ed in this thesis are the �rst step to w ards a general

optimizing compiler for explicitly parallel programs. W e ha v e implemen ted

man y of the analysis and optimization algorithms presen ted in this thesis in to

a compiler for the C language. All the example program fragmen ts describ ed

in previous c hapters ha v e b een analyzed and optimized b y our compiler. W e

ha v e also b een able to p erform exp erimen ts to demonstrate the p oten tial for

some of these tec hniques in complete programs.

W e studied t w o main t yp es of applications: those in whic h the user has

little con trol o v er sync hronization structures in the program and those in whic h

the user has complete con trol o v er all the sync hronization used in the program.

Applications in the �rst group are dev elop ed in languages that exp ose

most of the sync hronization and parallelism details. W e ha v e selected some

applications from the SPLASH suite of shared-memory parallel programs

(Singh et al. 1992) and applications bundled with the T readMarks DSM system

(Keleher et al. 1994). These applications represen t co de dev elop ed b y exp ert

programmers who are v ery conscious ab out the p erformance implications

of sync hronization op erations. The sync hronization structures found in

these applications ha v e b een optimized man ually b y the programmer. As

a consequence w e did not exp ect to �nd man y opp ortunities for optimization

in the con text of the tec hniques dev elop ed in this thesis. Ho w ev er, w e did �nd

that some of the man ual mo di�cations made b y the programmer could ha v e

b een p erformed automatically using our tec hniques.

121
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The second group consists of applications t ypically dev elop ed in

programming en vironmen ts that pro duce generic sk eleton co de and systems

that pro vide thread-safe libraries. Consider a high-lev el programming language

lik e Ja v a. Due to the thread-safe c haracteristics of the Ja v a libraries,

application programs ma y sp end up to half their execution time p erforming

unnecessary sync hronization (Bacon et al. 1998). The k ey reason for this

o v erhead is that the libraries are generic and are not sp eci�c to an individual

application's con text. Hence, they ha v e to b e conserv ativ e in the assumptions

they mak e. Therefore, when considered within the con text of an actual

program it migh t turn out that most of the sync hronization op erations are

not necessary . T ec hniques lik e the lo c k-pic king strategies or lo c k-indep enden t

co de motion b ene�t these applications. Similar b ene�ts are obtained in

parallel programs generated via high-lev el programming en vironmen ts. These

to ols m ust generate conserv ativ ely correct co de, and are t ypically based on

co de sk eletons that, b ecause of their generalit y , m ust con tain o v er-constrained

sync hronization. Similar to the previous case, mac hine generated co de m ust

b e o v erly conserv ativ e for generalit y and safet y .

6.1 Implemen tation

Man y of the algorithms discussed in previous sections ha v e b een implemen ted

1

in a protot yp e compiler for the C language using the SUIF compiler system

(Hall et al. 1996). T o a v oid mo difying SUIF's fron t-end w e added supp ort for

cobegin / coend and parloop parallel structures via language macros. These

macros re-de�ne con trol structures of the C language so that the compiler

can recognize them at the in termediate language lev el. The cobegin / coend

structure is represen ted b y a switch statemen t. A sp ecially named index

v ariable helps the compiler distinguish a regular switch statemen t from a

cobegin . Eac h di�eren t case section will b e executed b y a di�eren t thread

at run time. Our system lev erages on the SUIF run time system to execute

the parallel program. SUIF's run time system is designed to run SPMD st yle

programs. Our compiler annotates cobegin statemen ts to b e executed in

1

A preliminary v ersion is a v ailable at http://www.cs.ua lb ert a. ca/ � jo na tha n/ CS SAM E/
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parallel and mo di�es the index v ariable to b e the thread id. P arallel lo ops are

recognized using a similar tec hnique. A parloop is a for lo op with a sp ecially

named index v ariable. Since SUIF directly supp orts parloop st yle parallelism

all the compiler has to do is mark selected for lo ops as parallel lo ops.

Once the program has b een parsed b y the SUIF fron t-end, the compiler

creates the corresp onding CCF G and its CSSAME form. W e do not transform

the input program in to SSA form. Instead w e use factored use-def c hains

(W olfe 1996) in the 
o wgraph and displa y the source co de annotated with

the appropriate � and � functions (v ariables are not renamed but referenced

using line n um b er information in the corresp onding � or � functions). The

CCF G implemen tation is an extension of the sequen tial Con trol Flo w Graph

library pro vided b y Mac hine SUIF (Hollo w a y and Y oung 1997). The CCF G

can b e displa y ed using a v ariet y of graph visualization systems. The 
o w

graphs in this thesis w ere generated b y the compiler and laid out using

the GraphViz system (North and Koutso�os 1994). The CSSAME form

for the program can also b e displa y ed as an option. Finally , the m utual

exclusion v alidation tec hniques discussed in Section 3.3.2 are implemen ted as

compile-time w arnings to the user.

A basic form of in ter-pro cedural analysis (IP A) information is gathered

b y the curren t implemen tation. A t eac h pro cedure call, shared v ariables

referenced and m utex b o dies de�ned b y the called pro cedure are propagated

to the call site. This allo ws the con
ict and sync hronization analyzer to

treat function calls almost as if they w ere inlined co de. Finally , w e ha v e

implemen ted partial supp ort for reductions based on the SUIF reduction

recognizer. Curren tly , the compiler is limited to reductions inside for lo ops.

6.2 Exp erimen tal Results

Sync hronization o v erhead is sometimes caused b y an exp ensiv e implemen tation

of lock and unlock op erations. T o address this problem, sev eral tec hniques

ha v e b een prop osed to implemen t more e�cien t lo c king primitiv es (Bacon et al.

1998; Mellor-Crummey and Scott 1991; Unrau et al. 1994). The tec hniques

for eliminating sup er
uous sync hronization op erations dev elop ed in this thesis
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can complemen t the b ene�ts of using an e�cien t lo c king mec hanism.

There is another source of o v erhead that ev en the most e�cien t

implemen tation cannot alleviate: con ten tion. Lo c k con ten tion o ccurs when

the demand for a particular lo c k v ariable is so high that threads sp end a

signi�can t amoun t of time w aiting for other threads to release the lo c k. In the

follo wing sections w e demonstrate the e�ects of the tec hniques dev elop ed in

this thesis on sev eral programs. Section 6.2.1 describ es t w o applications from

the SPLASH suite. Section 6.2.2 studies some parallel and sequen tial Ja v a

programs.

Note that at the time of this writing, the compiler is not y et ready to tac kle

all the programs describ ed in this section. In the curren t implemen tation,

alias analysis is limited to simple p oin ter aliasing: the compiler only detects

aliases for p oin ters that explicitly tak e the address of a shared v ariable. The

compiler also lac ks arra y analysis; it treats arra ys as atomic memory references.

The Omega library (Pugh and W onnacott 1992) could b e used to p erform

arra y section analysis. Alternativ ely , the arra y SSA form prop osed b y Collard

(Collard 1999) could b e used. This w ork is b ey ond the scop e of the thesis.

Because of these limitations w e simpli�ed the input program for some of

these applications to help the curren t implemen tation analyze and optimize the

co de. The mo di�cations included replacing the original thread creation co de

with parallel lo ops and/or cobegin / coend structures, inlining some functions

to circum v en t limitations during sync hronization analysis and substituting

arra ys of lo c ks b y single scalar lo c k v ariables. Once the compiler analyzed

and optimized the simpli�ed v ersion, w e made the same mo di�cations to the

original programs. This pro cess w as applied to the applications in Sections

Sections 6.2.1 and 6.2.3.

The framew ork dev elop ed in this thesis cannot b e directly applied to

Ja v a b ecause Ja v a has a di�eren t high-lev el mo del for concurrency and

sync hronization. Ho w ev er, w e b eliev e that it is p ossible to adapt the tec hniques

dev elop ed in this do cumen t to �t the Ja v a mo del. As a preliminary feasibilit y

study , w e man ually applied the transformation algorithms to a set of Ja v a

applications. The results of our exp erimen tation are describ ed in Section

6.2.2 where w e describ e the results and the p oten tial p erformance b ene�ts



6.2 Exp erimen tal Results 125

of adapting our transformations to Ja v a.

6.2.1 SPLASH Applications

SPLASH (Stanford P arallel Applications for Shared-Memory) (Singh et al.

1992; W o o et al. 1995) is a b enc hmark suite for shared memory arc hitectures

designed as a case study to ev aluate di�eren t issues in shared memory

arc hitectures. In the follo wing sections w e discuss our optimization tec hniques

in the con text of t w o SPLASH applications: W ater and Ocean.

Some of the m utual exclusion sync hronization structures used in these

applications w ere man ually optimized b y the original dev elop ers. W e will

sho w that using the tec hniques describ ed in this thesis, it w ould ha v e b een

p ossible to obtain similar p erformance b ene�ts without the added complexit y

of man ually mo difying the co de.

W ater

The W ater application sim ulates forces and p oten tials in a system of liquid

w ater molecules. The sim ulation is done o v er a sp eci�ed n um b er of time-steps

un til the system reac hes equilibrium. Mutual exclusion sync hronization is used

when computing in ter-molecular in teractions and for k eeping a global sum that

is computed ev ery time-step.

The computation of in ter-molecular in teractions is sync hronized using

one lo c k p er molecule. The co de fragmen t in Figure 6.1 sho ws the

m utex b o dies in the pro cedure UPDATE FORCES . Eac h m utex b o dy up dates

a shared three-dimensional arra y . The righ t hand side of eac h expression

is lo c k-indep enden t. After the LICM transformation, the m utex b o dies in

this pro cedure are con v erted to their equiv alen t v ersions sho wn in Figure 6.2

(for space reasons w e only include the �rst m utex b o dy , the mo di�cations

to the second m utex b o dy are iden tical). The transformation hoisted the

righ t-hand side of ev ery assignmen t statemen t to the temp orary v ariables

t

1

; t

2

; : : : t

9

. F urthermore, the address computation needed to p erform the

arra y references are also lo c k-indep enden t. Therefore, the compiler w as able

to mo v e the assignmen ts to v ariables suif tmp

19

; suif tmp

21

; : : : suif tmp

35



126 Results

UPD A TE F OR CES ( DEST , mol , comp , XL , YL , ZL , FF )

= � from the computed distances etc., compute the

in termolecular forces and up date the force (or

acceleration) lo cations � =

double XL [ ], YL [ ], ZL [ ], FF [ ];

f

double G

110

[3], G

23

[3], G

45

[3], TT

1

[3], TT [3], TT

2

[3];

double GG [15][3];

= � compute lo cal arra ys G

110

, G

23

, G

45

, TT

1

, TT, TT

2

and GG � =

. . .

= � lo c k lo cations for the molecule to b e up dated � =

lo c k ( MolLo c k [ mol % MAXMOLLOCKS ]);

V AR [ mol ]. F [ DEST ][ XDIR ][ O ] +=

G

110

[ XDIR ] + GG [11][ XDIR ] + GG [12][ XDIR ]+ C

1

� G

23

[ XDIR ];

V AR [ mol ]. F [ DEST ][ XDIR ][ H

1

] +=

GG [6][ XDIR ]+ GG [7][ XDIR ]+ GG [13][ XDIR ]+ TT [ XDIR ]+ GG [4][ XDIR ];

V AR [ mol ]. F [ DEST ][ XDIR ][ H

2

] +=

GG [8][ XDIR ]+ GG [9][ XDIR ]+ GG [14][ XDIR ]+ TT [ XDIR ]+ GG [5][ XDIR ];

V AR [ mol ]. F [ DEST ][ YDIR ][ O ] +=

G

110

[ YDIR ]+ GG [11][ YDIR ]+ GG [12][ YDIR ]+ C

1

� G

23

[ YDIR ];

V AR [ mol ]. F [ DEST ][ YDIR ][ H

1

] +=

GG [6][ YDIR ]+ GG [7][ YDIR ]+ GG [13][ YDIR ]+ TT [ YDIR ]+ GG [4][ YDIR ];

V AR [ mol ]. F [ DEST ][ YDIR ][ H

2

] +=

GG [8][ YDIR ]+ GG [9][ YDIR ]+ GG [14][ YDIR ]+ TT [ YDIR ]+ GG [5][ YDIR ];

V AR [ mol ]. F [ DEST ][ ZDIR ][ O ] +=

G

110

[ ZDIR ]+ GG [11][ ZDIR ]+ GG [12][ ZDIR ]+ C

1

� G

23

[ ZDIR ];

V AR [ mol ]. F [ DEST ][ ZDIR ][ H

1

] +=

GG [6][ ZDIR ]+ GG [7][ ZDIR ]+ GG [13][ ZDIR ]+ TT [ ZDIR ]+ GG [4][ ZDIR ];

V AR [ mol ]. F [ DEST ][ ZDIR ][ H

2

] +=

GG [8][ ZDIR ]+ GG [9][ ZDIR ]+ GG [14][ ZDIR ]+ TT [ ZDIR ]+ GG [5][ ZDIR ];

unlo c k ( MolLo c k [ mol % MAXMOLLOCKS ]);

lo c k ( MolLo c k [ comp % MAXMOLLOCKS ]);

V AR [ comp ]. F [ DEST ][ XDIR ][ O ] +=

� G

110

[ XDIR ] � GG [13][ XDIR ] � GG [14][ XDIR ] � C

1

� G

45

[ XDIR ];

V AR [ comp ]. F [ DEST ][ XDIR ][ H

1

] +=

� GG [6][ XDIR ] � GG [8][ XDIR ] � GG [11][ XDIR ] � TT

2

[ XDIR ] � GG [2][ XDIR ];

V AR [ comp ]. F [ DEST ][ XDIR ][ H

2

] +=

� GG [7][ XDIR ] � GG [9][ XDIR ] � GG [12][ XDIR ] � TT

2

[ XDIR ] � GG [3][ XDIR ];

V AR [ comp ]. F [ DEST ][ YDIR ][ O ] +=

� G

110

[ YDIR ] � GG [13][ YDIR ] � GG [14][ YDIR ] � C

1

� G

45

[ YDIR ];

V AR [ comp ]. F [ DEST ][ YDIR ][ H

1

] +=

� GG [6][ YDIR ] � GG [8][ YDIR ] � GG [11][ YDIR ] � TT

2

[ YDIR ] � GG [2][ YDIR ];

V AR [ comp ]. F [ DEST ][ YDIR ][ H

2

] +=

� GG [7][ YDIR ] � GG [9][ YDIR ] � GG [12][ YDIR ] � TT

2

[ YDIR ] � GG [3][ YDIR ];

V AR [ comp ]. F [ DEST ][ ZDIR ][ O ] +=

� G

110

[ ZDIR ] � GG [13][ ZDIR ] � GG [14][ ZDIR ] � C

1

� G

45

[ ZDIR ];

V AR [ comp ]. F [ DEST ][ ZDIR ][ H

1

] +=

� GG [6][ ZDIR ] � GG [8][ ZDIR ] � GG [11][ ZDIR ] � TT

2

[ ZDIR ] � GG [2][ ZDIR ];

V AR [ comp ]. F [ DEST ][ ZDIR ][ H

2

] +=

� GG [7][ ZDIR ] � GG [9][ ZDIR ] � GG [12][ ZDIR ] � TT

2

[ ZDIR ] � GG [3][ ZDIR ];

unlo c k ( MolLo c k [ comp % MAXMOLLOCKS ]);

g = � end of subroutine UPD A TE F OR CES � =

Figure 6.1: Computation of in ter-molecular in teractions in W ater.
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outside the m utex b o dy . The resulting m utex b o dy con tains the minimal

set of computations needed to main tain the seman tics of the original co de in

Figure 6.1.

In a more recen t v ersion of the SPLASH suite, the W ater application has

b een mo di�ed so that the co de that computes in ter-molecular in teractions

do es not need this sync hronization an ymore (W o o et al. 1995). Therefore,

when applied to the new v ersion, the LICM optimization has no e�ect. The

e�ect of reducing the size of m utual exclusion sections is only measurable if

there exists a high lo c k o v erhead in the original program. In the case of W ater,

m utual exclusion sections are v ery small (the sections in Figure 6.1 are the t w o

biggest ones) and total sync hronization o v erhead can b e reduced b y solving

larger problems (Singh et al. 1992).

T o study the e�ects of LICM in W ater, w e p erformed exp erimen ts that

a�ected the total n um b er of molecules ( N ), the n um b er of molecule lo c ks

( ML ), and, the n um b er of sim ulation time-steps ( TS ). Exp erimen ts w ere

p erformed on an SGI P o w erChallenge with 8 pro cessors and 384Mb of memory .

The implemen tation uses SGI nativ e threads ( sproc ) and hardw are lo c ks

( ulock ). All the exp erimen ts w ere executed on 8 pro cessors with no other

system activit y .

The �rst exp erimen t studies the p erformance e�ects of LICM as a function

of sync hronization o v erhead. As the n um b er of time-steps increases, so do es

sync hronization o v erhead. T able 6.1 sho ws the sp eedups obtained as a function

of the n um b er of time-steps and n um b er of molecules sim ulated. Notice ho w

the sp eedups obtained b y LICM are lo w er when a larger n um b er of molecules

are sim ulated. This is caused b y the larger computation to sync hronization

ratio in the larger problem. Also, b y restricting the n um b er of molecule

lo c ks a v ailable w e are increasing lo c k con ten tion. Naturally , as the n um b er

of a v ailable lo c ks increases, the e�ects of LICM are diminished.

Since molecule lo c ks are accessed more as the n um b er of time-steps

increases, the con ten tion on these lo c ks also increases. T o measure lo c k

con ten tion w e used the hardw are timers pro vided b y the system to measure

the a v erage dela y of acquiring a lo c k. W e then computed the a v erage dela y

o v er the 10 molecule lo c ks. This is sho wn in T able 6.2. This table sho ws ho w



128 Results

UPD A TE F OR CES ( DEST , mol , comp , XL , YL , ZL , FF )

double XL [ ], YL [ ], ZL [ ], FF [ ];

f

. . .

t

1

= � G

110

+ GG [11][0] + GG [12][0] + C

1

� � G

23

;

t

2

= GG [6][0] + GG [7][0] + GG [13][0] + � TT + GG [4][0];

t

3

= GG [8][0] + GG [9][0] + GG [14][0] + � TT + GG [5][0];

t

4

= G

110

[1] + GG [11][1] + GG [12][1] + C

1

� G

23

[1];

t

5

= GG [6][1] + GG [7][1] + GG [13][1] + TT [1] + GG [4][1];

t

6

= GG [8][1] + GG [9][1] + GG [14][1] + TT [1] + GG [5][1];

t

7

= G

110

[2] + GG [11][2] + GG [12][2] + C

1

� G

23

[2];

t

8

= GG [6][2] + GG [7][2] + GG [13][2] + TT [2] + GG [4][2];

t

9

= GG [8][2] + GG [9][2] + GG [14][2] + TT [2] + GG [5][2];

suif tmp

19

= & V AR [ mol ]. F [7][0][1];

suif tmp

21

= & V AR [ mol ]. F [7][0][0];

suif tmp

23

= & V AR [ mol ]. F [7][0][2];

suif tmp

25

= & V AR [ mol ]. F [7][1][1];

suif tmp

27

= & V AR [ mol ]. F [7][1][0];

suif tmp

29

= & V AR [ mol ]. F [7][1][2];

suif tmp

31

= & V AR [ mol ]. F [7][2][1];

suif tmp

33

= & V AR [ mol ]. F [7][2][0];

suif tmp

35

= & V AR [ mol ]. F [7][2][2];

lo c k ( MolLo c k [ mol % 216]);

� suif tmp

19

= � suif tmp

19

+ t

1

;

� suif tmp

21

= � suif tmp

21

+ t

2

;

� suif tmp

23

= � suif tmp

23

+ t

3

;

� suif tmp

25

= � suif tmp

25

+ t

4

;

� suif tmp

27

= � suif tmp

27

+ t

5

;

� suif tmp

29

= � suif tmp

29

+ t

6

;

� suif tmp

31

= � suif tmp

31

+ t

7

;

� suif tmp

33

= � suif tmp

33

+ t

8

;

� suif tmp

35

= � suif tmp

35

+ t

9

;

unlo c k ( MolLo c k [ mol % 216]);

. . .

= � Second m utex b o dy remo v ed for space considerations. � =

g

Figure 6.2: E�ect of LICM on the �rst m utex b o dy of Figure 6.1.

64 molecules (10 molecule lo c ks) 216 molecules (10 molecule lo c ks)

Time Unopt Opt Relativ e Unopt Opt Relativ e

steps time (secs) time (secs) Sp eedup time (secs) time (secs) Sp eedup

70 157 144 1.09 1527 1463 1.04

80 183 171 1.07 1772 1763 1.00

100 235 219 1.07 2344 2285 1.02

120 296 269 1.10 2827 2809 1.00

T able 6.1: Sp eedups obtained b y LICM on W ater as a function of the n um b er of

sim ulation time-steps.
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64 molecules 216 molecules

Unoptimized Optimized Unoptimized Optimized

Time a vg dela y a vg dela y Ratio a vg dela y a vg dela y Ratio

steps ( � secs) ( � secs) ( � secs) ( � secs)

70 699 72 9.71 561 68 8.25

80 712 73 9.75 575 72 7.99

100 718 71 10.11 557 70 7.96

120 729 85 8.58 564 62 9.10

T able 6.2: E�ects of LICM on lo c k con ten tion in W ater.

a v erage lo c k con ten tion on the molecule lo c ks increases as a function of the

n um b er of sim ulation time-steps. Notice that although LICM reduces lo c k

con ten tion signi�can tly , its impact on the run time of the program ma y not b e

to o noticeable if the ratio of computation to sync hronization is high enough.

Again notice ho w lo c k con ten tion decreases with the larger problem size. This

explains the diminished e�ects of LICM on large problems.

This implemen tation of W ater con tains another optimization that has b een

applied man ually b y the programmer: the sim ulation computes global sums

that are �rst computed lo cally and then propagated to the global coun ter. T o

test the e�ects of MBL and LICM, w e simpli�ed these routines to p erform

all the computations on the shared v ariables directly . The in ten t of this

exp erimen t is to sho w that it is p ossible to automate common optimization

patterns that exp erienced programmers implemen t man ually .

Figure 6.3 sho ws a fragmen t of a routine that computes a reduction on

the global v ariable VIR . After recognizing the reduction, the compiler applied

MBL and LICM to obtain the equiv alen t and more e�cien t co de in Figure 6.4.

2

This is virtually the same co de included in the original W ater application.

Ocean

Ocean studies eddy and b oundary curren ts in large-scale o cean mo v emen ts.

Mutual exclusion is used to up date global sums and to access a global

con v ergence 
ag used in the iterativ e solv er. The up date of global sums is

done with the same strategy used in W ater. A lo cal sum is computed and

2

W e needed to annotate references to arra y VAR as non-con
icting to circum v en t

limitations in the compiler.
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INTRAF ()

f

. . .

= � calculate summation of the pro duct of the displacemen t and computed

force for ev ery molecule, direction, and atom � =

lo c k ( gl � > In trafVirLo c k )

for ( mol = StartMol [ Pro cID ]; mol < StartMol [ Pro cID +1]; mol ++)

for ( dir = XDIR ; dir < = ZDIR ; dir ++)

for ( atom = 0; atom < NA TOM ; atom ++)

VIR += V AR [ mol ]. F [ DISP ][ dir ][ atom ] � V AR [ mol ]. F [ F OR CES ][ dir ][ atom ];

unlo c k ( gl � > In trafVirLo c k )

g = � end of subroutine INTRAF � =

Figure 6.3: Simpli�ed v ersion of function INTRAF in W ater.

INTRAF ()

f

. . .

lo cal VIR = 0.0;

for ( mol = StartMol [ Pro cID ]; mol < StartMol [ Pro cID +1]; mol ++)

for ( dir = 0; dir < = 2; dir ++)

for ( atom = 0; atom < 3; atom ++)

lo cal VIR = lo cal VIR + V AR [ mol ]. F [0][ dir ][ atom ] � V AR [ mol ]. F [7][ dir ][ atom ] ;

lo c k ( gl � > In trafVirLo c k )

VIR = VIR + lo cal VIR ;

unlo c k ( gl � > In trafVirLo c k )

g

Figure 6.4: E�ects of MBL and LICM on the co de in Figure 6.3.
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Ocean Unoptimized Optimized Relativ e

size time (sec) time (sec) Sp eedup

66 � 66 21 19 1.11

130 � 130 69 56 1.23

258 � 258 258 198 1.30

514 � 514 865 787 1.10

T able 6.3: E�ects of MBL and LICM on Simple Ocean.

aggregated to the global sum.

T o study the e�ect of MBL and LICM on this application, w e re-wrote

some routines in Ocean to use the simpler metho d of up dating global sums.

W e named this new v ersion Simple Ocean. The in ten tion is to demonstrate

ho w some of the optimizations that are traditionally p erformed man ually b y

the programmer can b e automated using the tec hniques dev elop ed in this

thesis. T able 6.3 sho ws the p erformance impro v emen ts obtained b y applying

MBL and LICM to Simple Ocean. The program w as executed on 8 pro cessors

with four di�eren t o cean sizes and a time-step of 180 seconds.

Pro cedure slave in Figure 6.5 con tains a m utex b o dy that up dates a global

sum (v ariable psibi ). This v ersion is di�eren t from the original in that the

reduction is computed directly on the shared v ariable psibi . After reduction

recognition and the application of MBL and LICM to the co de in Figure 6.5,

the compiler generated the equiv alen t and more e�cien t v ersion of Figure

6.6. The resulting co de is the same co de for pro cedure slave included in

the original Ocean application, but in this case the compiler p erformed the

optimization, not the programmer.

The p erformance impro v emen ts obtained on Simple Ocean are the same

impro v emen ts obtained b y the man ual optimizations done in the original

program. The imp ortan t p oin t of this exp erimen t is to sho w that using

the tec hniques dev elop ed in this thesis it is p ossible to automatically

optimize ine�cien t (but simple) sync hronization patterns. W e do not exp ect

exp erienced programmers to write suc h ine�cien t sync hronization, but this

kind of co de could b e found in programs written b y a less exp erienced

programmer or generated from generic co de templates in a programming

en vironmen t.
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v oid

sla v e ()

f

. . .

= � up date the shared v ariable psibi b y summing all the psibis

of the individual pro cesses in to it. This is a simpler but

more ine�cien t v ersion of the original Ocean application. � =

lo c k ( psibilo c k );

if ( pro cid == MASTER ) f

psibi = psibi + 0.25 � ( wrk

1

� > psib [0][0]);

g

if ( pro cid == xpro cs � 1) f

psibi = psibi + 0.25 � ( wrk

1

� > psib [0][ jm � 1]);

g

if ( pro cid == npro cs � xpro cs ) f

psibi = psibi + 0.25 � ( wrk

1

� > psib [ im � 1][0]);

g

if ( pro cid == npro cs � 1) f

psibi = psibi + 0.25 � ( wrk

1

� > psib [ im � 1][ jm � 1]);

g

if ( �rstro w == 1) f

for ( j = �rstcol ; j < = lastcol ; j ++) f

psibi = psibi + 0.5 � wrk

1

� > psib [0][ j ];

g

g

if (( �rstro w + n umro ws ) == im � 1) f

for ( j = �rstcol ; j < = lastcol ; j ++) f

psibi = psibi + 0.5 � wrk

1

� > psib [ im � 1][ j ];

g

g

if ( �rstcol == 1) f

for ( j = �rstro w ; j < = lastro w ; j ++) f

psibi = psibi + 0.5 � wrk

1

� > psib [ j ][0];

g

g

if (( �rstcol + n umcols ) == jm � 1) f

for ( j = �rstro w ; j < = lastro w ; j ++) f

psibi = psibi + 0.5 � wrk

1

� > psib [ j ][ jm � 1];

g

g

for ( iindex = �rstcol ; iindex < = lastcol ; iindex ++) f

for ( i = �rstro w ; i < = lastro w ; i ++) f

psibi = psibi + wrk

1

� > psib [ i ][ iindex ];

g

g

unlo c k ( > psibilo c k );

. . .

g

Figure 6.5: Pro cedure slave in Simple Ocean.
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v oid

sla v e ()

f

. . .

lo cal psibi = 0.0;

if ( pro cid == MASTER ) f

lo cal psibi = lo cal psibi + 0.25 � ( wrk

1

� > psib [0][0]);

g

if ( pro cid == xpro cs � 1) f

lo cal psibi = lo cal psibi + 0.25 � ( wrk

1

� > psib [0][ jm � 1]);

g

if ( pro cid == npro cs � xpro cs ) f

lo cal psibi = lo cal psibi + 0.25 � ( wrk

1

� > psib [ im � 1][0]);

g

if ( pro cid == npro cs � 1) f

lo cal psibi = lo cal psibi + 0.25 � ( wrk

1

� > psib [ im � 1][ jm � 1]);

g

if ( �rstro w == 1) f

for ( j = �rstcol ; j < = lastcol ; j ++) f

lo cal psibi = lo cal psibi + 0.5 � wrk

1

� > psib [0][ j ];

g

g

if (( �rstro w + n umro ws ) == im � 1) f

for ( j = �rstcol ; j < = lastcol ; j ++) f

lo cal psibi = lo cal psibi + 0.5 � wrk

1

� > psib [ im � 1][ j ];

g

g

if ( �rstcol == 1) f

for ( j = �rstro w ; j < = lastro w ; j ++) f

lo cal psibi = lo cal psibi + 0.5 � wrk

1

� > psib [ j ][0];

g

g

if (( �rstcol + n umcols ) == jm � 1) f

for ( j = �rstro w ; j < = lastro w ; j ++) f

lo cal psibi = lo cal psibi + 0.5 � wrk

1

� > psib [ j ][ jm � 1];

g

g

for ( iindex = �rstcol ; iindex < = lastcol ; iindex ++) f

for ( i = �rstro w ; i < = lastro w ; i ++) f

lo cal psibi = lo cal psibi + wrk

1

� > psib [ i ][ iindex ];

g

g

lo c k ( psibilo c k );

psibi = psibi + lo cal psibi ;

unlo c k ( psibilo c k );

. . .

g

Figure 6.6: E�ects of MBL and LICM on the co de in Figure 6.5.
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6.2.2 Ja v a Applications

W e selected programs originally written in Ja v a b ecause w e an ticipated

optimization opp ortunities due to the thread-safe nature of its libraries.

Although the concurrency and sync hronization mo del used in Ja v a are di�eren t

from the assumptions made in this thesis, w e think that it migh t b e p ossible

to apply these ideas to the Ja v a en vironmen t. W e study the p oten tial b ene�ts

of LICM and Lo c k Pic king in the con text of concurren t and sequen tial Ja v a

programs. T o illustrate the e�ects of LICM w e sho w t w o parallel applications:

parallel sorting and parallel matrix m ultiply .

PSRS (P arallel Sorting b y Regular Sampling) is an explicitly parallel

sorting algorithm (Shi and Sc hae�er 1992) that samples the data

to generate piv ot elemen ts that ev enly distribute data among the

pro cessors. Eac h pro cess uses a sequen tial sort algorithm to sort its

o wn partition. The resulting data is then merged to obtain the �nal

sorted list. The original Ja v a program w as implemen ted using the

JGL (Ja v a Generic Library) class library whic h pro vides a sequen tial

quic ksort algorithm and classes for creating abstract arra ys. Since JGL

is a thread-safe library , man y of its classes and metho ds are sync hronized.

In this particular application, some of the sync hronization is unnecessary .

When a pro cess is sorting, it nev er reads or writes outside its designated

partition. Therefore, references to the shared arra y are lo c k indep enden t

and can b e hoisted using LICM.

Matrix m ultiply (MM ): input matrix A is blo c k ed in to non-o v erlapping

sections whic h are assigned to a di�eren t pro cess. Eac h pro cess writes

to a di�eren t cell of the result matrix C and mak es read-only references

to the input matrices A and B . No sync hronization is required in this

algorithm but the class libraries mak e use of sync hronized metho ds to

read and write to the di�eren t arra ys.

Ja v a Implemen tation

W e p erformed t w o sets of exp erimen ts with these applications. First, w e

mo di�ed the Ja v a implemen tation of these algorithms to em ulate the e�ect of
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Unoptimized Optimized Relativ e

List size time time Sp eedup

(secs) (secs)

50,000 13 11 1.18

100,000 24 13 1.85

500,000 123 51 2.41

750,000 187 75 2.50

1,000,000 276 113 2.44

1,250,000 336 141 2.38

T able 6.4: E�ects of LICM on the original Ja v a implemen tation of the PSRS sorting

algorithm (8 pro cessors).

Unoptimized Optimized Relativ e

Matrix size time time Sp eedup

(secs) (secs)

64 � 64 4 4 1.00

128 � 128 9 8 1.13

256 � 256 33 17 1.94

512 � 512 172 100 1.72

1024 � 1024 1484 810 1.83

T able 6.5: E�ects of LICM on the Ja v a implemen tation of matrix m ultiplication (8

pro cessors).

Lo c k-Indep enden t Co de Motion. Essen tially w e transformed t w o synchr onize d

metho ds in to regular metho ds. In the case of PSRS, this is the at metho d

in the JGL ObjectArray class. In the case of matrix m ultiply , this is the

intAt metho d in the JGL IntArray class. Both metho ds are automatically

sync hronized b y the library but in these applications, suc h sync hronization is

unnecessary b ecause the di�eren t threads nev er mak e con
icting references

to common arra y lo cations. T ables 6.4 and 6.5 sho w the p erformance

impro v emen ts obtained b y applying LICM to the PSRS and matrix m ultiply

applications resp ectiv ely . The programs w ere executed on a dedicated

8-pro cessor SGI P o w erChallenge.

Notice that this seemingly simple transformation has a noticeable impact

on p erformance. On a v erage, the optimized v ersion of PSRS p erforms t wice

as fast as the unoptimized v ersion. This is a strong indication of the p oten tial

that these t yp es of tec hniques ha v e on high-lev el languages lik e Ja v a. W e
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Unoptimized Optimized Relativ e

List size time time Sp eedup

(secs) (secs)

50,000 197 67 2.94

100,000 27 10 2.70

500,000 170 62 2.74

750,000 299 76 3.93

1,000,000 407 160 2.54

1,250,000 618 359 1.72

T able 6.6: E�ects of LICM on the C implemen tation implemen tation of the PSRS

sorting algorithm (2 pro cessors).

Unoptimized Optimized Relativ e

Matrix size time time Sp eedup

(secs) (secs)

64 � 64 2 1 2.00

128 � 128 12 5 2.40

256 � 256 82 22 3.73

512 � 512 638 163 3.91

1024 � 1024 5077 1276 3.98

T able 6.7: E�ects of LICM on the C implemen tation of matrix m ultiplication (2

pro cessors).

obtained similar impro v emen t factors in matrix m ultiply . F or small matrices,

b oth v ersions p erformed roughly the same but as the size of the matrices gro ws,

the e�ects of LICM tend to b e more signi�can t.

C Implemen tation

In the second exp erimen t w e con v erted the Ja v a programs in to C using the

T oba translator (Pro ebsting et al. 1998). Since the compiler cannot handle the

co de generated b y T oba automatically , w e man ually applied the optimizations

to the generated C programs.

These exp erimen ts w ere executed on a di�eren t mac hine b ecause the T oba

run time libraries did not w ork on the P o w erChallenge. W e used a dedicated

t w o-pro cessor SGI Octane for the C implemen tation of PSRS and matrix

m ultiply . T ables 6.6 and 6.7 sho w the results obtained for PSRS and matrix
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m ultiply resp ectiv ely .

3

Although the execution en vironmen t for b oth exp erimen ts is di�eren t,

w e observ ed an in teresting fact. The p erformance impro v emen ts obtained

in the C v ersion of these programs are b etter than those obtained in their

Ja v a coun terparts. In the case of matrix m ultiply , these impro v emen ts are

signi�can tly b etter. Using the Sp eedShop pro�ling to ol a v ailable on SGI

mac hines w e determined that in some cases the unoptimized programs sp en t

up to 30% of their time trying to en ter the monitor protecting the sync hronized

metho ds. In these exp erimen ts w e only used t w o threads to execute the

application and the pro�ling to ol did not rep ort an y other thread activit y .

There are t w o explanations for this excessiv e sync hronization o v erhead: (a)

the implemen tation of lo c ks in T oba is inferior to that of Ja v a, or, (b) the

individual threads in the C v ersion are so m uc h faster than the Ja v a v ersion

that once they lea v e the critical section they quic kly try to acquire the lo c k

again.

The pro�ling logs sho w that the function acting as the en try p oin t to

the monitor sp ends roughly 70% of its time spinning on the lo c k v ariable

that implemen ts the monitor. W e conclude that the excessiv e sync hronization

o v erhead of the C v ersion is mostly due to lo c k con ten tion. Ho w ev er, as the

results in the next section sho w, the lo c k implemen tation is also imp ortan t as

it ma y also a�ect the p erformance of sequen tial programs.

Sequen tial Ja v a Programs

In this section w e sho w ho w our transformation tec hniques migh t b ene�t

sequen tial programs. Since the CSSAME form for a sequen tial program has no

� functions, the Lo c k-Pic king transformation can easily tra v erse all the m utex

b o dies in the program remo ving the sync hronization op erations. T o illustrate

the p oten tial b ene�ts of this optimization w e used a set of b enc hmark programs

that exercise di�eren t comp onen ts of the JGL abstract class library . There are

three programs:

(1) A rr ay exercises common op erations on abstract arra ys: get, put,

3

W e also ran the Ja v a v ersion on the SGI Octane. The sp eedup ratios w ere the same as

those sho wn in T ables 6.4 and 6.5.
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Unoptimized Optimized Relativ e

Benc hmark time time Sp eedup

(secs) (secs)

Arra y (1,000) 23 20 1.15

Arra y (10,000) 547 534 1.02

Map (3,000) 32 30 1.07

Map (30,000) 273 227 1.20

Sort (3,000) 32 30 1.07

Sort (30,000) 407 327 1.24

T able 6.8: E�ect of Lo c k-Pic king (LP) on sequen tial Ja v a programs.

iterate, clear and remo v e.

(2) Map exercises common op erations on hash tables: add, �nd, remo v e

and clear.

(3) Sort compares the sorting algorithm pro vided b y JGL against a

hand-co ded quic ksort algorithm.

T able 6.8 sho ws the impro v emen ts obtained b y applying lo c k-pic king to

these programs. W e executed b oth the Ja v a and C v ersions of these programs;

in b oth cases the results w ere similar. In general, w e obtained p erformance

impro v emen ts b et w een 10% and 20% when lo c k-pic king w as applied.

The p erformance gains obtained b y remo ving the unnecessary lo c ks are

directly related to this particular implemen tation of m utual exclusion. Since

these are sequen tial programs, all the sync hronization o v erhead is caused b y

the actual call to lock and unlock . There is no lo c k con ten tion. An alternativ e

to remo ving the lo c ks w ould ha v e b een to use a more e�cien t m utual exclusion

sync hronization implemen tation (Bacon et al. 1998). W e are con vinced that

a com bination of compiler optimizations and e�cien t lo c k implemen tations is

the b est approac h in these cases.

6.2.3 Other Applications

W e also studied t w o applications included in the T readMarks DSM system

(Keleher et al. 1994), namely the T ra v eling Salesman Problem (TSP) and

a parallel quic ksort implemen tation (QS). Lo c k con ten tion is not a problem

in these t w o implemen tations. The LICM transformation made some minor
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mo di�cations to the m utex structures in these programs that did not a�ect

the run time p erformance of either program. Ho w ev er, the analysis tec hniques

help ed us lo cate data races and lo c king irregularities.

This TSP implemen tation tak es adv an tage of the w eak memory seman tics

in T readMarks. Since up dates to shared v ariables are only visible at

sync hronization p oin ts, TSP mak es unprotected references to shared v ariables

without causing data races. Ho w ev er, with the strong memory seman tics used

in our mo del it w as necessary to priv atize some global v ariables to a v oid data

races in the program. While none of the sync hronization transformations

found opp ortunities for optimization, the analysis of m utex sections detected

an irregularit y in the original program: one of the pro cedures w as tripping

o v er a lo c k. (i.e., the same lo c k w as b eing acquired more than once). The

compiler also found sev eral data races triggered b y con
icting data references

outside m utex b o dies.

The quic ksort implemen tation used another implemen tation \tric k" to

force propagating the up date to a 
ag v ariable shared b et w een the w ork er

threads. The co de fragmen t in Figure 6.7 sho ws ho w this is implemen ted.

Note that this is the same co de from Figure 3.5. W e ha v e repro duced it

here for easier reference. T o propagate an up date of the shared v ariable

pause flag in T readMarks, it is necessary to use lock and unlock op erations

to force a consistency op eration in the DSM system. Ho w ev er, using the

stronger memory seman tics assumed in our mo del the compiler determined

that since the m utex b o dy for lo c k v ariable pause lock w as alw a ys nested

inside a m utex b o dy for lo c k v ariable TSL , it could b e eliminated. Therefore,

the lo c k op erations at lines 13, 15, 21 and 23 w ere all remo v ed b y the compiler.

6.3 Conclusions

The programs describ ed in this c hapter represen t t w o di�eren t t yp es of

explicitly parallel programs whic h w e call high-lev el and lo w-lev el parallelism.

The �rst group (lo w-lev el parallelism) are programs dev elop ed in en vironmen ts

where the user has complete con trol o v er the parallel and sync hronization

structure of the program. T ypically , these programs ha v e b een man ually
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1 # de�ne NPR OCS 5

2 # de�ne DONE � 1

3

4 in t P opW ork ( T askElemen t � task )

5 f

6 lo c k ( TSL );

7

8 while ( T askStac kT op == 0) f

9 if (++ NumW aiting == NPR OCS ) f

10 = � All the threads are w aiting for w ork.

11 � W e are done.

12 � =

13 lo c k ( pause lo c k );

14 pause 
ag = 1;

15 unlo c k ( pause lo c k );

16

17 unlo c k ( TSL );

18 return DONE ;

19 g else f

20 if ( NumW aiting == 1) f

21 lo c k ( pause lo c k );

22 pause 
ag = 0;

23 unlo c k ( pause lo c k );

24 g

25

26 unlo c k ( TSL )

27

28 = � W ait for w ork. This is the only

29 � statemen t not protected b y TSL.

30 � =

31 while (! pause 
ag ) ; = � busy-w ait � =

32

33 lo c k ( TSL );

34

35 if ( NumW aiting == NPR OCS ) f

36 unlo c k ( TSL );

37 return DONE ;

38 g

39 �� NumW aiting ;

40 g

41 g = � while task-stac k empt y � =

42

43 = � P op a piece of w ork from the stac k � =

44 T askStac kT op �� ;

45 task � > left = T askStac k [ T askStac kT op ]. left ;

46 task � > righ t = T askStac k [ T askStac kT op ]. righ t ;

47

48 unlo c k ( TSL );

49

50 return 0;

51 g

Figure 6.7: Nested m utex b o dies in function P opW ork() .
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optimized b y exp erienced programmers who mak e an e�ort to minimize m utual

exclusion sections as m uc h as p ossible.

The second group (high-lev el parallelism) includes systems that o�er

thread-safe libraries and programs dev elop ed in programming en vironmen ts

that generate generic co de templates on b ehalf of the user. These

applications can con tain conserv ativ e m utual exclusion structures that ma y

h urt p erformance unnecessarily .

W e ha v e sho wn that the tec hniques dev elop ed in this thesis can ha v e

a signi�can t impact on the p erformance of high-lev el parallel applications.

F urthermore, w e ha v e also sho wn that p erformance gains can b e obtained

in lo w-lev el parallel programs. W e ha v e demonstrated that it is p ossible to

automate some of the man ual transformations that programmers routinely

mak e to minimize m utual exclusion sections.

W e consider these tec hniques a �rst step to fully exploiting the optimization

p ossibilities in explicitly parallel programs. Curren tly , our tec hnology allo ws

the compiler to p erform some of the same optimizations that an exp erienced

programmer can do man ually . In the future w e exp ect this situation to

b e rev ersed: compilers for parallel programs will mak e more and b etter

transformations that cannot b e easily duplicated b y programmers.
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Chapter 7

Conclusions and F uture W ork

7.1 Summary of Con tributions

Explicitly parallel programs for shared memory arc hitectures o�er new

c hallenges to an optimizing compiler; m ultiple threads of activit y in a parallel

program can alter data and con trol dep endencies in w a ys that existing compiler

tec hnology cannot detect. The new analysis and optimization tec hniques

dev elop ed in this thesis represen t a signi�can t step to w ards impro ving the

capabilities of compilers for explicitly parallel programs. W e exp ect these

tec hniques to b e particularly useful in the con text of high-lev el concurren t or

thread-based languages. Of particular imp ortance in these en vironmen ts is the

abilit y of the compiler to understand sync hronization op erations whic h can b e

a source of substan tial o v erhead in some applications.

Although compilers for parallel computing ha v e b een the fo cus of

in tense researc h and dev elopmen t, most e�orts ha v e b een concen trated on

the automatic transformation of sequen tial programs in to their parallel

coun terpart. P arallelizing and v ectorizing compilers tak e a sequen tial program

and turn it in to their equiv alen t parallel v ersion. The topic of analyzing

explicitly parallel co de for the purp ose of optimization has receiv ed scan t

atten tion. The CSSAME framew ork prop osed in this thesis pro vides the

necessary to ols for a compiler to reason ab out and optimize an explicitly

parallel program con taining sync hronization.

143
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7.1.1 Analysis

The CSSAME form pro vides a comprehensiv e data-
o w framew ork for

analyzing explicitly parallel programs. In ter-pro cess in teractions via data

sharing and sync hronization constructs are tak en in to consideration. In this

thesis w e ha v e sho wn ho w to build the fundamen tal data structures and w e

ha v e used them to �nd basic information lik e reac hing de�nitions, reac hed

uses and m utual exclusion sync hronization patterns. W e ha v e also sho wn ho w

existing sync hronization analyses can b e incorp orated in to the base framew ork

to augmen t the non-concurrency information needed to disregard shared

memory in teractions that are made imp ossible b y sync hronization restrictions.

The memory seman tics considered b y this w ork represen t the most general

scenario from the p oin t of view of an optimizing compiler, since ev ery up date to

a shared memory v ariable is immediately visible to other threads, the compiler

can mak e no assumptions ab out the v alue of the v ariable at an y p oin t in the

program.

W eak er memory mo dels allo w shared memory up dates to b e propagated

at later time. This is t ypically used in Distributed Shared Memory systems to

optimize tra�c through the memory in terconnect. Shared memory is up dated

after certain ev en ts lik e sync hronization p oin ts or via sp eci�c memory barrier

instructions inserted in the program. Incorp orating these seman tics in to the

CSSAME construction algorithm ma y lead to few er � functions whic h in turn

will allo w more aggressiv e transformations.

Sync hronization is an imp ortan t comp onen t of ev ery parallel program. An

optimizing compiler m ust b e a w are of sync hronization constructs in a parallel

program for t w o fundamen tal reasons:

1. V alidation . W e ha v e sho wn ho w the compiler can w arn the user

ab out illegal or inconsisten t sync hronization patterns when using m utual

exclusion. This can b e augmen ted with other existing sync hronization

analysis metho ds that can detect deadlo c ks and race conditions in a

program. Although it has b een sho wn that some of these metho ds are

exp onen tially exp ensiv e, simpli�ed v ersions can still b e used to pro vide

compile-time w arnings to the user.
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2. Optimization . Sync hronization can pro vide sev eral optimization

opp ortunities. The main e�ect of sync hronization is the elimination

of some shared memory in teractions that ma y b e prev en ting a

transformation. It is also p ossible to detect o v erly restrictiv e

sync hronization patterns lik e nested m utex structures that can b e

eliminated (Section 5.3).

7.1.2 Optimization

W e ha v e sho wn ho w the CSSAME form is unique in allo wing new

optimization opp ortunities b y taking adv an tage of the seman tics imp osed

b y sync hronization. Tw o t yp es of optimization are p ossible: the adaptation

of existing sequen tial tec hniques and the direct optimization of parallel and

sync hronization structures in the program.

Adapting Sequen tial T ec hniques

The reduction of memory con
icts across threads can impro v e the e�ectiv eness

of adapted scalar optimization strategies lik e constan t propagation. W e ha v e

adapted a sequen tial dead-co de elimination algorithm. In general, the pro cess

of adapting an existing sequen tial tec hnique is mainly an implemen tation issue,

esp ecially if the tec hnique is SSA based.

The concurren t v ersion needs to consider � functions in addition to �

functions. Also, cost mo dels migh t need to b e altered. F or instance, in common

sub-expression elimination, if a sub expression is common across sev eral threads

it migh t b e c heap er to mak e eac h thread compute the expression instead of

pushing it up in to a sequen tial section of the program.

Optimizing the Structure of a P arallel Program

In this thesis w e ha v e in tro duced three new optimization tec hniques that are

sp eci�cally targeted at explicitly parallel programs: lo ck picking examines

and remo v es unnecessary lock and unlock op erations, lo ck-indep endent c o de

motion mo v es co de that do es not need to b e lo c k ed outside critical sections

and mutex b o dy lo c alization con v erts shared memory references in to lo cal
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memory references. Although w e do not exp ect exp erienced programmers

to write o v erly restrictiv e sync hronization patterns, high-lev el systems lik e

Ja v a mak e use of generic thread-safe libraries that m ust mak e conserv ativ e

assumptions ab out the application's con text. Therefore, when considered

within the con text of a particular program it migh t turn out that man y

sync hronization op erations are not necessary . W e ha v e sho wn ho w tec hniques

lik e lo c k pic king and lo c k indep enden t co de motion b ene�t these applications.

W e consider these tec hniques a signi�can t step to w ards facilitating the

adoption of high-lev el systems with language-supp orted parallelism and

sync hronization. These systems t ypically pro vide p o w erful abstractions that

mak e parallel programming easier, but those same abstractions often hinder

p erformance. Exp erienced programmers recognize these limitations and

man ually circum v en t them b y remo ving abstraction la y ers to sp eed-up their

co de. This defeats the purp ose of ha ving the high-lev el abstractions and it is

something that should b e addressed b y the compiler, not the user.

7.2 F uture W ork

Our long-term goal is to ac hiev e the same lev el of sophistication in

compilers for explicitly parallel languages as that of curren t compiler

tec hnology for sequen tial languages. The dev elopmen t of a complete

compilation/p erformance tuning system for explicitly parallel programs is

a massiv e m ulti-y ear pro ject. In this thesis w e ha v e presen ted the base

framew ork for suc h a pro ject. The follo wing sections discuss future w ork

directions and our vision for what an optimizing compiler for parallel languages

should pro vide.

7.2.1 P arallelism

There are man y w a ys of sp ecifying parallel activit y in a program. The

primitiv es used in this w ork, cobegin / coend and parloop , w ere selected

b ecause of their conceptual simplicit y and expressiv e p o w er. They can b e

used to describ e a wide v ariet y of task and data parallel programs.
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main ()

f

= � Call function f() to execute

concurren tly with the main

thread.

� =

fork ( f );

do w ork ();

= � W ait for c hild thread. � =

w ait ();

g

f ()

f

do w ork ();

g

Figure 7.1: Expressing parallel activit y using fork .

Other mec hanisms can b e incorp orated in to the framew ork. F or instance,

man y platforms pro vide a fork system call that tak es a function name as its

argumen t. When in v ok ed, fork launc hes a new thread to execute the giv en

function in parallel. The calling thread con tin ues to execute concurren tly with

the newly launc hed thread (Figure 7.1).

The imp ortan t information to b e gathered is the concurrency relation giv en

b y Algorithm 3.2. Giv en t w o 
o wgraph no des a and b , the concurrency analysis

determines whether a and b ma y execute concurren tly . This accuracy of the

concurrency information is sub ject to the assumptions made b y the analysis

metho d, but it m ust b e conserv ativ ely correct. When it is not clear whether

t w o no des ma y execute concurren tly or not, the analysis m ust assume that

they will.

In some cases, gathering this information ma y b e a simple task. F or

instance, in a high-lev el programming en vironmen t lik e En terprise (Sc hae�er

et al. 1993), all the concurrency information is con tained in an external graph

represen tation of the program mo dules whic h can b e readily used b y the

compiler. In other cases, this migh t b e more di�cult. In the case of the

example program in Figure 7.1 the analysis should tra v erse the 
o w graph for

eac h function marking for eac h statemen t whic h other statemen ts can execute
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concurren tly . Initial supp ort for the pthr e ads library (Lewis and Berg 1998)

has b een implemen ted in our compiler.

7.2.2 Sync hronization

Sync hronization analysis is a fundamen tal comp onen t of ev ery optimizing

compiler for explicitly parallel languages. Information gathered from the

sync hronization patterns in the program can b e used to w arn the user ab out

p oten tial problems and to mak e optimization decisions.

It is imp ortan t to observ e that some sync hronization mec hanisms o�er

little non-concurrency information to a static analyzer. Consider for instance

c ounting semaphor es (T anen baum 1992). Coun ting semaphores are used to

allo w a limited n um b er of threads to ha v e concurren t access to the same

resource p o ol. These seman tics do not facilitate the elimination of � functions

as is the case with lock , barrier and set / wait constructs. Ho w ev er, if

the compiler can determine that a particular coun ting semaphore is alw a ys

initialized to 1 then it can b e treated lik e a m utual exclusion op eration.

Sync hronization can also b e ac hiev ed without using sp ecial constructs. A

t ypical example is giv en in Figure 7.2. Thread T

1

will not start executing

un til thread T

0

sets v ariable busy to 0. Although detecting this pattern

migh t b e more in v olv ed than recognizing sync hronization primitiv es, it still

could b e incorp orated and its e�ects w ould b e the same as an y other m utual

exclusion construct. Both calls to function c ompute () in this example will b e

non-concurren t.

7.2.3 Other Memory Mo dels

Di�eren t memory mo dels ha v e an impact on the placemen t of � functions

b ecause they allo w di�eren t memory in terlea vings than the seman tics

considered in this thesis. Earlier SSA framew orks for explicitly parallel

programs w ere based on copy-in/copy-out seman tics, a w eak er form

of consistency that guaran tees up dates at certain sync hronization p oin ts

(Sriniv asan et al. 1993).

W e plan to adapt the CSSAME infrastructure to di�eren t memory mo dels.
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main ()

f

busy = 1;

cob egin f

T

0

: b egin

compute ();

busy = 0;

end

T

1

: b egin

= � busy-w ait un til T

0

has computed � =

while ( busy == 1 )

; = � busy w ait � =

compute ();

end

g

g

Figure 7.2: Mutual exclusion sync hronization without lo c ks.

Curren tly w e are in v estigating release-consisten t mo dels (Keleher et al. 1994).

In a release-consisten t memory , up dates to shared v ariables are only visible at

sync hronization p oin ts. This ma y lead to the elimination of more � functions

whic h in turn allo w more aggressiv e optimizations.

7.2.4 Dep endency Analysis

Results obtained in v ectorizing and parallelizing compilers are also imp ortan t

in a compiler for explicitly parallel programs. In particular, the dep endency

analysis tec hniques dev elop ed for v ectorizing and parallelizing compilers are

an in v aluable to ol to �ne-tune information ab out shared arra y references.

Recen t w ork prop oses adapting a sequen tial arra y SSA form to the parallel

case (Collard 1999).

7.2.5 Other Optimizations

P artial Redundancy Elimination (PRE)

Cho w et al. dev elop ed an SSA-based partial redundancy elimination

algorithm for sequen tial programs called SSAPRE (Cho w et al. 1997).
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a = 5;

b = 4;

c = 2;

cob egin

T

0

: b egin

t = a � b ;

end

T

1

: b egin

v = c = 3;

end

co end

prin t ( t , v );

(a) Before thread propagation.

cob egin

T

0

: b egin

a = 5;

b = 4;

t = a � b ;

end

T

1

: b egin

c = 2;

v = c = 3;

end

co end

prin t ( t , v );

(b) After thread propagation.

Figure 7.3: Thread propagation optimization.

The transformation builds SSA information for selected sub-expressions.

Expressions are assigned to h yp othetical temp oraries and the SSA information

is built on those temp oraries. Whenev er one of the op erands of the expression

is mo di�ed, the asso ciated temp orary is also considered mo di�ed. Adapting

SSAPRE to the parallel case in v olv es building CSSAME information for the

temp oraries and treating them lik e an y other v ariable in the program.

Thread Propagation

Thread Propagation is a co de motion strategy designed to increase the

gran ularit y of individual threads and a v oid the sequen tial pro cessing o v erhead

for threads that do not use computations made in sequen tial p ortions of the

co de. W e will use a simple example to illustrate the idea. Consider the

program in Figure 7.3(a). The �rst three lines of the program compute new

v alues for v ariables a , b and c . Thread T

0

uses v ariables a and b and thread T

1

only uses c . Figure 7.3(b) sho ws the results of applying the thread propagation

optimization to the program on the left. Since thread T

1

do es not use v ariables

a or b , b oth assignmen ts in the sequen tial section of the program can b e

mo v ed inside T

0

so that T

1

do es not ha v e to pa y the sequen tial o v erhead for

computations that it will not use. The same reasoning is applied to thread T

0

when mo ving the assignmen t of v ariable c to the b o dy of thread T

1

.
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Lo c k P artitioning

Lo c k partitioning examines all the m utex b o dies in a single m utex structure to

determine whether they access the same set of v ariables. Consider a program

that uses a single lo c k L to serialize the access to v ariables a , b , x and y .

Assume that only one m utex b o dy references x and y while the other m utex

b o dies in the program reference a and b . W e can safely replace L with t w o

lo c ks, one for the m utex b o dy referencing x and y and another one for the

m utex b o dies referencing a and b .

The k ey idea is that if the m utex b o dies are accessing di�eren t sets of

v ariables, then protecting all the references with a single lo c k is not necessary

and restricts concurrency in the program. Lo c k partitioning should determine

ho w man y disjoin t sets of v ariables are referenced b y the di�eren t m utex b o dies

and replace the original lo c k with one lo c k for eac h set of v ariables.

7.3 Conclusions

An optimizing compiler for explicitly parallel languages m ust b e able

to handle di�eren t t yp es of parallelism, sync hronization constructs, and

shared memory seman tics. F or instance, the compiler should recognize

di�eren t sync hronization constructs and adjust the data-
o w represen tation

appropriately . In this thesis w e dev elop ed an SSA-based framew ork for

analyzing these three elemen ts. Regardless of the c hosen analysis framew ork,

it is imp ortan t that it incorp orates these three elemen ts. Otherwise, decisions

based on this analysis migh t yield erroneous transformations.

Optimizing transformations can b e categorized as either adaptations of

traditional sequen tial optimizations from or tec hniques that target one of

the three elemen ts men tioned ab o v e: parallelism, sync hronization and shared

memory seman tics. In this thesis w e ha v e concen trated on the optimization

of m utual exclusion sync hronization. Using the protot yp e compiler that w e

are building, w e will con tin ue to in v estigate new analysis and optimization

tec hniques for explicitly parallel programs.
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