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ABSTRACTA key source of complexity in parallel programming arisesfrom �ne-grained synchronization. In the shared memoryprogramming language OpenMP, mutual exclusion for shareddata access is achieved by critical sections or locks. Thecritical section degrades the performance by serializing allcritical section instances through a global lock, and impedesa scalable parallelism by the underlying data consistencyoperations; The locks, on the other hand, leave the datarace detection and system resource management to program-mers, thus decreases programming productivity greatly. Wepropose a new concept for mutual exclusion - atomic sec-tion, and its corresponding OpenMP construct - atomic sec,which is particularly designed for both high performance andhigh productivity. There are three key problems on atomicsection implementation in OpenMP, within which the lockassignment problem is the most challenging one. In this pa-per, We will �rst introduce the concept and semantics ofatomic section. Then we will formulate the lock assignmentproblem, and present its implementation details. Some pre-liminary experimental results demonstrate the soundness ofour implementation.
1. INTRODUCTIONOne of the biggest challenges in the area of parallel pro-gramming models is de�ning abstractions that simplify par-allel programming, while also delivering scalable performanceon high-end parallel processing systems. In this paper, wefocus on abstractions for �ne-grained synchronization, anddiscuss issues in current synchronization constructs and theiraccompanying memory consistency models that result incomplex programming models with limited scalability. Wepropose the use of atomic sections as a parallel program-ming construct that can simplify the use of �ne-grained syn-chronization, while delivering scalable parallelism by usinga weak memory consistency model and re�ned locks. As aprogramming model abstraction, atomic sections may be re-alized in multiple languages. In this paper, we restrict our
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attention to integrating atomic sections into the OpenMPprogramming model [1].OpenMP is an API used to explicitly direct a multi-threaded,shared memory parallelism. It uses the fork-join model ofparallel execution. All OpenMP programs begin as a singlethread - master thread. The master thread executes sequen-tially until it encounters the �rst parallel region, at whichpoint it creates a team of parallel threads. The statementblock enclosed by the parallel region construct is then ex-ecuted in parallel among the various team threads. Whenthe team threads complete, they synchronize and terminate,leaving only the master thread.#pragma omp parallel private(ix, lscale, lssq, temp)shared(scale, ssq, x){ ......#pragma omp forfor(ix = 1; ix <= 1 + (n-1) * incx; ix += incx){......}#pramg omp critical{ if(scale < lscale){ssq = ((scale / lscale) ** 2) * ssq + lssq;scale = lscale;} elsessq = ssq + ((lscale / scale) ** 2) * lssq;}}Figure 1: Example of OpenMP critical section fromfunction p dznrm2 in OpenMP 2001 benchmark,310.wupwise m (equivalent C version)OpenMP supports �ne-grained synchronization throughcritical sections and locks. Critical sections are declared bycritical 1 compiler construct, as shown in Figure 1, whichis an equivalent C-version of Fortran code fragment takenfrom function p dznrm2 in 310.wupwise m of OpenMP 2001benchmark. It consists of a parallel for loop (with index ix),followed by a critical section. The iterations of the parallelfor loop update local private variables, lscale and lssq, andthe critical section uses the local values to update the sharedvariables, scale and ssq. The recommended implementa-tion of an OpenMP critical section is to use a single lock toguard all critical sections with the same name, and a global1OpenMP supports C, C++ and Fortran. For the sake ofsimplicity, all the discussions in this paper are restricted toC. Readers can extend them to C++ or Fortran themselves.



lock to guard all un-named critical sections. It ensures thatan implicit 
ush operation is performed on entry to and exitfrom the critical section [1]. In general, this 
ush operationmust ensure that the executing thread has a consistent viewfor all shared data with the main memory. This can be asevere performance overhead for small critical sections. Inaddition, a single lock can be a signi�cant bottleneck whenmultiple processors attempt to execute distinct critical sec-tions, which have same name but no data race, in parallel.We later discuss optimization opportunities for addressingthose performance 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 forfor( 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 OpenMP lock primitives fromfunction f nonbon() in OpenMP 2001 benchmark,332.ammp mIn contrast to critical sections, locks in the OpenMP pro-gramming model are explicitly managed by the program-mer. The programmer has the responsibility of allocating,initializing, setting and unsetting locks, through a set ofOpenMP runtime library function calls. The example codefragment in Figure 2 was taken from function f nonbon()in the OpenMP 2001 benchmark, 332.ammp m. The outer iloop iterates in parallel through all elements of the atomallarray. For each element a1 = (*atomall)[i], the inner iiloop iterates through a set of nearby atoms a2 = a1->close[ii].Each atom has a distinct lock to enable �ne-grained synchro-nization. The inner loop uses a2's lock (a2->lock) to guardupdates to elements of atom a2, such as in statement S2.Likewise, the outer iteration uses a1's lock to guard updatesto elements of atom a1, such as in statement S1. This �negrain synchronization enables iterations of the outer loop toexecute in parallel, while ensuring that con
icting accessesto individual atoms (due to updates to its neighbor atomsin the ii loop) are properly guarded. Although lock hasno memory consistency action thus has higher performancethan critical sections, it leads to severe losses in productivitybecause it forces the programmer to understand implemen-tation details of the hardware and operating system of aparallel machine, deal with a complex resource managementproblem, and worry about the situations of excessive locking(deadlock) or inadequate locking (data race).The previous two examples serve as motivation for us topropose a new OpenMP construct for �ne-grained synchro-

nization - atomic section, which is designed to achieve bothhigh performance and high productivity. The basic idea is:the atomic section is executed as if it is atomic. The \atom-icity" means the executing thread communicates with otherthreads (through reading or writing shared data) only at thebeginning and at the end of the atomic section; from otherconcurrent threads' point of view, the atomic section is likea fat sentence which is executed in one clock cycle. Atomicsection expects a high performance due to its weak memorymodel and re�ned locks for mutual exclusion. At the sametime, atomic section is easier to use because the compilertakes most of work, thus release programmers from systemresource management and data race analysis.The rest of the paper is organized as follows. Section 2�rst proposes the concept of the atomic section in general,then presents the syntax and semantics of its correspond-ing construct in OpenMP. Section 3 proposes key issues andmethodology to implement the atomic section in OpenMPcompiler. Lock assignment is our main focus in this paper,and we will discuss its algorithms in detail in section 3.3.In section 4 we summarize the prototype implementation byexamining a benchmark program in SPEC OMP2001 bench-mark suite. Finally, Section 5 summarize our work and drawthe conclusion. Several possible directions for future workare listed in Section ??.
2. ATOMIC SECTIONAtomic section, by de�nition, is a section of code thatis intended to be executed atomically, and mutually exclu-sively with any other con
icting atomic section instances. Itsatis�es the following properties:� Atomicity: All instructions in an atomic section bodyappear to be executed in one step. Other threads canobserve either all or none of its actions, because it cana�ect or be a�ected by other threads only at the entryor at the exit. It appears indivisible with respect toother threads.� Mutual exclusion: Two atomic section instances are\con
icting" if they are intended to access same datasimultaneously. Note that an atomic section is con
ict-ing to itself. Two con
icting atomic section instancesappear to be executed in a total order, i.e., one beginsafter the other is �nished, there is no overlap betweentheir lifetimes. This property is sometimes referred toas \serializability" in some other literature. Note thata total order is not necessary for two un-con
ictingatomic section instances.We assume that an atomic section is not nested withinanother atomic section, critical section or any other atomicoperation. Although the concept of atomic section can beeasily extended to cover this case, we cannot observe anyuseful application for it.
2.1 SyntaxIn OpenMP, an atomic section is declared by an atomic secconstruct in the format:#pragma omp atomic sec [clause clause ...] newlinestructured block



The clause is one of the following:cl (consistency list)on (locks)The cl clause declares shared data which will be madeconsistent with the main memory at the entry and exit ofthe atomic section (the semantics will be explained later),and the on clause declares a set of locks which guard theatomic section for mutual exclusion. Lock has its own namespace which is separated from any other name space in anOpenMP program. While we give programmers the optionof explicitly specifying those two clauses, our default andrecommended approach is to let compiler identify all sharedobjects accessed in the atomic section, and assign the locks.
2.2 SemanticsFrom programmers point of view, OpenMP is a collec-tion of threads operating on an uniformly accessed, globallyaddressable shared memory, and each thread also has itsprivate memory, as described in Figure 3. The shared spaceand private space are exclusive to each other. In order tosupport atomic section, the private memory is divided intotwo parts. One part, called private space, contains \tradi-tional" private data which is only visible to the associatedthread. The other part, called \scratch-pad space", containsthread private copies of shared data.
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Figure 3: OpenMP Execution ModelAtomic section is intended to be executed as if it followsa �ve-step process:1. Acquire the locks (\acquire" step);2. Initially, make a copy of the shared data (as speci-�ed in the consistency list) into the scratch-pad space(\refresh" step);3. Start the operations in the structured block, and allmemory accesses are made to the thread private copyof the shared data (\computation" step);4. Finally, when the execution of the code is �nished, theprivate copy of the shared data will be copied back tothe shared address space (\write back" step);5. After write back �nishes, release the locks (\release"step);The \refresh" and \write back" operations specify two se-quence points at which the implementation is required toensure that the executing thread has a consistency view ofshared objects in the consistency list with the main mem-ory. In other words, any other concurrent activities, ei-ther in another atomic section instant, or directly access the

main memory, cannot a�ect, or be a�ected by, the computa-tions on the private copy of the executing thread, except attwo sequence points speci�ed by \refresh" and \write back".These two operations guarantee the atomicity of the atomicsection, and make it behave like a \fat sentence" from otherthreads' point of view.An atomic section is guarded by one or more \symbolic",\re�ned" locks. The \symbolic" lock di�ers from the reallock used in lock/unlock runtime library in such a way thatit is not associated with any system resource. It is the com-piler that allocates the resource for it. This improves theprogramming language productivity and make atomic sec-tions easier to use. On the other hand, the lock is \re-�ned" since each lock guarantees the mutual exclusion ofthis atomic section with some of (not all) concurrent atomicsections. We will discuss one of implementation schemes forthe re�ned lock in section 3.3.2.
3. IMPLEMENTATIONIn this section, we outline a concept-proof implementationof atomic sections in OpenMP compiler. Since it strictly fol-lows the atomic section semantics, it may not achieve opti-mal performance on a speci�c system. Algirithms discussedhere therefore should be tailored and optimized to �t intothe real system. Note that although we give users the abilityto explicitly specify the consistency list and lock set, at cur-rent discussion we assume the implicit case. We will discussthree key steps performed at compiler's backend:1. Consistency List Analysis: This steps examinesthe atomic section and collects all shared data whichmight be read or written into the consistency list.2. Lock Re�nement and Assignment: This step as-signs one or more locks to guard the entrance to theatomic section.3. Generation of Consistency Actions: As indicatedin the semantics, shared data will be refreshed intothe thread private space before their �rst reference,and will be written back to the shared memory aftertheir last update. Refresh and write back operationsare added into atomic section body in this step.Among those three steps, lock re�nement and assignmentis our concentration in this paper, and we will discuss itin detail in section 3.3. Before that, we will introduce theimplementation infrastructure in section 3.1. The other twosteps, consistency list analysis and generation of consistencyactions will be introduced, but not discussed in detail, insection 3.2 and 3.4, respective.
3.1 InfrastructureWe choose Omni OpenMP compiler [2] as our implemen-tation platform. Its framework is shown as Figure 4. Omniis a source-to-source compiler, which translates the OpenMP(C/C++ or Fortran) program into C program with Omniruntime library function calls. A general C compiler thencompile it into parallel executable. All those three steps(consistency list analysis, lock assignment and consistencyactions generation) are implemented in Omni compiler's back-end. The Omni runtime systems is composed of three parts.The runtime library API provides functions for each OpenMPconstructs and directives to the general C compiler. The



execution framework part executes the parallel executablegenerated by the compiler in a fork-join model in the targetplatforms, with the help of scheduling and resource manage-ment part.
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3.2 AnalysisThe consistency list of an atomic section contains shareddata which will be kept consistent with the main memory atthe entry and exit. As stated in section 2.2, in order to avoidun-necessary consistency actions and fault interference, theconsistency list contains a subset of the declared shared datawhich are referenced (read or written) within the atomicsection. The purpose of this step is to analyze the atomicsection and collect those referenced shared data into theconsistency list.Besides directly referenced shared data, we have to rec-ognize shared data indirectly referenced by a pointer. Forinstance, for the atomic section shown in Figure 5, the imple-mentation is required to recognize not only the directly refer-enced pointer p, but also the indirectly referenced (throughp) 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 Necessity of Pointer AnalysisStatic pointer analysis is applied to accomplish this task,and we chose Rugina and Rinard's data 
ow method [3] asthe basic algorithm. We extended it to work on OpenMPprograms by changing the control 
ow graph (CFG) forOpenMP working sharing constructs (for, sections, andsingle), and modifying data 
ow equations for di�erent

OpenMP data-sharing attributes (private, �rstprivate, last-private, shared, etc.).
3.3 Lock AssignmentThis phase assigns one or more locks to guard the en-trance of the atomic section, so that any pair of concurrentatomic sections that might access the same shared data willbe guarded by a same lock. The lock assignment should besemantically correct. There should be no \under-locking",i.e., it should not be possible for another atomic section withan overlapping consistency list to execute concurrently withthe current atomic section. Also, while some \over-locking"may be permitted for convenience and simplicity, the goalof the lock assignment phase is to satisfy the semantics re-quirements while exposing as much parallelism as possible.Finally, the lock assignment should guarantee that deadlockcannot occur in any execution of the OpenMP program.The implementation of lock assignment at compiler sideinvolves two steps:1. Concurrency analysis, i.e., statically identify pairs ofatomic sections which might occur concurrently;2. Build up the atomic section \Interference Graph", andassign locks to each atomic section;The lock acquisition, release, and deadlock avoidance arehandled in runtime library.
3.3.1 Concurrency AnalysisConsistency analysis addresses the problem of decidingwhether two atomic sections in a concurrent program canbe executed in parallel, suppose they are not synchronized.Since the problem of precisely determining whether two atomicsections can be executed in parallel is undecidable, we try tomake a \conservative" estimation in the sense that if thereis one real execution in which two atomic sections a1 anda2 from di�erent thread of control happen in parallel, thenthis concurrency relationship a1; a2 must be included in ourestimation.Concurrency analysis, or its complement problem - non-concurrency analysis, is a widely studied research topic, anda variety of approaches have been proposed, each working onsome di�erent programming model. Callahan and Subhlok[4] propose a data 
ow algorithm, based on a synchronizedcontrol 
ow graph, that computes for each statement s aset of statements that must be executed before s. Theiranalysis is mainly focused on event variable synchroniza-tion, i.e., post and wait. Masticola and Ryder [5] presenta framework for non-concurrency analysis of Ada tasks. Async graph is used to represent the program's synchroniza-tion behavior. It �rst assumes any pair of statements areconcurrent, then improves this estimation by an iterativere�nement process until a �xed point is reached. Jeremi-assen and Eggers [6] propose a concurrency analysis methodfor course-grained, explicitly parallel program with barriersynchronization. The programs conform to an SPMD modelof parallel programming. Its basic idea is to divide the pro-gram into a set of phases, and compute the control 
ow be-tween them. Each phase consists of one or more sequencesof statements that are delimited by barrier and can executeconcurrently. The barrier is \global" in the sense that all thethreads in the program must reach the barrier before any ofthem can proceed. We will discuss later in this section that



Jeremiassen and Eggers' method is not optimal, and it maygenerate some un-necessary concurrency relationships.Concurrency Analysis in our implementation is to iden-tify concurrent atomic sections, instead of concurrent state-ments. In this sense our analysis is relatively \coarse-grained".In OpenMP, there are two main factors that determine whethertwo atomic sections are concurrent or not. One is the con-trol 
ow between them, and the other is the barrier syn-chronization. When the control 
ow of a thread reaches abarrier, it must wait until all of the other threads in theteam have reach the same point. Thus any pair of atomicsections which are delimited within the same pair of barriersare concurrent.In OpenMP, a barrier is either explicitly declared by thebarrier construct, or optionally implied at the exit from theparallel region (speci�ed by parallel construct) and variouswork sharing regions (speci�ed by for construct, sectionsconstruct, and single construct [1]).Besides control 
ow and barrier synchronization, someelaborations are required when we analyze concurrency un-der OpenMP work sharing constructs. Intuitively, in a gen-eral parallel region without work sharing partition and aparallel region with loop work sharing partition (speci�edby for construct), all threads in the team execute the iden-tical code, but need not take the same path through theprogram. In this case, any pair of atomic sections delimitedby the same barriers are concurrent. However, in sectionsconstruct, the whole section is executed by only one thread,thus all atomic sections in such section is not concurrentwith each other (but they might be concurrent with atomicsections from another section). Same thing for single con-struct.To combine the consideration on control 
ow, barrier syn-chronization and work sharing together, we introduce thenotion of a barrier synchronization and work-sharing awarecontrol 
ow graph (BW-CFG) G = (V;E) for an OpenMPprogram. It is de�ned as follows:1. A vertex v 2 V could be:(a) An ordinary basic block without OpenMP direc-tive;(b) A single barrier construct, either explicitly de-clared or implied;(c) An atomic section, declared by atomic section di-rective and the subsequent structured block;(d) A par-begin block, a par-end block, a section-begin block or a section-end block;(e) Atomic section set block, containing a set of atomicsections in one work section of a sections con-struct, or in a single construct;2. A parallel region begins from a par-begin block, andends to a par-end block;3. There exists a directed edge (u; v) 2 E if there is acontrol 
ow path from u to v;4. The sections construct is transformed into a switch-case structure. It begins from a section-begin blockand ends to a section-end block. Each path is anatomic section set block;

As an example, Figure 7 demonstrates the BW-CFG forthe OpenMP program shown in Figure 6. Speci�cally, \bar-rier 1" is explicitly declared within the for loop, while \bar-rier 2" and \barrier 3" are for construct and parallel con-struct implied, respectively. Note that there is no implicitbarrier for sections construct because of the nowait clause.The \ASset1" in Figure 7 contains AS3 and AS4 in the �rstsection.main(){ int i, x, array[10]={0}, ID;x = 0;#pragma omp parallel private(ID){ ID = omp_get_thread_num();#pragma omp forfor(i=0; i<10; i++){ #pragma omp barrierif(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-CFG, our algorithm for concurrency anal-ysis is very simple and straightforward. It is summaried asthe following theorem. In this paper we assert its correct-ness, and leave the proof to the future work.Theorem I: Two atomic sections AS1 and AS2 are concur-rent if any of the following conditions holds:1. AS1 and AS2 are connected, and there is a barrier-freecontrol 
ow path between them;2. (a) There is no control 
ow path between AS1 andAS2, and(b) Denote the \immediate" common pre-dominatorof AS1 and AS2 as preD, and their \immediate"common post-dominator as postD, then there is abarrier-free path between preD and postD throughAS1, and there is a barrier-free path between preDand postD through AS2;3. AS1 is in atomic section set ASset1, AS2 is in atomic
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par−endFigure 7:section set ASset2, and ASset1 and ASset2 are con-current according to the preceding two conditions;Soundness of Theorem I can be illustrated by some ex-amples shown in Figure 8. Figure 8(a) is the simplest case.AS1 and AS3 are concurrent since the control 
ow pathbetween them is barrier free (condition 1); same thing forAS2 and AS3. Besides, AS1 and AS2 are also concurrentsince di�erent threads may execute on di�erent branchesconcurrently (condition 2). There is some subtlety in Fig-ure 8(b), where barrier occurs in one of the if-then-elsebranches. Note that in any valid execution, threads eitherall pass the path AS1 ! AS2 ! AS4, or all pass the pathAS1 ! AS3 ! barrier ! AS4. Hence AS2 and AS3 arenot concurrent, neither are AS3 and AS4. Figure 8(c) showsa natural loop case, in which AS1, AS2 and barrier are inthe loop body. AS1 and AS3 are not concurrent, while AS2and AS3 are concurrent (condition 2).Our concurrency analysis algorithm generates more opti-mal results than Jeremiassen and Eggers' method since theydidn't consider the fact that each section will be executedsequentially by only one thread, thus atomic sections withinthat section cannot be concurrent with each other. In theexample shown in Figure 6, their method will wrongfully�nd AS3 and AS4 are concurrent, while our algorithm willnot.
3.3.2 Lock AssignmentAs mentioned before, critical construct in OpenMP re-duces the parallelism by serializing all critical section in-stances through a global lock. As a contrast, atomic sectiontries to maximize the parallelism by re�ning the locks. Theintuition is, two atomic section instances must be executedin a total order only if they might access same shared dataconcurrently. If they are non-concurrent, or they will nevertouch same shared data even if they are concurrent, they
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AS2(c)Figure 8: Examples of Concurrency Analysis Algo-rithmare not required to execute one by one. Our lock assign-ment algorithm attempts to maximize the parallelism byelaboratively di�erentiating these cases. It is based on theconsistency list and concurrency information of atomic sec-tions, summarized by the interference graph GI = (VI ; EI)of a parallel region, which is de�ned as follow:1. Each vertex v 2 VI corresponds to an atomic sectionin this parallel region, and it is associated with a con-sistency list CLv ;2. There exists an un-directed edge (u; v) 2 EI , if atomicsections u and v are concurrent;Based on this interference graph, the su�cient and neces-sary condition for two atomic sections u and v sharing samelock can be formulated as:((u; v) 2 EI) ^ (CLu \ CLv 6= �)In this case we call u and v are interfered.The lock assignment problem can be formulated as follow:Problem Formulation: Given an interference graph GI =(VI ; EI), assign a lock set Lv to every node v 2 VI , so that:1. If u 2 VI and v 2 VI are interfered, Lu \ Lv 6= �;2. If u 2 VI and v 2 VI are not interfered, Lu \ Lv = �;3. Let LG = Sv2VI Lv, jLGj is minimized, where jSj rep-resents the cardinality of set S;



Solutions which satisfy only condition 1 are correct solu-tions, and solutions which satisfy all conditions are optimal.The heuristic solution we use in our current implemen-tation, is outlined in Figure 9. The basic idea is to �ndthe seeds from atomic sections' consistency list which mightcause data race, and then assign locks to guard the seeds.The �nal lock set of an atomic section is the union set ofseed locks in it.A seed is a set of shared data which either happen to-gether, or never happen in any atomic section's consistencylist, and are always shared by two atomic sections together.In other words, if two data d1 and d2 are in di�erent atomicsections, or if d1 is shared by atomic sections AS1 and AS2,while d2 is shared by another two atomic sections AS3 andAS4, then d1 and d2 must in two di�erent seeds.A seedset is the set of seeds in GI . Initially the seedset isempty. The seed is obtained by computing the intersectionof consistency lists of two concurrent atomic sections, andthen using this intersection to re�ne the existing seeds.After seeding, each seed is assigned a unique lock, andall shared data in such seed share this lock. datalock[s] isthe vector which contains the lock assigned to every singledata. The output of the algorithm, aslock[i], which is avector containing each atomic section's lock set, is obtainedby collecting seed locks in atomic section i.Figure 10 shows an example interference graph. Threecases are concerned:case 1: Two atomic sections are concurrent, and they sharedata, as AS1 and AS2;case 2: Two atomic sections are concurrent, but they don'tshare data, as AS1 and AS3;case 3: Two atomic sections are non-concurrent, while theyshare data, as AS3 and AS4;Table 1 illustrates how the algorithm works on Figure 10,and the result are shown in Table 2. For case 1, two atomicsections share some locks to guarantee the mutual exclusion;while in case 2, they don't share any lock, thus can be ex-ecuted simultaneously. In case 3, they don't share any lockeither.Initially seedset = �Edge Intersection seedset(AS1; AS2) fx, yg fx, yg(AS2; AS3) fzg fx, yg, fzg(AS1; AS4) fyg fxg, fyg, fzgFinal seedset = ffxg, fyg, fzggdatalock[x] = 0, datalock[y] = 1, datalock[z] = 2Table 1: Lock Assignment Process for Figure 10Atomic Section Seeds locksAS1 fxg, fyg f0, 1gAS2 fxg, fyg, fzg f0, 1, 2gAS3 fzg f2gAS4 fyg f1gTable 2: Lock Assignment Result for Figure 10

Algorithm: Lock assignmentInput: Interference graph GI = (VI ; EI)Output: Lock set assigned to each v 2 VI/* seeding */seedset = �for (u; v) 2 EI dointersect = CLu \ CLvif(intersect not 2 seedset) thenfound = falsefor seed 2 seedset doif intersect \ seed 6= � thennewseed1 = intersect \ seednewseed2 = seed - newseed1intersect = intersect - newseed1seedset = seedC [ newseed1 [ newseed2found = trueendifendforif found = false thenseedset = seedset [ intersectendifendifendfor/* assign lock to each data in a seed */lock = 0for seed 2 seedset dofor s 2 seed dodatalock[s] = lockendforlock = lock + 1endfor/* assign locks to each atomic section */for v 2 VI dofor cl 2 CLv doaslock[v] = aslock[v] [ datalock[cl]endforendforfor v 2 VI doif aslock[v] = � doaslock[v] = 0endifendforFigure 9: Lock Assignment Algorithm
AS1

AS2 AS3

(x, y)

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

AS4

(y, w)

Figure 10: Lock Assignment Example
3.3.3 Deadlock AvoidanceLock acquisition and release are implemented in Omniruntime system. Since an atomic section is assignmed aset of re�ned locks, instead of a single lock, deadlock mayhappen at execution time when each of two threads holds



some locks and tries to claim those held by the other. Wemake two protocols, in both compiler and runtime system,to avoid such deadlock:1. At compiler side, assign lowered numbered locks toshared data which is referenced by an earlier executedatomic section. This, in some extent , orders the lockacquisition, and reduces the possibility of deadlock.2. At runtime system side, maintain a global lock gl tosynchronize all attempts to claim locks. Only when athread gets gl, can it claim an available lock. Moreimportant, once a thread holds gl, it does not releaseit unless it has got ALL locks it is looking for. Other-wise, it blocks itself, waiting for all it wants to becomeavailable.
3.4 Consistency Actions GenerationThe purpose of this step is to refresh each shared databefore its use, and write it back to main memory after itsupdate. Our current implementation strictly follows the se-mantics given in section 2.2: refresh all data in the consis-tency list at the beginning, and a write them back togetherat the end.Three functions in runtime system accomplish this work:refresh(), write back(), and update memory(). The scratch-pad space is simulated by a dynamic allocated linked list,with each shared data as an element in such list. The func-tion refresh() copies data from main memory into the listand marks it as clean. The function write back(), which isalso called at the beginning of atomic section, copies dataand marks it as dirty. Finally, upon exiting the atomic sec-tion, function update memory() copies all dirty data fromthe list back to the memory.
4. CASE STUDYAmmp [7] is a molecular mechanics, dynamics and mod-eling program found in SPEC OMPM2001 benchmark suite.The OpenMP version runs a molecular dynamics on a protein-inhibitor complex which is embedded in water. The energy isapproximated by a classical potential or \force �eld". Com-putation is dominated by the loop nest, which accounts formore than 96% of execution time of the entire program,as demonstrated in [8]. The loop nest computes the non-bounded forces that simulated atoms exert on on anotheraccording to the following algorithm [9]:foreach atom Aforeach node Nif N contains A or is one of 26 nestest neighborsforeach atom B in node Ncompute forces between A and Belsecompute forces between A and node NThe main data structure in ammp is shown in Figure 11.Atoms are stored as a linked list. Each atom contains a\close" array �eld, with each element pointing to its neigh-bors. \atomall" is an array collecting all atoms' entry point-ers for purpose of easier accesses.The OpenMP implementation parallelizes the outer loop,using a for construct, as shown in Figure 12. Note that three
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Figure 11: Atom Data Structure in ammplock functions in the original code have been substituted byimplicit atomic sections.The pointer analysis algorithm mentioned in section 3.2are applied to the entire program, and the resulting con-sistency lists are summaried in Table 3. The analysis isconservative in such a way that the entire shared \atomall"array is put into each 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 forfor( 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: Loop Nest with Atomic Sections in ammpThe BW-CFG graph for the parallel region is demon-strated in Figure 13. According to the concurrency analysistheorem in section 3.3, AS1 and AS2 are concurrent becausethere is a barrier-free control 
ow path between them. AS1is also concurrent with AS3 due to the same reason. AS2and AS3 are concurrent because AS2 can reach AS3 throughthe back edge of the nested loop without encountering any



Atomic Section Consistency ListAS1 atomallAS2 atomallAS3 atomallTable 3: Consistency Lists for Atomic Sections inFigure 12barrier.Combining the consistency list and concurrency informa-tion together, Figure 14 demonstrates the interference graph.Since AS1, AS2 and AS3 might access same data simulta-neously, a global lock is assigned to guarantee the mutualexclusion among them.
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Figure 13: BW-CFG of ammp Parallel Region
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(atomall) (atomall)Figure 14: Interference Graph of ammp Parallel Re-gionThe compiler generated C code is listed in Figure 15. Thewhole parallel region is translated into a function call, withparameters as shared data accessed in such parallel region.At the beginning of each atomic section, a runtime libraryfunction \ ompc enter AS()" is called, in which locks areacquired, as discussed in section 3.3. In the body of anatomic section, each shared data is refreshed, by calling run-

time library function \refresh()", before its read, and is writ-ten back before its write, by calling function \write back".Those two functions simulate the operations on scratch-padmemory shown in Figure 3. At the end of an atomic sec-tion, function \ ompc exit AS()" is called, in which up-dated shared data, by calling \write back(), will be writtenback to the shared memory, and locks 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 Runtime LibraryFunction Calls from Compiler



Compile the C code shown in Figure 15 with a general Ccompile, such as cc or gcc, we get the parallel binary �le.Running this binary �le at Sun UntraSparc 4 CPUs ma-chine, we obtained the same results as the original OpenMPprogram with lock functions. It shows the soundness of ouranalysis and translation.
5. CONCLUSIONSIn this paper we proposed a new synchronization con-struct - atomic section. An atomic section is a set of opera-tions that is intended to be executed atomically, and mutu-ally exclusively with the con
icting atomic section instances.Atomic section is designed to overcome the disadvantages ofthe current �ne-grained synchronization mechanism - criti-cal section and lock function, and provide both high perfor-mance and high productivity to parallel programmer.We proposed a realization of atomic section in OpenMP,declared by atomic sec construct. We presented its syn-tax, semantics, and a concept-proof implementation strat-egy. Three key problems in implementation are discussed:consistency list analysis, lock re�nement and assignment,and consistency action generation. Among them, lock re-�nement and assignment is our main concern in this paper,and we discussed two main phases in detail: concurrencyanalysis and lock assignment.A case study about ammp - a molecular dynamics pro-gram from SPEC OMP2001 benchmark suite - shows thesoundness of our design and implementation.
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