The MINC c hip: Multistage In terconnection Net w ork with Cac he con trol mec hanism c hip T ak ashi Midorik a w a, T ak a yuki Kamei 1 , T oshihiro Hana w a 2 , Hideharu Amano Dept. of Computer Science, Keio Univ ersit y 3-14-1, Hiy oshi Kohoku-ku, Y ok ohama, Kanaga w a, 223-8522 Japan Email: f midori, k amei, hana w a, h unga g @aa.cs.k eio.ac.jp Abstract The Multistage In terconnection Net w ork with Cac he con trol mec hanism (MINC) is a hardw are mec ha- nism to con trol the cac he coheren t in a switc h- connected m ultipro cessors using a crossbar or Multi- stage In terconnection Net w ork(MIN). In the MINC, the directory is lo cated on the shared memory mo d- ule, and the Reduced Hierarc hical Bit-map Directory sc hemes(RHBDs) are used to reduce the directory . In order to reduce unnecessary pac k ets caused b y com- pacting the bit map in the RHBD, a small cac he called the pruning cac he is in tro duced in the switc hing ele- men t. Using the 0.6 � m LPGA(Laser Programmable Gate Arra y) tec hnology , the MINC c hip(Net w ork scale: 16- input/16-output) is implemen ted in a single c hip(26477 cells including 60Kbit memory). The c hip w orks with at least 50MHz clo c k, and the total throughput of the c hip is 800Mb yte/sec(50Mb yte/sec for eac h p ort). 1 In tro duction Although bus-connected m ultipro cessors ha v e b een widely used as high-end w orkstations or serv ers, the n um b er of connected pro cessors is strictly limited b y the maxim um bandwidth of the shared bus. Instead of them, a switc h-connected m ultipro cessor whic h uses a crossbar or Multistage In terconnection Net- w orks(MINs) for connecting pro cessors and memory mo dules is a hop eful candidate. Ho w ev er, in suc h a system, a sno op cac he tec hnique in bus-connected m ul- tipro cessors cannot b e used, and consistency problems m ust b e solv ed for pro viding the cac he memory b e- t w een a pro cessor and the switc h. 1 No w join t to T oshiba 2 No w join t to T oky o Enginnering Univ ersit y Then, hardw are approac hes b y making the b est use of adv anced VLSI tec hnology ha v e b een prop osed[1][2]. Ho w ev er, traditional metho ds require a large memory outside the switc hing elemen t and it causes not only a large additional hardw are but also the extra latency b y accessing the outside memory . Moreo v er, the com- plicated MIN with cac he or directory m ust also treat data pac k et whic h should b e transferred quic kly . T o solv e these problems, w e prop osed the MINC (MIN with Cac he con trol mec hanism)[3]. In the MINC, the MIN whic h only transfers a part of the ad- dress and cac he coheren t messages is separated from the data transfer net w ork, and pushed in to an LSI c hip called the MINC c hip. The coheren t con trol is done based on the directory using the Reduced Hierar- c hical Bit-map Directory sc heme(RHBD). In order to reduce unnecessary pac k ets, the pruning cac he whic h is a small cac he enough to implemen t inside the c hip is in tro duced in the MINC c hip. 2 Ov erview of the MINC 2.1 The directory managemen t metho d The k ey idea of the MINC is a cac he directory sc heme called the RHBD[4] whic h w as prop osed for a mas- siv ely parallel pro cessor JUMP-1[4] whic h pro vides a hierarc hical direct net w ork. It can b e easily applied to the MIN b ecause of its em b edded tree (hierarc hical) structure. Using the RHBD, since m ulticast do es not require to access the directory in eac h hierarc h y , quic k message transfers can b e p erformed. Ho w ev er, pro cessors whic h don’t share the cac he line receiv e unnecessary messages and they ma y cause the congestion of the net w ork. T o reduce these pac k ets, the pruning cac he is in tro duced in switc hing elemen ts of a stage. RHBD sc heme The bit-map of the hierarc hical directory is equipp ed only in the main memory mo dule and reduced using t w o tec hniques.

� using the common bit-map for all no des of the same lev el of hierarc h y (tree), and � a message is sen t to all c hildren of the no de (th us, broadcasting) when the corresp onding bit in the map is set. By the com bination of these tec hniques, sev eral sc hemes are deliv ered[4]. W e adopted the simplest sc heme (SM:Single Map), since it is adv an tageous when the n um b er of pro cessors is not so large. The reduced directory is not stored in eac h hierarc h y but stored only in the ro ot. Message m ulticast is done according to the reduced bit-map attac hed to the mes- sage header. Using this metho d, since m ulticast do es not require to access the directory in eac h hierarc h y , quic k message transfers can b e p erformed. Ho w ev er, unnecessary pac k ets are transfered. Although they are just discarded in the cac he con troller of the pro cessor, it ma y cause the congestion of the net w ork. 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 hi- erarc 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[4]. T o cop e with this problem, \the bit-map pruning cac he" is prop osed for the MINC c hip[3]. The bit-map pruning cac he is a small cac he of the bit-map referred b y the line address of m ulticasting pac k ets. When a pro cessor issues the �rst read access of a cac he line, the read request is transferred to the mem- ory mo dule. A t the same time, the corresp onding pruning cac he en try and the bit-map is set. The bit- map is up dated when other pro cessors transferred read request of the same cac he line to the memory mo dule. When the in v alidation message or up dating data is 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 ulticasting. Otherwise, m ulticast is done according to usual RHBD sc hemes(Figure 1.) After the in v alidation,the en try is immediately deleted. 2.2 Multipro cessors based on the MINC Figure 2 illustrates a switc h-connected cac he coheren t m ultipro cessor based on the MINC. This system con- sists of the follo wing comp onen ts. Pro cessing Unit (PU) with a priv ate cac he : The priv ate cac he is a simple write-through cac he Figure 1: Pruning cac he based on the RHBD whic h stores cop y of the shared memory mo dule. The structure of the cac he con troller is almost same as the sno op cac he con troller for bus-connected m ultipro ces- sors. Data T ransfer Net w ork : Cac he lines, writing scalar data and v ectors are transferred with this net- w ork. An y t yp e of high bandwidth net w ork lik e cross- bars, MINs, or data exc hanger c hips can b e used. The MINC c hip: Cac he coheren t messages m ust b e m ulticast according to the bit-map of the RHBD. The MINC c hip is a dedicated net w ork c hip whic h transfers only a part of address and messages to main tain cac he consistency of the priv ate cac he. Memory mo dule : The shared memory and the bit-map of the RHBD are stored here. The memory con troller manages the cac he directory and generates pac k ets for the MINC c hip and the data transfer net- w ork. 2.3 Multicasting the in v alidation mes- sages When a pro cessor writes in to the shared data on its cac he, other copies m ust b e in v alidated. In this case, the in v alidation message m ust b e transferred to all cac hes whic h hold the cop y of data. First, the write address is transferred to the memory mo dule using the data transfer net w ork, and the RHBD bit-map whic h indicates the lo cation of copies is pushed in to its pac k et header. Then, this in v alidation pac k et is inserted in to the MINC c hip. Eac h switc hing elemen t of the MINC c hec ks the bit- map within the pac k et header, and m ulticast the in v al- idation message. Since m ultiple m ulticasting messages ma y con ict eac h other, ac kno wledge bit-map is re- turned immediately to the input bu�er(Figure 3.) In

Figure 2: The m ultipro cessor with the MINC the next frame, the pac k et is transferred again only to the destination corresp onding ac kno wledge bit is 0. 3 Chip Design As sho wn in Figure 4, the MINC c hip consists of input bu�ers and 2-stage bi-directional omega net- w orks. The op eration of the MINC c hip is based on the Simple, Serial, and Sync hronized (SSS) st yle con- trol mec hanism[5]. Inserted pac k ets are sync hronized with a unique frame clo c k in the input bu�er. When pac k ets con ict eac h other inside a switc hing elemen t, one pac k et is se- lected and transferred to the desired destination. Oth- ers are discarded and inserted again from in the next frame. Although this con trol mec hanism causes the loss of sync hronization, structure/con trol of switc h- ing elemen ts can b e simpli�ed, and the high frequency clo c k can b e used. The bit-map pruning cac he is omitted except the switc hing elemen ts nearest to the pro cessor. This is based on the result of the sim ulation study whic h sho ws the pruning cac he w orks most e�ectiv ely when it is pro vided in the nearest stage of the pro cessor[3]. 4 Implemen tation The MINC c hip w as dev elop ed b y the pilot program of the VDEC design curriculum. In this pilot program, the t yp e of c hip is limited to b e the 0 : 6 �m ChipEx- press’s LPGA(Laser Programmable Gate Arra y) whic h has 100k gates (recommended 50k gates and 64Kbit memory cells) at maxim um in the PGA pac k age with 391 pins (264 pins for signals). F rom these limitations, basic design of the MINC c hip is decided as follo ws: Figure 3: Multicast and Ac kno wledge Figure 4: The structure of the MINC c hip

Net w ork Scale : Sixteen inputs/outputs are pro- vided. Th us, at most sixteen pro cessors and mem- ory mo dules can b e connected with this c hip. Eigh t pins/wires are used for eac h link: four for forw ard pac k ets and others for ac kno wledge. Net w ork structure : The MINC c hip consists of small switc hing elemen ts connected in the m ultiple stages. Considering the hardw are requiremen t and p er- formance the size of the switc hing elemen t is set to b e 4 � 4. Th us, the 2-stage omega net w ork with 4 � 4 switc hing elemen ts is used. Pruning Cac he : F rom the limitation of the RAM inside the c hip, 256 en tries t w o set asso ciativ e cac he is pro vided in ev ery switc hing elemen t of the stage con- necting to pro cessors. The capacit y miss rarely o ccurs with this size of cac he. Although the structure is al- most the same as the common cac he con troller, the matc hing and accessing the bit-map is done without disturbing the pac k et transfer. T able 1 sho ws the sp eci�cation of MINC c hip. Since a n um b er of in v erters w ere inserted to adjust the hold time error, used gates b ecomes larger than recom- mended. These in tro duce di�cult y of wiring and de- grade the maxim um sp eed. Ho w ev er, 50MHz clo c k can b e used and 400Mb yte/sec total throughput can b e ob- tained. These designs are describ ed in V erilog-HDL, and syn thesized with Synopsys Design Compiler. Place- and-route is done b y the original CAD from ChipEx- press Corp. Clo c k 50MHz Bit width 4bit(pac k et transfer) 4bit(ac kno wledge) Size 16-in/out Max bandwidth 400 M bits=sec � 16 the n um b er of cell(basic cell) 26477 the n um b er of cell(memory) 60Kbit signal pin 262pin T ec hnology 0 : 6 �m LPGA 1 F rame 30 clo c k T able 1: the sp eci�cation of the MINC c hip 5 Conclusions The MINC c hip designed here m ulticasts cac he coher- en t messages based on the RHBD quic kly b y using the SSS con trol structure and the pruning cac he. Using the 0.6 � m LPGA tec hnology , it w orks at least 50MHz clo c k and the total throughput b ecomes 400Mb yte/sec. A m ultipro cessor called SNAIL-2 is no w under dev el- opmen t b y using this MINC c hip and the PBSF c hip[6] as the high sp eed data transfer net w ork. The real p er- formance and e�ciency of the MINC c hip will b e ev al- uated on this m ultipro cessor. Figure 5: The MINC c hip Ac kno wlegemen ts The VLSI c hip in this study has b een fabricated in the c hip fabrication program of VLSI Design and Educa- tion Cen ter(VDEC), the Univ ersit y of T oky o with the collab oration b y ChipExpress Corp oration and Son y Corp oration. The authors appreciate with the sta� of the VDEC and thank Dr. Mak oto Ik eda who is a sta� of the VDEC for his help. References [1] L.N. Bh uy an, A.K. Nanda, T. Ask ar, \P erformance and Reliabilit y of the Multistage Bus Net w ork", Pr o c. of Inter- national Confer enc e on Par al lel Pr o c essing , pp.I-26{I-33, 1994 [2] A.K. Nanda, L.N. Bh uy an, \Design and Analysis of Cac he Coheren t Multistage In terconnection Net w orks", IEEE T r ans. on Computers ,42(4) pp.458{470, 1993 [3] T. Hana w a, T. Kamei, H. Y asuk a w a, K. Nishim ura, H. Amano:, \MINC: Multistage In terconnection Net w ork with Cac he con trol mec hanism" IEICE T r ansactions on Information and Systems , V ol. E80-D, No. 9, pp. 863{870, Septem b er, 1997. [4] 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," Pr o c. of International Confer enc e on Par al lel Pr o c essing , 1995. [5] H. Amano, L. Zhou, K. Gay e, \SSS(Simple Serial Sync hronized)-MIN: a no v el m ulti stage in terconnection arc hitecture for m ultipro cessors," Pr o c. of the IFIP 12th World Computer Congr ess , V ol.1, pp.571-577, Sep. 1992 [6] T. Kamei, M. Sasahara, H. Amano, "An LSI implemen ta- tion of the Simple Serial Sync hronized Multistage In tercon- nection Net w ork", Pr o c. ASP-D A C’97 , pp.673-674, 1997