Europ ean Congress on Computational Metho ds in Applied Sciences and Engineering ECCOMAS 2000 Barcelona, 11-14 September 2000 c ECCOMAS PRELIMINAR Y INVESTIGA TION OF DISTRIBUTED SHARED MEMOR Y SYSTEM ON A CLUSTER OF HIGH PERF ORMANCE CLUSTERS T ak eshi Nanri ? , Y oshitak a W atanab e ? , Hiy o yuki Sato y and Masaaki Shimasaki z ? Computer Cen ter, Kyush u Univ ersit y 6-10-1, Hak ozaki, Higashi-ku, F ukuok a 812-8581 Japan e-mail: nanri@cc.kyush u-u.ac.jp y Computer Cen tre, Univ ersit y of T oky o, Japan z F acult y of Engineering, Ky oto Univ ersit y , Japan Key w ords: distributed shared memory , cluster en vironmen ts, cluster of clusters Abstract. This p ap er intr o duc es design and b asic p erformanc e of the runtime system for DSM(distribute d shar e d memory) systems on a cluster of clusters. Networking devic es such as Myrinet have impr ove d the p erformanc e of cluster systems signi�c antly. However, b e c ause curr ent high-p erformanc e networking devic es have smal l numb er of p orts, multi- clusters, clusters of high-p erformanc e clusters, is ne e de d for lar ger sc ale c omputation. T o e ase the di�culty of pr o gr amming with message p assing, which is the c onventional pr o- gr amming p ar adigm on cluster systems, many DSM (distribute d shar e d memory) systems have b e en develop e d in r e c ent ye ars. However, ther e have b e en no DSM systems develop e d on multi-clusters. The DSM system of this p ap er pr ovides a b asic functions for imple- menting DSM systems on such envir onment. The functions ar e al lo c ation of glob al data, r e ad and write ac c esses to glob al data synchr onization of the whole system, and mutual exclusion. The authors have evaluate d the p erformanc e of the runtime system. In the exp eriment, the authors have use d a multi-cluster which has two clusters of four PCs. The r esult shows that a r e ad ac c ess to r emote memory in the same cluster c osts ab out 0.2mse c, while a r e ad ac c ess to r emote cluster c osts ab out 1.3mse c. The exe cution time of LU de c omp osition on a cluster of 2 clusters e ach of which has 4 no des is ab out 2.8times faster than the time on one no de. 1

T ak eshi Nanri, Y oshitak a W atanab e, Hiy o yuki Sato and Masaaki Shimasaki 1 INTR ODUCTION Cluster systems of net w ork-connected PCs(p ersonal computers) and WSs(w orkstations) ha v e b ecome promising platforms for high p erformance computing not only due to their cost-e�ectiv eness but also b ecause of their exibilit y in emplo ying the latest hardw are and soft w are comp onen ts. Esp ecially , net w orking devices suc h as Myrinet ha v e im- pro v ed the p erformance of suc h cluster systems signi�can tly . Unfortunately , curren t high- p erformance net w orking devices ha v e small n um b er of p orts. Therefore, m ulti-clusters, clusters of high-p erformance clusters, is needed for larger scale computation. On cluster systems, the con v en tional programming paradigm is message passing. In this paradigm, programmers are resp onsible for explicitly inserting comm unication and sync hronization co des. Therefore, it is di�cult to dev elop large applications e�cien tly and correctly . Shared-memory programming paradigm, on the other hand, pro vides direct read/write accesses to the remote memory , making it easier for programmers to use. Th us, the implemen tation of an e�cien t distributed shared memory en vironmen t is a k ey enabling factor for feasible PC/WS cluster computing. On the other hand, a m ulti-cluster consists of t w o lev els of parallelism: in tra-cluster parallelism and in ter-cluster parallelism. This complicates the programming on suc h systems m uc h more. Ho w ev er, there ha v e b een no DSM systems dev elop ed on suc h en vironmen t. The run time system of this pap er pro vides a basic functions for implemen ting DSM systems on suc h en vironmen t. The functions are allo cation of global data, read and write accesses to global data sync hronization of the whole system, and m utual exclusion. These functions require a kind of DMA(direct memory access) mec hanism. The run time system assumes that Myrinet is used for in tra-cluster in terconnect, while Ethernet is used for in ter-cluster in terconnect. Myrinet supp orts DMA mec hanism b y itself. Ethernet, on the other hand, do es not supp ort DMA mec hanism. Therefore the authors ha v e implemen ted a DMA mec hanism b y soft w are. In order to handle in ter-cluster request messages, a handler pro cess runs on one no de of eac h cluster. It routes messages of in ter-cluster requests appropriately , so that DMA is done correctly . The rest of the pap er is organized as follo ws. Section 2 brie y discusses related w ork. Section 3 in tro duces the structure of a m ulti-cluster. Section 4 describ es the design and the implemen tation of the soft w are DSM system on a m ulti-cluster. Section 5 presen ts the results of exp erimen ts. Section 6 giv es a brief summary . 2 RELA TED W ORKS Recen t y ears, man y DSM systems ha v e b een dev elop ed on PC/WS clusters. Most of them can b e c haracterized b y ho w accesses to the virtual shared memory are handled. On distributed memory parallel computers, most DSM systems use comm unication co-pro cessors to p erform direct memory accesses (DMAs) to remote memory . Therefore, it is easy to build a DSM mec hanism. Sp ecial net w ork in terfaces, suc h as Myrinet, also ha v e a t yp e of DMA engine. SHRIMP [1], HPVM [2], R W C [3] and Activ e Message I I [4] 2

T ak eshi Nanri, Y oshitak a W atanab e, Hiy o yuki Sato and Masaaki Shimasaki use Myrinet to implemen t high p erformance DSM systems on clusters of PCs and WSs. Ho w ev er, for the sak e of p ortabilit y , whic h has b ecome an imp ortan t factor in recen t y ears, the DSM system should b e designed and implemen ted on more commonly a v ailable hardw are suc h as 10Mbps and 100Mbps ethernets. Since suc h systems do not ha v e an y supp ort from sp ecial hardw are for remote DMA, a comm unication library to p erform async hronous accesses to remote memory is needed. The virtual shared memory of T readMarks [5] is implemen ted on the comm unication library whic h uses the paging mec hanism of UNIX. When a page fault o ccurs on one pro cessor in the T readMarks system as a result of an access to global memory , it sends a request to the o wner of the page. The request is serv ed b y the SIGIO handler in v ok ed b y the o wner. Split-C/PVM [6] is a p ortable DSM system, whic h uses PVM as the base comm unication library since PVM is a v ailable on almost ev ery platform. An activ e message la y er is implemen ted to pro vide a facilit y to manage shared memory on the message passing mo del of PVM. The activ e message la y er, implemen ted with user-lev el signals in UNIX, enables async hronous accesses to remote memory . Adsmith [7] is another DSM system on PVM-based clusters. It supp orts ob ject-based shared memory accesses. The virtual shared memory of Adsmith is managed b y a sp ecial daemon running on eac h mac hine in the cluster. Systems in whic h message handling is accomplished via a dedicated pro cess require con text-switc hing b et w een pro cesses. Generally , this cost is signi�can tly high. The cost of con text-switc hing b et w een threads, on the other hand, is relativ ely lo w. Therefore, using a m ultithread mo del is an e�cien t metho d for implemen ting soft w are DSM’s. There are some existing m ultithread-based DSM systems implemen ted on commo dit y hardw are. A DSM system dev elop ed at the Univ ersit y of T oky o [8] supp orts replicated shared memory for wide-area net w orks on A TM-connected SP AR C Stations. Munin [9] is a m ultithread-based DSM system whic h uses w ork er threads to handle consistency and sync hronization functions. The parallel computer, EM-X [10], has a global shared memory space supp orted b y m ultithreading. Brazos [15] is a soft w are DSM system imple- men ted using m ultithreading and selectiv e m ulticasting on Windo ws NT. Filamen ts [11] and CVM [12] also supp ort m ultithread-based soft w are DSM systems on v arious UNIX platforms. Because of m ultithreading, these systems can reduce comm unication latency b y o v erlapping comm unication and computation. As for m ulti-clusters, there ha v e b een no DSM systems dev elop ed. A m ulti-cluster has t w o lev els of parallelism: in ter-cluster parallelism and in tra-cluster parallelism. The structure is similar to the structure of a cluster of SMP (Symmetric Multi-Pro cessors) mac hines, whic h has in ter-no de parallelism and in tra-no de parallelism. On SMP clusters, some DSM systems ha v e already b een implemen ted [13, 14]. 3 MUL TI-CLUSTER Recen tly , clusters with high-p erformance net w ork ha v e come in to wide use. Therefore, large-scale computing using more than one cluster systems is b ecoming a v ailable in a 3

T ak eshi Nanri, Y oshitak a W atanab e, Hiy o yuki Sato and Masaaki Shimasaki lab oratory or among neigh b oring lab oratories. Ho w ev er, this kind of m ulti-clusters mostly use commo dit y net w ork suc h as Ethernet to connect eac h cluster. Moreo v er, in this kind of m ulti-clusters, eac h cluster manages eac h mac hine with priv ate addresses and consists only one mac hine whic h can comm unicate with other clusters in the m ulti-cluster. This mac hine is called the gatew a y mac hine of the cluster. Other mac hines in a cluster cannot comm unicate with other clusters directly , but needs comm unication via the gatew a y . The DSM system in tro duced in this pap er targets on this kind of m ulti-clusters. Another imp ortan t p oin t for using this kind of m ulticlusters is heterogeneit y; arc hitec- ture or OS of clusters in a m ulti-cluster ma y di�eren t eac h other. W e are impro ving the DSM system so that it can supp ort heterogeneous m ulti-clusters. 4 DSM SYSTEM 4.1 Structure of the system The core part of DSM system is the mec hanism for remote memory access: reading from and writing in to memory on remote mac hines directly . On a cluster of PCs or WSs, the mec hanism is implemen ted b y using m ulti-threads, signal handlers or p olling functions. With in telligen t net w ork in terfaces lik e Myrinet, the mec hanism can b e implemen ted b y running proto cols for remote memory access on the net w ork con troller of the in terface. DSM systems on m ulti-clusters require a mec hanism whic h supp orts remote memory access on t w o lev els of net w orks: in ter-cluster net w ork and in tra-cluster net w ork. There- fore, the mec hanism is implemen ted hierarc hically . F or in tra-cluster lev el, the mec hanism uses the net w ork con troller of Myrinet to supp ort remote memory access among mac hines in the cluster. F or in ter-cluster lev el, on the other hand, the mec hanism runs a request handling pro cess on the gatew a y mac hine of eac h cluster to supp ort remote memory access among clusters. In tra-cluster lev el mec hanism The DSM system uses NICAM, a comm unication la y er for Myrinet [16]. NICAM uses Activ e Message mec hanism on the Myrinet net w ork in terface to pro vide op erations of di- rect remote memory access comm unication in a cluster. With NICAM, data is transferred using the direct memory access engine on the Myrinet net w ork in terface. In ter-cluster lev el mec hanism Op erations of direct remote memory access comm unication in ter clusters is managed b y the request handler running on the gatew a y mac hine of eac h cluster. T o comm unicate with eac h mac hines in the cluster, the request handler prepares c hannels on global mem- ory space of the cluster. Requests from eac h mac hine and replies to eac h mac hine are transferred via these c hannels. T o comm unicate with request handlers of other clusters, on the other hand, the request handler connects a TCP so c k et to the request handler of 4

T ak eshi Nanri, Y oshitak a W atanab e, Hiy o yuki Sato and Masaaki Shimasaki eac h cluster. Requests, replies and data are transferred from one cluster to another via this so c k et. F or example, when mac hine p1 in cluster c1 reads data from memory space in cluster c2, the request handled as follo ws. 1. p1 writes the request message in to the c hannel. 2. The request handler of c1 reads the request from the c hannel. 3. The request handler sends the request to the request handler of c2 via the TCP so c k et. 4. The request handler of c2 receiv es the request from the so c k et. 5. The request handler copies the requested data from the memory space of cluster c2 b y using remote memory access comm unication of NICAM. 6. The request handler of c2 sends a reply message with the requested data to c1 via the TCP so c k et. 7. The request handler of c1 receiv es the reply message and data from the so c k et. 8. The request handler writes the data in to the address sp eci�ed in the request message. 9. The request handler writes the reply message in to the c hannel for p1. 10. p1 reads the reply message and con tin ues execution. The request handler rep eats p olling c hannels and so c k ets. After p olling all c hannels, the request handler gathers requests in groups according to target. Then it sends eac h group as a message to its destination cluster. After that, the request handler p olls TCP so c k ets and handles requests and replies reac hed to the cluster. 4.2 Shared-memory in terface T able 1 sho ws the programming in terface pro vided b y the DSM system in this pap er. The DSM system pro vides t w o-dimensional address space as the global memory space. Therefore, the global address used in op erations read and write needs t w o-dimensions. Detail of the t w o-dimensional address space is describ ed in the follo wing section. The remote accesses suc h as read and write are blo c king op erations. Therefore, if a mac hine issues these op erations, it w aits the reply message b efore it go es to the next op eration. 5

T ak eshi Nanri, Y oshitak a W atanab e, Hiy o yuki Sato and Masaaki Shimasaki read blo c king read access to global memory write blo c king write access to global memory barrier sync hronize all ma- c hines in the m ulti- cluster lock , unlock handles m utual exclu- siv e lo c ks T able 1: Programming in terface of the DSM 4.3 Tw o-dimensional address space The DSM system pro vides t w o-dimensional global space: the in ter-cluster dimension and the in tra-cluster dimension. All mac hines in the m ulti-cluster can read from or write to the global address directly . The in ter-cluster dimension is the n um b er whic h sp eci�es an unique cluster. On the other hand, the in tra-cluster dimension is the address of virtual memory space shared b y all mac hines in a cluster. The one-dimensional virtual shared memory in a cluster is supp orted b y NICAM. Because the shared memory space of the DSM system is t w o-dimensional, programmers m ust sp ecify allo cation of data explicitly . Ho w ev er, this means that programmers can con trol data distribution in detail. On m ulti-clusters, in ter-cluster comm unication is one of the most costly op erations, b ecause the gatew a y mac hines will b e a b ottle-nec k of suc h comm unication. The p erformance of in ter-cluster net w ork ma y also gain the cost of the comm unication. Therefore, p ositions of shared data m ust b e decided carefully to reduce in ter-cluster comm unication. Tw o-dimensional shared memory space enables suc h kind of optimization. 5 PERF ORMANCE 5.1 Exp erimen tal en vironmen t The platform of exp erimen ts in this pap er is COMP aS, a cluster of SMPs in R W CP(Real W orld Computing P artnership) in Japan. It has 8 PCs connected b y Myrinet switc h and F ast Ethernet switc h. Eac h PC has four 200MHz P en tium Pros and 128MB memory and runs Solaris 2.5.1. Though PCs are SMP mac hines, programs in this exp erimen t runs one pro cess on eac h PC. Multi-cluster en vironmen t is build b y dividing PCs in COMP aS in to t w o groups of 4 PCs. PCs in a group use Myrinet to comm unicate eac h other. Comm uni- cation among PCs in a group is done b y Myrinet, while comm unication b et w een groups is done b y Ethernet via the gatew a y mac hine running on eac h group. Figure 1 sho ws the structure of the m ulti-cluster. 6

T ak eshi Nanri, Y oshitak a W atanab e, Hiy o yuki Sato and Masaaki Shimasaki Figure 1: The structure of the m ulticluster memory access read ( �sec ) write( �sec ) lo cal 8 8 in tra-cluster 208 200 in ter-cluster 1358 1161 sync hronization barrier 969 �sec T able 2: Basic p erformance 5.2 Basic p erformance The basic p erformance of the DSM system is sho wn in T able 2. Read latency (or write latency) are elapsed time required for reading (or writing) 8 b yte data. Barrier time, on the other hand, is an elapsed time to sync hronize all mac hines in the m ulti-cluster. One in ter-cluster read need follo wing op erations. 1. NICAM-write of a request to a c hannel on the gatew a y 2. lo cal-read of the request from the c hannel 3. TCP-transfer of the request b et w een clusters 4. NICAM-read of the data sp eci�ed in the request 5. TCP-transfer of a reply message with the requested data 7

T ak eshi Nanri, Y oshitak a W atanab e, Hiy o yuki Sato and Masaaki Shimasaki NICAM read 200 �sec NICAM write 188 �sec TCP roundtrip 440 �sec T able 3: Elapsed time for op erations # of clusters # of no des/cluster elapsed time ( sec ) serial 32.878 1 1 42.463 1 2 21.675 1 3 14.721 2 1 23.801 2 2 14.275 2 3 11.707 T able 4: Elapsed time of LU decomp osition 6. NICAM-write of the data in to the address sp eci�ed in the request 7. lo cal-write of the reply message to the c hannel 8. NICAM-read of the reply message from the c hannel T able 3 sho ws the time for eac h op eration on COMP aS. F rom this table, total time for transferring data is calculated as 1234usec. Remaining 124usec is sp en t for w aiting message or handling data structure of the DSM. 5.3 P erformance of LU decomp osition T able 4 sho ws the elapsed time of computing LU decomp osition executed on the DSM system on COMP aS. The size of the matrix used in this exp erimen t is 1200 � 1200. Because one PC is used as the gatew a y mac hine, no more than three PCs are used in eac h cluster, The program runs 2.8 times faster with t w o clusters of three PCs, than with one PC. 6 Conclusions In this pap er, design and basic p erformance of the DSM system on a m ulticluster is in tro duced. The result of the exp erimen t done on COMP aS sho ws that the DSM system on a m ulticluster can b e one of the platforms for high-p erformance computing. T o gain the p erformance of the system, a kind of cac he mec hanism is required. In addition to that, w e are w orking on adapting the system to heterogeneous en vironmen t. 8

T ak eshi Nanri, Y oshitak a W atanab e, Hiy o yuki Sato and Masaaki Shimasaki REFERENCES References [1] C. Dubnic ki, A. Bilas, K. Li and J.F. Philbin, \Design and Implemen tation of Virtual Memory-Mapp ed Comm unication on Myrinet", Pr o c e e dings of 11th International Par al lel Pr o c essing Symp osium (1997). [2] A. Chien, S. P akin, M. Lauria, M. Bunc hanan, K. Hane, L. Giannini and J. Prusak o v a, \High P erformance Virtual Mac hines (HPVM): Clusters with Sup ercom- puting APIs and P erformance", Eighth SIAM Confer enc e on Par al lel Pr o c essing for Scienti�c Computing (PP97) (1997). [3] H. T ezuk a, A. Hori, Y. Ishik a w a and M. Sato, \PM: An Op erating System Co- ordinated High P erformance Comm unication Library", High-Performanc e Comput- ing and Networking, volume 1225 of L e ctur e Notes in Computer Scienc e , 708-717, Springer-V erlag (1997). [4] A. Main w aring and D. Culler, \Activ e Message Applications Programming In terface and Comm unication Subsystem Organization", T e chnic al r ep ort, Computer Scienc e Division, University of California at Berkeley . [5] 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 ork- stations", IEEE Computer , 29(2):18{28 (1996). [6] T. Nanri, H. Sato and M. Shimasaki, \Implemen ting a P ortable SPMD Shared- Memory Mo del P arallel Language in a Distributed Computing En vironmen t", Pr o- c e e dings of International Symp osium on Par al lel and Distribute d Sup er c omputing , 243-252 (1995). [7] W.Y. Liang, , C.T. King and F. Lai, \Adsmith: An Ob ject-based Distributed Shared Memory for Net w ork of W orkstations," IEICE T r ansaction on Information and Sys- tems , E80-D(9):899{908 (1997). [8] M. Oguc hi, H. Aica and T. Saito, \A prop osition and ev aluation of DSM mo dels suit- able for a widearea distributed en vironmen t realized on high p erformance net w orks," IEICE T r ansactions on Communic ation(Jap an) , v ol.E79-B, no.2, 153-162, (1996). [9] J.B. Carter, J.K. Bennett and W. Zw aenep o el, \Implemen tation and P erformance of Munin," Pr o c e e dings of the Thirte enth Symp osium on Op er ating Systems Principles , 152-164 (1991). [10] M. Sato, Y. Ko dama, H. Sak ane, S. Sak ai, Y. Y amaguc hi and S. Sekiguti, \Pro- gramming with Distributed Data Structure for EM-X Multipro cessor," The ory and 9

T ak eshi Nanri, Y oshitak a W atanab e, Hiy o yuki Sato and Masaaki Shimasaki Pr actic e of Par al lel Pr o gr amming, Ito and Y onezawa (Eds.), L e ctur e Notes in Com- puter Scienc e 907 , 472-483, Springer-V erlag (1995). [11] V.W. F reeh, D.K. Lo w en thal and G.R. Andrews, \Distributed Filamen ts: E�cien t Fine-Grain P arallelism on a Cluster of W orkstations." First Symp osium on Op er ating Systems Design and Implementation , 201-212 (1994). [12] K. Thitik amol and P .J. Keleher, \P er-No de Multi-Threading and Remote Latency ," IEEE T r ansactions on Computers (1998). [13] M. Sato, S. Sato, K. Kusano and Y. T anak a, \Op enMP Design for an SMP Cluster," http://pdplab.trc.rwcp.or.jp/pdperf/Omni/Omni-CDSM/home.html [14] A.L. Co x, Y.C. Hu, H. Lu, and W. Zw aenep o el, \Op enMP on Net w orks of SMPs," Pr o c e e dings of the Thirte enth International Par al lel Pr o c essing Symp osium , 302-310 (1999). [15] E. Sp eigh t and J.K. Bennett, \Using Multicast and Multithreading to Reduce Com- m unication in Soft w are DSM Systems," Pr o c e e dings of the F ourth Symp osium on High Performanc e A r chite ctur e (HPCA) , 312-323 (1998). [16] Y. T anak a, M. Matsuda, M. Ando, K. Kazuto and M. Sato, \COMP aS: A P en- tium Pro PC-based SMP Cluster and its Exp erience," IPPS Workshop on Personal Computer Base d Networks of Workstations , LNCS 1388, 486-497 (1998). 10