Impact of Op enMP Optimizations for the MGCG Metho d Osamu T atebe 1 , Mitsuhisa Sato 2 , and Satoshi Sekiguchi 1 1 Electrotechnical Lab oratory , 1-1-4 Umezono, Tsukuba, Ibaraki 305-8568 JAP AN f tatebe, sekiguchi g @etl.go.jp 2 Real W orld Computing Partnership, 1-6-1 T ak ezono, Tsukuba, Ibaraki 305-0032 JAP AN msato@trc.rwcp.or.jp Abstract. This pap er sho ws sev eral optimization techniques in Op enMP and in v estigates their impact using the MGCG metho d. MGCG is im- p ortant for not only an e�cient solver but also b enchmarking since it includes several essen tial op erations for high-p erformance computing. W e ev aluate sev eral optimizing techniques on an SGI Origin 2000 using the SGI MIPSpro compiler and the R W CP Omni Op enMP compiler. In the case of the R W CP Omni Op enMP compiler, the optimization greatly im- prov es p erformance, whereas for the SGI MIPSpro compiler, it do es not a�ect very m uc h though the optimized v ersion scales well up to 16 pro- cessors with a larger problem. This impact is examined b y a ligh t-w eigh t pro�ling to ol bundled with the Omni compiler. W e prop ose several new directives for further p erformance and p ortabilit y of Op enMP . 1 In tro duction Op enMP is a mo del for parallel programming that is p ortable across shared memory arc hitectures from di�eren t v endors[4, 5]. Shared memory arc hitectures ha v e b ecome a p opular platform and are commonly used in no des of clusters for high-p erformance computing. Op enMP is accepted b y vendors or research insti- tutes for p ortable sp eci�cation across shared memory architectures. Sup ercom- puter vendors, compiler vendors and research institutes now pro vide Op enMP compilers. Op enMP can parallelize a sequen tial program incremen tally . T o parallelize a do lo op in a serial program, it is enough to insert a parallel region construct as an Op enMP directive just b efore the lo op. Sequential execution is alwa ys p ossible unless a compiler in terprets Op enMP directiv es. This pap er inv estigates how to optimize Op enMP programs and its im- pact. Eac h directiv e of Op enMP may cause an ov erhead. The ov erhead of each Op enMP directiv e can b e measured by , for example EPCC Op enMP micro- b enchmarks[2], how ev er, the imp ortant thing is how these o v erhead a�ect the p erformance of applications. In this pap er, we fo cus the impacts of the Op enMP source-lev el optimization to reduce o v erhead b y creating and joining a parallel region and eliminating unnecessary barrier for the MGCG metho d.

2 MGCG Metho d The MGCG metho d is a conjugate gradien t (CG) metho d with a m ultigrid (MG) preconditioner and is quite e�cien t for the Poisson equation with sev ere co e�- cien t jumps[3, 7, 8]. This metho d is imp ortan t for not only several applications but also b enc hmarking b ecause MGCG includes several imp ortan t op erations for high-p erformance computing. MGCG consists of MG and CG. MG exploits sev eral sizes of meshes from a �ne-grain mesh to a coarse-grain mesh. It is necessary to e�ciently execute parallel lo ops with v arious lo op lengths. CG needs an inner pro duct b esides a matrix-v ector m ultiply and a daxp y . It is also necessary to e�ciently execute a reduction in parallel. The ma jor di�culties for the parallelization of MGCG are the matrix-vector m ultiply , the smo othing metho d, restriction and prolongation. In this pap er, we use only regular rectangular meshes and a standard in terp olation. That is for not only a v oiding complexit y but also its wide applicabilit y for applications such as computational uid dynamics, plasma sim ulation and so on. Note that MG with standard in terp olation results in a divergence when a co e�cient has severe jumps, while MGCG conv erges e�cien tly . 3 Optimization T ec hniques in Op enMP P arallelization using Op enMP is basically incremental and straightforw ard. All w e should do is to determine the time-consuming and parallelizable do (or for ) lo ops and to annotate them by an Op enMP directiv e for parallel execution. F or example, the following co de is parallelized using the PARALLEL DO directive and REDUCTION clause. IP = 0.0 !$OMP PARALLEL DO REDUCTION(+:IP) DO I = 1, N IP = IP + A(I) * B(I) END DO This easy parallelization ma y co v er a large n um ber of programs including dust y dec k co des and ac hiev e mo derate p erformance, while the p erformance strongly dep ends on the program, compiler and platform. Generally , it is necessary that a parallelized lo op sp ends most of the execution time and it has enough lo op length or plent y of computation to hide an o v erhead of Op enMP parallelization o v erhead, thread managemen t, sync hronization and so on. T o get muc h higher p erformance in Op enMP , reducing these parallelization o v erheads are necessary . In order to reduce these ov erheads, the following opti- mizations are necessary . 1. Join sev eral parallel regions. Each parallel region construct starts parallel execution that may con tain an ov erhead of thread creation and join. A t the extreme, it is desirable for an en tire program to b e one big parallel region.

2. Eliminate unnecessary barriers. Eac h work-sharing construct implies a bar- rier (and a ush) at the end of the construct unless NOWAIT is sp eci�ed. Note that the BARRIER directive is necessary to ensure that eac h thread accesses up dated data. 3. Priv atize v ariables if p ossible b y sp ecifying PRIVATE , FIRSTPRIVATE and LASTPRIVATE . 4. Determine a trade-o� of parallel execution including parallelizing ov erhead and sequen tial execution. P arallel execution of a lo op without enough lo op length may b e slo w er than serial execution, since parallel execution needs an o v erhead of thread managemen t and sync hronization. F or several indep en- den t lo ops with short lo op length, eac h lo op ma y b e parallelized using the SECTIONS construct. Fig. 1 is an excerpt of the MGCG metho d written in Op enMP . In this case, a parallel region includes three w ork-sharing constructs and one subroutine call. The subroutine MG called in the parallel region, includes sev eral w ork-sharing constructs as an orphaned directiv e. Orphaned directiv es are interpreted as a w ork-sharing construct when the subroutine is called within a parallel region. The second w ork-sharing construct computes an inner pro duct, and it in- cludes a REDUCTION clause. The shared v ariable RR2 is summed up at the end of this work-sharing construct. In most cases, this kind of computation is a subroutine call. In this case, the subroutine includes an orphaned directiv e as follo ws: SUBROUTINE INNER_PRODUCT(N, R1, R, RR2) !$OMP DO REDUCTION(+:RR2) DO I = 1, N RR2 = RR2 + R1(I) * R(I) END DO RETURN END Since it is necessary to p erform a reduction, RR2 m ust b e shared within a parallel region. The MGCG metho d is parallelized in t w o w a ys. One is a version that is paral- lelized naively . Basically , almost all DO lo ops are parallelized using a PARALLEL DO directiv e. W e call this a naive version. The other is an optimize d v ersion that exploits the ab o v e optimization tec hniques. In the optimized v ersion, the entire MGCG program is a parallel region. In Fig. 1, the �rst and the last statemen ts are in a serial region. The optimized v ersion uses a MASTER directive follo w ed b y a BARRIER directive to execute serially within the parallel region. This version also eliminates all unnecessary barriers b y sp ecifying NOWAIT .

RR2 = 0 !$OMP PARALLEL PRIVATE(BETA) * /***** MG Preconditioning *****/ !$OMP DO DO I = 1, N R1(I) = 0.0 END DO CALL MG(...) * /***** beta = (new_r1, new_r) / (r1, r) *****/ !$OMP DO REDUCTION(+:RR2) DO I = 1, N RR2 = RR2 + R1(I) * R(I) END DO BETA = RR2 / RR1 * /***** p = r1 + beta p *****/ !$OMP DO DO I = 1, N P(I) = R1(I) + BETA * P(I) END DO !$OMP END PARALLEL RR1 = RR2 Fig. 1. An excerpt of the MGCG metho d in Op enMP 4 Ev aluation of Optimization Impact 4.1 Overhead of Creating a P arallel Region T o inv estigate an o v erhead to create and join a parallel region, we consider t w o kinds of programs, one has several parallel regions (Fig. 2) and the other has one large parallel region with several w ork-sharing constructs (Fig. 3). F or small N and large M , the program of Fig. 2 sho ws an o v erhead to create and join a parallel region including an o v erhead of a work-sharing construct and that of Fig. 3 sho ws an o v erhead of a work-sharing construct. W e ev aluate these programs on an SGI Origin 2000 with 16 R10000 195MHz pro cessors with a

DO J = 1, M !$OMP PARALLEL DO DO I = 1, N A(I) = A(I) + 2 * B(I) END DO END DO Fig. 2. A naive program with several parallel regions !$OMP PARALLEL DO J = 1, M !$OMP DO DO I = 1, N A(I) = A(I) + 2 * B(I) END DO END DO !$OMP END PARALLEL Fig. 3. An optimized program with one parallel region and sev eral w ork-sharing constructs T able 1. Overhead of parallel region construct and work-sharing construct when N = 8 and M = 100000 using eigh t threads naive optimized MIPSpro 2.90 2.07 Omni 46.76 2.86 [sec.] dev eloping v ersion of the R W CP Omni Op enMP compiler[1, 6] and the SGI MIPSpro compiler version 7.3. The curren t version 1.1 of the Omni compiler only supp orts pthreads for the IRIX op erating system; ho w ev er, this developing v ersion exploits spro c for further e�cien t execution on IRIX. The spro c system calls create a new pro cess whose virtual address space can b e shared with the paren t pro cess. T able 1 shows the o v erhead of parallel and w ork-sharing constructs when N = 8 and M = 100000 using eigh t threads. Ov erhead for a parallel region construct is quite small using the MIPSpro compiler as also rep orted b y EPCC Op enMP microb enchmarks, while it is quite large using the Omni Op enMP compiler. The Omni compiler basically translates an Op enMP program to a C program using the Omni run time libraries. T o reduce the ov erhead for the parallel

Fig. 4. Snapshot of tlogview for the naiv e v ersion Fig. 5. Snapshot of tlogview for the optimized v ersion region construct, it is necessary to impro v e the p erformance of the run time library for Origin 2000. 4.2 Performance Ev aluation of MGCG Metho d Pro�ling The R W CP Omni Op enMP compiler provides a very light-w eigh t pro- �ling to ol and a view er to in v estigate a b eha vior of parallel execution. All ev en ts related to Op enMP directiv es are time-stamp ed at run time. Each even t consists of only t w o double w ords, and the pro�led log can b e view ed b y tlogview . Naiv e and optimized v ersions of MGCG are pro�led on an SGI Origin 2000 with the developing v ersion of the Omni compiler. Figures 4 and 5 show pro�led data of the MGCG program by tlogview . The white region denotes a parallel execution, the red (dark gray) region sho ws a barrier, the green (ligh t gra y) region sho ws a lo op initialization, and the black region shows a serial part. The MGCG metho d roughly consists of t w o parts; CG and MG. The CG part includes a daxp y op eration, an inner pro duct and a matrix-v ector multiply on the �nest grid. Since each lo op length is long, the CG part is white. The MG part includes a smo othing metho d (Red-Blac k Gauss-Seidel), restriction and prolongation in eac h grid level. Since MG needs op erations on coarse grids that do not ha v e long lo op length, the MG part is almost green and red. Figures 6 and 7 are snapshots of a �ner scale. The upp er picture of Fig. 6 sho ws the CG part and the lo w er picture sho ws the MG part. These tw o pictures sho w almost one iteration of MGCG. In this scale, a serial part stands out. P articularly , an o v erhead of MG part is conspicuous, since the MG part has lo ops with v arious lo op length from long length to short length. On the other hand, the optimized v ersion successfully reduces these ov erheads and serial part. P erformance Ev aluation W e ev aluate naive and optimized MGCG programs using the Omni Op enMP compiler and the SGI MIPSpro compiler. W e also compare these Op enMP programs with a program written in MPI. The MPI library is the SGI Message-passing to olkit v ersion 1.3. Ev ery program is compiled with the -Ofast optimization option. Eac h program solv es a t w o-dimensional P oisson equation with severe co e�- cien t jumps. The t w o-dimensional unit domain is discretized by 512 � 512 meshes and 1024 � 1024 meshes. This kind of problem with severe co e�ent jumps is dif- �cult by MG, while it is quite e�cien tly solv ed by a combination of MG and CG. Fig. 8 shows oating-p oint p erformance for the problem size 512 � 512. Using the Omni compiler, the oating-p oin t p erformance of the optimized version is clearly b etter than that of the naiv e v ersion, and it is almost double the p erfor- mance for large n um b ers of pro cessors. On the other hand, the di�erence of the t w o programs is quite small and b oth programs ac hiev e go o d p erformance with the SGI MIPSpro compiler, since the ov erhead of a parallel region construct of the MIPSpro compiler is small. In b oth compiler cases, the p erformance do es not scale with more than 8 pro cessors b ecause the problem size is not so large. The elapsed execution time of the optimized version is only 1.4 seconds with 8 pro cessors. The MPI program achiev es quite go o d p erformance with 8 pro cessors. In fact, eac h pro cessor ac hiev es 44 MFLOPS with 8 pro cessors, while only 32 MFLOPS with 1 pro cessor. The MGCG program parallelized b y MPI needs appro ximately 32 MB of data when the problem size is 512 � 512. With 8 pro cessors, eac h pro- cessor pro cesses only 4 MB of data that �ts into secondary cac he. Unfortunately , Op enMP programs cannot take this adv an tage so muc h. Fig. 9 is a result of 1024 � 1024. In this case, approximately 128 MB of data is necessary . Up to 8 pro cessors, all programs but the naive version with the Omni compiler ac hiev e almost the same go o d p erformance. With more pro cessors, the

Fig. 6. Magni�ed snapshot of the naive version Fig. 7. Magni�ed snapshot of the optimized version naiv e v ersion with the MIPSpro compiler and the optimized version with the Omni compiler sligh tly degrade the p erformance, while the MPI program and the optimized version with MIPSpro scale w ell. That is b ecause the ratio of computation on coarse grid, i.e., a lo op with short lo op length that tends to b ecome the o v erhead of parallelization increases, when the n um ber of pro cesses increases. Comparing with the p erformance of the Op enMP programs of tw o problem sizes, 512 � 512 case is b etter than 1024 � 1024 case in the case of eigh t threads. This shows that a program parallelized by Op enMP can utilize memory lo cality sligh tly ho w ev er it is no match for a program written in MPI. 5 Prop osals for Op enMP Sp eci�cation When constan t v ariables are priv atized in a parallel region, b oth FIRSTPRIVATE and LASTPRIVATE need to b e sp eci�ed, since these constan t v ariables b ecome unde�ned at the end of the parallel region without LASTPRIVATE ; how ev er, this also may cause an ov erhead, since cop ying is necessary from a priv ate v ariable to a shared v ariable at the end of the parallel region. This case is quite common. W e prop ose a new data scop e attribute clause; READONLY . This clause only copies from the shared v ariable to a priv ate v ariable and ensures to maintain the shared v ariable after the parallel region. W e emplo y ed an iterativ e metho d for p erformance ev aluation. The iterative metho d is quite sensitiv e to rounding error and the order of oating-p oint op er- ations of reduction. Since the Op enMP sp eci�cation allows any order of oating- p oint op erations for reduction, an Op enMP program ma y compute a di�eren t inner pro duct on successive execution even with the static lo op sc heduling, the same lo op length and the same num b er of threads. Actually , ev en the num b er of iterations until con v ergence di�ers ev ery time using the MIPSpro compiler. This ma y also happ en with MPI since the MPI sp eci�cation also allo ws an y order of oating-p oint op erations for reduction. The problem is that the di�erence with Op enMP is observed to b e m uc h larger than that with MPI. The situation is m uc h worse using dynamic lo op sc heduling. Since repro ducible results are quite imp ortant for debugging and testing, this should b e controlled b y a new directiv e or a new en vironmen tal v ariable. 6 Conclusions and F uture Researc h This pap er show ed sev eral tec hniques to optimize Op enMP programs and their impact. Impact is quite dep endent on compilers. The Omni compiler sho w ed attractiv e and almost double the p erformance compared with the naiv e version. The SGI MIPSpro compiler sho w ed little di�erence of p erformance with small n um b er of pro cessors, ho w ev er, the optimized version scales well with more pro- cessors. Ev en though the SGI Origin 2000 supp orts distributed shared memory , the program written in MPI p erforms b etter than the Op enMP program esp ecially with 8 pro cessors and the problem size 512 � 512. That is b ecause the MPI program exploits lo calit y of memory explicitly . How to exploit the lo calit y is also a big future research of the Op enMP compiler and the Op enMP sp eci�cation. Ac kno wledgmen t W e are grateful to ev ery member of TEA group of Electrotechnical Lab ora- tory (ETL), Real W orld Computing P artnership, Univ ersit y of Tsukuba and T oky o Institute of T ec hnology for discussion ab out semantics and p erformance of Op enMP programs. W e giv e great thanks for Dr. L. S. Blackford at Univer- sit y of T ennessee, Kno xville for precious commen ts and pro ofreading. W e also giv e great thanks for Dr. K. Ohmaki, director of the computer science division at ETL for supp orting this researc h. References 1. http://p dplab.tr c.rwcp.or.jp/p dp erf/Omni/home.html . 2. Bull, J. M. Measuring synchronisation and sc heduling o v erheads in Op enMP. In Pr o c e e dings of First Eur op e an Workshop on Op enMP (EWOMP’99) (1999). 3. Kettler, R. Analysis and comparison of relaxation sc hemes in robust multi- grid and preconditioned conjugate gradient metho ds. In Multigrid Metho ds , W. Hackbusc h and U. T rotten berg, Eds., vol. 960 of L e ctur e Notes in Mathemat- ics . Springer-V erlag, 1982, pp. 502{534. 4. OpenMP Architecture Review Board . Op enMP C and C++ Applic ation Pr o- gr am Interfac e , Octob er 1998. v ersion 1.0. 5. OpenMP Architecture Review Board . Op enMP F ortr an Applic ation Pr o gr am Interfac e , No v em ber 1999. v ersion 1.1. 6. Sa to, M., Sa toh, S., Kusano, K., and T anaka, Y. Design of Op enMP com- piler for an SMP cluster. In Pr o c e e dings of 1st Eur op e an Workshop on Op enMP (EWOMP’99) (1999), pp. 32{39. 7. T a tebe, O. The m ultigrid preconditioned conjugate gradient metho d. In Pr o- c e e dings of Sixth Copp er Mountain Confer enc e on Multigrid Metho ds (April 1993), NASA Conference Publication 3224, pp. 621{634. 8. T a tebe, O., and Oy ana gi, Y. E�cient implemen tation of the m ultigrid precondi- tioned conjugate gradien t metho d on distributed memory mac hines. In Pr o c e e dings of Sup er c omputing ’94 (No v em ber 1994), IEEE Computer So ciet y , pp. 194{203. This article was pro cessed using the L A T E X macro pack age with LLNCS style

Fig. 8. Floating-p oin t p erformance of MGCG (512 � 512) Fig. 9. Floating-p oint p erformance of MGCG (1024 � 1024)