The Pr eliminary Evaluation of MBP›light with T w o Pr otocol P olicies f or A Massi v ely Parallel Pr ocessor � JUMP›1 � Inoue Hiroaki y K en›ichiro Anjo y Junji Y amamoto � Jun T anabe y Masaki W akabayashi y Mitsuru Sato z Hideharu Amano y K ei Hiraki y y y K eio Uni v ersity � Real W orld Computing Partnership z Fujitsu Laboratories y y The Uni v ersity of T ok yo 3›14›1 Hiyoshi, K ouhoku, Y ok ohama, Kanaga w a, Japan 223›8522 e›mail: mbp@aa.cs.keio.ac.jp Abstract A massively parallel pr ocessor called JUMP›1 has been de veloped to b uild an ef�cient cache coher ent›distrib uted shar ed memory (DSM) on a lar ge system with mor e than 1000 pr ocessors. Her e , the dedicated pr ocessor called MBP (Memory Based Pr ocessor) ›light to manag e the DSM of JUMP›1 is intr oduced, and its pr eliminary perf ormance with two pr otocol policies �update/in validate� is evaluated. F r om r esults of its simulation, it appears that simple op› er ations like the tag chec k and the collection/gener ation of ac knowledgment pac k ets ar e mostly pr ocessed by the har d› war e mec hanisms in MBP›light without aids of the cor e pr ocessor with both policies. Also, the buf fer ›r e gister ar c hitectur e adopted by the cor e pr ocessor in MBP›light is e xploited enough to pr ocess a pr otocol tr ansaction for both policies. 1. Intr oduction A Cache Coherent Non›Uniform Memory Access ma› chine (CC›NUMA) is one of hopeful candidates for fu› ture common high performance machines. Unlike b us› connected multiprocessors, the system performance can be enhanced scalably as to the number of processors. More› o v er , parallel programs de v eloped in small multiprocessors can be transported easily . A number of CC›NUMA systems ha v e been de v elope› d: Stanford D ASH[10] / FLASH[8], MIT Ale wife[1], SGI Origin2000[9] and the Sequent NUMA›Q[11] are represen› tati v es. Such systems work ef �ciently with tens or hundreds of processors. Ho we v er , when thousands of processors are connected, a lar ge amount of memory and hardware are required to manage the DSM JUMP›1 is a prototype of a massi v ely parallel processor with cache coherent DSM de v eloped by collaboration of 7 Japanese uni v ersities[4]. The major goal of this project is to establish some techniques required to build an ef �cient DSM on a massi v ely parallel processor . A lot of nov el techniques are introduced in the DSM of JUMP›1 for this purpose. In order to satisfy both high de gree of performance and �exibility , a dedicated processor called MBP(Memory Based Processor)›light is proposed to manage the DSM of JUMP›1. MBP›light [5] consists of a simple core processor and hardwired controllers which handle memory systems, b us and network packets. V arious types of cache coherence protocols can be uti› lized on the DSM of JUMP›1, including an update poli› cy which has ne v er been implemented on traditional CC› NUMA systems. Although this type of protocol requires a lot of packet transfers, it can be useful for some applica› tions which aggressi v ely access the shared data. MBP›light provides dedicated hardware mechanisms to support imple› mentation of such protocols. In this paper , two protocol policies implemented in JUMP›1 are described and e v aluat› ed. 2. A Massiv ely Parallel Processor � JUMP›1 � As sho wn in Figure 1, JUMP›1 consists of 256 clusters connected each other with an interconnection network called RDT(Recursi v e Diagonal T orus)[15]. The RDT includes both torus and a kind of fat tree structure with recursi v ely ov erlayed two›dimensional square diagonal tori structure. Each cluster provides a high speed point to point I/O network connected with disks and high›de�nition video de vices. Each cluster is a b us›connected multiprocessor , as sho wn in Figure 2, including four RISC processors (SuperSP AR› C+), MBP›light which is directly connected to a clus› ter memory , and RDT router chip for interconnection network[13]. MBP›light, the heart of JUMP›1 cluster , is the custom designed processor which manages DSM, syn› chronization, and packet handling.

Figure 1. The Structure of JUMP›1 Figure 2. The Structure of JUMP›1 Cluster In traditional CC›NUMAs � D ASH / FLASH, Ale wife and NUMA›Q �, the DSM is managed in a cache line size, and data in other clusters is copied into a cache attached to each processor . The consistency protocol is a simple in v alidate polic y , the interconnection network is a simple mesh or ring, and the directory scheme is based on one›to› one data transfer . Although such a mechanism works ef �ciently in those systems with a limited number of processors, it is not suit› able for a system with thousands of processors. For e x› ample, a lar ge amount of memory for cache and directory is required. The in v alidate policy based on one›to›one da› ta transfer often causes a network congestion when many processors share the same data. In order to address these problems, the follo wing methods are used in JUMP›1. 1) Each processor (SuperSP ARC+) shares a global virtual address space with three›stage TLB implementation. The directory is attached not to e v ery cache line but to e v ery page, while the data transfer is performed by a cache line. Some parts of cluster me mory are a v ailable as L3 (Le v el›3) cache which stores the copies of other cluster memory . 2) V arious types of cache coherence protocols can be uti› lized dynamically , including not only an in v alidate pol› icy b ut also an update policy . In traditional CC›NUMA systems, an update policy has ne v er been implemented since it requires a lot of packet transfers. Ho we v er , it can be useful for some applications which require frequent data exchange by accessing shared data ag› gressi v ely . For ef �cient implementation of such an up› date protocol, MBP›light provides dedicated hardware mechanisms to multicast network packets and collect ackno wledgment packets. 3) Reduced Hierarchical Bitmap Directory schemes (RHBDs) are introduced[7] to manage directory ef› �ciently . The hierarchical structure of RDT is suitable for an ef �cient implementation of the RHBD. 4) Each processor provides a custom sophisticated snoop cache as the L2 cache. V arious cache protocols in› cluding cache injection are supported by this chip. A relaxed consistenc y model is implemented using write b uf fers in the L2 cache[2] The detail schemes of DSM management for JUMP›1 are described in [12]. 3. The Structur e of MBP›light 3.1. The Design P olicies In protocol processors for the recent CC›NUMA, � the MA GIC of FLASH and the SCLIC of NUMA›Q � a packet is split into the header and the data part by a hardwired logic. A po werful core processor treats the header part, while a hardwired logic treats the data part which is only transferred between buf fers. When the packet is sent again, the header and data part are also quickly combined by a hardwired logic. Unlike such a traditional method, the follo wing design policies are adopted in JUMP›1. 1) Generation and collection of ackno wledgment packets must be done quickly to introduce an update polic y . Therefore, they are managed with a dedicated hard› ware mechanisms. Another custom logic is provided to check tags in the cluster memory . 2) All processes mentioned abov e require a complicated lar ge hardwired logic. Thus, a simple 16›bit core pro› cessor (MBP Core) is introduced to reduce the total hardware requirement. Although the core processor is simple, a packet can be processed quickly by adopting the b uf fer ›r e gister ar c hitectur e which can treat a packet b uf fer as a special 68›bit register . Figure 3 sho ws the structure of MBP›light depending on abov e policies. MBP›light consists of three modules: RDT

Interf ace to treat network packets, MMC (Main Memory Controller) to control cluster memory and cluster bus, and MBP Core which is the core processor . RDT Interface and MMC pro vide their o wn hardware mechanisms, and work independently from MBP Core. Figure 3. The Structure of MBP›light 3.2. MMC Figure 4. The Structure of MMC MMC (Main Memory Controller) manages the cluster memory which consists of SDRAM for data and SRAM for tags. It also controls the cluster bus which connects four SuperSP ARC+ processors with the L2 cache. When a processor misses the L2 cache, the cluster memory must be accessed and MMC checks the tag. Depending on the status of a cache line, MMC interrupts to MBP Core, and the software on the core processor is in v ok ed. As sho wn in Figure 4, it consists of the cluSter BUS ConT roLler (SBUSCTL) which manages cluster b us and pack ets, Input/Output BUFfer (I/O BUF) to store b us packets and Memory T iming Controller (MTC) which controls read from/write to SDRAM and SRAM. 3.3. RDT Interface RDT Interface is directly connected with RDT router chip and manages network packet transfer . The update policy requires a lot of network packets s› ince a large number of processors tend to share a cache line. For a v oiding network congestion, packets must be multicast in the network (one›to›one transfer is so inef �› cient). Since RDT network used in JUMP›1 provides the hierarchical multicast mechanism, it can be done without network congestion[7]. For a protocol processor , a fast generation and collection of ackno wledgment packets are essential. RDT Interface provides two dedicated mecha› nisms: Ack Generator and Ack Collector for this purpose, as sho wn in Figure 5. Figure 5. The Structure of RDT Interface Ack Generator provides two cache systems called Net Cache and Ackmap Cache. Both caches are accessed when a packet with coherent message is recei v ed. Net Cache, a direct mapped cache with 512 entries, is accessed by the ad› dress of the DSM in the packet header . It stores the informa› tion whether the accessed line is cached in the cluster (in L2 or L3 cache) or not. At the same time, Ackmap Cache is ac› cessed by the source cluster number of the recei ving packet, and the bitmap which sho ws the returning path is obtained. Using the abov e information, an ackno wledgment packet when the accessed data is cached, or a not›ackno wledgment packet when the accessed data is not cached is automatically generated. On the other hand, when an ackno wledgment packet is recei v ed, another cache system called Ack Cache in Ack Collector is accessed by the ke y in the packets. Ack Cache is a direct map cache which pro vides 128 entries for each hi› erarchy of the embedded tree in RDT network. The number of packets which must be collected is re gistered in the cache entry , and the number is decremented when a packet arri v es. When the number becomes zero, another ackno wledgment packet for the upper hierarchy is generated, or MBP Core is interrupted.

In both cache systems, if a miss occurs, the program of the MBP Core will be interrupted for replacing or generating the entry . In this case, the performance is much degraded. 3.4. MBP Core 3.4.1 The Buffer ›Register Architectur e The structure of MBP Core is sho wn in Figure 6. MBP Core consists of a pipeline with four stages treating 21›bit instructions and 16›bit data. 21›bit � 64K local memory which stores instructions and local data is connected. The MBP Core takes the I/O mapped approach, and another 64K address is provided for I/O de vices and the dedicated hardw are for the barrier operation. The MBP Core also pro vides the 16›bit � 256 internal memory which is used for the table jump and to store bitmaps for an ackno wledgment pack et. Since jobs which must be quickly processed are mostly managed by the hardware mechanisms in RDT Interface and MMC, MBP Core only processes a complicated part of the DSM protocol. It mainly decodes a packet, accesses a table, transforms the address, and generates the packet to send some where. The header of a packet in JUMP›1 is sometimes complicated and occupies se v eral �its of the pack et. Also, tags included in the data of a packet relate to a protocol control. Therefore, it is con v enient to treat a pack et buf fer as a register . Ho we v er , since the width of a pack et b uf fer is 68›bit, it requires an enormous hardware to treat such b uf fers as common general purpose re gisters in the processor . Figure 6. The Structure of MBP Core T o solve this problem, MBP Core pro vides 16 GPRs (General Purpose Registers) of 16›bit width and 112 PBRs (P acket Buf fer Registers) of 68›bit width. The PBR is in› dicated by the content of the GPR, and accessed in the pro› cessor pipeline like a common register . While operations and data transfer between PBR and GPR or PBR and PBR are allo wed, the content of the PBRs is transferred directly as a packet from/to MMC or RDT Interface. Since opera› tions are mainly done between such a packet b uf fer and a register , we call this structure the b uf fer ›r e gister ar c hitec› tur e . As an example of this architecture, the ADD operation between GPR and PBR ( i.e . ADDPG R1 R2(0) ) is sho wn in Figure 7. Figure 7. the ADD operation between GPR and PBR T ab le 1. The Classi�cation of MBP Core In› structions Class T ype WGG operate between GPR and GPR LMA access to local memory BRANCH branch WGI operate between GPR and Imm. BPI operate between PBR and Imm. RDT control RDT Interface MPP transmit from PBR to PBR WPG operate between PBR and GPR MMC control of MMC TJ table jump INT control interrupt IMA access to internal memory SPE special instructions NOP no operation Finally , the classi�cation of instructions on MBP Core is sho wn in T able 1. MBP Core has about 85 instructions with 14 classes. In addition to the instructions described abov e, MBP Core has some instructions which control RDT Interface or MMC. Since it also has a dozen special instruc› tions to process a protocol transaction quickly , it has a lot of adv antages ov er a general RISC processor . 4. Chip Implementation MBP›light is implemented on the T oshiba’ s 0.4 � m C› MOS 3›metal embedded array TC203E340. In order to cope with a large number of pins, TBGA (T ape Ball Grid Array) package is used.

The design of MBP›light is described in VHDL, synthe› sized with Mentor’ s Autologic›II, and veri�ed with T oshi› ba’ s VLCAD. Using the beha vior le v el simulator , a program of MBP Core for a simple protocol has been de v eloped in parallel with the hardware design. The speci�cation of MBP›light is sho wn in the T able 2. The layout of MBP›light is sho wn in Figure 8. A lot of embedded RAMs are placed near four edges of the die surrounding random logics in the middle square part. A lar ge RAMs are corresponding to the cache memory in RDT Interf ace, while small ones are used for PBRs. T ab le 2. The Speci�cation of MBP›light Maximum clock (MHz) 50 Random logics 106,905 Internal memory(bits) 44,848 Area utilization(%) 38.3 The number of pins 352 Consuming Po wer (W) 3.1 Figure 8. The La y out of MBP›light 5. Evaluation of MBP›light 5.1. Evaluation Method No w , two clusters of JUMP›1 are av ailable, and a simple protocol handler is implemented on MBP›light. The pro› tocol handler supports two policies: in v alidate and update policies. Since the program of MBP Core for the packet handler is so complicated, the description of the handler implementation is omitted here. The detail protocol is de› scribed in [2]. The performance is e v aluated by a simple trace dri v en simulator . The trace is generated by an instruction›le v el simulator called (ISIS)[6]. It is a �exible simulation frame› w ork which can generate access traces of fully pipelined RISC processors. Here, the hit ratio of an instruction cache is assumed to be 100 % and only simple one›to›one data transfer is used in RDT network. Both update policy and in v alidate policy distinguished in JUMP›1 are used in the e v aluation. L2 cache is a direct mapped 1M›byte cache with 32›byte cache line. Although the L2 cache provides a lot of sophisticated functions, they are omitted in this simulation. The latency parameters of the simulator are set as sho wn in T able 3. T ab le 3. Latency P arameter s e v ent clocks PU $ L2 cache 1 L2 cache $ CBUS 5 MMC $ MBP 3 MBP $ MBP 24 As benchmarks, four programs: FFT gi v en 64K points, LU gi v en 128›by›128 matrix, RADIX gi v en 2M elements and OCEAN gi v en 66›by›66 grids from SPLASH›2 bench› mark suits[14] are selected. Since the trace generation takes an enormous computing time and disk storage, systems with up to 32 processors (8 clusters) are e v aluated here. 5.2. Evaluation of Hardwir ed Mechanisms 5.2.1 The Hit Ratio of Net Cache and Ack Cache First of all, we e v aluate ho w often Net Cache of Ack Gen› erator in RDT Interface hits with both policies. When the RDT packet arri v es, an entry of Net Cache is accessed. If it hits, RDT Interface generates an ackno wledgment packet. If not, RDT Interface must interrupt to MBP Core to make a ne w entry . It sho ws the ability to generate an ackno wledg› ment packet in RDT Interface without in v oking MBP Core. When it hits, the ackno wledgment packet is returned only with 11 clocks (220 nsec) instead of more than 100 clocks processed by MBP Core. The hit ratio of Net Cache with both policies are sho wn in T able 4 and 5 where CL means �clusters�. The hit ratio with in v alidate policy is o v erall lo w except OCEAN which has good spatial locality , while that with update policy is very high e xcept RADIX which has little temporal locality[14]. T ab le 4. The Hit Ratio of Net Cache with In v al› idate P olic y Appli. hit ratio 2 CL 4 CL 8 CL FFT 76.3 % 63.2 % 49.2 % LU 91.5 % 91.0 % 88.0 % RADIX 48.0 % 22.7 % 19.7 % OCEAN 97.8 % 98.2 % 98.8 % They sho w that an ackno wledgment packet with update policy is almost automatically generated and MBP Core is interrupted rarely by RDT Interface. Ho we v er , the number of network packets which interrupt to MBP Core is actually important. T ab le 5. The Hit Ratio of Net Cache with Up› date P olic y Appli. hit ratio 2 CL 4 CL 8 CL FFT 99.9 % 99.5 % 92.1 % LU 99.9 % 99.9 % 99.9 % RADIX 45.8 % 38.7 % 38.1 % OCEAN 99.4 % 99.7 % 99.8 % Then, Figure 9 sho ws the comparison of the number of netw ork packets with two policies where re gards that with update policy as 100 %. Also, the colored bar means the hit ratio. Figure 9. The Comparison of The Hit Ratio of Net Cache with T w o P olicies The number of network packets with the in v alidate polic y is extremely smaller than that with the update polic y since a lar ge part of transactions can be processed with only com› munication inside the cluster . In other words, the dedicated mechanism of RDT Interface with the update policy is ef› �ciently used. Ho we v er , its ability with the update polic y , is insuf �cient to suppress the number of network packets, compared to that with in v alidate policy . Maybe, more clus› ters are required to be the same number of packets with both policies. Ne xt, the hit ratio of Ack Cache in RDT Interface is also an important issue, since MBP Core software is also in v oked to collect ackno wledgment packets for an in v alidate/update request. Unlike the hit ratio of Net Cache, it is almost 100% with both policies in all applications. In most cases, ackno wledgment packets are immediately returned and col› lected. Once all packets are collected, the entry is remov ed. Thus, the entry is not con�ict unless the in v alidate/update requests are frequently issued. Thus, most ackno wledgment packets are collected only with 5 clocks (100 nsec) by Ack Cache controller . As illustrated abov e, RDT Interface can e x ecute a large part of protocol processing job with both policies without in v oking MBP Core. 5.2.2 The W ak e›Up Ratio of MBP Core fr om MMC When a packets is issued on a cluster bus, MMC checks tags and judges whether the software on MBP Core is required or not. If MMC can process a packet, it takes about 10 clocks instead of more than 1000 clocks processed by MBP Core. Here, the frequency of in v oking MBP Core software called wake›up ratio is e v aluated. The wake›up ratio is de�ned as the number of packets MMC can’t handle the number of packets MMC recei v es : The av erage wak e›up ratio is sho wn in T able 6 and 7. As sho wn in these tables, the ratio with the update polic y is about 30% independent from applications. Ho we v er , the ratio with the in v alidate policy depends hea vily on each application and it increases in proportion to the number of clusters. T ab le 6. The W ake›Up Ratio with In v alidate P olic y Appli. wak e up ratio 2 CL 4 CL 8 CL FFT 17.7 % 36.3 % 50.0 % LU 1.9 % 4.3 % 17.8 % RADIX 40.4 % 54.2 % 59.8 % OCEAN 12.5 % 28.0 % 38.1 % T ab le 7. The W ake›Up Ratio with Update P oli› cy Appli. wak e up ratio 2 CL 4 CL 8 CL FFT 33.2 % 33.6 % 33.1 % LU 30.7 % 31.8 % 33.3 % RADIX 36.2 % 36.3 % 36.0 % OCEAN 30.8 % 30.8 % 29.6 % The ratio with the in v alidate policy is relati v ely higher than that with the update policy since most of packets used in the in v alidate policy are caused by the coherence miss. In order to compare two policies in detail, the number of packets which interrupt to MBP Core should be e v aluated. As sho wn in Figure 10 where reg ards the number of packets with update policy as 100 % (the colored bar means the hit ratio), that with the in v alidate policy is extremely smaller than that with the update policy . In other words, although the ratio which in v ok es MBP Core is high to treat coherent misses with the in v alidate polic y , the number of pack ets which MMC can’ t handle is much smaller than that with the update policy . It comes from the frequent data e xchange caused by the update policy . Ho we v er , e v en with the update policy , MMC can e x ecute a lar ge part of protocol processing without in v oking MBP Core. Figure 10. The Comparison of The W ake›Up Ratio with T w o P olicies 5.3. Evaluation of Instruction Set Ar chitectur e Figure 11. The Instruction Mix with In v alidate P olic y Here, the program running on MBP Core to process a protocol is decoded after MBP Core is interrupted by MMC or RDT Interface. In order to demonstrate the ef �cienc y of MBP Core architecture, the instruction mix with two policies on 8 clusters is analyzed. Figure 12. The Instruction Mix with Update P olic y As sho wn in Figure 11 and 12, frequently used instruc› tions are almost the same in e v ery application with both policies. Instruction classes related to b uf fer ›r e gister ar c hi› tectur e are WPG, MPP and BPI in T able 1. The total ratio of those classes with in v alidate policy is 31.5%. On the other hand, that with update policy is 30.3%. From these results, instructions for the b uf fer ›re gister architecture adopted by MBP Core is ef �ciently used for both policies. In our former study [5], we compared the core architec› ture with DLX[3] li ke 32 bit general RISC processor . The performance of the core processor is about 20% better than that of 32bit RISC processor in spite of a small hardware requirement because of the b uf fer ›re gister architecture. 5.4. The Perf ormance Comparison Figure 13. Normaliz ed Time f or Applications with T w o P olicies

Although the time for protocol management program› s is not exactly modeled, we measured the performance of JUMP›1 with both policies. Figure 13 sho ws the preliminary e v aluation results of ex ecution time normalized to the time when update policy is used on two clusters. From this re› sult, the ex ecution time of update policy is much worse than in v alidate policy in all applications. The o v erhead of up› date polic y is caused by the protocol management program e x ecuted on MBP Core in v ok ed with frequent packets ar› ri v al. Ho we v er , in this simulation, the multicas t mechanism in JUMP›1 is not ef fecti v ely used and protocol management program on MBP Core is not well optimized for the update polic y . W ith both policies, the tendenc y of speedups is almost the same. In FFT and OCEAN, the performance is impro v ed when the number of clusters increases, while it is not well impro v ed in RADIX and LU. W e will optimize protocol programs, and e v aluate the system with lar ger number of clusters. 6. Summaries A dedicated processor called MBP›light to manage the DSM in JUMP›1 is introduced, and its performance with tw o protocol policies are e v aluated. Its simulation appears that simple operations like the tag check and the collection/generation of ackno wledgment pack ets are mostly done by the hardware mechanisms with› out MBP Core with both policies. Also, a simple 16›bit RISC called the buf fer ›re gister ar › chitecture is adopted in MBP›light. It is greatly exploited for complicated protocol transactions with both policies. The preliminary e v aluation sho ws that the e x ecution time with update policy is still much worse than that with in v al› idate policy . Since the multicast mechanism of JUMP›1 is not used in this simulation and the system scale is limited, the extensi v e simulation research is required. The prototype of JUMP›1 with 16 processors is sched› uled to be a v ailable within this year . W e will optimize the protocol program on the prototype. 7. Acknowledgments The authors would like to express their sincere grati› tude to the members of the Joint›Uni v ersity project for their v aluable advises and discussions. The authors also express their thanks to Mentor Graphics Japan for supporting design tools. A part of this research was supported by the Grant›in› Aid for Scienti�c Research on Priority Areas, #04235130, from the Ministry of Education, Science and Culture. This research is also supported by Parallel and Distributed system Consosium. Refer ences [1] D. Chaiken and A. Agarwal. Software›Extended Coherent Shared Memory: Performance and Cost. In Pr oc. of The 21st IEEE International Confer ence on Computer Ar c hitectur e , pages 314�324, April 1994. [2] M. Goshima et al. The Intelligent Cache Controller of a Massi v ely Parallel Processor JUMP›1. In Pr oc. of Innova› tive Ar c hitectur e for Futur e Generation High›P erformance Pr ocessors and Systems , pages 116�124, October 1997. [3] J. L. Hennessy and D. A. Patterson. Computer Ar c hitectur e: A Quantitative Appr oac h . Morg an Kaufmann, San Francsi› co, California, second edition, 1996. [4] K. Hiraki et al. Overvie w of the JUMP›1, an MPP Prototype for General›Purpose Parallel Computat ions. In Pr oc. of IEEE International Symposium on P ar allel Ar c hitectur es, Algorithms and Networks , pages 427�434, December 1994. [5] I. Hiroaki et al. MBP›light: A Processor for Management of Distributed Shared Memory . In Pr oc. of The 3r d Interna› tional Confer ence on ASIC , pages 199�202, October 1998. [6] T . Kisuki et al. Shared vs. Snoop: Ev aluation of Cache Structure for Single›Chip Multiprocessors. In Pr oc. of The 3r d International Eur o›P ar Confer ence , pages 793�797, Au› gust 1997. [7] T . Kudoh et al. Hierarchical bit›map directory schemes on the RDT interconnection network for a massiv ely parallel processor JUMP›1. In Pr oc. of International Confer ence on P ar allel Pr ocessing , volume I, pages 186�193, August 1995. [8] J. K uskin et al. The Stanford FLASH Multiprocessor . In Pr oc. of The 21st IEEE International Confer ence on Com› puter Ar c hitectur e , pages 302�313, April 1994. [9] J. Laudon and D. Lenoski. The SGI Origin: A ccNUMA Highly Scalable Server . In Pr oc. of The 24th IEEE Inter› national Confer ence on Computer Ar c hitectur e , pages 241� 251, June 1997. [10] D. Lenoski et al. The Stanford D ASH Multiprocessor. IEEE Computer , 25(3):63�79, March 1992. [11] T . D. Lov ett and R. M. Clapp. ST iNG: A CC›NUMA Com› puter System for the Commercial Marketplace. In Pr oc. of The 23r d IEEE International Confer ence on Computer Ar › chitectur e , pages 308�317, May 1996. [12] T . Matsumoto et al. Distrib uted Shared Memory Architecture for JUMP›1: A General›Purpose MPP Prototype. In Pr oc. of IEEE International Symposium on P ar allel Ar c hitectur es, Algorithms and Networks , pages 131�137, June 1996. [13] H. Nishi et al. The RDT Router Chip: A versatile router for supporting a distributed shared memory. IEICE transaction on Information and Systems , E80›D(9):854�862, September 1997. [14] S. C. W oo et al. The SPLASH›2 Programs: Charaterization and Methodological Considerations. In Pr oc. of The 22nd Annual Symposium on Computer Ar c hitectur e , pages 24�36, June 1995. [15] Y . Y ang et al. Recursiv e Diagonal T orus: An interconnection network for massi v ely parallel computers. In Pr oc. of The 5th IEEE symposium on P ar allel and Distributed Pr ocessing , pages 591 � 594, December 1993.