IEICE TRANS. INF. & SYST., V OL. E00{A, NO. 1 JANUAR Y 1997 1 P APER Sp e cial Issue on A r chite ctur e, A lgorithms and Networks for Massively Par al lel Computing MINC: Multistage Interconnection Net w o rk with Cache control mechanism T oshihiro Hana w a y , T ak a yuki Kamei y � , Hideki Y asuk a w a y � , Katsunobu Nishim ura y , Nonmemb ers , and Hideharu Amano y , Memb er SUMMAR Y A no v el approac h to the cac he coheren t Mul- tistage In terconnection Net w ork (MIN) called the MINC (MIN with Cac he con trol mec hanism) is prop osed. In the MINC, the directory is lo cated only on the shared memory using the Re- duced Hierarc hical Bit-map Directory sc hemes (RHBDs). In the RHBD, the bit-map directory is reduced and carried in the pac k- et header for quic k multicasting without accessing the directory in eac h hierarc h y . In order to reduce unnecessary pac k ets caused b y compacting the bit map in the RHBD, a small cac he called the pruning cac he is in tro duced in the switc hing elemen t. The sim ulation rev eals the pruning cac he w orks most e�ectiv ely when it is pro vided in ev ery switc hing elemen t of the �rst stage, and it reduces the congestion more than 50% with only 4 en tries. The MINC cac he con trol c hip with 16 inputs/outputs is implemen ted on the LPGA (Laser Programmable Gate Arra y), and w orks with a 66MHz clo c k. key wor ds: MIN, c oher ent c ache, dir e ctory scheme, multipr o- c essor, c ongestion analysis, VLSI implementation 1. In tro duction Switc h-connected m ultipro cessors ha v e b een researc hed and dev elop ed as medium-scale parallel mac hines. Un- lik e the shared bus whic h p ermits access to one memo- ry mo dule at a time, m ultiple pro cessors can access the memory mo dules sim ultaneously through the switc h in suc h mac hines. F or a small system, a simple crossbar is utilized, while the Multistage In terconnection Net w ork (MIN) that uses a crossbar as a switc hing elemen t is adv an tageous for a large system[2]. Ho w ev er, the la- tency of the switc h sometimes b ottlenec ks the system p erformance, esp ecially when the n um b er of pro cessors b ecomes large. T o address this problem, pro viding a priv ate cac he b et w een a pro cessor and the switc h is a hop eful ap- proac h. Ho w ev er, this giv es rise to the coheren t prob- lem for the shared writable data. Although the s- no op cac he tec hnology is commonly used in shared-bus- connected m ultipro cessors, it cannot b e used on switc h- connected m ultipro cessors b ecause of the b ene�t of the switc h, that is, m ultiple memory mo dules can b e ac- cessed sim ultaneously . F or the CC-NUMAs with p oin t-to-p oin t net w ork, Man uscript receiv ed Jan uary 20, 1997. Man uscript revised Ma y 20, 1997. y The authors are with the Departmen t of Computer Sci- ence, Keio Univ ersit y , 3-14-1 Hiy oshi, Kohoku-ku, Y ok o- hama, 223 Japan � Presen tly , the authors are with T oshiba Co. sev eral directory sc hemes, including the full-map direc- tory[11], limited p oin ter[3], c hained directory[8], and dynamic p oin ter[10] are prop osed and used. Ho w ev- er, these tec hniques are di�cult to implemen t in the switc h-connected m ultipro cessors. Instead of them, the approac h whic h is supp orted b y the pre-execution anal- ysis with the compiler has b een studied[4], [14]. Al- though the required hardw are cost is small, this ap- proac h is not suitable for general-purp ose use b y m ul- tiple users. Instead of the ab o v e approac hes, a switc h whic h includes a cac he or directory has b een prop osed. Since MINs pro vide a tree structure, a hierarc hical bit-map directory sc heme is used. Ho w ev er, traditional meth- o ds require not only an external large memory but also extra latency to access the memory outside the elemen t. In the MHN (Memory Hierarc h y Net w ork)[12], a switc hing elemen t holds b oth directory and data mem- ory . The shared line mo v es b et w een hierarc hies to mini- mize the access latency . Ho w ev er, this metho d requires a large amoun t of memory in eac h switc hing elemen t and it allo ws only a single cop y of shared read/write blo c ks in the priv ate cac he. In the MIND (MIN with Directory)[13], only direc- tories are stored in the switc hing elemen t. A hierarc hi- cal bit-map directory is implemen ted so as to minimize the net w ork tra�c for cac he coherence. F or easy m ulti- casting with small hardw are, the MBN (Multistage Bus Net w ork)[1], obtained b y replacing a switc hing elemen t of the MIND with a bus, is prop osed. Ho w ev er, these metho ds require a large amoun t of memory for hierar- c hical directory outside the switc hing elemen t. Since m ulticasting the cac he-coheren t messages requires ac- cess to the directory outside the switc hing elemen ts, the latency of the message transfer is stretc hed. In the approac h b y Stenstr� om[15], cac he coheren t messages are m ulticast according to the directory inside the pac k et header, and the required hardw are is rela- tiv ely small. Ho w ev er, in this approac h, the directory placed on the priv ate cac he increases cac he coheren t messages. Here, a no v el approac h, called the MINC (MIN with Cac he con trol mec hanism), for the cac he-coheren t mec hanism for switc h-connected m ultipro cessors, is prop osed. Although this metho d is in tro duced for the MIN in the �rst step, it is extended for ev ery switc h

2 IEICE TRANS. INF. & SYST., V OL. E00{A, NO. 1 JANUAR Y 1997 Fig. 1 The structure of the MINC connected m ultipro cessor. In this metho d, the directo- ry is lo cated only on the shared memory using Reduced Hierarc hical Bit-map Directory sc hemes (RHBDs). The reduced bit map allo ws the directory to b e carried in the pac k et header, therefore, a coheren t message can b e m ulticast quic kly without accessing the directory in eac h hierarc h y (stage). In order to reduce unnec- essary pac k ets caused b y compacting the bit map in the RHBD, a small cac he called the pruning cac he is in tro duced in the switc hing elemen t. Since this cac he is small enough to b e implemen ted inside the switc hing elemen t, the pac k et transferred through the MIN do es not require access to the memory outside the switc hing elemen t. In section 2, the structure and con trol of the MINC are in tro duced using the RHBD and pruning cac he. In section 3, results of sim ulation studies are presen ted to demonstrate the e�ciency of the MINC. 2. MINC (MIN with Cac he con trol mec ha- nism) 2.1 Ov erview of the MINC Here, a no v el cac he-coheren t MIN called the MINC is prop osed. As in the usual MIN-connected m ultipro ces- sors, forw ard MIN and bac kw ard MIN are pro vided in the MINC, as sho wn in Figure 1. Cac hes are pro vided b et w een the MIN and Pro cessing Units (PUs) whic h ma y ha v e a lo cal memory for priv ate data. An y t yp e of MIN can b e utilized as the forw ard MIN whic h carries address and writing data from pro cessors to memory mo dules. The reading data and cac he-coheren t mes- sages are m ulticast through the bac kw ard MIN sp ecial- ized for the MINC. The MINC is based on the follo wing t w o k ey ideas; RHBD sc heme The bit map of the hierarc hical di- Fig. 2 Hierarc hical bit-map directory sc hemes rectory is reduced and equipp ed only in the main memory mo dule. The coheren t message is m ulti- cast based on the reduced bit map attac hed to the pac k et header. This tec hnique is called the Reduced Hierarc hical Bit-map Directory sc heme (RHBD)[7], [9]. pruning cac he In order to reduce unnecessary pac k- ets caused b y the RHBD, a small cac he mem- ory , called the bit-map pruning cac he, is in tro- duced inside the switc hing elemen t in the bac k- w ard MIN. 2.2 The RHBD The basic concept of the RHBD w as prop osed for a massiv ely parallel pro cessor JUMP-1[6]. Although the RHBD is designed for a large-scale cac he-coheren t NUMA lik e JUMP-1, this concept can b e easily applied to the MIN-connected m ultipro cessors. In RHBD sc heme, the bit map is reduced using the follo wing tec hniques: � use the common bit map for all no des of the same lev el of hierarc h y , and � send a message to all c hildren of the no de (th us, broadcasting) when the corresp onding bit in the map is set. The reduced directory is not stored in eac h hierarc h y but stored only in the ro ot. Message m ulticasting is done according to the reduced bit map attac hed to the message header. Using this metho d, since m ulticasting do es not require access to the directory in eac h hierar- c h y , messages are quic kly transferred. By com bining the ab o v e t w o tec hniques, t w o sc hemes, the SM and LARP , are deliv ered: SM sc heme: Figure 2(a) sho ws an example of this sc heme for the 3-ary tree. In this �gure, ‘s’ is the

HANA W A et al: MINC: MUL TIST A GE INTER CONNECTION NETW ORK WITH CA CHE CONTR OL MECHANISM 3 source no de, and ‘d’ is the destination to whic h the pac k et is sen t. � indicates no des whic h receiv e data. In the SM (Single Map) sc heme, all no des at the same lev el use a unique bit map, as sho wn in Figure 2(a), and th us, no broadcast is made (unless a bit map is all 1). LARP sc heme: In the LARP (Lo cal Appro ximate Remote Precise) sc heme, the bit map is used only for no des whic h are ro ot of subtrees far from the source no de. Using this sc heme, the bit map is used for remote no des of the source no de, while the message is broadcast in the subtree mark ed B . In the example sho wn in Figure 2(b), since the m ulticast starts at lev el 1 (the top no de (lev el 0) only sends a message to a c hild), the broad- cast (mark ed B ) to the subtree whic h includes the source no de starts at lev el 2. In this case, the broadcast is carried out for lo cal no des of the source no de, while the bit map is used for remote no des. Unlik e the hierarc hical bit-map directory metho d whic h requires P m k =1 n k bits for eac h en try , the RHBD only requires nm bits for eac h en try . Ho w ev er, PUs whic h are mark ed with � without ‘d’ receiv e pac k ets or messages unnecessary for compaction of the bit map. Although unnecessary messages are merely discarded in the cac he con troller of the PU, it ma y cause conges- tion of the net w ork. 2.3 Pruning cac he The ma jor disadv an tage of the RHBD is that it re- quires unnecessary message m ulticast since it only uses a single bit map or broadcasting in eac h lev el of the hierarc h y . F rom the simple ev aluation, the RHBD gen- erates more than 100 times messages as really required messages in the w orst case[9]. T o cop e with this problem, \the bit-map Pruning Cac he (P .C.)" is prop osed in the switc hing elemen t of the bac kw ard MIN. The bit-map pruning cac he is a small cac he of the bit map referred to using the line address of m ulticasting pac k ets. When the line read- out pac k et is transferred through the bac kw ard MIN, the pruning cac he is referred b y the line address in the pac k et header. If the address is matc hed, the bit corre- sp onding to the output lab el of the switc hing elemen t is set as sho wn in Figure 3. Otherwise, an en try is discarded and the new en try is registered. After this registration, the bit corresp onding to the output lab el of the switc hing elemen t is set. When the in v alidation message or up dating data are m ulticast, the bit-map pruning cac he is c hec k ed. If there is an en try whic h matc hes the address, the bit map of the pruning cac he is utilized for m ulticas- ting, otherwise, m ulticasting is carried out according Fig. 3 Bit-map pruning cac he (only pro vided in the �rst stage) to usual RHBD sc hemes. Using this mec hanism, un- necessary pac k ets are pruned according to the bit map in the cac he. If this bu�er is used in eac h hierarc h y , the bit map whic h is the same as the original hierarc hi- cal bit-map directory metho d, is generated temp orarily in eac h switc hing elemen t of the bac kw ard MIN. In in v alidation-t yp e proto cols, the en try of the pruning cac he is remo v ed after m ulticasting of the in v alidation message. Note that, the miss of the pruning cac he just causes unnecessary pac k ets. Since the bit-map pruning cac he m ust b e imple- men ted inside the switc hing elemen t, the size is limited. If the en try of the cac he is full at the registration, an en try is selected and remo v ed. Tw o selection p olicies, the FIF O p olicy for the in v alidation-t yp e proto col, and the LR U p olicy for up dating proto col, are used. F or reducing the ammoun ts of required hardw are and latency caused b y accessing the pruning cac he, the bit-map pruning cac he can b e omitted in some stages. Based on the sim ulation results sho wn later, a satisfac- tory e�ect is ac hiev ed when the pruning cac he is pro- vided in switc hing elemen ts of only one stage, as sho wn in Figure 3. A similar concept has b een prop osed b y Scott and Go o dman[16], applied to the k -ary n -cub e, and ev alu- ated theoretically . It is based on simple broadcasting, unlik e our metho d whic h is based on the RHBD. Al- though there is no detailed description on the proto col managemen t, Scott and Go o dman’s pruning cac he is for a traditional CC-NUMA system with in v alidation proto col. 2.4 Coheren t con trol of the MINC The directory is required for eac h cac he line in the main memory mo dules, and managed b y the memory con- troller. When the coheren t message is required, the bit map is cut out from the directory , pushed in to the

4 IEICE TRANS. INF. & SYST., V OL. E00{A, NO. 1 JANUAR Y 1997 Fig. 4 State transition graph of the MINC pac k et header, and directly used as the m ulticast bit map. A coun ter �eld, whic h stores the n um b er of PUs holding copies of the cac he line, is required when the up date proto col is used. If only an in v alidation pro- to col is used, a bit ag indicating whether the line is shared with m ultiple PUs or not is required instead of the coun ter. On the other hand, t w o status bits are required for the tag of the cac he pro vided b et w een the MIN and PU. Lik e other cac he proto cols, the status bits represen t � V alid/In v alid (V/I) and � Shared/Priv ate (S/P). As sho wn in Figure 4, the cac he-coheren t proto col of the MINC is based on the write-through p olicy with three states (I: In v alidate, P: Priv ate, and S: Shared). The reason that states P and S exist in spite of the write-through proto col is that write to a line in state P can b e completed with immediate up dating of its con ten t, while the completion of the write to a line in state S m ust b e p ostp oned un til the memory accepts the write op eration. Both in v alidate-t yp e proto col (Figure 4(a)) and up date-t yp e proto col (Figure 4(b)) are a v ailable. Al- though the up date-t yp e proto col requires a lot of tra�c, it will w ork e�cien tly for scien ti�c computation whic h requires a lot of data m ulticasting. When the read access hits the cac he, the data is read out directly from the cac he. F or other cases, the cac he, memory con troller, and MINs b eha v e as follo ws. (1) W rite hit/miss-hit: If the write request hits to the cac he, the cac he is up- dated and the state is c hanged to ’P’. Since the write- through p olicy is adopted, the address and data are transferred to the memory mo dule through the forw ard MIN. After up dating the memory mo dule, the inval- idation message or data for up date is m ulticast using the bac kw ard MIN according to the bit map of the di- rectory . When the in v alidation proto col is used, all bits of the directory are reset and the coun ter �eld ( ag) is cleared. (2) Read miss-hit: If the in v alidated (state I) line is not found in the cac he, a line is selected and exc hanged according to the sw ap- ping out op eration describ ed later. Then, the cac he con troller sends a line r e quest p acket to the memory mo dule through the forw ard MIN. The memory con- troller receiv es the requesting PU n um b er in the line request pac k et, and sets the corresp onding bit of the directory . A t the same time, the con troller reads the line and sends it to the requesting PU with the line r e ad-out p acket through the bac kw ard MIN. Here, the follo wing op erations are required dep ending on the v al- ue of the coun ter ( ag). � If the v alue of the coun ter is zero, no other cop y exists. In this case, the priv ate bit in the header of the line read-out pac k et is set. A cac he con troller, whic h receiv es the pac k et whose priv ate bit is set, c hanges the line state in to ’P’. � If the v alue of the coun ter is one, the sharing mes- sage is m ulticast after sending the line read-out pac k et also through the bac kw ard MIN according to the bit map. A cac he con troller whic h receiv es this pac k et c hanges the corresp onding line state in- to ’S’. In b oth cases, the coun ter is incremen ted if up date pro- to col is used. (3) Sw apping out: Since a bit in the directory ma y represen t m ultiple copies in the RHBD, the bit in the directory m ust b e reset carefully . When a line is discarded for replacemen t b y anoth- er line, the disc ar ding message is sen t to the memory mo dule through the forw ard MIN in the up date proto- col. The memory con troller whic h receiv es this message decremen ts the coun ter. When the v alue b ecomes zero, all bits of the directory are cleared. In the in v alida- tion proto col, since the directory is frequen tly cleared b y eac h data writing op eration, the discard message is unnecessary . In this case, the line to b e replaced is just discarded without an y op eration. 3. P erformance Ev aluation 3.1 Sim ulation Mo del The net w ork tra�c and congestion caused b y the coher- en t messages are ev aluated using a simple probabilistic

HANA W A et al: MINC: MUL TIST A GE INTER CONNECTION NETW ORK WITH CA CHE CONTR OL MECHANISM 5 mo del. The e�ect of the RHBD and pruning cac he in the MINC are sensitiv e to the message tra�c pattern. Here, the follo wing t w o tra�c mo dels are used for de- ciding the accessing address; � Nonlo cal: a pro cessor accesses ev ery memory mo d- ule with the same probabilit y . � Lo cal: the destination memory mo dule of a pac k- et from a pro cessor p follo ws a normal distribution whose cen ter is p and standard deviation S D = 1. Th us, a pro cessor p accesses memory mo dule p or neigh b ors more frequen tly than other memory mo dules. The con trol mo del of the forw ard/bac kw ard MIN is based on the SSS (Simple Serial Sync hronized) MIN[5]. In this con trol mo del, pac k ets are transferred through a few bit serial lines sync hronized with a common frame clo c k, from input bu�ers prepared b et w een PUs and the MIN. Since eac h switc hing elemen t stores only one bit (or a few bits) of the pac k et, the SSS-MIN b eha v es lik e a set of shift registers with switc hing capabilit y . When a con ict o ccurs, one of the con icting pac k- ets is routed to an incorrect direction since the SSS-MIN pro vides no pac k et bu�er in eac h switc hing elemen t. The con ict bit in the routing tag is set when the con- icting pac k et is routed to an incorrect direction. Suc h a pac k et is treated as a dead pac k et and nev er in terferes with other pac k ets. The con icting pac k et is inserted again in the next frame from the input bu�er. Although the MINC can b e implemen ted on the traditional MIN whic h pro vides the pac k et bu�er inside the switc hing elemen t, the con trol mec hanism for m ulti- cast b ecomes m uc h simpler in the SSS-MIN. In the bac kw ard MIN, the bit map of the directory is copied to the con troller when a coheren t message is m ulticast. Since the m ulticast message ma y con ict with other messages, only bits corresp onding to the successful mes- sage are reset, and the m ulticast is rep eated un til all bits are cleared. 3.2 T ra�c load First, the n um b er of pac k ets transferred in the bac k- w ard MIN for coheren t con trol is ev aluated. Here, w e call the total n um b er of pac k ets whic h are transferred on links b et w een switc hing elemen ts in the bac kw ard MIN the tr a�c lo ad . If a large n um b er of unnecessary pac k ets is generated with the RHBD, the tra�c load increases and the congestion of the bac kw ard MIN will degrade the p erformance. Figure 5 sho ws the tra�c load v ersus the n um b er of copies (the n um b er of PUs whic h share a cac he line). The results of four sc hemes, the LARP , SM, LARP with the pruning cac he (LARP/P .C.), and SM with the pruning cac he (SM/P .C.) are sho wn in the �gure with the ideal case (IDEAL) whic h includes no unnecessary Fig. 5 T ra�c load v ersus the n um b er of copies in the system pac k ets. In this case, the bit-map pruning cac he is only pro vided in switc hing elemen ts of the �rst stage (the nearest stage to the PUs). Here, it is assumed that the size of P .C. is in�nite. The L o c al tra�c mo del is used on the system with 4096 PUs. The bac kw ard MIN is a 4-stage baseline net w ork with 8 � 8 switc hing elemen ts. Figure 5 sho ws that the tra�c load of the LARP is w orse than that of the SM, ev en with the pruning cac he (LARP/P .C.). The tra�c load is esp ecially large with a large n um b er of copies. F rom this ev aluation, it app ears that the SM is sup erior to the LARP in the MINC. Unlik e the in terconnection net w ork used in JUMP-1[9], the bac kw ard MIN of the MINC includes complete 8- ary trees. In suc h trees, dep ending on the lo cation in the tree, some messages should ha v e b een transferred through the v ery ro ot of the tree just to share the da- ta with the neigh b oring no de. The broadcasting used in the LARP generates a large n um b er of unnecessary pac k ets in suc h cases. The bit-map pruning cac he greatly impro v es the tra�c load in b oth cases. The tra�c load of the SM with the pruning cac he is close to that of the ideal case. 3.3 Congestion of the bac kw ard MIN In order to ev aluate the p erformance, taking in to con- sideration pac k et con ict, the b eha viors of a switc hing elemen t, memory mo dule, and PUs are sim ulated in de- tail. T able 1 sho ws parameters used in the sim ulation. Since a large execution time is required for detail sim u- lation, the target system with 256 PUs is ev aluated. In this case, the MIN is the 3-stage baseline net w ork with 4 � 4 switc hing elemen ts. Considering the implemen- tation, the size of the bit-map pruning cac he (PCsz) is

6 IEICE TRANS. INF. & SYST., V OL. E00{A, NO. 1 JANUAR Y 1997 T able 1 Sim ulation parameters P ac k et generation Pr The probabilit y that eac h pro cessor issues a pac k- et p er one frame (0.2 { 0.35) r The ratio of reading access in the access whic h eac h pro cessor issues (0.8) System parameters N System size (256) sw Switc h size (4x4) PCst The lo cation of the bit-map pruning cac he (0) PCsz The size of the pruning cac he (4) Memory parameters GM The size of the shared memory size [b ytes](64M) LC The size of the pro cessor cac he size [b ytes](256K) BS The size of the cac he line size [b ytes](16) set to b e 4. Other parameters are �xed as sho wn in T able 1. In the SSS-MIN, if there are man y con icts, m ulti- casting m ust b e retried man y times. Th us, the conges- tion of the MIN is represen ted b y the a v erage n um b er of frames required for the completion of a m ulticast. Here, the stage n um b er is in ascending order from the one nearest the pro cessor. Here, only the SM sc heme is ev aluated since it app ears sup erior to the LPRA based on the tra�c load analysis. Tw o p ossible proto cols, in- v alidate (in v.) and up date (up d.), are ev aluated under t w o tra�c patterns. The tra�c patterns are mixtures of the ab o v e-men tioned tra�c mo dels: � global dominan t (GD) includes 90% non lo c al mo de tra�c and 10% lo c al mo de tra�c, and � lo cal dominan t (LD) includes 10% non lo c al mo de tra�c and 90% lo c al mo de tra�c. Figure 6 sho ws the a v erage n um b er of required frames v ersus the probabilit y of pac k et generation b y a PU. With a large probabilit y , the n um b er of frames increases. Congestion b ecomes sev ere esp ecially when the probabilit y exceeds 0.35. Ho w ev er, this probabili- t y is unrealistic in systems with a reasonable amoun t of priv ate cac he. This �gure also demonstrates the ef- fect of the bit-map pruning cac he. The small n um b er of pruning cac hes (4 en tries) impro v es the n um b er of required frames from 60% to 80%. F rom this �gure, it app ears that the congestion of the bac kw ard MIN is sev ere when the up date proto col is used. While the bit map of the directory is cleared when data are written in to the corresp onding line in the in v alidation proto col, the bit map remains un til all copies are sw app ed out in the up date proto col. There- fore, the n um b er of m ulticasts required for the up date proto col is larger than that of the in v alidation proto- col. Based on this ev aluation, the in v alidation proto col seems to b e b etter than the up date proto col. Ho w ev- er, the up date proto col will b e adv an tageous in scien- ti�c calculations whic h require a large n um b er of data Fig. 6 Av erage n um b er of required frames v ersus pac k et gen- eration probabilit y T able 2 Pruning cac he hit ratio in v.LD inv.GD up d.LD up d.GD 77.87% 48.52% 54.20% 34.22% m ulticasts. T race-driv en or execution-driv en sim ulation based on practical application programs is required for further comparison. T able 2 sho ws the hit ratio of the bit-map pruning cac he pro vided in switc hing elemen ts of the �rst stage. Needless to sa y , the hit ratio under lo cal dominan t traf- �c is higher than that of global dominan t tra�c. Under lo cal dominan t tra�c, a high hit ratio is ac hiev ed with only 4 en tries. In the in v alidation proto col, the pruning cac he is cleared when the in v alidation message is m ulti- cast. Since only activ e en tries are held in the pruning cac he, the hit ratio of the in v alidation proto col is higher than that of the up date proto col. 4. MINC cac he con trol c hip In previous sections, the MINC is considered as a cac he con trol mec hanism dedicated for the MIN. This metho d can b e easily extended to other switc hes b y separating the comm unication for cac he con trol from other data transfer. Since the data themselv es are not transferred in the MINC cac he con trol c hip, only in v alidation pro- to col is used. W e designed the MINC cac he con trol c hip whic h manages only address pac k ets of accessing lines and sig- nals for con trolling cac he. This c hip can b e used with an y other high-bandwidth switc h for data transfer. F or implemen tation, the follo wing problems m ust b e solv ed.

HANA W A et al: MINC: MUL TIST A GE INTER CONNECTION NETW ORK WITH CA CHE CONTR OL MECHANISM 7 (4) Collision of the m ulticast pac k ets: When indep enden t cac he con trol messages are m ulti- cast sim ultaneously , pac k ets ma y con ict with eac h oth- er. In this case, only a part of destination pro cessors can receiv e the con trol messages. Th us, a mec hanism is required for resending messages only to the pro cessors whic h could not receiv e them. T o cop e with this problem, an ac kno wledge pac k et is in tro duced. When a con ict of the m ulticast pac k- ets o ccurs, an ac kno wledge pac k et is automatically sen t to the shared memory con troller. The memory con- troller transfers the m ulticast pac k et again only for the branc hes with con icts. (5) Inconsistency when the en try is full: When a new en try is required to b e registered to the pruning cac he whose en try is full, inconsistency ma y o ccur b et w een the pruning cac he and the directory on the memory mo dule. If an en try corresp onding to line A is discarded for making a new en try , inconsistency is in tro duced in the follo wing casses: (1) some en tries are purged b y a write request, and (2) a new request for line A is registered. In this case, the new en try for line A is inconsisten t with the directory on the memory mo dule since the bit map corresp onding to previous requests had b een dis- carded. This situation will o ccur frequen tly when t w o pro cessors share a lev el-0 switc h. There are t w o approac hes to address this problem. � In the directory on the shared memory , the ‘prun- ing cac he reference bit’ is added. This bit is set when inconsistency o ccurs, and indicates that the corresp onding line is nev er en tered in the pruning cac he un til the write access to the cac he line is is- sued. In order to inform of the inconsistency , a pac k et is sen t to the shared memory when a line is discarded. � Another ac kno wledge pac k et indicating whether the cac he is necessary or not is returned when a m ulticasting pac k et reac hes the cac he of eac h pro- cessor. The former approac h is easily implemen ted ev en though the hit ratio is degraded b y prohibiting the pruning cac he, esp ecially when the up date proto col is used. Al- though suc h degradation can b e a v oided in the latter approac h, the con trol sequence b ecomes complicated. In the MINC cac he con trol c hip, the former approac h is adopted for the follo wing reasons. � In the MINC cac he con trol c hip, only the in v alida- tion proto col is used. In this case, our initial ev al- uation results based on the trace sim ulation sho w a hit ratio greater than 50% can b e ac hiev ed[17] in the w orst case. Ho w ev er, this sim ulation is based on the trace of small parallel programs, and further extensiv e researc h is required. T able 3 Sp eci�cations of MINC c hip P ac k age 391pin PGA Pro cess 0.4 � m LPGA Net w ork size 16 inputs/outputs Clo c k 66MHz Num b er of utilized cells 37372 Num b er of signal pins 264 � The latter approac h requires a complicated con trol sequence of the pruning cac he, and it is di�cult to implemen t in the curren t c hip. The MINC cac he con trol c hip is dev elop ed on a 0.4 � m LPGA (Laser Programmable Gate Arra y) with 50k gates. T able 3 sho ws the utilit y of the n um b er of gates. In spite of the pin limitation, this c hip can b e used for a system with 16 pro cessors/memory mo dules. Although complicated handling is required for the pruning cac he, it op erates with a 66MHz clo c k. 5. Conclusion A new cac he-coheren t MIN called the MINC is pro- p osed. By com bining the RHBD and bit-map pruning cac he, eac h switc hing elemen t can m ulticast coheren- t messages quic kly without accessing outside memory nor generating a large n um b er of unnecessary pac k ets. Through the sim ulation, it app ears that the SM (Single Map) sc heme of the RHBD is suitable for the MINC. The pruning cac he w orks most e�ectiv ely when it is pro vided in ev ery switc hing elemen t of the �rst stage, and it reduces the congestion more than 50% with only 4 en tries. Although the up date proto col re- quires a larger n um b er of messages than the in v alidation proto col, it will b e adv an tageous in scien ti�c calcula- tions whic h require a large n um b er of data m ulticasts. The trace-driv en or execution-driv en sim ulation based on practical application programs is required for further comparison. F or implemen tation, the MINC mec hanism is sep- arated from data transfer, and the MINC cac he con trol c hip with 16 input-outputs is implemen ted on the LP- GA. This c hip consisting of 37k gates op erates with a 66MHz clo c k. Ac kno wledgemen t The dev elopmen t of the MINC c hip is supp orted b y the VLSI Design and Education Cen ter (VDEC), the Univ ersit y of T oky o. The authors also thank the anon ymous referee for helpful suggestions on impro ving this pap er. References [1] L.N. Bh uy an, A.K. Nanda, and T. Ask ar, \P erformance

8 IEICE TRANS. INF. & SYST., V OL. E00{A, NO. 1 JANUAR Y 1997 and reliabilit y of the m ultistage bus net w ork," Pro c. of In- ternational Conference on P arallel Pro cessing, pp.I-26{I-33, Aug. 1994. [2] G. Bro omell and J.R. Heath, \Classi�cation categories and historical dev elopmen t of circuit switc hing top ologies," A CM Computing Surv eys, V ol.15, No.2, June 1983. [3] D. Chaik en and A. Agra w al, \Soft w are-extended coher- en t shared memory: p erformance and cost," Pro c. The 21st In ternational Symp osium on Computer Arc hitecture, pp.314{324, 1994. [4] H. Cheong and A.V. V eiden baum, \A cache coherence sc heme with fast-selectiv e in v alidation," Pro c. of 15th In- ternational Symp osium on Computer Arc hitecture, pp.299{ 307, 1988. [5] H. Amano, L. Zhou, and K. Ga y e, \SSS (Simple Seri- al Sync hronized)-MIN: a no v el m ultistage in terconnection arc hitecture for m ultipro cessors," Pro c. of the IFIP 12th W orld Computer Congress, V ol.I, pp.571{577, Sept. 1992. [6] K. Hiraki, H. Amano, M. Kuga, T. Suey oshi, T. Kudoh, H. Nak ashima, H. Nak a jo, H. Matsuda, T. Matsumoto and S. Mori, \Ov erview of the JUMP-1, an MPP protot yp e for general-purp ose parallel computations," Pro c. IEEE In ter- national Symp osium on Parallel Arc hitectures, Algorithms and Net w orks, pp.427{434, 1994. [7] H. Matsumoto and T. Hiraki. \The shared memory ar- c hitecture on the massiv ely parallel pro cessor," T ec hnical rep ort of IEICE, CPSY 92-36, pp.47{55, 1992. [8] D.V. James, A. T. Laundrie, S. Gjessing, and G.S. So- hi, \Distributed-directory scheme: scalable coheren t in ter- face," IEEE Computer, 23(6):74{77, 1990. [9] T. Kudoh, H. Amano, T. Matsumoto, K. Hiraki, Y. Y ang, K. Nishim ura, K. Y oshim ura, and Y. F ukushima, \Hierar- c hical bit-map directory sc hemes on the RDT in terconnec- tion net w ork for a massiv ely parallel pro cessor JUMP-1," Pro c. In ternational Conference on P arallel Pro cessing, Aug. 1995. [10] J. Kuskin, D. Ofelt, M. Heinric h, J. Heinlein, R. Si- moni, K. Gharac horlo o, J. Chapin, D. Nak ahira, J. Baxter, M. Horo witz, A. Gupta, M. Rosen blum, and J. Hennessy , \The Stanford FLASH m ultipro cessor," Pro c. 21st In terna- tional Symp osium on Computer Arc hitecture, pp.302{313, April 1994. [11] D. Lenoski, J. Laudon, K. Gharac horlo o, W. W eb er, A. Gupta, J. Hennessy , M. Horowitz, and M. Lam, \The S- tanford D ASH m ultipro cessor," IEEE Computer, 25(3):63{ 79, 1992. [12] H.E. Mizrahi, J.L. Baer, E.D. Lazo wsk a, and J. Zahorjan, \In tro ducing memory in to the switc h elemen ts of m ultipro- cesssor in terconnection net w orks," Pro c. 16th In ternational Symp osium on Computer Arc hitecture, pp.158{166, 1989. [13] A.K. Nanda and L.N. Bh uy an, \Design and analysis of cac he coheren t m ultistage in terconnection net w orks," IEEE T rans. Comput., 42(4):458{470, 1993. [14] A.V. V eiden baum, \A compiler-assisted cac he coherence so- lution for m ultipro cessors," Pro c. In ternational Conference on P arallel Pro cessing, pp. 1026{1036, Aug. 1986. [15] P . Stenstr� om, \A consistency proto col for m ultipro cessors with m ultistage net w orks," Pro c. The 16th In ternational Symp osium on Computer Arc hitecture, pp.407{415, 1989. [16] S.L. Scott and J.R. Go o dman, \P erformance of pruning- cac he directories for large-scale m ultipro cessors," IEEE T rans. P arallel and Distributed Syst., v ol.4, no.5, pp.520{ 534, Ma y 1993. [17] T. Kamei, \An implemen tation of cac he coheren t net w ork for MIN based m ultipro cessor," Master Thesis, Graduate Sc ho ol of Science and T ec hnology , Keio Univ ersit y , 1997 (in Japanese). T oshihiro Hana w a receiv ed his B.E. and M.E. from Keio Univ ersit y , Japan, in 1993 and 1995, resp ectiv ely . He is a Ph.D. candidate in the Departmen- t of Computer Science, Keio Universit y , Japan, and a Researc h F ello w of the Japan So ciet y for the Promotion of Science. His researc h in terests include analysis of in- terconnection net w ork. T ak a yuki Kamei receiv ed his B.E. from Keio Univ ersit y , Japan, in 1995. He is a Master course studen t in the De- partmen t of Computer Science, Keio Uni- v ersit y , Japan. His researc h in terests in- cludes implemen tation of in terconnection net w ork. Hideki Y asuk a w a receiv ed his B.E. and M.E. from Keio Univ ersit y , Japan, in 1994 and 1996, resp ectiv ely . He no w w orks in the System ULSI Engineer- ing Lab oratory , T oshiba Corp oration. Katsunobu Nisim ura receiv ed his B.E. from T oky o Engineering Univer- sit y , Japan, in 1994, and M.E. from Keio Univ ersit y , Japan, in 1996. He is a Ph.D. candidate in the Departmen t of Comput- er Science, Keio Univ ersit y , Japan. His researc h in terests include sim ulation of a massiv ely parallel pro cessor. Hideharu Amano receiv ed his B.E., M.E., and Ph.D. degrees from Keio Univ ersit y , Japan, in 1981, 1983, and 1986, resp ectiv ely . He is no w an asso- ciate professor in the Departmen t of Elec- trical Engineering, Keio Univ ersit y . His researc h in terests include parallel pro cess- ing.