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ABSTRACT
A k ey source of complexit y in parallel programming arises

from �ne-grained sync hronization. In the shared memory

programming language Op enMP , m utual exclusion for shared

data access is ac hiev ed b y critical sections or lo c ks. The

critical section degrades the p erformance b y serializing all

critical section instances through a global lo c k, and imp edes

a scalable parallelism b y the underlying data consistency

op erations; The lo c ks, on the other hand, lea v e the data

race detection and system resource managemen t to program-

mers, th us decreases programming pro ductivit y greatly . W e

prop ose a new concept for m utual exclusion - atomic sec-

tion, and its corresp onding Op enMP construct - atomic sec,

whic h is particularly designed for b oth high p erformance and

high pro ductivit y . There are three k ey problems on atomic

section implemen tation in Op enMP , within whic h the lo c k

assignmen t problem is the most c hallenging one. In this pa-

p er, W e will �rst in tro duce the concept and seman tics of

atomic section. Then w e will form ulate the lo c k assignmen t

problem, and presen t its implemen tation details. Some pre-

liminary exp erimen tal results demonstrate the soundness of

our implemen tation.

1. INTRODUCTION
One of the biggest c hallenges in the area of parallel pro-

gramming mo dels is de�ning abstractions that simplify par-

allel programming, while also deliv ering scalable p erformance

on high-end parallel pro cessing systems. In this pap er, w e

fo cus on abstractions for �ne-gr aine d sync hronization, and

discuss issues in curren t sync hronization constructs and their

accompan ying memory consistency mo dels that result in

complex programming mo dels with limited scalabilit y . W e

prop ose the use of atomic se ctions as a parallel program-

ming construct that can simplify the use of �ne-grained syn-

c hronization, while deliv ering scalable parallelism b y using

a w eak memory consistency mo del and re�ned lo c ks. As a

programming mo del abstraction, atomic sections ma y b e re-

alized in m ultiple languages. In this pap er, w e restrict our
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atten tion to in tegrating atomic sections in to the Op enMP

programming mo del [1].

Op enMP is an API used to explicitly direct a m ulti-threaded,

shared memory parallelism. It uses the fork-join mo del of

parallel execution. All Op enMP programs b egin as a single

thread - master thread. The master thread executes sequen-

tially un til it encoun ters the �rst parallel region, at whic h

p oin t it creates a team of parallel threads. The statemen t

blo c k enclosed b y the parallel region construct is then ex-

ecuted in parallel among the v arious team threads. When

the team threads complete, they sync hronize and terminate,

lea ving only the master thread.

#pragma omp parallel private(ix, lscale, lssq, temp)

shared(scale, ssq, x)

{

......

#pragma omp for

for(ix = 1; ix <= 1 + (n-1) * incx; ix += incx){

......

}

#pramg omp critical

{

if(scale < lscale){

ssq = ((scale / lscale) ** 2) * ssq + lssq;

scale = lscale;

} else

ssq = ssq + ((lscale / scale) ** 2) * lssq;

}

}

Figure 1: Example of Op enMP critical section from

function p dznrm2 in Op enMP 2001 b enc hmark,

310.wup wise m (equiv alen t C v ersion)

Op enMP supp orts �ne-grained sync hronization through

critical sections and lo c ks. Critical sections are declared b y

critical

1

compiler construct, as sho wn in Figure 1, whic h

is an equiv alen t C-v ersion of F ortran co de fragmen t tak en

from function p dznrm2 in 310.wupwise m of Op enMP 2001

b enc hmark. It consists of a parallel for lo op (with index ix ),

follo w ed b y a critical section. The iterations of the parallel

for lo op up date lo cal priv ate v ariables, lscale and lssq , and

the critical section uses the lo cal v alues to up date the shared

v ariables, scale and ssq . The recommended implemen ta-

tion of an Op enMP critical section is to use a single lo c k to

guard all critical sections with the same name, and a global

1

Op enMP supp orts C, C++ and F ortran. F or the sak e of

simplicit y , all the discussions in this pap er are restricted to

C. Readers can extend them to C++ or F ortran themselv es.



lo c k to guard all un-named critical sections. It ensures that

an implicit 
ush op eration is p erformed on en try to and exit

from the critical section [1]. In general, this 
ush op eration

m ust ensure that the executing thread has a consisten t view

for all shared data with the main memory . This can b e a

sev ere p erformance o v erhead for small critical sections. In

addition, a single lo c k can b e a signi�can t b ottlenec k when

m ultiple pro cessors attempt to execute distinct critical sec-

tions, whic h ha v e same name but no data race, in parallel.

W e later discuss optimization opp ortunities for addressing

those p erformance issues.

#pragma omp parallel default(none)

shared(lambda, atomall)

private (imax, i, ii, jj, k, a1, a2, fx, fy, fz,

a1fx, a1fy, a1fz, ux, uy, uz,...)

{

imax = a_number;

#pragma omp for

for( i= 0; i< imax; i++) { . . .

a1 = (*atomall)[i]; . . .

for( ii=0; ii< jj;ii++) {

a2 = a1->close[ii];

S2: omp_set_lock(&(a1->lock));

a2->fx -= ux*k; . . .

omp_unset_lock(&(a2->lock));

}

S1: omp_set_lock(&(a1->lock));

a1->fx += a1fx ; . . .

omp_unset_lock(&(a1->lock));

} /* for */

}

Figure 2: Example of Op enMP lo c k primitiv es from

function f non b on() in Op enMP 2001 b enc hmark,

332.ammp m

In con trast to critical sections, lo cks in the Op enMP pro-

gramming mo del are explicitly managed b y the program-

mer. The programmer has the resp onsibilit y of allo cating,

initializing, setting and unsetting lo c ks, through a set of

Op enMP run time library function calls. The example co de

fragmen t in Figure 2 w as tak en from function f nonbon()

in the Op enMP 2001 b enc hmark, 332.ammp m . The outer i

lo op iterates in parallel through all elemen ts of the atomall

arra y . F or eac h elemen t a1 = (*atomall)[i] , the inner ii

lo op iterates through a set of nearb y atoms a2 = a1->close[ii] .

Eac h atom has a distinct lo c k to enable �ne-grained sync hro-

nization. The inner lo op uses a2 's lo c k ( a2->lock ) to guard

up dates to elemen ts of atom a2 , suc h as in statemen t S2 .

Lik ewise, the outer iteration uses a1 's lo c k to guard up dates

to elemen ts of atom a1 , suc h as in statemen t S1 . This �ne

grain sync hronization enables iterations of the outer lo op to

execute in parallel, while ensuring that con
icting accesses

to individual atoms (due to up dates to its neigh b or atoms

in the ii lo op) are prop erly guarded. Although lo c k has

no memory consistency action th us has higher p erformance

than critical sections, it leads to sev ere losses in pro ductivit y

b ecause it forces the programmer to understand implemen-

tation details of the hardw are and op erating system of a

parallel mac hine, deal with a complex resource managemen t

problem, and w orry ab out the situations of excessiv e lo c king

(deadlo c k) or inadequate lo c king (data race).

The previous t w o examples serv e as motiv ation for us to

prop ose a new Op enMP construct for �ne-grained sync hro-

nization - atomic se ction , whic h is designed to ac hiev e b oth

high p erformance and high pro ductivit y . The basic idea is:

the atomic section is executed as if it is atomic. The \atom-

icit y" means the executing thread comm unicates with other

threads (through reading or writing shared data) only at the

b eginning and at the end of the atomic section; from other

concurren t threads' p oin t of view, the atomic section is lik e

a fat sen tence whic h is executed in one clo c k cycle. A tomic

section exp ects a high p erformance due to its w eak memory

mo del and re�ned lo c ks for m utual exclusion. A t the same

time, atomic section is easier to use b ecause the compiler

tak es most of w ork, th us release programmers from system

resource managemen t and data race analysis.

The rest of the pap er is organized as follo ws. Section 2

�rst prop oses the concept of the atomic section in general,

then presen ts the syn tax and seman tics of its corresp ond-

ing construct in Op enMP . Section 3 prop oses k ey issues and

metho dology to implemen t the atomic section in Op enMP

compiler. Lo c k assignmen t is our main fo cus in this pap er,

and w e will discuss its algorithms in detail in section 3.3.

In section 4 w e summarize the protot yp e implemen tation b y

examining a b enc hmark program in SPEC OMP2001 b enc h-

mark suite. Finally , Section 5 summarize our w ork and dra w

the conclusion. Sev eral p ossible directions for future w ork

are listed in Section ?? .

2. ATOMIC SECTION
A tomic section, b y de�nition, is a section of co de that

is in tended to b e executed atomically , and m utually exclu-

siv ely with an y other con
icting atomic section instances. It

satis�es the follo wing prop erties:

� A tomicit y: All instructions in an atomic section b o dy

app ear to b e executed in one step. Other threads can

observ e either all or none of its actions, b ecause it can

a�ect or b e a�ected b y other threads only at the en try

or at the exit. It app ears indivisible with resp ect to

other threads.

� Mutual exclusion: Tw o atomic section instances are

\con
icting" if they are in tended to access same data

sim ultaneously . Note that an atomic section is con
ict-

ing to itself. Tw o con
icting atomic section instances

app ear to b e executed in a total order, i.e., one b egins

after the other is �nished, there is no o v erlap b et w een

their lifetimes. This prop ert y is sometimes referred to

as \serializabilit y" in some other literature. Note that

a total order is not necessary for t w o un-con
icting

atomic section instances.

W e assume that an atomic section is not nested within

another atomic section, critical section or an y other atomic

op eration. Although the concept of atomic section can b e

easily extended to co v er this case, w e cannot observ e an y

useful application for it.

2.1 Syntax
In Op enMP , an atomic section is declared b y an atomic sec

construct in the format:

#pragma omp atomic sec [ clause clause ... ] newline

structured blo c k



The clause is one of the follo wing:

cl ( c onsistency list )

on ( lo cks )

The cl clause declares shared data whic h will b e made

consisten t with the main memory at the en try and exit of

the atomic section (the seman tics will b e explained later),

and the on clause declares a set of lo c ks whic h guard the

atomic section for m utual exclusion. Lo c k has its o wn name

space whic h is separated from an y other name space in an

Op enMP program. While w e giv e programmers the option

of explicitly sp ecifying those t w o clauses, our default and

recommended approac h is to let compiler iden tify all shared

ob jects accessed in the atomic section, and assign the lo c ks.

2.2 Semantics
F rom programmers p oin t of view, Op enMP is a collec-

tion of threads op erating on an uniformly accessed, globally

addressable shared memory , and eac h thread also has its

priv ate memory , as describ ed in Figure 3. The shared space

and priv ate space are exclusiv e to eac h other. In order to

supp ort atomic section, the priv ate memory is divided in to

t w o parts. One part, called priv ate space, con tains \tradi-

tional" priv ate data whic h is only visible to the asso ciated

thread. The other part, called \scratc h-pad space", con tains

thread priv ate copies of shared data.
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Memory
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Memory

Memory
Shared
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Memory

Thread
Unit

Thread
Unit

Thread
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. . .
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Figure 3: Op enMP Execution Mo del

A tomic section is in tended to b e executed as if it follo ws

a �v e-step pro cess:

1. Acquire the lo c ks (\acquire" step);

2. Initially , mak e a cop y of the shared data (as sp eci-

�ed in the consistency list) in to the scratc h-pad space

(\refresh" step);

3. Start the op erations in the structured blo c k, and all

memory accesses are made to the thread priv ate cop y

of the shared data (\computation" step);

4. Finally , when the execution of the co de is �nished, the

priv ate cop y of the shared data will b e copied bac k to

the shared address space (\write bac k" step);

5. After write bac k �nishes, release the lo c ks (\release"

step);

The \refresh" and \write bac k" op erations sp ecify t w o se-

quence p oin ts at whic h the implemen tation is required to

ensure that the executing thread has a consistency view of

shared ob jects in the consistency list with the main mem-

ory . In other w ords, an y other concurren t activities, ei-

ther in another atomic section instan t, or directly access the

main memory , cannot a�ect, or b e a�ected b y , the computa-

tions on the priv ate cop y of the executing thread, except at

t w o sequence p oin ts sp eci�ed b y \refresh" and \write bac k".

These t w o op erations guaran tee the atomicity of the atomic

section, and mak e it b eha v e lik e a \fat sen tence" from other

threads' p oin t of view.

An atomic section is guarded b y one or more \sym b olic",

\re�ned" lo c ks. The \sym b olic" lo c k di�ers from the real

lo c k used in lo c k/unlo c k run time library in suc h a w a y that

it is not asso ciated with an y system resource. It is the com-

piler that allo cates the resource for it. This impro v es the

programming language pro ductivit y and mak e atomic sec-

tions easier to use. On the other hand, the lo c k is \re-

�ned" since eac h lo c k guaran tees the m utual exclusion of

this atomic section with some of (not all) concurren t atomic

sections. W e will discuss one of implemen tation sc hemes for

the re�ned lo c k in section 3.3.2.

3. IMPLEMENTATION
In this section, w e outline a concept-pro of implemen tation

of atomic sections in Op enMP compiler. Since it strictly fol-

lo ws the atomic section seman tics, it ma y not ac hiev e opti-

mal p erformance on a sp eci�c system. Algirithms discussed

here therefore should b e tailored and optimized to �t in to

the real system. Note that although w e giv e users the abilit y

to explicitly sp ecify the consistency list and lo c k set, at cur-

ren t discussion w e assume the implicit case. W e will discuss

three k ey steps p erformed at compiler's bac k end:

1. Consistency List Analysis: This steps examines

the atomic section and collects all shared data whic h

migh t b e read or written in to the consistency list.

2. Lo c k Re�nemen t and Assignmen t: This step as-

signs one or more lo c ks to guard the en trance to the

atomic section.

3. Generation of Consistency Actions: As indicated

in the seman tics, shared data will b e refreshed in to

the thread priv ate space b efore their �rst reference,

and will b e written bac k to the shared memory after

their last up date. Refresh and write bac k op erations

are added in to atomic section b o dy in this step.

Among those three steps, lo c k re�nemen t and assignmen t

is our concen tration in this pap er, and w e will discuss it

in detail in section 3.3. Before that, w e will in tro duce the

implemen tation infrastructure in section 3.1. The other t w o

steps, consistency list analysis and generation of consistency

actions will b e in tro duced, but not discussed in detail, in

section 3.2 and 3.4, resp ectiv e.

3.1 Infrastructure
W e c ho ose Omni Op enMP compiler [2] as our implemen-

tation platform. Its framew ork is sho wn as Figure 4. Omni

is a source-to-source compiler, whic h translates the Op enMP

(C/C++ or F ortran) program in to C program with Omni

run time library function calls. A general C compiler then

compile it in to parallel executable. All those three steps

(consistency list analysis, lo c k assignmen t and consistency

actions generation) are implemen ted in Omni compiler's bac k-

end. The Omni run time systems is comp osed of three parts.

The run time library API pro vides functions for eac h Op enMP

constructs and directiv es to the general C compiler. The



execution framew ork part executes the parallel executable

generated b y the compiler in a fork-join mo del in the target

platforms, with the help of sc heduling and resource manage-

men t part.
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__ompc_AS_exit()
__refresh()
__write_back()
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Figure 4: Omni Op enMP Compiler and Run time

System Infrastructure

3.2 Analysis
The consistency list of an atomic section con tains shared

data whic h will b e k ept consisten t with the main memory at

the en try and exit. As stated in section 2.2, in order to a v oid

un-necessary consistency actions and fault in terference, the

consistency list con tains a subset of the declared shared data

whic h are referenced (read or written) within the atomic

section. The purp ose of this step is to analyze the atomic

section and collect those referenced shared data in to the

consistency list.

Besides directly referenced shared data, w e ha v e to rec-

ognize shared data indirectly referenced b y a p oin ter. F or

instance, for the atomic section sho wn in Figure 5, the imple-

men tation is required to recognize not only the directly refer-

enced p oin ter p , but also the indirectly referenced (through

p ) shared data x .

int main(){

int *p, x;

......

p = &x;

#pragma omp parallel

{

#pragma omp atomic_sec

*p = 1;

}

return 0;

}

Figure 5: Example of Necessit y of P oin ter Analysis

Static p oin ter analysis is applied to accomplish this task,

and w e c hose Rugina and Rinard's data 
o w metho d [3] as

the basic algorithm. W e extended it to w ork on Op enMP

programs b y c hanging the con trol 
o w graph (CF G) for

Op enMP w orking sharing constructs ( for , sections , and

single ), and mo difying data 
o w equations for di�eren t

Op enMP data-sharing attributes ( priv ate , �rstpriv ate , last-

priv ate , shared , etc.).

3.3 Lock Assignment
This phase assigns one or more lo c ks to guard the en-

trance of the atomic section, so that an y pair of concurren t

atomic sections that migh t access the same shared data will

b e guarded b y a same lo c k. The lo c k assignmen t should b e

seman tically correct. There should b e no \under-lo c king",

i.e. , it should not b e p ossible for another atomic section with

an o v erlapping consistency list to execute concurren tly with

the curren t atomic section. Also, while some \o v er-lo c king"

ma y b e p ermitted for con v enience and simplicit y , the goal

of the lo c k assignmen t phase is to satisfy the seman tics re-

quiremen ts while exp osing as m uc h parallelism as p ossible.

Finally , the lo c k assignmen t should guaran tee that deadlo c k

cannot o ccur in an y execution of the Op enMP program.

The implemen tation of lo c k assignmen t at compiler side

in v olv es t w o steps:

1. Concurrency analysis, i.e. , statically iden tify pairs of

atomic sections whic h migh t o ccur concurren tly;

2. Build up the atomic section \In terference Graph", and

assign lo c ks to eac h atomic section;

The lo c k acquisition, release, and deadlo c k a v oidance are

handled in run time library .

3.3.1 Concurrency Analysis
Consistency analysis addresses the problem of deciding

whether t w o atomic sections in a concurren t program can

b e executed in parallel, supp ose they are not sync hronized.

Since the problem of precisely determining whether t w o atomic

sections can b e executed in parallel is undecidable, w e try to

mak e a \conserv ativ e" estimation in the sense that if there

is one real execution in whic h t w o atomic sections a

1

and

a

2

from di�eren t thread of con trol happ en in parallel, then

this concurrency relationship a

1

; a

2

m ust b e included in our

estimation.

Concurrency analysis, or its complemen t problem - non-

concurrency analysis, is a widely studied researc h topic, and

a v ariet y of approac hes ha v e b een prop osed, eac h w orking on

some di�eren t programming mo del. Callahan and Subhlok

[4] prop ose a data 
o w algorithm, based on a sync hronized

con trol 
o w graph, that computes for eac h statemen t s a

set of statemen ts that m ust b e executed b efore s . Their

analysis is mainly fo cused on ev en t v ariable sync hroniza-

tion, i.e. , p ost and w ait . Masticola and Ryder [5] presen t

a framew ork for non-concurrency analysis of Ada tasks. A

sync graph is used to represen t the program's sync hroniza-

tion b eha vior. It �rst assumes an y pair of statemen ts are

concurren t, then impro v es this estimation b y an iterativ e

re�nemen t pro cess un til a �xed p oin t is reac hed. Jeremi-

assen and Eggers [6] prop ose a concurrency analysis metho d

for course-grained, explicitly parallel program with barrier

sync hronization. The programs conform to an SPMD mo del

of parallel programming. Its basic idea is to divide the pro-

gram in to a set of phases, and compute the con trol 
o w b e-

t w een them. Eac h phase consists of one or more sequences

of statemen ts that are delimited b y barrier and can execute

concurren tly . The barrier is \global" in the sense that all the

threads in the program m ust reac h the barrier b efore an y of

them can pro ceed. W e will discuss later in this section that



Jeremiassen and Eggers' metho d is not optimal, and it ma y

generate some un-necessary concurrency relationships.

Concurrency Analysis in our implemen tation is to iden-

tify concurren t atomic sections, instead of concurren t state-

men ts. In this sense our analysis is relativ ely \coarse-grained".

In Op enMP , there are t w o main factors that determine whether

t w o atomic sections are concurren t or not. One is the con-

trol 
o w b et w een them, and the other is the barrier syn-

c hronization. When the con trol 
o w of a thread reac hes a

barrier, it m ust w ait un til all of the other threads in the

team ha v e reac h the same p oin t. Th us an y pair of atomic

sections whic h are delimited within the same pair of barriers

are concurren t.

In Op enMP , a barrier is either explicitly declared b y the

barrier construct, or optionally implied at the exit from the

parallel region (sp eci�ed b y parallel construct) and v arious

w ork sharing regions (sp eci�ed b y for construct, sections

construct, and single construct [1]).

Besides con trol 
o w and barrier sync hronization, some

elab orations are required when w e analyze concurrency un-

der Op enMP w ork sharing constructs. In tuitiv ely , in a gen-

eral parallel region without w ork sharing partition and a

parallel region with lo op w ork sharing partition (sp eci�ed

b y for construct), all threads in the team execute the iden-

tical co de, but need not tak e the same path through the

program. In this case, an y pair of atomic sections delimited

b y the same barriers are concurren t. Ho w ev er, in sections

construct, the whole section is executed b y only one thread,

th us all atomic sections in suc h section is not concurren t

with eac h other (but they migh t b e concurren t with atomic

sections from another section). Same thing for single con-

struct.

T o com bine the consideration on con trol 
o w, barrier syn-

c hronization and w ork sharing together, w e in tro duce the

notion of a b arrier synchr onization and work-sharing awar e

c ontr ol 
ow gr aph (BW-CF G) G = ( V ; E ) for an Op enMP

program. It is de�ned as follo ws:

1. A v ertex v 2 V could b e:

(a) An ordinary basic blo c k without Op enMP direc-

tiv e;

(b) A single barrier construct, either explicitly de-

clared or implied;

(c) An atomic section, declared b y atomic section di-

rectiv e and the subsequen t structured blo c k;

(d) A par-b egin blo c k, a par-end blo c k, a section-

b egin blo c k or a section-end blo c k;

(e) A tomic section set blo c k, con taining a set of atomic

sections in one w ork section of a sections con-

struct, or in a single construct;

2. A parallel region b egins from a par-b egin blo c k, and

ends to a par-end blo c k;

3. There exists a directed edge ( u; v ) 2 E if there is a

con trol 
o w path from u to v ;

4. The sections construct is transformed in to a switc h-

case structure. It b egins from a section-b egin blo c k

and ends to a section-end blo c k. Eac h path is an

atomic section set blo c k;

As an example, Figure 7 demonstrates the BW-CF G for

the Op enMP program sho wn in Figure 6. Sp eci�cally , \bar-

rier 1" is explicitly declared within the for lo op, while \bar-

rier 2" and \barrier 3" are for construct and parallel con-

struct implied, resp ectiv ely . Note that there is no implicit

barrier for sections construct b ecause of the no w ait clause.

The \ASset1" in Figure 7 con tains AS

3

and AS

4

in the �rst

section.

main()

{

int i, x, array[10]={0}, ID;

x = 0;

#pragma omp parallel private(ID)

{

ID = omp_get_thread_num();

#pragma omp for

for(i=0; i<10; i++)

{

#pragma omp barrier

if(i<5)

#pragma omp atomic_sec /* AS1 */

x += array[i];

else

#pragma omp atomic_sec /* AS2 */

x -= array[i];

}

#pragma omp sections nowait

#pragma omp section

{

if(ID==0)

#pragma omp atomic_sec /* AS3 */

array[0] ++;

else

#pragma omp atomic_sec /* AS4 */

array[0] --;

}

#pragma omp section

{

#pragma omp atomic_sec /* AS5 */

array[0] = x;

}

}

}

Figure 6:

Based on BW-CF G, our algorithm for concurrency anal-

ysis is v ery simple and straigh tforw ard. It is summaried as

the follo wing theorem. In this pap er w e assert its correct-

ness, and lea v e the pro of to the future w ork.

Theorem I: Tw o atomic sections AS

1

and AS

2

are concur-

ren t if an y of the follo wing conditions holds:

1. AS

1

and AS

2

are connected, and there is a barrier-free

con trol 
o w path b et w een them;

2. (a) There is no con trol 
o w path b et w een AS

1

and

AS

2

, and

(b) Denote the \immediate" common pre-dominator

of AS

1

and AS

2

as pr eD , and their \immediate"

common p ost-dominator as postD , then there is a

barrier-free path b et w een pr eD and postD through

AS

1

, and there is a barrier-free path b et w een pr eD

and postD through AS

2

;

3. AS

1

is in atomic section set AS set

1

, AS

2

is in atomic



if(i<5)

barrier 1

barrier 2

section
end

barrier 3

AS1 AS2

i ++

get ID
i=0

i < 10

par-begin

section
begin

ASset1 AS5

par-end

Figure 7:

section set AS set

2

, and AS set

1

and AS set

2

are con-

curren t according to the preceding t w o conditions;

Soundness of Theorem I can b e illustrated b y some ex-

amples sho wn in Figure 8. Figure 8(a) is the simplest case.

AS

1

and AS

3

are concurren t since the con trol 
o w path

b et w een them is barrier free (condition 1); same thing for

AS

2

and AS

3

. Besides, AS

1

and AS

2

are also concurren t

since di�eren t threads ma y execute on di�eren t branc hes

concurren tly (condition 2). There is some subtlet y in Fig-

ure 8(b), where barrier o ccurs in one of the if-then-else

branc hes. Note that in an y v alid execution, threads either

all pass the path AS

1

! AS

2

! AS

4

, or all pass the path

AS

1

! AS

3

! bar r ier ! AS

4

. Hence AS

2

and AS

3

are

not concurren t, neither are AS

3

and AS

4

. Figure 8(c) sho ws

a natural lo op case, in whic h AS

1

, AS

2

and barrier are in

the lo op b o dy . AS

1

and AS

3

are not concurren t, while AS

2

and AS

3

are concurren t (condition 2).

Our concurrency analysis algorithm generates more opti-

mal results than Jeremiassen and Eggers' metho d since they

didn't consider the fact that eac h section will b e executed

sequen tially b y only one thread, th us atomic sections within

that section cannot b e concurren t with eac h other. In the

example sho wn in Figure 6, their metho d will wrongfully

�nd AS

3

and AS

4

are concurren t, while our algorithm will

not.

3.3.2 Lock Assignment
As men tioned b efore, critical construct in Op enMP re-

duces the parallelism b y serializing all critical section in-

stances through a global lo c k. As a con trast, atomic section

tries to maximize the parallelism b y re�ning the lo c ks. The

in tuition is, t w o atomic section instances m ust b e executed

in a total order only if they migh t access same shared data

concurren tly . If they are non-concurren t, or they will nev er

touc h same shared data ev en if they are concurren t, they

barrier

barrier

AS1 AS2

AS3

(a)

AS1

AS3

AS4

AS2

barrier

(b)

AS1 AS3

barrier

AS2

(c)

Figure 8: Examples of Concurrency Analysis Algo-

rithm

are not required to execute one b y one. Our lo c k assign-

men t algorithm attempts to maximize the parallelism b y

elab orativ ely di�eren tiating these cases. It is based on the

consistency list and concurrency information of atomic sec-

tions, summarized b y the interfer enc e gr aph G

I

= ( V

I

; E

I

)

of a parallel region, whic h is de�ned as follo w:

1. Eac h v ertex v 2 V

I

corresp onds to an atomic section

in this parallel region, and it is asso ciated with a con-

sistency list C L

v

;

2. There exists an un-directed edge ( u; v ) 2 E

I

, if atomic

sections u and v are concurren t;

Based on this in terference graph, the su�cien t and neces-

sary condition for t w o atomic sections u and v sharing same

lo c k can b e form ulated as:

(( u; v ) 2 E

I

) ^ ( C L

u

\ C L

v

6= � )

In this case w e call u and v are interfer e d .

The lo c k assignmen t problem can b e form ulated as follo w:

Problem F orm ulation: Giv en an in terference graph G

I

=

( V

I

; E

I

), assign a lo c k set L

v

to ev ery no de v 2 V

I

, so that:

1. If u 2 V

I

and v 2 V

I

are in terfered, L

u

\ L

v

6= � ;

2. If u 2 V

I

and v 2 V

I

are not in terfered, L

u

\ L

v

= � ;

3. Let L

G

=

S

v 2 V

I

L

v

, j L

G

j is minimized, where j S j rep-

resen ts the cardinalit y of set S ;



Solutions whic h satisfy only condition 1 are c orr e ct solu-

tions, and solutions whic h satisfy all conditions are optimal .

The heuristic solution w e use in our curren t implemen-

tation, is outlined in Figure 9. The basic idea is to �nd

the se e ds from atomic sections' consistency list whic h migh t

cause data race, and then assign lo c ks to guard the seeds.

The �nal lo c k set of an atomic section is the union set of

seed lo c ks in it.

A se e d is a set of shared data whic h either happ en to-

gether, or nev er happ en in an y atomic section's consistency

list, and are alw a ys shared b y t w o atomic sections together.

In other w ords, if t w o data d

1

and d

2

are in di�eren t atomic

sections, or if d

1

is shared b y atomic sections AS

1

and AS

2

,

while d

2

is shared b y another t w o atomic sections AS

3

and

AS

4

, then d

1

and d

2

m ust in t w o di�eren t seeds.

A se e dset is the set of seeds in G

I

. Initially the seedset is

empt y . The seed is obtained b y computing the in tersection

of consistency lists of t w o concurren t atomic sections, and

then using this in tersection to re�ne the existing seeds.

After seeding, eac h seed is assigned a unique lo c k, and

all shared data in suc h seed share this lo c k. datal ock [ s ] is

the v ector whic h con tains the lo c k assigned to ev ery single

data. The output of the algorithm, asl ock [ i ], whic h is a

v ector con taining eac h atomic section's lo c k set, is obtained

b y collecting seed lo c ks in atomic section i .

Figure 10 sho ws an example in terference graph. Three

cases are concerned:

case 1: Tw o atomic sections are concurren t, and they share

data, as AS

1

and AS

2

;

case 2: Tw o atomic sections are concurren t, but they don't

share data, as AS

1

and AS

3

;

case 3: Tw o atomic sections are non-concurren t, while they

share data, as AS

3

and AS

4

;

T able 1 illustrates ho w the algorithm w orks on Figure 10,

and the result are sho wn in T able 2. F or case 1, t w o atomic

sections share some lo c ks to guaran tee the m utual exclusion;

while in case 2, they don't share an y lo c k, th us can b e ex-

ecuted sim ultaneously . In case 3, they don't share an y lo c k

either.

Initially seedset = �

Edge In tersection seedset

( AS

1

; AS

2

) f x, y g f x, y g

( AS

2

; AS

3

) f z g f x, y g , f z g

( AS

1

; AS

4

) f y g f x g , f y g , f z g

Final seedset = ff x g , f y g , f z gg

datalo c k[x] = 0, datalo c k[y] = 1, datalo c k[z] = 2

T able 1: Lo c k Assignmen t Pro cess for Figure 10

A tomic Section Seeds lo c ks

AS

1

f x g , f y g f 0, 1 g

AS

2

f x g , f y g , f z g f 0, 1, 2 g

AS

3

f z g f 2 g

AS

4

f y g f 1 g

T able 2: Lo c k Assignmen t Result for Figure 10

Algorithm: Lo c k assignmen t

Input: In terference graph G

I

= ( V

I

; E

I

)

Output: Lo c k set assigned to eac h v 2 V

I

/* seeding */

seedset = �

for ( u; v ) 2 E

I

do

in tersect = C L

u

\ C L

v

if (in tersect not 2 seedset) then

found = false

for seed 2 seedset do

if in tersect \ seed 6= � then

newseed1 = in tersect \ seed

newseed2 = seed - newseed1

in tersect = in tersect - newseed1

seedset = seed

C

[ new seed 1 [ new seed 2

found = true

endif

endfor

if found = false then

seedset = seedset [ in tersect

endif

endif

endfor

/* assign lo c k to eac h data in a seed */

lo c k = 0

for seed 2 seedset do

for s 2 seed do

datalo c k[s] = lo c k

endfor

lo c k = lo c k + 1

endfor

/* assign lo c ks to eac h atomic section */

for v 2 V

I

do

for cl 2 C L

v

do

aslo c k[v] = aslo c k[v] [ datalo c k[cl]

endfor

endfor

for v 2 V

I

do

if aslo c k[v] = � do

aslo c k[v] = 0

endif

endfor

Figure 9: Lo c k Assignmen t Algorithm

AS1

AS2 AS3

(x, y)

(x, y, z) (z, w)

AS4

(y, w)

Figure 10: Lo c k Assignmen t Example

3.3.3 Deadlock Avoidance
Lo c k acquisition and release are implemen ted in Omni

run time system. Since an atomic section is assignmed a

set of re�ned lo c ks, instead of a single lo c k, deadlo c k ma y

happ en at execution time when eac h of t w o threads holds



some lo c ks and tries to claim those held b y the other. W e

mak e t w o proto cols, in b oth compiler and run time system,

to a v oid suc h deadlo c k:

1. A t compiler side, assign lo w ered n um b ered lo c ks to

shared data whic h is referenced b y an earlier executed

atomic section. This, in some exten t , orders the lo c k

acquisition, and reduces the p ossibilit y of deadlo c k.

2. A t run time system side, main tain a global lo c k g l to

sync hronize all attempts to claim lo c ks. Only when a

thread gets g l , can it claim an a v ailable lo c k. More

imp ortan t, once a thread holds g l , it do es not release

it unless it has got ALL lo c ks it is lo oking for. Other-

wise, it blo c ks itself, w aiting for all it w an ts to b ecome

a v ailable.

3.4 Consistency Actions Generation
The purp ose of this step is to refresh eac h shared data

b efore its use, and write it bac k to main memory after its

up date. Our curren t implemen tation strictly follo ws the se-

man tics giv en in section 2.2: refresh all data in the consis-

tency list at the b eginning, and a write them bac k together

at the end.

Three functions in run time system accomplish this w ork:

refresh(), write bac k(), and up date memory(). The scratc h-

pad space is sim ulated b y a dynamic allo cated link ed list,

with eac h shared data as an elemen t in suc h list. The func-

tion refresh() copies data from main memory in to the list

and marks it as clean. The function write bac k(), whic h is

also called at the b eginning of atomic section, copies data

and marks it as dirt y . Finally , up on exiting the atomic sec-

tion, function up date memory() copies all dirt y data from

the list bac k to the memory .

4. CASE STUDY
Ammp [7] is a molecular mec hanics, dynamics and mo d-

eling program found in SPEC OMPM2001 b enc hmark suite.

The Op enMP v ersion runs a molecular dynamics on a protein-

inhibitor complex whic h is em b edded in w ater. The energy is

appro ximated b y a classical p oten tial or \force �eld". Com-

putation is dominated b y the lo op nest, whic h accoun ts for

more than 96% of execution time of the en tire program,

as demonstrated in [8]. The lo op nest computes the non-

b ounded forces that sim ulated atoms exert on on another

according to the follo wing algorithm [9]:

foreac h atom A

foreac h no de N

if N con tains A or is one of 26 nestest neigh b ors

foreac h atom B in no de N

compute forces b et w een A and B

else

compute forces b et w een A and no de N

The main data structure in ammp is sho wn in Figure 11.

A toms are stored as a link ed list. Eac h atom con tains a

\close" arra y �eld, with eac h elemen t p oin ting to its neigh-

b ors. \atomall" is an arra y collecting all atoms' en try p oin t-

ers for purp ose of easier accesses.

The Op enMP implemen tation parallelizes the outer lo op,

using a for construct, as sho wn in Figure 12. Note that three

atom 1 atom 1 atom 1 atom 1

close
array

...

...

...

...atomall

Figure 11: A tom Data Structure in ammp

lo c k functions in the original co de ha v e b een substituted b y

implicit atomic sections.

The p oin ter analysis algorithm men tioned in section 3.2

are applied to the en tire program, and the resulting con-

sistency lists are summaried in T able 3. The analysis is

conserv ativ e in suc h a w a y that the en tire shared \atomall"

arra y is put in to eac h atomic section's consistency list.

#pragma omp parallel default(none)

shared(lambda, atomall)

private (imax, i, ii, jj, k, a1, a2, fx, fy, fz,

a1fx, a1fy, a1fz, ux, uy, uz,...)

{

imax = a_number;

#pragma omp for

for( i= 0; i< imax; i++) { . . .

a1 = (*atomall)[i]; . . .

AS1: #pragma omp atomic_sec

{ ...

a1->fx = ... ;

a1->fy = ... ;

a1->fz = ... ;

...

}

...

for1: for( jj=0; jj<NCLOSE; jj++)

{ if( a1->close[jj] == NULL) break; }

for( ii=0; ii< jj; ii++)

{

a2 = a1->close[ii] ;

AS2: #pragma omp atomic_sec

{ ...

ux = a1->dx;

...

a2->fx -= ux*k ;

a2->fy -= uy*k ;

a2->fz -= uz*k ;

}

}

AS3: #pragma omp atomic_sec

{

a1->fx += a1fx ;

a1->fy += a1fy ;

a1->fz += a1fz ;

}

} /* for */

}

Figure 12: Lo op Nest with A tomic Sections in ammp

The BW-CF G graph for the parallel region is demon-

strated in Figure 13. According to the concurrency analysis

theorem in section 3.3, AS

1

and AS

2

are concurren t b ecause

there is a barrier-free con trol 
o w path b et w een them. AS

1

is also concurren t with AS

3

due to the same reason. AS

2

and AS

3

are concurren t b ecause AS

2

can reac h AS

3

through

the bac k edge of the nested lo op without encoun tering an y



A tomic Section Consistency List

AS

1

atomall

AS

2

atomall

AS

3

atomall

T able 3: Consistency Lists for A tomic Sections in

Figure 12

barrier.

Com bining the consistency list and concurrency informa-

tion together, Figure 14 demonstrates the in terference graph.

Since AS

1

, AS

2

and AS

3

migh t access same data sim ulta-

neously , a global lo c k is assigned to guaran tee the m utual

exclusion among them.

AS3

i ++

par-endAS1

for1

ii=0

ii < jj

AS2

a2 = 

a1 = 

i<imax

i = 0
imax = 

ii ++

par-begin

barrier

barrier

Figure 13: BW-CF G of ammp P arallel Region

AS1

AS2 AS3

(atomall)

(atomall) (atomall)

Figure 14: In terference Graph of ammp P arallel Re-

gion

The compiler generated C co de is listed in Figure 15. The

whole parallel region is translated in to a function call, with

parameters as shared data accessed in suc h parallel region.

A t the b eginning of eac h atomic section, a run time library

function \ omp c en ter AS()" is called, in whic h lo c ks are

acquired, as discussed in section 3.3. In the b o dy of an

atomic section, eac h shared data is refreshed, b y calling run-

time library function \refresh()", b efore its read, and is writ-

ten bac k b efore its write, b y calling function \write bac k".

Those t w o functions sim ulate the op erations on scratc h-pad

memory sho wn in Figure 3. A t the end of an atomic sec-

tion, function \ omp c exit AS()" is called, in whic h up-

dated shared data, b y calling \write bac k(), will b e written

bac k to the shared memory , and lo c ks are released.

static void __ompc_func_3 (void **__ompc_args)

{

struct atoms **_pp_atomall;

struct atoms * __addr_0;

struct atoms * __addr_1;

struct atoms * __addr_2;

int __Lock1[1];

int __Lock2[1];

int __Lock3[1];

_pp_atomall = (struct atoms **)(*__ompc_args);

imax = a_number;

_ompc_static_bsched(0, imax, 1);

for(i= 0; i< imax; i++) { . . .

a1 = (*atomall)[i]; . . .

AS1: __Lock1[0] = 0;

__ompc_enter_AS(1, __Lock1, 1);

{ ...

__addr_0 = (struct atom *)write_back(a1, 1032);

...

__addr_0->fx = ... ;

__addr_0->fy = ... ;

__addr_0->fz = ... ;

...

}

__ompc_exit_AS(1, __Lock1, 1);

...

for( jj=0; jj<NCLOSE; jj++)

{ if( a1->close[jj] == NULL) break; }

for( ii=0; ii< jj; ii++)

{

a2 = a1->close[ii] ;

AS2: __Lock2[0] = 0;

__ompc_enter_AS(1, __Lock2, 1);

{ ...

__addr_1 = (struct atom *)write_back(a2, 1032);

__addr_2 = (struct atom *)refresh(a1, 1032);

...

ux = __addr_2->dx;

...

__addr_1->fx -= ux*k ;

_addr_1->fy -= uy*k ;

__addr_1->fz -= uz*k ;

}

__ompc_exit_AS(1, __Lock2, 1);

}

AS3: __Lock3[0] = 0;

__ompc_enter_AS(1, __Lock1, 1);

{ ...

__addr_3 = (struct atom *)write_back(a2, 1032);

...

__addr_3->fx += a1fx ;

__addr_3->fy += a1fy ;

__addr_3->fz += a1fz ;

}

__ompc_exit_AS(1, __Lock3, 1);

} /* for */

}

Figure 15: Output C �le with Run time Library

F unction Calls from Compiler



Compile the C co de sho wn in Figure 15 with a general C

compile, suc h as cc or gcc, w e get the parallel binary �le.

Running this binary �le at Sun Un traSparc 4 CPUs ma-

c hine, w e obtained the same results as the original Op enMP

program with lo c k functions. It sho ws the soundness of our

analysis and translation.

5. CONCLUSIONS
In this pap er w e prop osed a new sync hronization con-

struct - atomic section. An atomic section is a set of op era-

tions that is in tended to b e executed atomically , and m utu-

ally exclusiv ely with the con
icting atomic section instances.

A tomic section is designed to o v ercome the disadv an tages of

the curren t �ne-grained sync hronization mec hanism - criti-

cal section and lo c k function, and pro vide b oth high p erfor-

mance and high pro ductivit y to parallel programmer.

W e prop osed a realization of atomic section in Op enMP ,

declared b y atomic sec construct. W e presen ted its syn-

tax, seman tics, and a concept-pro of implemen tation strat-

egy . Three k ey problems in implemen tation are discussed:

consistency list analysis, lo c k re�nemen t and assignmen t,

and consistency action generation. Among them, lo c k re-

�nemen t and assignmen t is our main concern in this pap er,

and w e discussed t w o main phases in detail: concurrency

analysis and lo c k assignmen t.

A case study ab out ammp - a molecular dynamics pro-

gram from SPEC OMP2001 b enc hmark suite - sho ws the

soundness of our design and implemen tation.
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