Hierarc hical bit-map directory sc hemes on the RDT in terconnection net w ork for a massiv ely parallel pro cessor JUMP-1 T omohiro Kudoh y Hideharu Amano z T ak ashi Matsumoto* Kei Hiraki* Y ulu Y ang z Katsunobu Nishim ura z Koic hi Y oshim ura y Y asuhito F ukushima y y T oky o Engineering Univ ersit y z Keio Universit y *The Univ ersit y of T oky o Abstract JUMP-1 is curren tly under dev elopmen t by sev en Japanese univ ersities to establish tec h- niques of an e�cien t distributed shared memory on a massiv ely parallel pro cessor. It pro vides a memory coherency con trol sc heme called the hier ar chic al bit-map dir e ctory to ac hiev e cost e�ective and high p erformance management of the cache memory . Messages for main taining cac he coherency are transferred through a fat tree on the RDT(Recursiv e Diagonal T orus) in terconnection net w ork. In this rep ort, w e discuss on the sc heme and examine its p erformance. The con�guration of the RDT router c hip is also discussed. 1 In tro duction JUMP-1 is a massively parallel pro cessor proto- t yp e dev elop ed b y collab oration b et w een 7 Japanese univ ersities[4]. The ma jor goal of this pro ject is to es- tablish tec hniques for building an e�cient distributed shared memory on a massively parallel pro cessor. F or this purp ose, a sophisticated metho dology called Strate- gic Memory System (SMS) is prop osed [11][4]. The cache directory and management scheme is one of the most imp ortan t issues in the SMS. In traditional distributed memory systems, a directory entry is as- so ciated with every cache line. How ev er, this requires a large amoun t of memory for a massively parallel pro- cessor whic h pro vides b oth a large num b er of pro cessors and a large amount of memory space. In the SMS, eac h no de pro cessor shares a global virtual address space with t w o-stage TLB implementation, and the directory is attac hed not to ev ery cac he line but to ev ery page, while the data transfer is p erformed b y a cache line. F or the directory en try asso ciated with eac h page, a hierarc hical bit-map directory sc heme was in tro duced[10][11]. In addition, to reduce the size of directory , a directory reduction scheme has b een pro- p osed. Ho w ev er, the original sc heme 1 is built based on a simple n-ary tree net w ork, and some extensions are required for the use in JUMP-1. 1 The original scheme[10] is called the pseudo-fullmap directory sc heme consisting of the hierarchical m ulticast(directory) scheme describ ed here, lo cal, and 1-to-1 comm unications. In this pap er, w e extend the original hierarc hical bit- map directory scheme to apply on an in terconnection net w ork RDT(Recursiv e Diagonal T orus) whic h is pro- p osed for JUMP-1. In addition to the original directory reduction sc heme, tw o other schemes are also prop osed. In Section 2, JUMP-1 and its interconnection netw ork RDT are brie y introduced. In Section 3, the hierarc hi- cal bit-map directory scheme and the directory reduc- tion sc hemes are introduced. In Section 4, the imple- men tation of the hierarc hical bit-map directory schemes on the RDT is describ ed. These sc hemes are compared with other directory schemes and the num b er of redun- dan t pack ets are ev aluated in Section 5. Finally , the implemen tation of the RDT router c hip which enables hierarc hical bit-map directory schemes are describ ed. 2 JUMP-1 and the RDT 2.1 Structure of JUMP-1 As sho wn in Figure 1[4], JUMP-1 consists of clusters connected with an in terconnection net w ork RDT[14]. Eac h cluster also provides a high sp eed p oin t to p oint I/O netw ork connected with disks and high-de�nition video devices. Eac h cluster is a bus-connected m ultipro cessor (Fig- ure 2[4]) including 4 coarse-grained pro cessors(CPU), 2 �ne-grained pro cessors (Memory Based Pro cessor or MBP) each of whic h is directly connected to a main 1

Figure 1: Structure of JUMP-1 memory and the RDT router c hip. A CPU is an o� the shelf RISC pro cessor (SUN Sup er-Sparc+) whic h p er- forms the main calculation of the program. The MBP , the heart of JUMP-1, is a custom designed �ne-grained pro cessor which manages the distributed shared mem- ory , synchronization, and pack et handling. The �rst protot yp e of JUMP-1 whic h is scheduled to b e av ailable in this win ter pro vides 256 clusters, thus, 1024 pro ces- sors. Figure 2: Structure of a JUMP-1 cluster 2.2 In terconnection net w ork RDT The RDT is a net w ork consists of recursiv ely formed t w o-dimensional square diagonal toruses. In order to reduce the diameter, preparing bypass links for the di- agonal direction is the b est wa y for the torus netw ork. Assume that four links are added b et w 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- lik e netw ork. The direction of the new torus-lik e net- w ork is at an angle of 45 degrees to the original torus, and the grid size is p 2n times of the original torus. Here, we call the torus-like netw ork the rank-1 torus. On the rank-1 torus, we can make another torus-like net w ork (rank-2 torus) by pro viding four links in the same manner. Figure 3 sho ws rank-1 and rank-2 toruses when n is set to b e 2. The RDT consists of such recur- siv ely formed toruses. Figure 3: Upp er rank toruses Recursiv e Diagonal T orus RDT(n,R,m) can b e 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 toruses (the maximum rank is R) with the cardinal n um ber n . Note that, eac h no de can select di�eren t rank of upp er toruses from others. The RDT in whic h every no de has links to form all p ossible upp er toruses is called the p erfect RDT (PRDT(n,R)) where n is the cardinal n um ber (usually , 2) and R is the maxim um rank. Although PRDT is unrealistic b ecause of its large degree (4(R+1)), it is imp ortant as a basis for establishing routing algorithm, broadcasting/m ulticasting, and other message transfer algorithms. The JUMP1 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 num b er of no des, the maxim um rank of upp er toruses is 4. Th us, the RDT(2,4,1) is treated here. In the RDT, eac h no de can select di�eren t rank toruses from others. Thus, the structure of the RDT(2,4,1) also v aries with the rank of toruses which are assigned to eac h no de. This assignment is called the torus assignment . V arious torus assignmen t strategies can b e selected considering the tra�c of the netw ork. If the lo cal tra�c is large, the n um ber of no des whic h ha v e low ranks should b e increased. Ho w ev er, compli- cated torus assignmen t in tro duces di�culty to the mes- sage routing algorithm and implementation. F or the JUMP-1, w e selected a relatively simple torus assign- men t shown in Figure 4. In this assignment, 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 toruses are omitted in Figure 4). Note that a no de with a rank torus has neigh b oring 2

Figure 4: T orus assignmen t used in the JUMP-1 no des with toruses of other three ranks. Therefore, an y rank torus can b e used with a single message transfer b etw een neighboring no des. This prop ert y reduces the diameter and av erage distance b et w een no des. The RDT pro vides v arious adv an tages as an in ter- connection net w ork of the JUMP-1. It includes t w o dimensional mesh, and simple near-optimal routing al- gorithm enables smaller diameter than that of the hy- p ercub e (11 for 2 16 no des) with smaller degree (8 links p er no de). Moreo v er, it includes the fat-tree of mesh structure. Using this structure, hierarchical m ulticast can b e e�cien tly supp orted. This feature is imp ortan t to implemen t the hierarc hical bit-map directory scheme treated here. 3 Hierarc hical bit-map direc- tory sc heme Most of conv en tional non-bus based shared memory m ultipro cessors equip a cache directory whose en tries are asso ciated with cache lines. Ho w ev er, in a mas- siv ely parallel mac hine b oth with a large n um ber of pro cessors and a large address space, a large amoun t of memory required for the directory will b e unaccept- able. In JUMP-1, directory en tries are asso ciated with pages while the data are transferred by a cac he line[11] 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 net- w ork caused by the large size message transfer can b e a v oided. Ho w ev er, in this case, num b er of destinations of the coherence maintenance messages increases esp ecially when an up date t yp e proto col is used. If there are considerable n um ber of destinations, it will tak e a long time to send a message if they are sent one after an- other(sequen tially). T o cop e with this problem, the hierarc hical bit-map directory sc heme transfers messages for di�eren t des- tinations simultaneously (i.e. m ulticast) using a tree structured m ulticasting paths (multicasting tree). Figure 5 illustrates the concept of hierarc hical bit- map directory sc heme. Lea v es of the tree corresp ond to the clusters of JUMP-1 and a message is �rst sen t from Figure 5: Hierarchical bit-map directory sc heme the ro ot of the tree. Each no de can m ulticast a message to its m ultiple branc hes at a time. T o sp ecify the des- tination leav es precisely , an n-bit bit-map is required for 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 larger than that of the full-map directory sc heme in whic h n m bits are required (since there are n m leav es), the message can b e m ulticast using the tree structured path in the hierarc hical bit-map directory sc heme. 3.1 Reduction of the directory length Since JUMP-1 is a massively parallel pro cessor, the P m k =1 n k bits directory entry (for m heigh t n-ary tree) is not feasible. Tw o w a ys of reducing the size of the directory can b e considered. 1. The bit-maps are stored and maintained at the no de. When a message comes from the upp er level, a bit-map stored at the no de is accessed according to the address (tag) of the message. 2. The bit-maps for a message are attached to the message header and referred at the appropriate no des of the tree. While the former scheme e�ectiv ely reduces the size of directories stored in the entire system, the ov erhead caused b y the accesses of the bit-maps will preven t quic k cac he coherent managemen t. Th us, the latter sc heme is mainly adopted for JUMP-1. Ho w ev er, in this metho d, a large size of header is required if bit-maps for all lev el of hierarc h y are attac hed. In order to reduce the size of bit-maps, a bit-map is pro vided not for each no de, but for eac h lev el of the tree. Eac h no de multicasts pack ets to its children either according to the bit-map for the lev el or all children of the no de (th us, broadcasting). Here, the LPRA whic h is the original sc heme pro- p osed in [10][11], and tw o nov el schemes, the SM and LARP are introduced. LPRA sc heme: When the multicast is started, the message is sen t from the source cluster to the ro ot 3

Figure 6: Hierarchical bit-map directory sc hemes of the m ulticast tree. In the LPRA (Lo cal Precise Remote Appro ximate) scheme, the bit-map is used only no des whic h is the ro ot of the subtree includ- ing the source no de. F or no des in other subtrees, the message is broadcast to all children. Figure 6(a) sho ws an example of this sc heme for the 3-ary tree. In this �gure, ’s’ is the source cluster, and ’d’ is the destination to which pac k et is sent. � in- dicates clusters which receiv e data. It is desirable if the num b er of clusters whic h ha v e � but with- out ’d’ is small as p ossible. Using this scheme, the bit-map is used for lo cal no des of the source no de, while the message is broadcast in the remote sub- tree marked B . This sc heme is adv an tageous when a no de send a message to a remote no de group. SM sc heme: In the SM(Single Map) scheme, all no des at a lev el use a unique bit-map as shown in Figure 6(b), and thus, no broadcast is made (unless a bit- map is all-1). This sc heme is adv an tageous when the n um ber of destination is not so large. LARP sc heme: The LARP is a complimentary scheme of the LPRA. In this scheme, broadcast is done at no des which are the ro ot of the subtree including the source no de while a unique bit-map is used in other subtrees lik e the SM sc heme. Note that the broadcast is started from c hildren no des whose paren t starts the m ulticasting. In the exam- ple shown in Figure 6(c), since the multicast starts at the lev el 1 (The top no de (level 0) only sends a message to a c hild.), the broadcast (mark ed B ) starts at the level 2 to the subtree which includes the source no de. In this case, the broadcast is done for lo cal no des of the source no de, while the bit- map is used for remote no des. This scheme is ad- v an tageous when the mapping can mak e the b est use of the lo cality of communication. 4 F at tree on the RDT In the original hierarc hical bit-map directory sc heme, messages are transferred on a tree structured commu- nication paths. How ev er, if a simple n-ary tree is used, follo wing problems will b ottlenec k the p erformance. � If m ultiple no des multicast sim ultaneously , conges- tion ma y b e caused around the ro ot no de of the tree. � Dep ending on the lo cation in the tree, some mes- sages should hav e transferred through the v ery ro ot of the tree just to mov e to neighboring 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 ul- ticast on the RDT Ho w ev er, since the RDT in v olv es a fat tree of toruses with multiple ro ot no des, these problems can b e a v oided. The pattern of message transfers for em ulating a fat tree is shown in Figure 7. Tw o steps are required: (1) eac h no de transfers a message to four neigh b ors, (2) a neighbor transfers the message to three neigh- b ors. (South direction in this �gure). As sho wn in Fig- ure 7(b), the eight no des which received the data do es not duplicated with no de whic h received other no des (mark ed X in Figure 7(a)) on the same rank-i torus. Th us, if all no des with rank-i toruses executes this pat- tern, the message is transferred to all no des with rank- (i-1) toruses. By the iteration of this data transfer from the maxim um rank to the rank-0, 8-ary tree in whic h is formed on the RDT. In this case, a rank in the RDT directly corresp onds to the level of the tree. Moreo v er, 4 in the RDT, the upp er rank torus can b e used within a step of message routing. Thus, 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 sho ws the 8-ary tree inv olv ed in the RDT, and bit-map pattern for the hierarc hical bit-map direc- tory sc heme. When schemes describ ed in the previous section are applied on this 8-ary tree on the RDT, fol- lo wings are adv an tageous: � On the RDT, there are a num b er of no des with the maximum rank torus, and all of them are used as a ro ot no de. Thus, the message m ulticast is almost directly started from the ro ot no de without going upstream on the tree. � Since there are many upp er rank toruses in the RDT, the tree is a kind of "fat-tree" which pro vides many ro ot no des in eac h rank. Therefore, the con- gestion of ro ot no des is relaxed even if man y source no des multicast their data simultaneously and in- dep 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, th us the area which a message is m ulticast b ecomes wide. W e call such an area "territory" of a m ulticast. Figure 8 shows territories of a m ulticast 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 no des are p erformed from a low er rank (thus, with only a small territory). Figure 8: T erritory of a m ulticast 5 Discussions 5.1 Comparison with other sc hemes Three famous directory schemes for managing cac he ha v e b een tried in m ultipro cessors with distributed shared memory . In the full map directory scheme which is used in Stanford DASH[2], eac h entry of the directory holds a bit map corresp onding to each no de of the m ul- tipro cessor. This sc heme can b e used only in a small system since the required bit map for eac h en try is equal to the num b er of pro cessors. In the limited p oin ter sc heme[1] adopted in MIT Alewife[6], eac h en try holds a limited n um ber of p oint- ers each of whic h indicates the pro cessor whic h has the cop y of the line. Usually , the n um ber of the p ointers is limited in tw o or three. If the n um ber of the copy is b eyond to the n um ber of p oin ters, the information is broadcast to ev ery no de (broadcast) or copies exceed the n um ber of the p ointers are in v alidated (eviction). In another sc heme, the chained directory sc heme[3][7] whic h will b e used in Stanford FLASH[5], a chained list is used for holding no de identi�ers. Both the limited p ointer and chained directory will w ork e�cien tly even in massively parallel pro cessors if the n um ber of no des whic h hold the cop y of the same cac he line is small. In the limited p oin ter, if the num b er of copies is large, it requires a large n um ber of p oin ters, or unnecessary broadcast or inv alidation is required. In the c hained directory , it tak es a long time to access the c hained directory if the num b er of no des which hold the cop y is large. Through the sim ulation study , it app ears that the n um ber of no des whic h receive the inv alidate messages are one or tw o in most cases[12]. In this case, b oth sc hemes will w ork e�cien tly . Ho w ev er, this simulation is done under the follo wing conditions: (1) the entry of the directory is asso ciated with the cac he line, and (2) only inv alidation type pro- to cols are used. In JUMP-1, the entry of the directory is not asso ciated with the cac he line but with the page. This strategy muc h reduces the required memory for a directory of a large size of shared memory space that is essen tial for massively parallel pro cessors. Moreo v er, in JUMP-1, up date t yp e proto cols which are adv an ta- geous in most scien ti�c calculations can b e used with in v alidation type proto cols. In this case, as sho wn in our initial estimations, the num b er of copies is further increased. Figure 9 shows the distribution of the num b er of destinations of in v alidation/up date messages when an in v alidation type proto col and an up date t yp e proto- col are used resp ectiv ely . The b old line shows results when an entry is asso ciated with a cache line, and the doted line shows ones with a page. Here, MP3D with 1024 molecules and w ater with 64 molecules from the SPLASH[8] parallel programs for shared memory is ex- ecuted with 256 pro cessors and 32 pro cessors resp ec- tiv ely . This result is generated from an address trace[9] when the size of a cac he line is 32 b yte and the size of a page is 4 Kbytes. The X axis corresp onds to the n um b er of destination pro cessors in logarithmic scale, and the Y axis corresp onds to the o ccurrence times. While the b old line (entries are asso ciated to cache 5

Figure 9: Distribution of num b er of destinations lines) in the inv alidation proto col demonstrates the small num b er of copies in the traditional conditions, other lines show that the n um ber of copies exceeds three. When an entry is asso ciated with the page, tw o p eaks are sho wn. One is at 4-8 no des and another is at all no des in b oth proto cols. When 6 p oin ters are required in the limited p oin ters, the length of each directory en try b ecomes 6 � 14 = 84 bit when 2 14 = 16 K no des are used. F or the same size, the hierarchical directory schemes treated here re- quire only 4( l ev el s ) � 8( number of br anch ) = 32 bits . When the size of a cache line is 32 b yte and the size of a page is 4 Kbyte, the total amount of required memory can b e reduced to 1/128 at maxim um. Although ev- ery cac he of a page is not used in practice, usually the usage ratio is quite high b ecause of the lo calit y of ref- erence. This demonstrates that the required memory is m uc h reduced in the hierarc hical directory schemes. Al- though the c hained directory sc heme also can supp ort a small cost of memory , the access time for following the directory ma y degrade the p erformance. 5.2 The n um b er of unnecessary mes- sages The ma jor disadv an tage of hierarc hical directory sc hemes is that it requires unnecessary message m ulti- cast since it only use a single m ulticast or broadcasting in each lev el of the hierarch y . If destination no des can b e mapp ed inside the territory , the n um ber 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 characteristics of application programs. Here, w e estimate the n um ber of unnecessary messages with a simple probabilistic mo dels as the �rst ev aluation. The destinations are determined b y a random n um- b ers whic h follo w a given distribution. In the follow- ing graphs, a v erage v alue calculated from 10,000 trials based on the random num b er generation library of Sun OS4.1.3 are shown. Figure 10 shows n um ber of receiving clusters when the destinations (D) follo w a normal distribution of v ari- ance 1 ( here, unit is a link on the base torus and the X and Y pro jections of the distance from the source cluster to the receiving cluster follo w the distribution indep endently). This result represen ts the case whic h the application program has a strong lo cality of com- m unication and w ell mapp ed. In this case, the n um ber of receiving clusters is 80 to 180 ev en when the num- b er of destinations are 32, th us unnecessary messages are not so many . The LARP is adv an tageous when the n um b er of destinations is large. Figure 11 sho ws when the distribution (D) is 5 and other parameters are unc hanged. This case represents that there are a lot of destination no des which are not lo cal of the source no de. The n um ber of receiving clus- ters is considerably large, thus, man y unnecessary mes- sages are generated. The SM is adv an tageous when the n um b er of receiv ers is small, and the LARP is adv an- tageous when it is large. This tendency is also among other graphs, and the n um ber of clusters when the p er- formance of the LARP ov ercomes that of the SM is ab out 10. Although the LPRA cannot reduce the num- b er of clusters compared with other sc hemes in these estimation, it will b e useful when there are group of destination no des distan t from a source no de. As describ ed earlier, when a directory entry is asso- ciated with a page, the num b er of destinations is lik ely to b e at least 4. Figure 12 shows the n um b er of a v- erage receiv ers when the n um b er of destination is four and the v ariance is c hanged. the SM alwa ys yield least receiv ers, and the n um ber is not more than around 120 ev en when the v ariance is large. These results suggest that the hierarc hical bit-map directory sc heme requires a lot of unnecessary messages when the destination pro cesses cannot b e mapp ed into lo cal pro cessors of the source no des. How ev er, if pro- cesses whic h comm unicates eac h other can b e lo cally 6

Figure 10: Num b er of receiving no des vs. n um ber of destinations (D =1) Figure 11: Num b er of receiving no des vs. n um ber of destinations (D =5) Figure 12: Number of receiving clusters vs V ariance mapp ed, the n um ber of unnecessary messages can b e not so large with using the SM, LPRA and the LARP appropriately . 6 The RDT router c hip An LSI router c hip whic h supp orts all hierarchical bit- map directory sc hemes discussed here has b een imple- men ted for JUMP-1. The structure of this RDT router c hip is shown in Figure 13. The core of the c hip is a 10 � 11 crossbar which exchanges pac k ets from/to 10 18-bits-width links, 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. In JUMP-1, t w o RDT router chips are used in the bit-sliced mo de to form 36 bits width for eac h link. All pac k ets are transferred b etw een router chips syn- c hronized with a unique 60MHz clo c k. 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 cac he. 3 its header whic h carries the bit-map of the hierarchical bit-map are attached to all pac k ets, but the length of the b o dy is v ariable. The virtual cut-through o w control is adopted to cop e with frequen t m ulticasting. Two pack et bu�ers eac h of whic h can hold the maxim um size pac k et form t w o virtual channels. In the RDT, the deadlo c k is a v oided with the mo di�ed e-cub e routing metho d using t w o virtual channels [13]. Using this tec hnique, ev ery 1-to-1 pac k et transfer or multicast is p erformed without deadlo ck. Since the route of the multicast is �xed, the FIF O assumption is ensured. Tw o bits in the pac k et header are used for selec- tion of three hierarchical bit-map directory schemes, the LPRA, SM and LARP . Thus, three sc hemes are se- Figure 13: The structure of the RDT router lectable for eac h pack et, and the mixture of pack et with di�eren t sc hemes are allo w ed. Moreov er, the pack et is forced to transfer to the MBP at any no de of each hier- arc h y that m ulticast is started. In this case, the MBP re-mak es the new bit-map for each hierarch y , and start m ulticast again. Although this sc heme requires the la- tency to re-make the bit-map, unnecessary pac k ets mul- ticast can b e reduced. 0 : 5 �m Hitachi BiCMOS SOG which provides 125K gates in maxim um is utilized. Lines are directly driven with ECL in terface of this chip. Using the dual p ort RAM, pack et bu�ers allow to push and pull a it of the 7 pac k et simultaneously . The required num b er of gates are 90522 gates. Random logics require 50000 gates in total while areas corresp onding to ab out 4000 gates are required for the dual-p ort RAM. The crossbar b o dy and arbiter, whic h are simple but high p erformance is required, are designed in the logic level, while the com- plicated con trollers are describ ed in the VHDL. 7 Conclusion Hierarc hical bit-map directory sc hemes on the Re- cursiv e Diagonal T orus are prop osed and discussed. Through a simple estimation, a small memory require- men t of these sc hemes is demonstrated when a direc- tory entry is asso ciated with a page or up date pro- to cols are used on massively parallel pro cessors. The problem of these sc hemes is congestion of the net w ork with unnecessary multicast pac k ets. Since the ev al- uation sho wn here is based on a simple probabilistic mo del, precise ev aluations under practical conditions are required. Ho w ev er, it is di�cult with sim ulations as a large num b er of pro cessors must b e simulated with practical application programs and mapping strategies. A high sp eed RDT router whic h supp orts all schemes discussed here is av ailable. Using these c hips, JUMP-1 will start its op eration on the next spring. A precise ev aluation of these sc hemes will b e done on this proto- t yp e. Ac kno wledgmen t The authors w ould like to express their sincere grat- itude to the members of the Join t-Univ ersit y pro ject for their v aluable advice and discussion. The authors also express their thanks to Professor T akuy a T erasa w a, Mr. Osam u Gotoh, Mr. Kazuhito Kanda, and Mr. Hi- romitsu Ueda of T oky o Engineering Univ ersit y for sup- p orting the environmen t of the m ultipro cessor instruc- tion lev el sim ulator MILL. A part of this research w as supp orted b y the Gran t-in-Aid for Scienti�c Researc h on Priorit y Areas, #04235130, from the Ministry of Education, Science and Culture. References [1] Agarw al A., Simoni R., Hennessy J., and Horo witz M. An ev aluation of directory sc hemes for cac he co- herence. In Pr o c. of the 15th A nnual International Symp osium on Computer A r chite ctur e , 1988. [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 dash multiprocessor. IEEE Computer , 1992. [3] James D.V., Laundrie A. T., Gjessing S., and Sohi G. S. Distributed-directory scheme: Scalable coherent interface. IEEE Computer , 1990. [4] K. Hiraki, Hideharu Amano, Morihiro Kuga, T oshinori Suey oshi, T omohiro Kudoh, Hiroshi Nak ashima, Hironori Nak a jo, Hideo Matsuda, T ak ashi Matsumoto, and Shin ic hiro Mori. Overview of the jump-1, an mpp prototype for general-purp ose parallel computations. In Pr o c. of the International Symp osium on Par al lel Ar chite c- tur es, Algorithms and Networks (ISP AN’94) , 1994. [5] 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.Rosen blum, and J.Hennessy . The stanford ash m ultipro cessor. In Pr o c. of the 21st Annual International Symp o- sium on Computer A r chite ctur e , 1994. [6] K.Kurihara, D.Chaiken, and A.Agarwal. La- tency tolerance through multithreading in large- scale multiprocessors. In Pr o c. of International Symp osium on Shar e d Memory Multipr o c essing (ISSMM) , 1991. [7] Thapar M. and Delagi B. Distributed-directory scheme: Stanford distributed-directory proto col. IEEE Computer , 1990. [8] J.P . Singh, W. W eber, and A. Gupta. Splash: Stanford parallel applications for shared-memory . In T e ch. R ep ort, Computer System L ab or atory, Stanfor d University , 1992. [9] T. T erasa w a and H. Amano. P erformance ev alu- ation of the mixed-proto col cac hes with instruc- tion level multiprocessor sim ulator. In Pr o c. of IASTED International Confer enc e of MOD- ELLING AND SIMULA TION , 1994. [10] T.Matsumoto and K.Hiraki. A shared-memory ar- chitecture for massiv ely parallel computer systems. In IEICE Jap an SIG R ep orts, V ol. 92, No. 173, CPSY 92-26 (in Jap anese) , 1992. [11] T.Matsumoto and K.Hiraki. Distributed shared- memory arc hitecture using memory-based pro ces- sors. In Pr o c. of Joint Symp. on Par al lel Pr o c ess- ing’93 (in Jap anese) , 1993. [12] W.D.W eber and A.Gupta. Analysis of cac he in- v alidation patterns in micropro cessors. In Pr o c. of ASPLOS III , 1989. [13] Y. Y ang and H. Amano. Message transfer algo- rithms on the recursiv e diagonal torus. In Pr o c. of the International Symp osium on Par al lel Ar chite c- tur es, Algorithms and Networks (ISP AN’94) , 1994. [14] Y. Y ang, H. Amano, H. Shibam ura, and T.Sueyoshi. Recursiv e diagonal torus: An inter- connection net w ork for massiv ely parallel comput- ers. In Pr o c. of 1993 IEEE Symp osium on Par al lel and Distribute d Pr o c essing , 1993. 8