OMPC++ | A P ortable High-P erformance Implemen tation of DSM using Op enC++ Re ection Y ukihik o Sohda, Hirotak a Oga w a, and Satoshi Matsuok a Departmen t of Mathematical and Computing Sciences T oky o Institute of T ec hnology 2-12-1 Oo-ok a y ama, Meguro-ku, T oky o 152-8552 TEL: (03)5734-3876 F AX: (03)5734-3876 email: f sohda,ogawa,matsu g @is.titech.ac.jp Abstract. Platform p ortabilit y is one of the utmost demanded prop- erties of a system to da y , due to the div ersit y of run time execution en- vironmen t of wide-area net w orks, and parallel programs are no excep- tions. Ho w ev er, parallel execution en vironmen ts are VER Y div erse, could c hange dynamically , while p erformance m ust b e p ortable as w ell. As a result, tec hniques for ac hieving platform p ortabilit y are sometimes not appropriate, or could restrict the programming mo del, e.g., to simple message passing. Instead, w e prop ose the use of r e e ction for ac hieving platform p ortabilit y of parallel programs. As a protot yp e exp erimen t, a soft w are DSM system called OMPC++ w as created whic h utilizes the compile-time metaprogramming features of Op enC++ 2.5 to generate a message-passing MPC++ co de from a SPMD-st yle, shared-memory C++ program. The translation creates memory managemen t ob jects on eac h no de to manage the consistency proto cols for ob jects arra ys resid- ing on di�eren t no des. Read- and write- barriers are automatically in- serted on references to shared ob jects. The resulting system turned out to b e quite easy to construct compared to traditional DSM construc- tion metho dologies. W e ev aluated this system on a PC cluster link ed b y the Myrinet gigabit net w ork, and resulted in reasonable p erformance compared to a high-p erformance SMP . 1 In tro duction Due to rapid commo ditization of adv anced hardw are, parallel mac hines, whic h had b een sp ecialized and of limited use, are b eing commo ditized in the form of w orkstation and PC clusters. On the other hand, commo dit y soft w are tec hnolo- gies suc h as standard libraries, ob ject-orien tation, and comp onen ts are not su�- cien t for guaran teeing that the same co de will w ork across all parallel platforms not only with the same set of features but also similar p erformance c haracteris- tics, similar fault guaran tees, etc. Suc h p erformanc e p ortability is fundamen tally di�cult b ecause platforms di�er in pro cessors, n um b er of no des, comm unication hardw are, op erating systems, libraries, etc., despite commo ditization.

T raditionally , p ortabilit y amongst div erse parallel computers ha v e b een ei- ther ac hiev ed b y standard libraries suc h as MPI, or parallel programming lan- guages and compilers suc h as HPF and Op enMP[Op e97]. Ho w ev er, suc h ef- forts will could require programming under a �xed programming mo del. More- o v er, p ortable implemen tation of suc h systems themselv es are quite di�cult and require substan tial e�ort and cost. Instead, R e e ction and op en c ompil- ers could b e alternativ e metho dologies and tec hniques for p erformanc e p ortable high-p erformance programs. Based on suc h a b elief, w e are curren tly em bark ed on the Op enJIT[MOS + 98] pro ject. Op enJIT is a (re ectiv e) Just-In-Time op en compiler written almost en tirely in Ja v a, and plugs in to the standard JDK 1.1.x and 1.2 JVM. A t the same time, Op enJIT is designed to b e a compiler framew ork similar to Stan- ford SUIF[Suif], in that it facilitates user-customizable high-lev el and lo w-lev el program analysis and transformation framew orks. With Op enJIT, parallel pro- grams of v arious parallel programming mo dels in Ja v a compiled in to Ja v a b yte- co de, will b e do wnloaded and executed on div erse platforms o v er the net w ork, from single-no de computers to large-scale parallel clusters and MPPs, along with customization classes for resp ectiv e platforms and programming mo dels using compiler metaclasses 1 . The question is, will suc h a sc heme b e feasible, esp ecially with strong re- quiremen ts for p erformance of high-p erformance parallel programs? Moreo v er, ho w m uc h metaprogramming e�ort w ould suc h an approac h tak e? So, as a pre- cursor w ork using Op enC++, w e ha v e emplo y ed re ection to implemen t DSM (distributed shared memory) in a p ortable w a y , to supp ort Ja v a’s c hief mo del of parallel programming i.e., the m ultithreaded execution o v er shared mem- ory . More sp eci�cally , w e ha v e designed a set of compiler metaclasses and the supp ortiv e template classes and run times for Op enC++2.5[Chi95, Chi97] that implemen ts necessary program transformations with its compile-time MOP for e�cien t and p ortable implemen tation of soft w are-based DSM for programs writ- ten in (shared-memory) SPMD st yle, called OMPC++ . A m ultithreaded C++ program is transformed in to message-passing program in MPC++[Ish96] lev el0 MTTL (m ultithread template library), and executed on our R W C(Real-W orld Computing P artnership)-sp ec PC-cluster, whose no des are standard PCs but in terconnected with the Myrinet[Myr] gigabit net w ork, and running the R W C’s SCore parallel op erating system based on Lin ux. The resulting OMPC++ is quite small, requiring appro ximately 700 lines of metaclass, template class, and run time programming. Also, OMPC++ pro v ed to b e comp etitiv e with traditional soft w are-based DSM implemen tations as w ell as hardw are-based SMP mac hines. Early b enc hmark results using n umerical core programs written in shared-memory SPMD-st yle programs (a fast parallel CG- k ernel, and parallel FFT from SPLASH2) sho wn that, our re ectiv e DSM im- plemen tation scales w ell, and ac hiev es p erformance comp etitiv e with that of high-p erformance SMPs (SparcServ er 4000, whic h has dedicated and exp ensiv e 1 Op enJIT is in activ e dev elopmen t, and is curren tly readying the �rst release as of F eb. 1, 1999.

hardw are for main taining hardw are memory consistency). Not only this result serv es as a solid groundw ork for Op enJIT, but OMPC++ itself serv es as a high- p erformance and p ortable DSM in its o wn righ t. 2 Implemen tation of a P ortable, High-P erformance Soft w are DSM DSM (Distributed Shared Memory) has had m ultitudes of studies since its orig- inal prop osal b y Kai Li[LH89], with prop osals for v arious soft w are as w ell as hardw are assisted coherency proto cols, tec hniques for soft w are-based implemen- tation, etc. Ho w ev er, there ha v e not b een so m uc h w ork with platform (p erfor- mance) p ortabilit y in mind. In order for a program to b e p ortable, one m ust not extensiv ely alter the underlying assumptions on the hardw are, OS, the program- ming language, whic h are largely commo ditized. Moreo v er, as a realistic parallel system, one m ust ac hiev e high p erformance and its p ortabilit y across di�eren t platforms. Belo w, w e giv e an outline of our OMPC++ system with the ab o v e require- men ts in mind, as w ell as the building blo c ks w e ha v e emplo y ed. 2.1 Ov erview of the OMPC++ system OMPC++ tak es a parallel m ultithreaded shared-memory C++ program, trans- forms the program using compile-time metaprogramming, and emits an exe- cutable dep ending on v arious en vironmen ts, those with fast underlying message passing in particular(Fig. 2). OMPC++ itself do es not extend the C++ syn tax in an y w a y . More concretely , OMPC++ de�nes sev eral template classes (distributed shared arra y classes), and Op enC+ metaclasses for p erforming the necessary program transformations for implemen ting soft w are DSM (suc h as read/write barriers to shared regions, and initialization/�nalization). The Op enC++ compiler gen- erates a customized program transformer, whic h then transforms the program in to message-passing MPC++ program, whic h is further compiled in to C++ and then on to a binary , and �nally link ed with DSM template libraries as w ell as MPC++ run time libraries, resulting in an executable on the R W C cluster. Our system exhibits comp etitiv e and sometimes sup erior p erformance to soft- w are DSM systems implemen ted as class libraries. This is b ecause OMPC++ can analyze and pinp oin t at compile time, exactly where w e should insert run time meta-op erations (suc h as read/write barriers) that w ould result in p erformance o v erhead. Th us, w e only incur the o v erhead when it is necessary . On the other hand, for traditional class-based DSM systems, either the programmer m ust insert suc h meta-op erations man ually , or it w ould incur unnecessary run time o v erhead resulting in loss of p erformance.

2.2 Underlying ‘Building-Blo c ks’ W e next describ e the underlying ‘building-blo c ks’, namely Op enC++, MPC++, SCore, and the PC Cluster hardw are(Fig. 1). W e note that, aside from Op enC++, the comp onen ts could b e in terc hanged with those with similar but di�eren t func- tionalities and/or in terfaces, and only the metaclasses ha v e to b e re-written. F or example, one could easily p ort OMPC++ to other cluster en vironmen ts, suc h as Beo wulf[Beo]. Fig. 1. Building-blo c ks hierarc h y Op enC++ Op enC++ pro vides a compile-time MOP capabilit y for C++. By de�ning appropriate compiler metaclasses, the Op enC++ compiler e�ec- tiv ely generates a prepro cessor that p erforms the in tended program trans- formations. The prepro cessor then can b e applied to the base program for appropriate meta-op erations. Compile-time MOP could eliminate m uc h of the o v erhead of re ection, and coupled with appropriate run time, could sim u- late the e�ects of traditional run-time MOPs. (OMPC++ curren tly emplo ys Op enC++ 2.5.4.) MPC++ MPC++ 2.0 Lev el 0 MTTL is a parallel ob ject-based programming language whic h supp orts high-lev el message-passing using templates and in- heritance. MTTL is solely implemen ted using language features of C++, and no custom language extensions are done. F or OMPC++, w e emplo y most of the features of MTTL, suc h as lo cal/remote thread creation, global p oin ters, and reduction op erations 2 . 2 MPC++ Lev el 1[Ie96] supp orts compile-time MOP features similar to Op enC++. The reason for not utilizing them w as not a deep tec hnical issue, but rather for

R W C PC Cluster and SCore The default OMPC++ library emits co de for R W C PC cluster, although with a small amoun t of metaclass reprogram- ming it could b e p orted to other cluster platforms. The cluster w e emplo y ed is a subset of the R W C cluster I I, with 8{10 P en tium Pro (200MHz) PC no des in terconnected with Myrinet gigabit LAN. The no des in the cluster comm unicate with eac h other using PM, a fast message-passing library , and the whole cluster acts as one parallel mac hine using the SCore op erating sys- tem based on Lin ux. SCore is p ortable in that it only extends Lin ux using daemons and device driv ers. Fig. 2. Program T ransformation and Compilation 3 Implemen tation of Soft w are DSM in OMPC++ W e outline the pro cess of compilation and execution in OMPC++(Fig. 2). { Op enC++ generates a prepro cessor from the OMPC++ metaclasses (1). { The source program is transformed using the prepro cessor (2). The trans- formed program is a message-passing MPC++ program. { MPC++ adds compiler v ariables suc h as the SCore library , and hands it o� to the bac k end C++, whic h generates the executable (3). practicalit y at the time of OMPC++ dev elopmen t suc h as stabilit y and compilation sp eed. In theory w e could replicate our w ork using MPC++ Lev el 1.

A real compilation session is depicted in Fig. 3. The n um b ers corresp ond to those in Fig. 2. % ompc++ -m -- SharableClass.mc |(1) % ompc++ -v -- -o cg cg.cc problem.o | [Preprocess... /usr/score/bin/mpc++ | -D__opencxx -E -o cg.occ -x c++ cg.cc] | compiling cg.cc |(2) [Translate... cg.occ into: cg.ii] | Load SharableClass-init.so.. Load | SharableClass.so.. Initialize.. Done. | [Compile... /usr/score/bin/mpc++ | -o cg cg.ii problem.o] | compiling cg.ii |(3) [done.] | [GC happened 10 times.] | Fig. 3. A Compilation Session for OMPC++ 3.1 Program T ransformation There are 3 steps in the program transformation for implemen ting the DSM functionalit y: 1. Initialization and �nalization of memory managemen t ob jects created on eac h no de. 2. Initialization of shared memory regions (creation of managemen t tables, al- lo cation of lo cal memory). 3. Insertion of lo c ks and read/write barriers to shared v ariables in the program. The examples of program transformations are depicted in Fig. 4 and Fig. 5 3 . The program transformation p ossible with Op enC++ is restricted to trans- formation of base programs, and in particular those of class metho ds; so, for OMPC++, w e assume the user program to conform to the follo wing structure: sdsm_main() { .. }; // main computing code sdsm_init() { .. }; // application-specific initialization sdsm_done() { .. }; // application-specific finalization 3 Note that, there are restrictions of the template features in the metaclasses for the curren t v ersion of Op enC++, forcing us to do some template expansions man ually .

sdsm init() is called follo wing the system-lev el DSM initialization. sdsm main() function is the b o dy of parallel co de, and is called indep enden tly in parallel on eac h PE after initialization of the shared memory region. sdsm done() is called after sdsm main() terminates, follo w ed b y system-lev el DSM �nalization, after whic h the whole program terminates. sdsm init() and sdsm done() is sequen tially executed on a single PE (normally PE 0), while sdsm main() is executed on all the PEs. The follo wing functions are added as a result of program transformation: mpc_main() { .. }; // the main MPC++ function Initialize() { .. }; // initialization of shared region Finalize() { .. }; // finalization: freeing of shared region Because the resulting co de of program transformation is MPC++ co de, the program starts from mp c main() . This in turn calls Initialize() , whic h then calls the application-sp eci�c sdsm init() . After the computation completes, sdsm done() is called, and �nally Finalize() is executed on all the pro cessors, and the program terminates. Shared<double> a(100); // ..(1) Shared<double> b; sdsm_main() { b = (double*)malloc(sizeof(double) * 10); // ..(2) b[0] = a[0]; ... }; sdsm_init() { a[0] = 10.0; ... }; sdsm_done() { ... }; Fig. 4. OMPC++ Program b efore T ransformation Initialization and Finalization The initialization pro cess initializes the mem- ory managemen t ob ject and the DSM ob jects. These are quite straigh tforw ard, and only in v olv e initialization of lo c ks (the MPC++ Sync ob ject). Finalization in v olv es freeing of all the memory regions and the asso ciated managemen t ob- jects, and are also straigh tforw ard. Initialization of Shared Regions There are t w o t yp es of initialization of shared regions, dep ending on when the memory is allo cated b y the user. T yp e 1 is when the size of the shared region (on v ariable de�nition) is �xed, and initialization is done in Initialize() . T ransformation from Fig. 4-(1) to Fig. 5-(1) is an example. T yp e 2 is when the user do es not sp ecify the size on v ariable de�nition, but instead dynamically allo cates a memory region within sdsm init , sdsm main() ; in this case, allo cation is done on the sp ot as w e see in Fig. 4-(2) to Fig. 5-(2).

Shared<double> a(100); Shared<double> b; sdsm_main() { b.allocate(10); // ..(2) { double _sym52501_8 = a[0]; // ..(5) b.WriteStart(0); // ..(3) b(0) = _sym52501_8; b.WriteEnd(0); } ... }; // ..(3) sdsm_init() { { a.WriteStart(0); // ..(4) a(0) = 10.0; a.WriteEnd(0); } ... }; // ..(4) sdsm_done() { ... }; Initialize() { a.allocate(100); }; // ..(1) Finalize() { a.free(); b.free(); }; mpc_main() { invoke Initialize() on all PEs. sdsm_init(); invoke sdsm_main() on all PEs. sdsm_done(); invoke Finalize() on all PEs. }; Fig. 5. After T ransformation Access to Shared (Memory) Regions F or accessing shared regions, lo c k/unlo c k are inserted on writes. Fig. 5-(3),(4)). When a shared v ariable o ccurs on the RHS expression, writes are �rst p erformed to a temp orary v ariable to a v oid duplicate lo c kings (Fig. 5-(5)) on further RHS ev aluation. Read access do es not require an y lo c ks. 3.2 Program T ransformation Metaclasses In Op enC++, metaclasses are de�ned as sub classes of class Class , and b y o v er- riding the metho ds, one could c hange the b eha vior of programs. OMPC++ o v er- rides the follo wing three Op enC++ metho ds: T ranslateInitializer Called when the shared class ob ject is created. W e can then obtain the name, t yp e, size, and other information of the distributed shared arra y ob ject, and are used for initialization of the shared regions. T ranslateAssign Called when there is an assignmen t to the shared class ob ject. W e can then transform the initialization and the writes of the distributed shared arra y ob jects. W e analyze the expression whic h is passed as a pa- rameter b y the Op enC++, and if there is an mallo c (or other registered allo cation functions), then w e p erform similar task as the T ranslateInitializer to obtain the necessary information, and if it is within sdsm main() , the ini- tialization co de for shared regions directly replaces the allo cation. When a shared v ariable o ccurs on the RHS expression, T ranslateAssign generates a new statemen t whic h assigns it to a temp orary v ariable. F or assignmen ts to shared v ariables, their op erators [] are transformed to op erators () , and the W riteSta rt() and W riteEnd() metho ds are inserted to sandwitc h the assign- men t. FinalizeInstance Called up on the end of transformation. Here, w e insert the initialization and �nalization functions discussed earlier. More concretely , w e generate Initialize() , Finalize() based on the information obtained with T rans- lateInitializer and T ranslateAssign , and also generate mp c main() , obtaining the whole program. W e illustrate a sample metaprogram of T ranslateAssign in Fig. 6. Here, w e sandwitc h the assignmen t with lo c k metho d calls. Metaprograms are quite com- pact, with only 250 lines of co de (do es not include run time as w ell as template co de, etc.). Ptree* SharedClass:: TranslateAssign(Environment* env, Ptree* obj, Ptree* op, Ptree* exp){ Ptree* exp0 = ReadExpressionAnalysis(env, exp); Ptree* obj0 = WriteExpressionAnalysis(env,obj); return Ptree::List(obj0, op, exp0); }; Ptree* SharedClass:: WriteExpressionAnalysis(Environment* env, Ptree* exp){ Ptree *obj = exp->First(); Ptree *index = exp->Nth(2); if (!index->IsLeaf()) index = ReadExpressionAnalysis(env, index); InsertBeforeStatement(env, Ptree::qMake("‘obj‘.WriteStart(‘index‘);\n")); AppendAfterStatement(env, Ptree::qMake("\n‘obj‘.WriteEnd(‘index‘);\n")); return Ptree::qMake("‘obj‘(‘index‘)"); }; Fig. 6. Metaprogram Example 3.3 Distributed Shared Memory OMPC++ do es not implemen t DSM transformation with Op enC++ compile- time MOP alone; rather, it also utilizes C++ templates and op erator o v erload- ing. Also, in OMPC++, read/write barriers are p erformed in soft w are, instead of (traditional) hardw are page-based strategies suc h as T readMarks[A CD + 96]. Although suc h c hec ks are p oten tial sources of o v erhead, they pro vide the b ene�t of main taining the coherency blo c ks small, a v oiding false sharing. Recen t w ork in Shasta[SGT96] has demonstrated that, with lo w-latency net w orks, soft w are- based c hec ks do not incur ma jor o v erhead, ev en compared to some hardw are

T able 1. En try of the managemen t table addr p oin ter in to the real (lo cal) memory (4) copyowner p oin ter to a list of PEs holding a cop y (4) owner the blo c k o wner (2) copyowers # of PEs with copies (2) havedata A ag indicating whether data is presen t (1) lock Lo c k (1) dummy P adding (2) () indicates the n um b er of b ytes for the �eld based DSMs. Moreo v er, for p ortabilit y , soft w are-based c hec ks are substan tially b etter than paged-based c hec ks, as the latter w ould incur adapting to di�ering APIs and seman tics of trapping page faults and up calling in to the user co de for a v ariet y of op erating systems. W e note that, with languages suc h as Ja v a whic h do es not ha v e templates, more program transformation resp onsibilit y will b e delegated to metaprogram- ming. It w ould b e in teresting to compare the real tradeo�s of the use of templates v ersus metaprograms from the p ersp ectiv e of p erformance, co de size, ease-of- programmabilit y , etc. Distributed Shared Arra y Class Distributed Shared Arra y Class is a tem- plate class written in MPC++. The class implemen ts a shared arra y as the name implies, and ob jects are allo cated on all the PEs. F or the curren t v ersion, the memory consistency proto col is write-in v alidate with sequen tial consistency , and w eak er coherence proto cols and algorithms suc h as LR C[Kel94] are not emplo y ed. The arra y elemen ts are organized in terms of consistency blo c k size, whic h is the unit of memory transfer among the no des. The size of the blo c k can b e sp eci�ed with BlockSize , and can b e of arbitrary 2 n size. The managemen t tables of the blo c k resides en tirely within the class. Eac h en try in the table is as sho wn in T able 1, and is aligned to 16 b ytes to minimize the cost of address calculations. When the memory allo cation metho d allo cate( size ) is called, (size/ BlockSize ) en try managemen t table is created, and eac h PE allo cates (size/#PE) memory for storage (excluding the copies). Read Access Pro cessing Because w e emplo y the arra y access op erator [] , w e o v erload the [] op erator in the distributed shared arra y class. The o v erloaded b eha vior is as follo ws: 1. If the havedata ag is true, then return that address. 2. If the havedata ag is not true, then allo cate the necessary cop y blo c k, and request for cop ying of the blo c k con ten ts to the blo c k o wner b y passing the MPC++ global p oin ter to the o wner. 3. The requested o wner of the blo c k remotely writes the con ten ts of the blo c k on to the cop y blo c k p oin ted to b y the global p oin ter. 4. After the write is �nished, the lo cal address of the cop y blo c k is returned.

W rite Access Pro cessing The write access o v erloads the () op erator, but re- call that the OMPC++ metaclasses ha v e inserted the lo c k metho ds W riteS- ta rt() and W riteEnd() . The o v erloaded b eha vior is as follo ws, for write in v al- idation. Other proto cols could b e easily accommo dated. 1. W riteSta rt() sets the lock ag of the corresp onding managemen t table en try . If it is already lo c k ed, then w ait. 2. If the PE is the blo c k o wner, and there are copies elsewhere, then issue in v alidation messages to the PEs with copies. 3. If the PE do es not ha v e the blo c k data, then request for a cop y in the same manner as the read. 4. If the PE is not the blo c k o wner, then transfer the o wnership. The pre- vious o wner noti�es to the other PEs that the o wnership c hange has o ccurred. 5. The op erator () c hec ks the havedata ag, and returns its address. 6. W riteEnd() resets the lock ag. Optimizations Minimizing soft w are o v erhead is essen tial for the success of soft w are DSM algorithms. Up on analysis, one �nds that the o v erhead turns out to not b e caused b y in v alidation, but primarily due to the reads/writes whic h require address translation and barrier c hec ks. In OMPC++, w e optimize this in the follo wing w a y . F or accessing the managemen t table en tries, w e ha v e made the en try size to b e 2 n so that shifts could b e used instead of m ultiplications and divisions. The o v erloaded [] and () op erators as w ell as W riteSta rt() and W riteEnd() are inlined. Moreo v er, the blo c k address computed in the last access is cac hed; as a result, if one accesses the same blo c k rep eatedly (whic h is the assumed action of \go o d" DSM programs in an y case), read/write access sp eed are substan tially impro v ed. One could further de�ne sophisticated metaclasses to p erform more through analysis and program transformation to ph ysically eliminate coherency messages, as is seen in [LJ98]. As to whether suc h analysis are easily enco dable in terms of compiler metaclasses of Op enC++ is an in teresting issue, and w e are lo oking in to the matter. 4 P erformance Ev aluation The curren t v ersion of OMPC++ is appro ximately 700 lines of co de, whic h consists of 250 lines of metaclass co de, and 450 lines of template run time co de. This sho ws that, b y the use of re ection, w e w ere able to implemen t a p ortable DSM system with substan tially less e�ort compared to traditional systems. In order to in v estigate whether OMPC++ is su�cien tly fast for real par- allel programs, w e are curren tly undertaking extensiv e p erformance, analysis, pitting OMPC++ with other soft w are-based DSM algorithms, as w ell as large- scale SMP systems suc h as the 64-no de En terprise 10000. Here w e rep ort on some of our preliminary results on the PC cluster, including the basic, lo w-lev el b enc hmarks, as w ell as some parallel n umerical application k ernels, namely the CG k ernel, and the SPLASH2[W OT + 95] FFT k ernel and LU.

4.1 Ev aluation En vironmen t Ev aluation en vironmen t is a small subset of the PC Cluster I I dev elop ed at R W CP (Real-W orld Computing P artnership) in Tsukuba, Japan. The subset em b o dies 8{10 200MHz P en tium Pro PC no des with 64MB memory (of whic h 8 is used for b enc hmarking), and in terconnected b y the Myrinet Gigabit net- w ork (LinkSp eed 160MB/s). The OS for this system is the Lin ux 2.0.36-based v ersion of SCore, and uses MPC++ V ersion 2.0 Lev el 0 MTTL as men tioned. The underlying compiler is pgcc 1.1.1, and the optimization ags are \-O6 - mp en tiumpro -fomit-frame-p oin ter -funroll-lo ops -fstrength-reduce -�ast-math -fexp ensiv e-optimizations". F or comparativ e en vironmen t, w e use the Sparc En- terprise Serv er 4000, with 10 250MHz UltraSparc I I/1Mb, and 1Gb of memory . The Sun CC 4.2 optimization options are \-fast -xcg92 -xO5". 4.2 Basic P erformance As a underlying p erformance basis, w e measured the read/write access times. F or access patterns to shared arra ys, w e measured con tin ues access, strided access, and write access with in v alidation. Fig. 7. Throughput of basic remote memory op erations Con tin uous Read/W rite Accesses W e measured the total read/write access times of size 1024 � 1024 double shared arra y . All the blo c ks are setup so that they reside on other PEs; in other w ords, none of the blo c ks are initially o wned or cac hed. F or reads, this ob viously means that accesses m ust �rst start b y fetc hing the copies. F or writes, since none of the blo c ks are cac hed on an y of the PEs, write access do es not in v olv e in v alidation, and th us most of the incurred o v erhead is remote writes. W e sho w the a v eraged times of a single access for di�eren t blo c k sizes in Fig. 8. F or b oth reads and writes, a v erage access time decreases with increased blo c k size. This is naturally due to amortization of message handling and lo c k pro cessing o v erhead. When blo c k size increases further, w e see a fallo� due suc h amortization has mostly making the o v erhead negligible, and the sp eed is pri- marily determined b y the net w ork bandwidth. F or BlockSize 64kb ytes, it is 0.34 � sec/1dw ord, whic h corresp onds to 23.5Mb ytes/sec. By comparison, ra w MPC++ RemoteMemo ryRead is appro ximately 40Mb ytes/sec (Fig. 7). The dif- ference here is the cost of address translation and barrier on the read op eration. Fig. 8. Cost of Con tin uous Reads and W rites Accesses Strided Read/W rite Accesses Strided Access is a w orse-case scenario where the arra ys are serially accessed at a stride, and the stride is equal to BlockSize . As a result, no cac hed access can o ccur, but rather the en tire blo c k m ust b e transferred p er eac h memory access. The size and the initialization of memory is iden tical to the con tin uous access. Ho w ev er, the n um b er of elemen ts accessed w ould di�er according to the stride. The results are sho wn in Fig. 9. As w e can see, the access times increase along with the increase in BlockSize . This is due to increased memory transfer p er eac h access. Also, the di�erence b et w een read and write diminishes; this is b ecause the transfer times b ecome dominan t, despite using a v ery fast net w ork, as opp osed to soft w are o v erhead suc h as address translation and lo c king. Accesses with In v alidation Because w e curren tly emplo y the standard write- in v alidate algorithm, the read cost will remain constan t, while the write cost could increase as the n um b er of shared copies of the blo c k increases, as in v al- idate message has to b e broadcast to all the PEs holding the cop y . In order to measure the o v erhead, w e v aried the n um b er of PEs with copies to 0,1,2,6, and the BlockSize to 1kb ytes and 16kb ytes, whose result is sho wn in T able 2. Here, w e observ e that for suc h small n um b er of sharings, the di�erences are negligible. This is b ecause message passing of MPC++ on SCore is ph ysically

Fig. 9. Cost of Strided Read and W rite Accesses async hronous, and as a result, m ultiple in v alidations are b eing e�ectiv ely issued in parallel. Also, access times is indep enden t of blo c k size, as in v alidation do es not transfer an y memory , so its cost is indep enden t of the BlockSize . One migh t argue that for a larger n um b er of sharing, parallelism in the net- w ork in terface w ould saturate, resulting in increased cost. While this is true, researc h has sho wn that a v erage n um b er of sharing for in v alidation-based proto- col is t ypically b elo w 3. This is fundamen tal to the nature of the write-in v alidate algorithm, as shared blo c ks are thro wn a w a y p er eac h write. T able 2. Cost of W rite Accesses with In v alidation ( BlockSize =1kb ytes,16kb ytes) Time( � sec) Sharings BlockSize BlockSize (#PEs) 1kb ytes 16kb ytes 0 4.80 5.26 1 31.27 33.05 2 46.06 48.27 6 76.68 78.24 4.3 CG (Conjugate Gradien t Solv er Kernel) As a t ypical parallel n umerical application, w e emplo y the CG (Conjugate Gradi- en t) Solv er Kernel, without preconditioning. As a comparativ e basis, w e execute the equiv alen t sequen tial program on one of the no des of the PC cluster, and also on the Sun Ultra60(UltraSP AR C I I 300MHz, 256Mb ytes, Sun CC 4.2). Here are the parameters for the measuremen ts: { Problem sizes: 16129 (197 iterations), 261121 (806 iterations)

{ BlockSize s: 256, 1k, 4k, 16kb ytes { Num b er of PEs: 1, 2, 4, 8 The results are sho wn in Fig. 10 and Fig. 11. Fig. 10. CG Kernel Result, Problem Size=16129 Fig. 11. CG Kernel Result, Problem Size=261121 According to the results of Fig. 10, w e obtain only ab out 5% sp eedup from 1PE to 2PEs, whereas w e observ e appro ximately linear sp eedups from 2PEs to 8PEs. This is primarily due to the soft w are o v erhead of DSM, in particular write-in v alidation do es not o ccur for 1PE, whereas they do o ccur for 2PEs and ab o v e. Ev en with 8PEs, w e do not matc h the sp eed of sequen tial UltraSparc I I 300MHz, whic h has m uc h faster oating p erformance than a P en tium Pro 200MHz. W e do attain ab out factor of 2 sp eedup o v er a sequen tial execution on a cluster PC no de. F or BlockSize of 16KB, w e see that p erformance degrades signi�can tly . This is due to the o v erhead of excessiv e data transfer.

With larger problem size as in Fig. 11, the o v erall c haracteristics remain the same. W e still see sp eedups of range 3.8 to 4.0 with 8 pro cessors. Here, BlockSize is almost irrelev an t for o v erall p erformance; this is b ecause, as the amoun t of data required for computation is substan tially larger than BlockSize , and th us w e do not ha v e w asteful in ternote data transfers. On the other hand, compared to o v erall computation, the soft w are o v erhead of message handling is negligibly small. W e also executed the same program on the Sun En terprise 4000 (UltraSP AR C I I 250MHz, 10PEs). There the sp eedup w as appro ximately 6 with 8 pro cessors. The o v erhead is primarily due to barrier op erations. 4.4 SPLASH2 FFT and LU Finally , w e tested the SPLASH2 [W OT + 95] FFT and LU k ernel (Fig. 12) with 1kb ytes Blo c kSize. In FFT, the problem size is 64Kp oin ts. In LU, the matrix size is 512. Fig. 12. SPLASH2 FFT and LU As w as with the CG k ernel, sp eedup curv es are similar. The required c hange to the original SPLASH2 w as appro ximately 70 lines out of the 1008 in FFT, 80 lines out of the 1030 in LU, mostly the required top-lev el program structure (with sdsm main , etc.) and memory allo cations. Shasta emplo ys v arious lo w-lev el optimization strategies, that ha v e not b een implemen ted on OMPC++, suc h as bunc hing m ultiple read-/write-accesses. As an exp erimen t, to qualify the e�ect of bunc hing tec hnique, w e man ually applied it to the daxpy function in the LU k ernel on OMPC++, attaining ab out factor of 2 sp eedup in terms of the total execution time(Fig. 13). 5 Related W ork There are sev eral w ork on implemen ting DSM features using program trans- formations [SGT96]. All of them ha v e had to dev elop their o wn prepro cessor,

Fig. 13. SPLASH2 LU with bunc hed read-/write-accesses and is th us exp ensiv e, and furthermore not p ortable nor adaptable to complex programming languages suc h as C++. By utilizing the re ectiv e features of Op enC++, w e ha v e demonstrated that, dev eloping a program transformer for an e�cien t DSM system w as an easy e�ort with a small n um b er of metaclass customizations, m uc h easier to main tain and tune the co de. In fact, substan tial tuning and exp erimen tation w as p ossible b y small c hanges to the metaco de. Shasta [SGT96] is a DSM system that p erforms program transformation at program load time, and is th us more language indep enden t than other program transformation systems. Shasta is sp eci�cally tailored to w ork on DEC Alpha PEs in terconnected b y the MemoryChannel lo w-latency gigabit net w ork. Shasta is extremely e�cien t, in that it optimizes the read/write barrier o v erhead for common cases do wn to t w o instructions. This is curren tly p ossible b ecause Shasta p erforms program transformation at the binary lev el. On the other hand, Shasta is m uc h harder to p ort to other platforms, as it is hardw are and pro cessor-binary dep enden t. There are n umerous lo w-lev el optimization tec hniques that Shasta uses, that ha v e not b een implemen ted on OMPC++. W e are planning to exploit suc h tec hniques with more metaprogramming, with the aid of b etter optimizing compilers suc h as Kai C++. Midw a y[BZS93] and CRL[JKW95] are ob ject-based DSM systems. Midw a y emplo ys en try consistency as the coherency proto col, and read/write barriers are inserted b y a sp ecial compiler. Th us, one m ust craft suc h a compiler, and as suc h p ortabilit y and extensibilit y su�ers. F or example, it is di�cult to add a new coherency proto col or p orting to di�eren t hardw are platform without detailed kno wledge of the compiler. On the other hand, in CRL, the barriers m ust b e inserted b y the user. This is quite error-prone, and suc h bugs w ould b e v ery hard to detect, as they will b e dynamic, transien t memory bugs. By using re ection, OMPC++ w as created b y only small set of customization in the underlying w orkings of the C++, and is easily understandable, th us b eing easily main tainable, customizable, and p ortable. As a common shared memory programming API, Op enMP[Op e97] has b een prop osed as a standard. In Op enMP , the user adds appropriate annotations to the source co de to indicate p oten tial SPMD parallelism and distribution to sequen tial co de, and the compiler emits the appropriate parallel co de. Op enMP su�ers from the same problem as Midw a y , as customized prepro cessor/compiler m ust b e built. It w ould b e in teresting to in v estigate whether Op enMP (or at least, its subset) could b e implemen ted using re ectiv e features to indicate DSM optimizations. In p ersp ectiv e, with resp ect to the main tainabilit y , customizabilit y , and p orta- bilit y of DSM systems, { T raditional page-based DSM systems m ust ha v e OS-dep enden t co de to trap memory reference via a page fault. Also, o v erhead is kno wn to b e signi�can t. { Link-time DSM systems suc h as Shasta is e�cien t, but is platform and pro cessor-binary dep enden t. { Class-based systems requires the user to insert appropriate read/write bar- riers, and is th us error prone and/or only a certain set of classes can b e shared. { Macros or ad-ho c prepro cessor are hard to build and main tain, let alone customize or b e p ortable, and complete supp ort of complex programming languages suc h as C++ is di�cult. 6 Conclusion and F uture W ork W e ha v e describ ed OMPC++, a p ortable and e�cien t DSM system implemen ted using compile-time re ection. OMPC++ consists of a small set of Op enC++ 2.5 metaclasses and template classes and is th us easy to customize and p ort to di�eren t platforms. OMPC++ is a �rst step to realization of re ectiv e framew ork for p ortable and e�cien t supp ort of v arious parallel programming mo dels across a wide v ariet y of mac hines. Suc h c haracteristics are necessary as increasingly in the da ys of net w ork-wide computing, where a piece of co de could b e executed an ywhere in a div erse net w ork. OMPC++ w as sho wn to b e e�cien t for a set of basic as w ell as parallel n umerical k ernel b enc hmarks on the R W C PC cluster platform. As a future w ork, w e are pursuing the follo wing issues: More comprehensiv e b enc hmarking The n um b er of b enc hmark ed programs, pro cessors, and comparativ e platforms, are still small. W e are curren tly conducting a set of comprehensiv e b enc hmarks b y adding more SPLASH2 b enc hmarks (W ater, Barnes), on larger platforms (64-pro cessor R W CP clus- ter and 64-pro cessor Sparc En terprise Serv er 10000), pitting against other DSM platforms (dev elop ed at R W CP). W e are also attempting alternativ e algorithms, b oth for coherency and barriers. W e will rep ort the �ndings in another pap er after more analysis is done. More e�cien t implemen tation Although OMPC++ w en t under some tun- ing pro cess, the read/write barriers and lo c ks are still exp ensiv e. Although in our preliminary b enc hmarks w e are �nding that OMPC++ is comp et- itiv e with other DSM implemen tations, w e need to further enhance e�- ciency . F or example, Shasta only requires t w o instructions for barriers, m uc h smaller than ours, and emplo ys v arious lo w-lev el optimization strategies suc h as bunc hing m ultiple read-/write-accesses. Also, ra w MPC++ Remote- Memo ryRead throughput is 40MByte/sec, whereas OMPC++ throughput is 23.5MByte/sec. This is due to address translation and table accesses. W e are considering altering the run time data structures to further eliminate the o v erhead. P orting to other platforms OMPC++ curren tly is implemen ted on top of MPC++ and R W C cluster. In order to p ort to di�eren t platforms, one m ust alter the dep endency on MPC++, if it is not a v ailable. In principle this is simple to do, as one m ust only pro vide (1) threads, (2) remote memory read/write, and (3) global barriers. This can b e easily implemen ted using MPI or other message passing platforms suc h as Illinois F ast Messages. Al- ternativ ely one could mak e MPC++ to b e more p ortable, whic h is our cur- ren t pro ject in collab oration with R W C. In all cases, w e m ust analyze and exhibit the p ortabilit y and e�ciency of OMPC++ to v alidate that imple- men ting DSM systems with re ection is the righ t idea. Other coherency proto cols On related terms, w e should supp ort other co- herency proto cols, suc h as write-up date, as w ell as w eak coherency mo dels suc h as LR C and ALR C. The latter will fundamen tally require c hanges to the source co de, and it w ould b e in teresting to in v estigate ho w m uc h of this simpli�ed using op en compilers. P ortable DSM on Ja v a using Op enJIT Finally , w e are planning to imple- men t a Ja v a v ersion of DSM using Op enJIT, our re ectiv e Ja v a Just-In-Time compiler. As of F eb. 1, 1999, W e ha v e almost completed the implemen tation of Op enJIT, and will start our implemen tation as so on as Op enJIT is com- plete. Ac kno wledgmen t W e w ould lik e to thank Shigeru Chiba for his supp ort in the use of Op enC++, and the mem b ers of R W CP for their supp ort in the usage of MPC++ plus the R W C cluster. Also, w e w ould lik e to thank the Dept. of Information Science, the Univ. of T oky o for allo wing exp erimen ts on their Sparc En terprise Serv er 10000. W e �nally thank the mem b ers of the Tsukuba TEA group for fruitful discussions on p erformance analysis of SPMD and DSM systems. References [A CD + 96] C. Amza, A.L. Co x, S. Dw ark adas, P . Keleher, H. Lu, R. Ra jamon y , W. Y u, and W. Zw aenep o el. T readMarks: Shared Memory Computing on Net w orks of W arkstations. IEEE Computer , 29(2):18{28, F eb. 1996. [Beo] Beo wulf Pro ject. Beo wulf Homepage. h ttp://b eo wulf.gsfc.nasa.go v/. [BZS93] Brain N. Bershad, Matthew J. Zek ausk as, and W a yne A. Sa wdo wn. The Midw a y Distributed Shared Memory System. In Pr o c e e dings of the IEEE CompCon Confer enc e , 1993.

[Chi95] Shigeru Chiba. A Metaob ject Proto col for C++. In Pr o c e e dings of OOP- SLA’95 , pages 285{299, 1995. [Chi97] Shigeru Chiba. Op enC++ 2.5 R efer enc e Mannual , 1997. [Ie96] Y utak a Ishik a w a and et.al. Design and Implemen tation of Metalev el Ar- c hitecture in C++ { MPC++ Approac h {. In Pr o c e e dings of R e e ction ’96 , Apr. 1996. [Ish96] Y utak a Ishik a w a. Multiple Threads T emplate Library { MPC++ V er- sion2.0 Lev el 0 Do cumen t {. TR 96012, R W CP , 1996. [JKW95] Kirk L. Johnson, M. F rans Kaasho ek, and Deb orah A. W allac h. CRL: High-P erformance All-Soft w are Distributed Shared Memory . In Pr o c e e d- ings of the Fifte enth Symosium on Op er ating Systems Principles , Dec. 1995. [Kel94] P ete Keleher. L azy R ele ase Consistency for Distribute d Shar e d Memory . PhD thesis, Dept. of Computer Science, Rice Univ ersit y , Dec. 1994. [LH89] K. Li and P . Hudak. Memory Coherence in Shared Virtual Memory Sys- tems. A CM T r ansactions on Computer Systems , 7(4):321{359, No v 1989. [LJ98] Jae Bum Lee and Ch u Shik Jhon. Reducing Coherence Ov erhead of Bar- rier Sync hronization in Soft w are DSMs. In SC’98 , No v. 1998. [MOS + 98] Satoshi Matsuok a, Hirotak a Oga w a, Kouy a Shim ura, Y asunori Kim ura, and Koic hiro Hotta. Op enJIT | A Re ectiv e Ja v a JIT Compiler. In Pr o c e e dings of OOPSLA’98 Workshop on R e e ctive Pr o gr amming in C++ and Java , pages 16{20, Oct. 1998. [Myr] Myricom, Inc. Myricom Homepage. h ttp://www.m yri.com/. [Op e97] Op enMP Arc hitecture Review Board. Op enMP: A Pr op ose d Industry Standar d API for Shar e d Memory Pr o gr amming. , Oct. 1997. [SGT96] Daniel J. Scales, Kourosh Gharac horlo o, and Chandramohan A. Thekk ath. Shasta: A Lo w Ov erhead, Soft w are-Only Approac h for Sup- p orting Fine-Grain Shared Memory . In Pr o c e e dings of ASPLOS VII , Oct. 1996. [Suif ] Stanford Univ. SUIF Homepage. h ttp://www-suif.stanford.edu/. [W OT + 95] Stev en Cameron W o o, Moriy oshi Ohara, Ev an T orrie, Jaswinder P al Singh, and Ano op Gupta. The SPLASH-2 Programs: Characterization and Metho dological Considerations. In Pr o c e e dings of the 22nd A nnual International Symp osium on Computer A r chite ctur e , pages 24{36, Jun. 1995.