P erformance Ev aluation of the Omni Op enMP Compiler Kazuhiro Kusano, Shigehisa Satoh and Mitsuhisa Sato R W CP Tsukuba Researc h Cen ter, Real W orld Computing P artnership 1-6-1, T ak ezono, Tsukuba-shi, Ibaraki, 305-0032, JAP AN TEL: +81-298-53-1683, F AX: +81-298-53-1652 e-mail: f kusano,sh-sato,msato g @trc.rwcp.or.jp http://pdplab.trc.rwcp.or.jp/Omni/ Abstract. W e dev elop ed an Op enMP compiler, called Omni. This pa- p er describ es a p erformance ev aluation of the Omni Op enMP compiler. W e tak e t w o commercial Op enMP C compilers, the KAI GuideC and the PGI C compiler, for comparison. Microb enc hmarks and a program in P arkb enc h are used for the ev aluation. The results using a SUN En ter- prise 450 with four pro cessors sho w the p erformance of Omni is compara- ble to a commercial Op enMP compiler, KAI GuideC. The parallelization using Op enMP directiv es is e�ectiv e and scales w ell if the lo op con tains enough op erations, according to the results. k eyw ords : Op enMP, c ompiler, Micr ob enchmarks, p arkb ench, p erformanc e evaluation 1 In tro duction Multi-pro cessor w orkstations and PCs are getting p opular, and are b eing used as parallel computing platforms in v arious t yp es of applications. Since p orting applications to parallel computing platforms is still a c hallenging and time con- suming task, it w ould b e ideal if it could b e automated b y using some paralleliz- ing compilers and to ols. Ho w ev er, automatic parallelization is still a c hallenging researc h topic and is not y et at the stage where it can b e put to practical use. Op enMP[1], whic h is a collection of compiler directiv es, library routines, and en vironmen t v ariables, is prop osed as a standard in terface to parallelize sequen- tial programs. The Op enMP language sp eci�cation came out in 1997 for F ortran, and in 1998 for C/C++. Recen tly , compiler v endors for PCs and w orkstations ha v e endorsed the Op enMP API and ha v e released commercial compilers that are able to compile an Op enMP parallel program. There ha v e b een sev eral e�orts to mak e a standard for compiler directiv es, suc h as Op enMP and HPF[12]. Op enMP aims to pro vide p ortable compiler di- rectiv es for shared memory programming. On the other hand, HPF w as designed to pro vide data parallel programming for distributed or non-uniform memory ac- cess systems. These sp eci�cations w ere originally supp orted only in F ortran, but Op enMP announced sp eci�cations for C and C++. In Op enMP and HPF, the directiv es sp ecify parallel actions explicitly rather than as hin ts for paralleliza- tion. While high p erformance computing programs, esp ecially for scien ti�c com- puting, are often written in F ortran as the programming language, man y pro- grams are written in C in w orkstation en vironmen ts. W e fo cus on Op enMP C compilers in this pap er. W e also rep ort our ev aluation of the Omni Op enMP compiler[4] and mak e a comparison b et w een Omni and commercial Op enMP C compilers. The ob jectiv es of our exp erimen t are to ev aluate a v ailable Op enMP compilers including our Omni Op enMP compiler, and examine the p erformance impro v emen t gained b y using the Op enMP programming mo del. The remainder of this pap er is organized as follo ws: Section 2 presen ts the o v erview of the Omni Op enMP compiler and its comp onen ts. The platforms and the compilers w e tested for our exp erimen t are describ ed in section 3. Section 4 in tro duces Microb enc hmarks, an Op enMP b enc hmark program dev elop ed at the Univ ersit y of Edin burgh, and sho ws the results of an ev aluation using it. Section 5 presen ts a further ev aluation using another b enc hmark program, P arkb enc h. Section 6 describ es related w ork and w e conclude in section 7. 2 The Omni Op enMP Compiler W e are dev eloping an exp erimen tal Op enMP compiler, Omni[4] , for an SMP mac hine. An o v erview of the Omni Op enMP compiler is presen ted in this section. The Omni Op enMP compiler is a translator whic h tak es Op enMP programs as input and generates m ulti-thread C programs with run-time library calls. The resulting programs are compiled b y a nativ e C compiler, and then link ed with the Omni run-time library to execute in parallel. The Omni is supp orted the POSIX thread library for parallel execution, and this mak es it easy to p ort the Omni to other platforms. The platforms the Omni has already b een p orted to are the Solaris on Sparc and on in tel, Lin ux on in tel, IRIX and AIX. The Omni Op enMP compiler consists of three parts, a fron t-end, the Exc Ja v a to ol and a run-time library . Figure 1 illustrates the structure of Omni. The Omni fron t-end accepts programs parallelized using Op enMP directiv es that are sp eci�ed in the Op enMP application program in terface[2][3]. The fron t- end for C and F OR TRAN77 are a v ailable no w, and a C++ v ersion is under dev elopmen t. The input program is parsed in to an Omni in termediate co de, called Xob ject co de, for b oth C and F OR TRAN77. The next part, the Exc Ja v a to ol, is a Ja v a class library that pro vides classes and metho ds to analyze and transform the Xob ject in termediate co de. It also generates a parallelized C program from the Xob ject. The represen tation of Xob ject co de whic h is manipulated b y the Exc Ja v a to ol is a kind of Abstract Syn tax T ree(AST) with data t yp e information. Eac h no de of the AST is a Ja v a ob ject that represen ts a syn tactical elemen t of the source co de that can b e easily transformed. The Exc Ja v a to ol encapsulates the parallel execution part in to a separate function to translate a sequen tial program with Op enMP directiv es in to a fork-join parallel program.

Fig. 1. Omni Op enMP compiler Figures 2 and 3 sho w the input Op enMP co de fragmen t and the parallelized co de whic h is translated b y Omni, resp ectiv ely . A master thread calls the Omni func(){ ... #pragma omp parallel for for(...){ x=y... } } Fig. 2. Op enMP program fragmen t run-time library , omp c do parallel, to in v ok e sla v e threads whic h execute the function in parallel. P oin ters to shared v ariables with auto storage classes are copied in to a shared memory heap and passed to sla v es at the fork. Priv ate v ariables are redeclared in the functions generated b y the compiler. The w ork sharing and sync hronization constructs are translated in to co des whic h con tain the corresp onding run-time library calls. The Omni run-time library con tains library functions used in the translated program, for example, omp c do parallel in Figure 3, and libraries that are sp ec- i�ed in the Op enMP API. F or parallel execution, the POSIX thread library and void __ompc_func_6(void **__ompc_args) { auto double **_pp_x; auto double **_pp_y; _pp_x = (double **)*(__ompc_args+0); _pp_y = (double **)*(__ompc_args+1); { /* index calculation */ for(...){ __p_x=__p_y... } } } func(){ ... {/* #pragma omp parallel for */ auto void *__ompc_argv[2]; *(__ompc_argv+0) = (void *)&x; *(__ompc_argv+1) = (void *)&y; _ompc_do_parallel(__ompc_func_6,__ompc_argv); } Fig. 3. Program parallelized using Omni the Solaris thread library on Solaris OS can b e used according to the Omni com- pilation option. The Omni compilation option also allo ws use of the m utex lo c k function instead of the spin-w ait lo c k w e dev elop ed, the default lo c k function in Omni. The 1-read/n-write busy-w ait algorithm[13] is used as a default Omni barrier function. Threads are allo cated at the b eginning of an application program in Omni, not at ev ery parallel execution part con tained in the program. All threads but the master are w aiting in a conditional w ait state un til the start of parallel execution, triggered b y the library call describ ed b efore. The allo cation and deallo cation of these threads are managed b y using a free list in the run-time library . The list op erations are executed exclusiv ely using the system lo c k function. 3 Platforms and Op enMP Compilers The follo wing mac hines w ere used as platforms for our exp erimen t. { SUN En terprise 450(Ultra sparc 300MHz x4), Solaris 2.6, SUNWspro 4.2 C compiler, JDK1.2 { COMP aS-I I(COMP A Q ProLian t6500, P en tium-I I Xeon 450MHz x4), Red- Hat Lin ux 6.0+k ernel-2.2.12, gcc-2.91.66, JDK1.1.7

W e ev aluated commercial Op enMP C compilers as w ell as the Omni Op enMP compiler. The commercial Op enMP C compilers w e tested are: { KAI GuideC V er.3.8[10] on the SUN, and { PGI C compiler pgcc 3.1-2[11] on the COMP aS-I I. KAI GuideC is a prepro cessor that translates Op enMP programs in to paral- lelized C programs with library calls. On the other hand, the PGI C compiler translates an input program directly to the executable co de. The compile op- tions used in the follo wing tests are ’-fast’ for the SUN C compiler, ’-O3 -malign- double’ for the GNU gcc, and ’-mp -fast’ for the PGI C compiler. 4 P erformance Ov erhead of Op enMP This section presen ts the ev aluation of the p erformance o v erhead of Op enMP compilers using Microb enc hmarks. 4.1 Micr ob enchmarks Microb enc hmarks[6], dev elop ed at the Univ ersit y of Edin burgh, is in tended to measure the o v erheads of sync hronization and lo op sc heduling in the Op enMP run time library . The b enc hmark measures the p erformance o v erhead incurred b y the Op enMP directiv es, for example ’parallel’, ’for’ and ’barrier’, and the o v erheads of the parallel lo op using di�eren t sc heduling options and c h unk sizes. 4.2 Results on the SUN System Figure 4 sho ws the results of using the Omni Op enMP compiler and KAI GuideC. The nativ e C compiler used for b oth Op enMP compilers is the SUNWspro 4.2 C compiler with the ’-fast’ optimization option. These results sho w the Omni Op enMP compiler ac hiev es comp etitiv e p erfor- mance when compared to the commercial KAI GuideC Op enMP compiler. The o v erhead of ’parallel’, ’parallel-for’ and ’parallel-reduction’ is bigger than that of other directiv es. This indicates that it is imp ortan t to reduce the n um b er of parallel regions to ac hiev e go o d parallel p erformance. 4.3 Results on the COMP aS-I I System The results of using the Omni Op enMP compiler and the PGI C compiler on the COMP aS-I I are sho wn in Figure 5. The PGI compiler sho ws v ery go o d p erformance, esp ecially for ’parallel’, ’parallel-for’ and ’parallel-reduction.’ The o v erhead of Omni for those directiv es increases almost linearly . Although the o v erhead of Omni for those directiv es is t wice that of PGI, it is reasonable when compared to the results on the SUN.

Fig. 4. Ov erhead of Omni(left) and KAI(righ t) Fig. 5. Ov erhead of Omni(left) and PGI(righ t) 4.4 Breakdo wn of the Omni Ov erhead The p erformance of ’parallel’, ’parallel-for’ and ’parallel-reduction’ directiv es originally scales p o orly on Omni. W e made some exp erimen ts to breakdo wn the o v erhead of the ’parallel’ directiv e, and, as a result, w e found that the data structure op eration used to manage parallel execution and sync hronization in the Omni run-time library sp en t most of the o v erhead. The threads are allo cated once the initialization phase of a program execu- tion, and, after that, idle threads are managed b y the run-time library using an idle queue. This queue has to b e op erated exclusiv ely and this serialized queue op erations. In addition to the queue op eration, there is a redundan t barrier sync hronization at the end of the parallel region in the library . W e mo di�ed the run-time library to reduce the n um b er of library calls whic h require exclusiv e op eration and eliminate redundan t sync hronization. As a result, the p erformance sho wn in Figures 4 and 5 are ac hiev ed. Though the o v erhead of ’parallel for’ on the COMP aS-I I is unreasonably big, the cause of this is not y et �xed. T able 1 is the time sp en t for an allo cation of threads and a release of threads and barrier sync hronization on the COMP aS-I I system. This sho ws thread allo- PE 1 2 3 4 allo cation 0.40(43) 2.7(67) 3.5(65) 4.0(63) release + barrier 0.29(31) 0.50(12) 0.56(10) 0.60(9) T able 1. Time to allo cate/release data(usec(%)) cation still sp en t the most of the o v erhead. 5 P erformance Impro v emen t from using Op enMP Directiv es This section describ es the p erformance impro v emen ts using the Op enMP direc- tiv es. W e tak e a b enc hmark program from P arkb enc h to use in our ev aluation. The p erformance impro v emen ts of a few simple lo ops with the iterations ranging from one to 100,000 sho w the e�ciency of the Op enMP programming mo del. 5.1 Parkb ench P arkb enc h[8] is a set of b enc hmark programs designed to measure the p erfor- mance of parallel mac hines. Its parallel execution mo del is message passing using PVM or MPI. It consists of lo w-lev el b enc hmarks, k ernel b enc hmarks, compact applications and HPF b enc hmarks. W e use one of the programs, rinf1, in the lo w-lev el b enc hmarks to carry out our exp erimen t. The lo w-lev el b enc hmark programs are in tend to measure the p erformance of a single pro cessor. W e rewrote the rinf1 program in C, b ecause the original w as written in F ortran. The rinf1 program tak es a set of common F ortran op eration lo ops in di�eren t lo op lengths. F or the follo wing test, w e c hose k ernel lo ops 3, 6 and 16. Figure 6 sho ws co de fragmen ts from a rinf1 program. 5.2 Results on the SUN System Figures 7, 8 and 9 sho w the results of k ernel lo ops 3, 6 and 16, resp ectiv ely , in the rinf1 b enc hmark program whic h w as parallelized using Op enMP directiv es for( jt = 0 ; jt < ntim ; jt++ ){ dummy(jt); #pragma omp parallel for for( i = 0 ; i < n ; i++ )/* kernel 3 */ a[i] = b[i] * c[i] + d[i]; } .... #pragma omp parallel for for( i = 0 ; i < n ; i++ )/* kernel 6 */ a[i] = b[i] * c[i] + d[i] * e[i] + f[i]; ... Fig. 6. rinf1 k ernel lo op executed on the SUN mac hine. In these graphs, the x-axis is lo op length, and the y-axis represen ts p erformance in M ops. Fig. 7. k ernel 3[a(i)=b(i)*c(i)+d(i)] on the SUN: Omni(L) and KAI(R) Both Op enMP compilers, Omni and KAI GuideC, ac hiev e almost the same p erformance impro v emen t, though there are some di�erences. The di�erences resulted mainly from the run-time library , b ecause b oth Op enMP compilers translate to the C program with run-time library calls. KAI GuideC sho ws b etter p erformance for short lo op lengths of k ernel 6 on one pro cessor, and the p eak p erformance for k ernel 16 on t w o and four pro cessors is b etter than that of Omni. 5.3 Results on the COMP aS-I I System Figures 10, 11 and 12 are the results of k ernel lo ops in the rinf1 b enc hmark program whic h w ere parallelized using the Op enMP directiv e executed on the

Fig. 8. k ernel 6[a(i)=b(i)*c(i)+d(i)*e(i)+f(i)] on the SUN: Omni(L) and KAI(R) Fig. 9. k ernel 16[a(i)=s*b(i)+c(i)] on the SUN: Omni(L) and KAI(R) COMP aS-I I. The x-axis represen ts lo op length, and the y-axis represen ts p er- formance in M ops, the same as in the previous case. The results sho w the PGI compiler ac hiev es b etter p erformance than the Omni Op enMP compiler on the COMP aS-I I. The PGI compiler ac hiev es v ery go o d p erformance for short lo op lengths on one pro cessor. The p eak p erformance of PGI reac hes ab out 400 M ops or more on four pro cessors, and it is nearly double that of Omni in k ernels 3 and 16. 5.4 Discussion Omni and KAI GuideC ac hiev e almost the same p erformance impro v emen t on the SUN, but the p oin ts describ ed ab o v e m ust b e k ept in mind. The p erformance impro v emen t of the PGI compiler on the COMP aS-I I has di�eren t c haracteristics when compared to the others. Esp ecially , the PGI ac hiev es higher p erformance

Fig. 10. k ernel 3[a(i)=b(i)*c(i)+d(i)] on the COMP aS-I I: Omni(L) and PGI(R) Fig. 11. k ernel 6[a(i)=b(i)*c(i)+d(i)*e(i)+f(i)] on the COMP aS-I I: Omni(L) and PGI(R) for short lo op lengths than the Omni on one pro cessor, and the p eak p erformance nearly doubles for k ernel 3 and 16. This indicates the p erformance of Omni could b e impro v ed on the COMP aS-I I b y the optimization of the Omni run- time library , though one m ust consider the fact that the bac k end of Omni is di�eren t. Those results sho w that parallelization using the Op enMP directiv es is ef- fectiv e and the p erformance scales up for tin y lo ops if the lo op length is long enough.

Fig. 12. k ernel 16[a(i)=s*b(i)+c(i)] on the COMP aS-I I: Omni(L) and PGI(R) 6 Related W ork Lund Univ ersit y in Sw eden dev elop ed a free Op enMP C compiler, called OdinMP/CCp[5]. It is also a translator to a m ulti-thread C program and uses Ja v a as its dev elopmen t language, the same as our Omni. The di�erence is found in the input language. OdinMP/CCp only supp orts C as input, while Omni supp orts C and F OR TRAN77. The dev elopmen t language of eac h fron tend is also di�eren t, C in Omni and Ja v a in OdinMP/CCp. There are man y pro jects related to Op enMP , for example, researc h to ex- ecute an Op enMP program on top of the Distributed Shared Memory(DSM) en vironmen t on a net w ork of w orkstations[7], and the in v estigation of a parallel programming mo del based on the MPI and the Op enMP to utilize the mem- ory hierarc h y of an SMP cluster[9]. Sev eral pro jects, including Op enMP ARB, ha v e stated the in ten tion to dev elop an Op enMP b enc hmark program, though Microb enc hmarks[6] is the only one a v ailable no w. 7 Conclusions This pap er presen ted an o v erview of the Omni Op enMP compiler and an ev alua- tion of its p erformance. The Omni consists of a fron t-end, an Exc Ja v a to ol, and a run-time library , and translates an input Op enMP program to a parallelized C program with run-time library calls. W e c hose Microb enc hmarks and a pro- gram in P arkb enc h to use for our ev aluation. While Microb enc hmarks measures the p erformance o v erhead of eac h Op enMP construct, the P arkb enc h program ev aluates the p erformance of arra y calculation lo op parallelized b y using the Op enMP programming mo del. The latter giv es some criteria to use to paral- lelize a program using Op enMP directiv es. Our ev aluation, using b enc hmark programs, sho ws Omni ac hiev es compa- rable p erformance to a commercial Op enMP compiler, KAI GuideC, on a SUN system with four pro cessors. It also rev eals a problem with the Omni run-time li- brary whic h indicates that the o v erhead of thread managemen t data is increased according to the n um b er of pro cessors. On the other hand, the PGI compiler is faster than the Omni on a COMP aS- I I system, and it indicates the optimization of the Omni run-time library could impro v e its p erformance, though one m ust consider the fact that the bac k end of Omni is di�eren t The ev aluation also sho ws that parallelization using the Op enMP directiv es is e�ectiv e and the p erformance scales up for tin y lo ops if the lo op length is long enough, while the COMP aS-I I requires v ery careful optimization to get p eak p erformance. References 1. h ttp://www.op enmp.org/ 2. Op enMP Consortium, \Op enMP F ortran Application Program In terface V er 1.0", Oct, 1997. 3. Op enMP Consortium, \Op enMP C and C++ Application Program In terface V er 1.0", Oct, 1998. 4. M. Sato, S. Satoh, K. Kusano and Y. T anak a, \Design of Op enMP Compiler for an SMP Cluster", EW OMP ’99, pp.32-39, Lund, Sep., 1999. 5. C. Brunsc hen and M. Brorsson, \OdinMP/CCp - A p ortable implemen tation of Op enMP for C", EW OMP ’99, Lund, Sep., 1999. 6. J. M. Bull, \Measuring Sync hronisation and Sc heduling Ov erheads in Op enMP", EW OMP ’99, Lund, Sep., 1999. 7. H. Lu, Y. C. Hu and W. Zw aenep o el, \Op enMP on Net w orks of W orkstations", SC’98, Orlando, FL, 1998. 8. h ttp://www.netlib.org/parkb enc h/h tml/ 9. F. Capp ello and O. Ric hard, \P erformance c haracteristics of a net w ork of com- mo dit y m ultipro cessors for the NAS b enc hmarks using a h ybrid memory mo del", P A CT ’99, pp.108-116, Oct., 1999. 10. h ttp://www.k ai.com/ 11. h ttp://www.pgroup.com/ 12. C. Ko elb el, D. Lo v eman, R. Sc hreib er, G. Steele Jr. and M. Zosel,\The High P er- formance F ortran handb o ok", The MIT Press, Cam bridge, MA, USA, 1994. 13. John M. Mellor-Crummey and Mic hael L. Scott, \Algorithms for Scalable Sync hro- nization on Shared-Memory Multipro cessors", A CM T rans. on Comp. Sys., V ol.9, No.1, pp.21-65, 1991. This article w as pro cessed using the L A T E X macro pac k age with LLNCS st yle