In terconnection Net w ork and Distributed Shared Memory of a Massiv ely P arallel Mac hine JUMP-1 Hideharu Amano y (h unga@aa.cs.k eio.ac.jp) Katsunobu Nishim ura y (nisim ura@aa.cs.k eio.ac.jp) T omohiro Kudoh z (kudoh@cc.teu.ac.jp) Hiroaki Nishi y (w est@aa.cs.k eio.ac.jp) Ken’ic hiro Anjo y (anjo@aa.cs.k eio.ac.jp) y Dept. of Computer Science, Keio Univ ersit y 3-14-1, Hiyoshi Y ok ohama 223 JAP AN Phone: +81-45-560-1063 F ax: +81-45-560-1064 z Dept. of Information T ec hnology , T oky o Engineering Universit y 1404-1 Katakura Hachio ji T oky o 192 JAP AN Phone: +81-426-37-2111 (ext.2215) F ax: +81-426-37-2118 Abstract F or cac he coheren t distributed shared memory on a large scale parallel mac hine, eac h no de pro cessor of JUMP-1 shares a global virtual address space with t w o-stage TLB implemen tation. The directo- ry is attac hed not to ev ery cache line but to every page, while the data is transferred b y the unit of a cac he line. Reduced Hierarchical Bit-map Di- rectory sc hemes (RHBDs) are introduced to man- age coherent messages to a large n um ber of no des whic h share a page. Using a hierarchical structure of a net w ork RDT(Recursive Diagonal T orus), co- heren t messages for RHBD are m ulticast quickly to lo cal area of the source no de. F rom the results of the simulation, all sc hemes of the RHBD supp ort almost a half latency of the traditional directory scheme based on 1 to 1 mes- sage transfer. 1 In tro duction Cac he Coheren t Non-Uniform Memory Access ma- c hine (CC-NUMA) is one of hop eful candidates for massively parallel computers. It provides distributed main memory , scalable in terconnec- tion net w ork, and directory-based coheren t cac he. JUMP-1 is a massiv ely parallel pro cessor pro- tot yp e with cac he coherent distributed shared memory dev elop ed b y collab oration b etw een 7 Japanese universities[6]. The ma jor goal of this pro ject is to establish tec hniques for building an e�cien t distributed shared memory on a massive- ly parallel pro cessor. As sho wn in Figure 1[3][6], JUMP-1 consists of clusters connected with an in- terconnection netw ork Recursiv e Diagonal T orus (RDT)[16] which provides b oth torus and hierar- c hical structure. A cluster also pro vides a high sp eed p oin t to p oint I/O netw ork connected with disks and high-de�nition video devices. Figure 1: Structure of JUMP-1 As sho wn in Figure 2, each cluster is a bus-connected m ultipro cessor including 4 coarse- grained pro cessors(CPU), a �ne-grained pro cessor (Memory Based Pro cessor or MBP) which is di- rectly connected to a main memory and the RDT router chip. A CPU is an o� the shelf RISC pro- cessor (SUN Sup er-Sparc+) which p erforms the main calculation of the program. In most existing CC-NUMA (Stanford DASH[2]/FLASH[7], MIT Alewife[8] or STiNG[10]), a directory entry is asso ciated with ev ery cac he line, and the directory without hier- arc hical structure is utilized. Ho w ev er, this ap- proac h requires a large amoun t of memory for a massiv ely parallel pro cessor which pro vides b oth a large n um ber of pro cessors and a large amount of memory space. Ho w ev er in JUMP-1, no de pro- cessors share a global virtual address space with t w o-stage TLB implemen tation, and the directo- ry is attac hed not to every cac he line but to ev- ery page, while the data transfer is p erformed by 1

Figure 2: Structure of a JUMP-1 cluster a cac he line. Unlike other CC-NUMAs, up date t yp e cache coherence proto cols can b e utilized in JUMP-1 for applications which require frequent data exc hange. F or supp orting this approach, Reduced Hierar- c hical Bit-map Directory schemes (RHBDs) w ere in tro duced[14][9]. In the RHBD, the bit map di- rectory is reduced and carried in the pac k et header for quick multicasting without accessing directo- ry in eac h hierarc h y . The hierarc hical structure of the RDT(Recursive Diagonal T orus) is suitable for e�cient implementation of the RHBD. In this pap er, the in terconnection netw ork and distribut- ed shared memory structure are in tro duced with initial ev aluation results, and the current status of the pro ject is rep orted. 2 Reduced hierarc hical bit- map directory sc heme 2.1 Hierarc hical bit-map directory sc heme In JUMP-1, directory en tries are asso ciated with pages while the data are transferred b y a cache line[15] in order to reduce the required amoun t of memory for the directory . Using this strategy , b oth the expansion of the directory memory and the congestion of the netw ork caused by the large size message transfers can b e av oided. Ho w ev er, in this case, n um ber of destinations of the coherence main tenance messages increases es- p ecially when an up date t yp e proto col is used. If there are considerable num b er of destinations, it will tak e a long time to send a message one after another (sequen tially). The hierarchical bit-map directory sc heme (HBD) used in COMA[4] (Cache Only Memory Architecture) p ermits a message to b e transferred to di�erent destinations sim ultane- ously (i.e. multicast) through a tree structured m ulticasting paths (m ulticasting tree). Figure 3 illustrates the concept of the hierarc hi- cal bit-map directory sc heme. Leav es of the tree corresp ond to pro cessors. A pack et is �rst sent to the ro ot of the tree, and then m ulticast through the tree structure. Eac h no de multicasts a pac k et Figure 3: Hierarchical bit-map directory sc heme to its m ultiple branc hes. T o sp ecify the destina- tion leav es precisely , an n-bit bit-map is required at each no de when an n-ary tree is used. Thus, for m heigh t n-ary tree, total of P m k =1 n k bits are required for eac h entry . Although the required amoun t of memory is sligh tly larger than that of the full-map directory sc heme in whic h n m bits are required, a pack et can b e multicast sim ultaneous- ly . F or cache consistency , ac kno wledge pac k ets are usually required. These pack ets are transferred from the destination no des (lea v es) to the source no de (ro ot), and informs the �nish of inv alidation (or data up date). In the hierarchical directory metho d, ackno wledge pac k ets can b e collected in eac h hierarc h y . It reduces the net w ork tra�c es- p ecially when the n um b er of destination no des is large. 2.2 The RHBD Since the HBD sc heme requires lo ok-up to the di- rectory at eac h lev el of the interconnection, memo- ry access latency with the HBD b ecomes inhibitive on a massively parallel pro cessor. In order to cop e with this problem, reduced hierarchical bit-map directory scheme (RHBD) w as prop osed[14][9]. In this scheme, the bit-map is reduced using the fol- lo wing techniques: � One bit-map is provided for a level of the hi- erarch y . The same bit-map is used at no des of the level. � A pac k et is sen t to all c hildren of a no de (th us, broadcast) when some condition is met. Note that the reduced directory is not main tained at eac h hierarch y , but stored only at the ro ot no de and sent in the header of a pac k et. Thus, no di- rectory access is needed at the in termediate no des, and pac k ets can b e m ulticast quic kly . By the combination of the ab o v e t w o techniques, three schemes, the LPRA, SM, and LARP are de- liv ered: LPRA (Lo cal Precise Remote Approxi- mate) sc heme: A pack et is �rst go es from a

Figure 4: Hierarchical bit-map directory sc hemes leaf (i.e. source pro cessor) to the ro ot no de (up- stream), and then multicast from the ro ot n- o de. When multicasting, (i.e. pack et go es down- stream), the bit-map is used only at the no des on the upstream path. F or other no des, the pac k- et is broadcast to all their c hildren. Figure 4(a) sho ws an example of this scheme for the 3-ary tree. In this �gure, ’s’, ’d’ and � denote the source leaf, the destination to which pack et is sen t and lea v es which receiv e data resp ectiv ely . Using this sc heme, the bit-map is used for lo cal no des of the source no de, while the message is broadcast in the remote subtree marked B . This scheme is adv an- tageous when a no de sends a message to a remote no de group. SM (Single Map) sc heme: In the SM sc heme, all no des at a lev el use a unique bit-map as shown in Figure 4(b), and th us, no broadcast is made (unless a bit-map is all-1). This sc heme is adv an- tageous when the num b er of destination is not so large. LARP (Lo cal Appro ximate Remote Pre- cise) sc heme: The LARP is a complimen tary sc heme of the LPRA. In this scheme, a no de on the upstream path broadcasts if its parent sends the pack et to m ultiple no des (i.e. a sibling also re- ceiv es the pac k et). Once a no de broadcasts, all its descendan ts on the upstream path also broadcast. In the example sho wn in Figure 4(c), since the m ulticast starts at the lev el 1 (the top no de (level 0) only sends a message to a child), the broadcast (mark ed B ) starts at the level 2 to the subtree whic h includes the source no de. In this case, the broadcast is done for lo cal no des of the source n- o de, while the bit-map is used for remote no des. This scheme is adv an tageous when the mapping can mak e the b est use of the lo calit y of comm uni- cation. 2.3 The RHBD on the RDT 2.3.1 In terconnection net w ork RDT The RDT is a netw ork consists of recursively formed tw o-dimensional square diagonal tori. By- pass links for the diagonal direction is used for reducing the diameter of the torus net w ork. As- sume that four links are added b etw een a no de ( x; y ) and no des ( x � n; y � n ). Here, n is called the c ar dinal numb er . Then, the additional links form a new torus netw ork (rank-1 torus) at an an- gle of 45 degrees to the original torus, and the grid size is p 2n times of the original torus. Similarly , on the rank- i torus, we can mak e another torus net w ork (rank- i + 1 torus) b y pro viding four links in the same manner. The maximum rank lev el is b log n p N c , where N denotes the num b er of pro- cessor. Note that, eac h no de can select di�eren t rank of upp er tori from others. Figure 5: Upp er rank toruses The RDT in whic h every no de has links to form all p ossible upp er tori is called the p erfect RDT (PRDT(n,R)) where n is the cardinal n um ber (usually , 2) and R is the maximum rank. Although PRDT is unrealistic b ecause of its large degree (4(R+1)), it is imp ortan t as a basis for establish- ing routing algorithm, broadcasting/m ulticasting, and other message transfer algorithms The recur- siv e diagonal torus RDT(n,R,m) is generally de- �ned as a class of net w orks in whic h eac h no de has links to form base (rank-0) torus and m upp er tori (the maxim um rank is R) with the cardinal n um b er n . Note that, eac h no de can select di�er- en t rank of upp er tori from others. The JUMP-1 must b e scalable to the system with ten thousand no des. In this case, m is set to b e 1 (degree = 8). F or this n um ber of no des, the maximum rank of upp er tori is 4. Thus, the RDT(2,4,1) is treated here. In the RDT, each no de can select di�eren- t rank tori from others. Thus, the structure of the RDT(2,4,1) also v aries with the rank of tori whic h are assigned to eac h no de. This assignmen- t is called the torus assignment . V arious torus assignmen t strategies can b e selected considering the tra�c of the net w ork. If the lo cal tra�c is large, the num b er of no des which hav e lo w should b e increased. Ho w ev er, complicated torus assign- men t introduces di�cult y to the message routing algorithm and implementation. F or the JUMP-1, w e selected a relatively simple torus assignment sho wn in Figure 6. Figure 6: T orus assignmen t used in the JUMP-1 In this assignmen t, a no de has eight links, four for the base (rank-0) torus and four for rank (1- 4) torus (Most of links for upp er rank tori are omitted in Figure 6). Note that a no de with a rank torus has neigh b oring no des with tori of oth- er three ranks. Therefore, any rank torus can b e used with a single message transfer b etw een neigh- b oring no des. This prop erty reduces the diameter and a v erage distance b etw een no des. The RDT pro vides v arious adv an tages as an in- terconnection net w ork of the JUMP-1. It includes t w o dimensional mesh, and simple near-optimal routing algorithm enables smaller diameter than that of the h yp ercub e (11 for 2 16 no des) with s- maller degree (8 links p er no de). Moreo v er, it in- cludes the fat-tree of mesh structure. Using this structure, hierarchical m ulticast can b e e�ciently supp orted. This feature is imp ortant to implemen t the hierarchical bit-map directory scheme treated here. 2.3.2 Implemen tation of the RHBD In the RHBD, messages are transferred on a tree structured comm unication paths. Ho w ev er, if a simple n-ary tree is used, follo wing problems will b ottleneck the p erformance. � If multiple no des multicast simultaneously , congestion ma y b e caused around the ro ot n- o de of the tree. � Dep ending on the lo cation in the tree, some messages should ha v e transferred through the very ro ot of the tree just to mov e to neighbor- ing no de. � It tak es a large latency if a sender no de at a leaf sends a message upstream to the ro ot of tree. Figure 7: The 8-ary tree and bit-map pattern for m ulticast on the RDT Ho w ev er, since the RDT in v olv es a fat tree of tori with m ultiple ro ot no des, these problems can b e av oided. The pattern of message transfers for em ulating a fat tree is shown in Figure 7. Tw o steps are required: (1) each no de transfers a mes- sage to four neighbors, (2) a neigh b or transfers the message to three neigh b ors. (South direction in this �gure). As sho wn in Figure 7(b), the eigh t no des whic h received the data are not duplicated with no de which received other no des on the same rank-i torus. Thus, if all no des with rank-i tori ex- ecute this pattern, the message is transferred to all no des with rank-(i-1) tori. By the iteration of this data transfer from the maxim um rank to the rank- 0, 8-ary tree in which is formed on the RDT. In this case, a rank in the RDT directly corresp onds to the lev el of the tree. Moreo v er, in the RDT, the upp er rank torus can b e used within a step of mes- sage routing. Th us, the message can b e directly transferred from the sender no de to the ro ot no de without using the tree structure. Figure 7 shows the 8-ary tree in v olv ed in the RDT, and bit-map pattern for the hierarc hical bit- map directory sc heme. When schemes describ ed in the previous section are applied on this 8-ary tree on the RDT, followings are adv an tageous: � On the RDT, there are a num b er of no des with the maxim um rank torus, and all of them are used as a ro ot no de. Th us, the message multicast is almost directly started from the ro ot no de without going upstream on the tree.

� Since there are man y upp er rank tori in the RDT, the tree is a kind of "fat-tree" which provides man y ro ot no des in each rank. Therefore, the congestion of ro ot no des is re- laxed even if many source no des multicast their data sim ultaneously and indep enden tly . � In the RDT, no des which receiv e the message through the tree whose ro ot rank is ’i’ are lo cated around the source no de. F or larger ’i’, the num b er of suc h no des b ecomes large, thus the area which a message is m ulticast b ecomes wide. W e call such an area "territo- ry" of a m ulticast. Figure 8 sho ws territories of a multicast from rank-0 and rank-1. Since the territory of is alw a ys formed surrounding a source no de, message multicast to lo cal n- o des are p erformed from a lo w er rank (th us, with only a small territory). Figure 8: T erritory of a m ulticast 3 Latency analysis consider- ing congestion Here, the p erformance of the distributed shared memory on JUMP-1 is compared with con v en tion- al directory sc heme based on 1-to-1 message trans- fer. 3.1 Sim ulation with probabilistic mo del First, the results of simulation with probabilistic mo del is sho wn. In this mo del, the tra�c is gen- erated with probabilistic mo del. Figure 9 sho ws m ulticast latency versus message transfer interv al of the RHBD(LPRA, SM and LARP) and tradi- tional directory metho ds (1 to 1). Here, m ulti- cast latency means the time required for transfer- ring all m ulticast pac k ets to destination no des. All pac k et length is �xed as 8 its, and the size of the system is 256 no des. F rom the analysis of some parallel programs from SPLASH b enchmark suit- s, the a v erage n um ber of destinations is 4-6 when the distributed memory is managed by 4K byte page[9]. Here, the n um ber of destinations is set to b e 6. In the RHBD, if destination no des can b e mapp ed inside the territory , the num b er of unnec- essary messages can b e drastically reduced. Ho w- ev er, it dep ends not only on the mapping strategy but also on the c haracteristics of application pro- grams. Here, the destinations are determined by a random num b ers whic h follo w a giv en distribu- tion. In the following graphs, a v erage v alue calcu- lated from 10,000 trials based on the random n um- b er generation library of Sun OS4.1.3 are sho wn. Here, the standard deviation (SD) is set to b e 5. In this situation, since the lo calit y of the comm u- nication is not so strong, a lot of pac k ets are sent b eyond the territory . Figure 9: Multicast latency vs. message genera- tion in terv al The m ulticast latency is almost a half of tradi- tional metho ds when the messages for cache coher- ence are not frequent (Th us, the interv al is long.). With traditional directory metho ds, pack ets m ust b e transferred one after another unlike they are sim ultaneously multicast by the router chip in the RHBDs. Because of the sequen tial pack et trans- fer, links b etw een the router c hip and the MBP b ottleneck the netw ork with traditional metho ds. When message generation interv al b ecomes short, the m ulticast latency is rapidly increased b ecause of the net w ork congestion. The in v erse of the interv al whic h causes rapidly increasing of the latency gives a v ailable bandwidth of the net w ork.

The av ailable bandwidth of the RHBD is worse than that of traditional 1 to 1 message transfer b ecause of the congestion caused by unnecessary pac k ets. 3.2 T race driv en sim ulation Figure 10 sho ws the results of trace driven sim- ulation. The trace data is generated b y execut- ing Choleskey (solving a sim ultaneous linear equa- tion with a large sparse co e�cient matrix) from SPLASH b enchmark[12] on the execution driv en sim ulator MILL[13]. By limitation of the simu- lation time, the n um ber of pro cessors is only 64 (8 � 8). The simplest mo dular mapping is adopt- ed. Figure 10: T race driv en simulation As sho wn in Figure 10, the latency of three sc hemes of the RHBD is almost same and m uc h b etter than that of traditional 1 to 1 message transfer. This comes from the fact that a large part of comm unication in Choleskey b ecomes the broadcast since the n um ber of pro cessors are not so large. In this case, the bit-map used in three RHBD metho ds is almost the same. The frequen- t broadcast causes sev ere b ottleneck on the links b etw een the MBP and router with 1 to 1 message transfer. This result demonstrates that the p erformance of the distributed shared memory management mec hanism on JUMP-1 under the practical situ- ation. 4 Conclusion and Curren t S- tatus of the Pro ject Here, the distributed memory management sc heme on the in terconnection net w ork RDT is describ ed. Sim ulation results demonstrate the ef- �ciency of this metho d under the practical situa- tion. No w, the JUMP-1 pro ject is in the following stage: Router c hip: The RDT router c hip (Figure 11) whic h supp orts all RHBD sc hemes sho wn here is no w op erational. Figure 11: The RDT router c hip The core of the c hip is a 10 � 11 crossbar which exc hanges pack ets from/to 10 18-bits-width links as shown in Figure 12, that is, four for the rank-0 torus, four for the upp er rank torus, and t w o for the MBPs whic h manage the distributed shared memory of JUMP-1. Figure 12: The structure of the RDT router In JUMP-1, tw o RDT router c hips are used in the bit-sliced mo de to form 36 bits width for each link. All pack ets are transferred b etw een router c hips sync hronized with a unique 60MHz clo ck. In order to maximize the utilization of a link, pack ets are bi-directionally transferred. Maximum pac k ets length is 16 its (36 bits-width 16 its-length) so as to carry a line of the cache. 3 its header which carries the hierarchical bit-map are attached to all pac k ets, but the length of the b o dy is v ariable. If there is no con ict, the �rst it of the pac k et can pass through this router with 5 clo c ks. The virtual cut-through (asynchronous worm- hole) routing is adopted to cop e with frequent mul- ticasting. Although a pack et can b e forw arded to the bu�er in the next no de while the pac k et is b e- ing receiv ed lik e a usual wormhole routing, a bu�er whic h can hold the maxim um size pac k et is pro- vided for eac h virtual c hannel. When the target bu�er is o ccupied, the whole pac k et can b e stored in the bu�er inside the c hip. The simplest w a y of multicast is to wait for al- l required opp osite bu�ers and then multicast si- m ultaneously . How ev er in this wa y , the opp ortuni- ties of multicast are badly reduced when the n um- b er of the m ulticast destinations is increased. In the RDT router chip, each bu�er pro vides the bit- map indicating required destination of a pack et. The pac k et is sen t whenever the empty opp osite bu�ers are found, and then the corresp onding bits of the bit-map are reset. Just after the m ulticast whic h clears all bits of the bit-map is started, the bu�er is allow ed to receive the next pack et. The sp eci�cation of the RDT router c hip is sho wn in T able 1. T able 1: The num b er of gates and data of the RDT router Blo ck name Gates Num b er of T otal Blo cks gates Crossbar 2,927 1 2,927 Arbiter 2,736 1 2,736 Multicast 1,558 10 15,580 con troller Bit map 2,288 10 22,880 generator Ac kno wledge 2,009 1 2,009 combining RAM for bu�er 2,021 20 40,420 T otal 90,522 T otal pins 299(Signal 260) P o w er consumption 19.4W Optimized num b er of gates 80,307 Rate of gate utilization 63% MBP: The MBP consisting of Memory Mo dule Con troller, MBP core pro cessor, and RDT P ac k et manager is no w under developing by Universit y of T oky o and Keio Universit y . It will b e implemented in the CMOS SOG with 200,000 gates in the next Marc h. L2 Cac he and bus c hip: JUMP-1 L2 cache whic h is under developmen t in Ky oto Univ ersit y is a sophisticated sno op cac he whic h provides versa- tile facilities for the memory based FIFO[5], mixed proto col, cac he injection, and cac hed I-structure. In order to av oid the electromagnetic side e�ect- s caused b y the shared bus, the JUMP-1 cluster uses "bus-chip". This chip is a high sp eed switch whic h b eha v es as if it were a passiv e shared bus with the arbitration and sno op facility . L2 cac he and bus chip will b e a v ailable during this y ear. I/O systems: A p oint-to-point I/O called the ST AFF link[11] is now a v ailable for JUMP-1. ST AFF link mechanism consists of fast serial com- m unication LSI(AMD T axi) c hip sets, Send and Receiving FIFO, and con troller of them. P arallel disk system based of the ST AFF link is no w b eing dev elop ed on the SUN workstation. 4.1 Protot yp e systems of JUMP-1 In JUMP-1, the page table for the distributed shared memory is managed by the op erating sys- tem, and the coheren t messages for the cac he is managed by the MBP core. Thus, the develop- men t of such programs is essential for JUMP-1 pro ject. F or environmen t developing suc h a soft w are, t- w o prototype systems are used: JUMP-1/3: JUMP-1/3 is a w orkstation cluster system with a distributed shared memory . A shared memory b oard which pro vides a mi- cropro cessor for proto col management is at- tached to the SBUS of the SS5. The shared memory b oard is connected with b oards at- tached to other SS5 workstations through the RDT b oards eac h of which pro vides tw o RDT router c hips. This system with four no des (Figure 13 is av ailable no w, and the soft w are for providing distributed shared memory is now under dev elopmen t[1]. JUMP-1/2: JUMP-1/2 is a prototype m ultipro- cessor whic h pro vides a commercial micro- pro cessor (TMS320C40) instead of the MBP . This system is used not only for softw are de- velopmen t but also the test of the hardw are core of the JUMP-1: L2 cac he and bus chip. Figure 13: The JUMP-1/3 w orkstation cluster

Based on the exp eriences of these protot yp es, the JUMP-1 will b e scheduled to start to b e built up from the next March. Ac kno wledgmen t The authors w ould like to express their sincere gratitude to the members of the Join t-Univ ersit y pro ject for their v aluable advice and discus- sion, sp ecially , Prof. K.Hiraki, Dr. M.Sato, Prof. T.Matsumoto of Univ ersit y of T oky o, Prof. H.Nak a jo of Kob e Universit y , Prof. S. T omita, Prof. H.Nak ashima and Prof. M.Goshima of Ky- oto Univ ersit y for generous discussion. The au- thors also express their thanks to Men tor Graphics Japan for supp orting design to ols. A part of this research w as supp orted b y the Gran t-in-Aid for Scien ti�c Research on Priority Areas, #04235130, from the Ministry of Educa- tion, Science and Culture. References [1] K. Anjo, H. Nishi, X. Dong, A. Y oshiy ama, T. Kudoh, H. Nak a jo, and H. Amano. JUMP- 1/3: A w orkstation cluster with cac he coher- ent distributed shared memory . In IEICE Jap an SIG R ep orts, CPSY 96 (in Jap anese) , 1996. [2] D.Lenoski, J.Laudon, K.Gharac horlo o, W.- D.W eber, A.Gupta, J.Hennessy , M.Horowitz, and M.S.Lam. The Stanford D ASH m ultipro- cessor. IEEE Computer , 1992. [3] T. T anak a (Editor). The massiv ely parallel pro cessing system JUMP-1. In Ohmsha, Lt- d/IOS Pr ess , 1996. [4] E.Hagersten, A.Landin, and S.Haridi. DDM - a cac he-only memory arc hitecture. IEEE Computer , 1992. [5] M. Goshima, S. Matsumoto, H. Nak ashima, and S. T omita. Virtual Queue: A message communication mechanism for massv ely par- allel computers. In Pr o c. of JSPP95 (in Jap anese) , 1995. [6] K. Hiraki, Hideharu Amano, Morihiro Ku- ga, T oshinori Suey oshi, T omohiro Kudoh, Hiroshi Nak ashima, Hironori Nak a jo, Hideo Matsuda, T ak ashi Matsumoto, and Shin ic hi- ro Mori. Ov erview of the JUMP-1, an MPP prototype for general-purp ose parallel com- putations. In Pr o c. of the International Sym- p osium on Par al lel A r chite ctur es, A lgorithms and Networks (ISP AN’94) , 1994. [7] J.Kuskin, D.Ofelt, M.Heinric h, J.Heinlein, R.Simoni, K.Gharac horlo o, J.Chapin, D.Nak ahira, J.Baxter, M.Horo witz, A.Gupta, M.Rosenblum, and J.Hennessy . The stanford FLASH Multipro cessor. In Pr o c. of the 21st Annual International Symp osium on Com- puter Ar chite ctur e , 1994. [8] K.Kurihara, D.Chaik en, and A.Agarwal. La- tency tolerance through multithreading in large-scale multiprocessors. In Pr o c. of Inter- national Symp osium on Shar e d Memory Mul- tipr o c essing (ISSMM) , 1991. [9] T. Kudoh, H. Amano, T. Matsumoto, K. Hi- raki, Y. Y ang, K. Nishim ura, K. Y oshim u- ra, and Y. F ukushima. Hierarchical bit-map directory schemes on the RDT in terconnec- tion netw ork for a massively parallel pro ces- sor JUMP-1. In Pr o c. of ICPP95 , 1995. [10] T om Levett and Russell Clapp. STiNG: A cc-numa computer system for the commercial marketplace. In 23r d ISCA , 1996. [11] H. Nak a jo, T. Ok ada, T. Matsumoto, M. Ko- hata, H. Matsuda, K. Hiraki, and Y. Kane- da. I/O subsystem for the massiv ely parallel computer JUMP-1. In Pr o c. of JSPP95 (in Jap anese) , 1995. [12] J.P . Singh, W. W eber, and A. Gupta. S- PLASH: Stanford parallel applications for shared-memory . In T e ch. R ep ort, Comput- er System L ab or atory, Stanfor d University , 1992. [13] T. T erasa w a and H. Amano. Performance e- v aluation of the mixed-proto col caches with instruction level m ultipro cessor sim ulator. In Pr o c. of IASTED International Confer enc e of MODELLING AND SIMULA TION , 1994. [14] T.Matsumoto and K.Hiraki. A shared- memory arc hitecture for massiv ely parallel computer systems. In IEICE Jap an SIG R e- p orts, V ol. 92, No. 173, CPSY 92-26 (in Jap anese) , 1992. [15] T.Matsumoto and K.Hiraki. Distributed shared-memory arc hitecture using Memory- Based Pro cessors. In Pr o c. of Joint Symp. on Par al lel Pr o c essing’93 (in Jap anese) , 1993. [16] Y. Y ang, H. Amano, H. Shibamura, and T.Sueyoshi. Recursiv e diagonal torus: An in- terconnection net w ork for massiv ely parallel computers. In Pr o c. of 1993 IEEE Symp o- sium on Par al lel and Distribute d Pr o c essing , 1993.