P erformance Ev aluation of a P arallel I/O Mec hanism on a Massiv ely P arallel Pro cessing System JUMP-1 Y asunori Osana, Noriaki Suzuki, T omonori T am ura, Hideharu Amano Departmen t of Computer Science Keio Univ ersit y Y ok ohama, Japan Hironori Nak a jo Departmen t of Computer, Information and Comm unication Science T oky o Univ ersit y of Agriculture and T ec hnology T oky o, Japan Abstract A massiv ely parallel pro cessing system JUMP- 1 has b een dev elop ed for high p erformance computing with an e�cien t cac he coheren t dis- tributed shared memory on a large system with more than 1000 pro cessors. Considering a total design p olicy , a scalable I/O mec hanism is implemen ted on JUMP-1. Ev ery cluster b oard of JUMP-1 has a serial link called \ST AFF-Link" (Serial T ransparen t Async hronous First-in First-out Link). Eac h c hannel of ST AFF-Link is connected to an in- dep enden t I/O unit, and w orks in parallel to obtain the scalable I/O bandwidth. In this pa- p er, p erformance ev aluation results of JUMP- 1 I/O mec hanism using real exp erimen tal sys- tems are sho wn. Keywor ds: Massiv ely P arallel Pro cessing, P ar- allel I/O, I/O Net w ork, ST AFF-Link, JUMP-1 1 In tro duction A Cac he Coheren t Non-Uniform Memory Ac- cess mac hine (CC-NUMA) is one of hop e- ful candidates for future common high p erfor- mance mac hines. Presen tly , commercial CC- NUMA mac hines, suc h as SGI NUMA ex[1], has b een dev elop ed and utilized for scien- ti�c computations, database and other appli- cations. Unlik e bus-connected m ultipro cessors, the system p erformance can b e enhanced scal- ably as to the n um b er of pro cessors. Moreo v er, parallel programs dev elop ed in small m ultipro- cessors can b e p orted with less e�orts. JUMP-1[2] is dev elop ed b y collab oration of sev en Japanese univ ersities. The goal of the pro ject is to build a protot yp e of massiv ely parallel pro cessing system with cac he coheren t DSM. The ma jor aim of this pro ject is to es- tablish tec hniques required to build an e�cien t DSM on a massiv ely parallel pro cessor. A lot of no v el tec hnologies are inno v ated in the DSM managemen t of JUMP-1 for this purp ose. An I/O arc hitecture m ust b e cautiously con- sidered when w e design parallel computers, since it has b ecome apparen t that the I/O p er- formance rather than the CPU’s one often lim- its total p erformance of massiv ely parallel com- puters in a large scale computation. In the design of JUMP-1 I/O subsystem, w e put emphasis on its scalabilit y , exibilit y and simplicit y . Scalabilit y is imp ortan t in order to realize massiv ely parallel pro cessing capabilit y . I/O bandwidth m ust b e enhanced as increasing n um b er of pro cessors. Flexibilit y is required to connect v arious t yp es of I/O devices to JUMP- 1 or an y other general purp ose computers. It is necessary to relax restrictions on the ph ys- ical distance that exists b et w een b oth ends of the comm unication line from the distributed pro cessing elemen ts to the I/O system. Also, where the system utilizes man y I/O devices, a n um b er of cable connections are necessary . Simplicit y is necessary to design I/O devices and system soft w are. It is v ery imp ortan t to enable it to design an I/O device and system soft w are easily . Therefore, w e ha v e con�gured an I/O sub- system in whic h the I/O units are con- nected to pro cessing elemen ts using a fast link called ST AFF-Link(Serial T ransparen t Asyn- c hronous First-in First-out Link)[3]. This pap er describ es the design, implemen- tation and ev aluation of the I/O subsystem of JUMP-1. In Section 2, the o v erview of JUMP- 1 is in tro duced. In Section 3 and Section 4, the I/O mec hanism and I/O soft w are imple- men tation are describ ed, and its exp erimen tal ev aluation is sho wn in Section 5. Finally w e conclude in Section 6. 2 The Structure of JUMP-1 As sho wn in Figure 1, JUMP-1 consists of 256 clusters connected eac h other with an in tercon- nection net w ork called RDT (Recursiv e Diago- nal T orus). The RDT[4] includes b oth torus and a kind of fat tree structure with recur- siv ely o v erla y ed t w o-dimensional square diag- onal torus structure. Eac h cluster pro vides a high sp eed p oin t to p oin t I/O links connected with I/O units. Figure 1: The Structure of JUMP-1 Eac h cluster is a bus-connected m ulti- pro cessor, as sho wn in Figure 2, including four RISC pro cessors (Sup erSP AR C+), MBP- ligh t[5] whic h is directly connected to a cluster memory , ST AFF-Link, and RDT router c hip for in terconnection net w ork[6]. MBP-ligh t, the heart of JUMP-1 cluster, is the custom de- signed pro cessor for managemen ts of DSM and I/O. Figure 2: The Structure of JUMP-1 Cluster F urthermore, pac k et m ulticasting and gen- eration/collection of ac kno wledge pac k ets are automatically done b y the co op eration of RDT router c hip and MBP-ligh t. Curren tly , a protot yp e with 64 pro cessors (Figure 3) is a v ailable and the p erformance is b eing analyzed in v arious asp ects. Figure 3: JUMP-1, 64 Pro cessors System

3 I/O Mec hanism of JUMP-1 3.1 Design Ov erview Installing a dedicated high-sp eed I/O bus in a particular no de and connecting v arious I/O equipmen ts with that bus, is a general ap- proac h for sup er computers suc h as the CRA Y, and HIPPI[7] is a t ypical example of that. Ho w ev er, when a dedicated bus is connected to massiv ely parallel pro cessing system com- prised of man y elemen t pro cessors and clusters, it b ottlenec ks the total I/O p erformance. On JUMP-1, ev ery cluster b oard has a ST AFF-Link mo dule whic h supp orts for ev ery cluster to execute I/O op erations sim ultane- ously . It’s also exp ected that total I/O band- width w ould b e widened as the increasing n um- b er of pro cessors. W e also implemen t a ST AFF-Link in terface on SBus of SUN’s SP AR Cstation, and cur- ren tly some SP AR Cstation5s are w orking as I/O units for JUMP-1. Eac h SP AR Cstation5 (SS5) has 4 c hannels of ST AFF-Link and shar- ing their disks b y NFS. By distributing ph ysi- cal disk access among m ultiple I/O units with NFS, I/O scalabilit y is ac hiev ed. T o ev alu- ate this scalabilit y is the main purp ose of this pap er. NFS on Ethernet can b e replaced b y a soft w are system using ST AFF-Link among SS5s. 3.2 Structure of ST AFF-Link High-sp eed signals in cables with man y lines are di�cult to b e extended along a long dis- tance b ecause of electric and ph ysical prob- lems. Th us, ST AFF-Link adopts a high-sp eed se- rial link whic h has FIF O on the b oth ends. By using the bu�er, ST AFF-Link acts as com- m unication hardw are that can b e accessed lik e FIF O memory as sho wn in Figure 4. Unlik e bit-parallel cables, serial cables can sa v e the area for the cables themselv es and connectors, and th us, parallel data comm unication using m ultiple links b et w een distan t mac hines can b e ac hiev ed. ST AFF-Link as sho wn in Figure 4 consists of t w o ST AFF-Link daugh ter cards (comm uni- Figure 4: The Structure of ST AFF-Link cation blo c ks), and a cable to connect b et w een them. A ST AFF-Link daugh ter card has t w o sets of FIF O and T AXI. One set is for sending, while the other is for receiving. T AXI c hip con- v erts serial/parallel signals, and con trols serial o w with Xon/Xo� handshak e lines. 3.3 ST AFF-Link In terface on JUMP-1 MBP-ligh t manages the DSM of JUMP-1, and it has a lo cal I/O bus. A ST AFF-Link daugh- ter card is directly connected to a JUMP- 1 cluster b oard and MBP-ligh t can access ST AFF-Link daugh ter card via its lo cal I/O bus. 3.4 ST AFF-Link In terface on SS5 F or connecting ST AFF-Link to SS5, ST AFF- Link motherb oard and ST AFF-Link SBus card are implemen ted. A ST AFF-Link mother- b oard holds 4 daugh ter cards. A ST AFF-Link SBus card is inserted in to an SBus slot on SS5, and connected to a motherb oard with a cable. Solaris7 is installed on SS5, and a ST AFF- Link con trol program runs on it. The con- trol program is alw a ys c hec king FIF O status of eac h c hannel. When an I/O request comes from a JUMP-1 cluster, SS5 receiv es it from ST AFF-Link, pro cesses the request, and sends bac k the result to the JUMP-1 cluster via ST AFF-Link.

Figure 5: The Structure of I/O Unit 3.5 I/O Net w ork T o distribute the load of I/O pro cessing, a net- w ork is formed among the I/O units as sho wn in Figure 6. They can share their disks or an y other I/O devices through the I/O net w ork[8]. Figure 6: JUMP-1 and I/O Net w ork I/O net w ork of JUMP-1 w as due to b e constitute from ST AFF-Link. And this net- w ork itself w as already implemen ted and ev al- uated. Ho w ev er, w e need to exc hange pac k ets on ST AFF-Links for it, and it is p ossible b y using a custom b oard with routing con troller. In this pap er, w e use Ethernet instead of the router b oard b ecause the whole JUMP-1 sys- tem w e ev aluated is compact and the band- width of Ethernet is su�cien t for it. Moreo v er, w e can use NFS on Ethernet easily . 4 Soft w are Implemen tation T o ev aluate the scalabilit y of the I/O subsys- tem of JUMP-1, w e ha v e implemen ted a �le I/O library . This library consists of follo wing three parts: � libjump1 : A library whic h includes func- tions to send an I/O request from a SP AR C pro cessor on JUMP-1 to MBP- ligh t. This library is written in C language and executes on SP AR C pro cessors. Ev ery application program running on SP AR C pro cessors of JUMP-1 m ust link this li- brary . � INTEGRA : A program for the RISC core of MBP-ligh t. This program loads an ap- plication program for SP AR C pro cessors from ST AFF-Link or Main tenance Bus In- terface (MBIF) on the cluster. This pro- gram also pro cesses requests from SP AR C to I/O and cluster memory pro cessors. Ev ery functions to manage resources on JUMP-1 are inte gr a ted in this program. � jump1d (JUMP-1 I/O daemon): A pro- gram for SS5. This program monitors ST AFF-Link, and pro cesses I/O requests from JUMP-1. SP AR C pro cessors on JUMP-1, MBP-ligh t and SS5 comm unicate eac h other to execute I/O op erations. An I/O op eration is pro cessed as follo ws: 1. A SP AR C pro cessor writes a command and data on the memory . This command and data are going to b e stored in the L2 cac he sho wn in Figure 2. 2. The SP AR C pro cessor sends a con trol pac k et (Non-cac heable Con trol W rite Re- quest) to MBP-ligh t via an L2 cac he con- troller. 3. After the MBP-ligh t receiv es the Non- cac heable Con trol W rite Request pac k et, it sends a Read Request pac k et to the L2 cac he con troller to get the command and data whic h ha v e b een written b y the SP AR C. Then, the MBP-ligh t trans- fers the command and data to SS5 via ST AFF-Link. MBP-ligh t w aits un til the SS5 replies. 4. When the SS5 receiv es the command and data from the MBP-ligh t, it executes the requested I/O pro cess. After �nishing the I/O pro cess, it sends the result to the re- questing MBP-ligh t via ST AFF-Link. 5. The MBP-ligh t sets a ag on cluster mem- ory , and the I/O requesting SP AR C gets the return v alue. 5 P erformance Ev aluation W e ha v e ev aluated total I/O bandwidth when the n um b er of I/O units is c hanged from 1 to 4. 5.1 Exp erimen tal En vironmen t The exp erimen tal system as sho wn in Figure 7 is con�gured with the follo wing conditions for ev aluation. � ST AFF-Link Eac h link is connected with a category 5 t wisted pair cable. � JUMP-1 Clusters 4 clusters are used for the ev aluation. They are w orking at 16MHz. � SP AR Cstation5 (SS5) Curren tly 5 SS5s are utilized for ev alua- tions. One is NFS serv er, other 4 are NFS clien ts eac h has ST AFF-Link connecting to a JUMP-1 cluster. They’re also con- nected to the LAN with 10Base-T Ether- net. { NFS Serv er MicroSP AR C I I-85MHz, 160MB RAM { I/O Units (4 units) MicroSP AR C I I-110MHz, 96MB RAM Figure 7: Exp erimen tal En vironmen t 5.2 P erformance Measuremen ts W e measured bulk transfer rate and �le trans- fer rate. Bulk transfer rate is the maxim um transfer rate b et w een ST AFF-Link daugh ter card and SS5 or MBP-ligh t. F or ev aluating �le transfer rate, w e used the follo wing measures: \Actual" and \T otal". \Actual" transfer rate, sho wn in T able 2 is a real rate of ST AFF-Link. It is smaller than bulk transfer rate, b ecause of the latency for read/write op erations on cluster memory on JUMP-1 cluster and memory on SS5. The other is \T otal"transfer rate in T able 3. This is the sum of e�ectiv e I/O bandwidth on eac h cluster whic h con tains the latency of disk op- erations in SS5. Both of them are measured b y using lo cal disks and shared disks to clarify the e�ect of using m ultiple I/O units. � Bulk T ransfer Rate { F rom SS5 to JUMP-1 { F rom JUMP-1 to SS5 � File T ransfer Rate { With lo cal disk � 1 Cluster, 1 I/O Unit � 2 Clusters, 1 I/O Unit { With NFS shared disk � 1 Cluster, 1 I/O Unit � 2 Clusters, 2 I/O Units � 3 Clusters, 3 I/O Units � 4 Clusters, 4 I/O Units

5.3 Results Bulk transfer rate is sho wn in T able 1. T able 3 sho ws a v erage transfer rate from JUMP-1 to SS5s. T able 2 sho ws actual transfer rate on ST AFF-Link. These three sets of data are measured on the same conditions. T able 1: Bulk T ransfer Rate SS5 ! JUMP-1 SS5 ! SendFIF O 25.24 RecvFIF O ! JUMP-1 15.32 JUMP-1 ! SS5 JUMP-1 ! SendFIF O 45.17 RecvFIF O ! SS5 25.24 (Mbps) T able 2: Actual T ransfer Rate on ST AFF-Link Disk Cluster{SS5 read write Lo cal 1 { 1 3.86 12.29 2 { 1 2.50 12.29 Shared 1 { 1 3.86 12.29 2 { 2 3.86 12.29 3 { 3 3.86 12.29 4 { 4 3.86 12.29 (Mbps/cluster) T able 3: T otal T ransfer Rate on File I/O Disk Cluster{SS5 read write Lo cal 1 { 1 2.10 3.50 2 { 1 1.64 0.64 Shared 1 { 1 2.10 3.51 2 { 2 4.22 7.02 3 { 3 6.41 10.93 4 { 4 8.49 14.50 (Mbps) Although the maxim um transfer rate of ST AFF-Link is 140Mbps, the results sho w that only 15{45Mbps transfer rate is a v ailable (T a- ble 1). It is supp osed that there exists b ottle- nec ks in the b oth ends of ST AFF-Link. More- o v er, it w ould su�er from o v erhead concerned with accessing cluster memory from MBP-ligh t when executing I/O op erations. Since o v er- head comes from read and write cluster mem- ory , actual transfer rate b ecomes slo w er as sho wn in T able 2. Figure 8: T otal T ransfer Rate on File I/O In cases with a single SS5, the I/O band- width falls do wn seriously when t w o clusters access sim ultaneously . T able 2 sho ws that the transfer rate of ST AFF-Link itself is degrad- ing b y sim ultaneous accesses from t w o clusters. This p erformance degradation is caused b y un- balanced transfer rate b et w een MBP-ligh t and SS5 when FIF Os are not full. T otal bandwidth of eac h cluster in T able 3 is slo w er than actual transfer rate. This is caused b y the latency of SS5 program. F rom Figure 8, w e can recognize clearly that the system has scalabilit y on I/O bandwidth. When a SS5 with a NFS serv er is connected to a JUMP-1 cluster, its transfer rate is the same that of a SS5 with lo cal disk connected to a JUMP-1 cluster. This result sho ws there is no p erformance degradation b y sharing disks, and I/O bandwidth can extend almost linearly b y the increasing n um b er of I/O units. The bandwidth of NFS on Ethernet is 10Mbps at the b est condition, but total I/O bandwidth in this exp erimen t is 14.5Mbps. In the case of 4 sets of cluster and I/O unit, I/O scalabilit y is increased linearly as w ell as the case of less than 3 sets of cluster and I/O unit. Ho w ev er, T able 4 and Figure 9 sho w that the time to complete open/close op eration of a �le increasing in tensiv ely . This means that the cac he mec hanism on I/O units is w orking ef-

T able 4: Time for open/close Op erations Cluster read write {SS5 open close open close 1{1 3.91 1.47 28.73 42.20 2{2 4.37 1.34 28.48 54.50 3{3 3.06 1.22 23.66 42.29 4{4 3.78 1.26 947.28 2269.52 (msec.) Figure 9: Time for open/close Op erations fectiv ely , and it enables I/O units to dela y ac- cesses to NFS serv er. This sho ws that cac he op eration in I/O unit is imp ortan t, and w orks e�ectiv ely . Ho w ev er, it is a result with only four clusters and I/O units. Impro v ed cac he metho d and sophisti- cated migration of �les to sp eci�c I/O units will b e required to realize I/O scalabilit y for massiv ely parallel pro cessing. 6 Conclusion In this pap er, the I/O subsystem for JUMP-1 is implemen ted and ev aluated. F rom exp erimen t results, w e ha v e con�rmed that bundles of se- rial links are e�ectiv e for an I/O subsystem of massiv ely parallel computers. W e also recog- nized that the cac he mec hanism is e�ectiv e for scalabilit y of total I/O p erformance. W e are no w going to ev aluate this I/O sys- tem with some I/O in tensiv e applications lik e ra y tracing. Soft w are implemen tation to access devices other than a disk from JUMP-1 is also considered. References [1] John R. Mashey . NUMA ex Mo dular De- sign Approac h. News , 2000. [2] Hidehik o T anak a et al. , editors. The Mas- sively Par al lel Pr o c essing System JUMP-1 . Ohmsha, 1996. ISBN4-274-90083-5. [3] Hironori Nak a jo et al. High sp eed serial comm unication in a future parallel com- puter arc hitecture. In Pr o c e e dings of Inno- vative A r chite ctur e for F utur e Gener ation High-Performanc e Pr o c essors and Systems , pages 125{132, 1997 , 1998. [4] Y ule L. Y ang et al. Recursiv e Diago- nal T orus: An in terconnection net w ork for massiv ely parallel computers. In Pr o c e e d- ings of the 5th IEEE Symp osium on Par al- lel and Distribute d P r o c essing , pages 591{ 594, Decem b er 1993. [5] Inoue Hiroaki et al. MBP-ligh t: A Pro ces- sor for Managemen t of Distributed Shared Memory . In Pr o c e e dings of the 3r d Interna- tional Confer enc e on ASIC , pages 199{202, Octob er 1998. [6] Hiroaki Nishi et al. The RDT Router Chip: A V ersatile Router for Supp orting a Dis- tributed Shared Memory . IEICE tr ansac- tion on Information and Systems , pages 854{862, 197. [7] ANSI do cument: High Performanc e Par al- lel Interfac e, do cument #X3T9.3 , 1987. [8] Hironori Nak a jo et al. An I/O Net- w ork Arc hitecture of the Distributed Shared-MemoryMassiv ely P arallel Com- puter JUMP-1. In Pr o c e dings of 11th In- ternational Confer enc e On Sup er c omputing (ICS97) , pages 253{260, 1997.