An LSI implimen tation of the Simple Serial Sync hronized Multistage In terconnection Net w ork T ak a yuki KAMEI Masashi SASAHARA Hideharu AMANO Dept. of Electrical Engineering Keio Univ ersit y 3-14-1, Hiy oshi Y ok ohama, Japan f k amei, sasahara, h unga g @aa.cs.k eio.ac.jp Simple Serial Sync hronized (SSS) Multistage In ter- connection Net w ork (MIN) is a no v el MIN arc hitec- ture for connecting pro cessors and memory mo dules in m ultipro cessors. Sync hronized bit-serial comm uni- cation simpli�es the structure/con trol, and also solv es the pin-limitation problem. The simple structure al- lo ws the use of a high frequency clo c k rate and a high throughput 3-dimensional m ultistage net w ork called Piled Ban y an Switc hing F abrics (PBSF). Here, an LSI implemen tation of the SSS-PBSF c hip is in tro duced. Using an 0.5 � CMOS SOG tec hnology , the PBSF consisting 3-dimensional connection of t w o omega net- w orks (16 inputs/16 outputs) with the message com- bining function and priorit y con trol is implemen ted in to a single c hip (17356 gates). I. Introduction Multistage In terconnection Net w orks (MINs)[2] ha v e b een w ell researc hed as an in terconnection mec hanism b e- t w een pro cessors and memory mo dules of middle scale parallel mac hines. Most of them are blo c king net w orks lik e the omega net w ork, and pac k ets are transferred in the store-and-forw ard manner b et w een switc hing elemen ts with bit-parallel (8-64bits) lines. In blo c king net w orks, pac k ets ma y collide eac h other in the net w ork ev en if their destinations are di�eren t. In this case, one of the con ict- ing pac k ets is stored in the pac k et bu�er. Ho w ev er, implemen tation of large scale MINs ha v e b een a cum b ersome job b ecause of their complicated structure and pin-limitation problem. F or the store-and-forw ard op eration, bu�er storage and the con trol mec hanism are required in eac h switc hing elemen t. The pin-limitation problem caused b y bit-parallel comm unication mak es the high densit y implemen tation di�cult. As an alternativ e approac h, a no v el Multistage In ter- connection Net w ork (MIN) arc hitecture called Simple Se- rial Sync hronized (SSS)-MIN[6] w as prop osed. All pac k- ets are transferred in the serial and sync hronized man- ner. Sync hronized bit-serial comm unication simpli�es the structure/con trol, and also solv es the pin-limitation problem. The simple structure allo ws the use of a high frequency clo c k rate and a highly in tegrated c hip for MIN. A protot yp e m ultipro cessor called SNAIL w as de- v elop ed and is a v ailable no w. In this system, 16 pro- cessors/memory mo dules are connected with SSS-omega c hips. Through the ev aluation for SNAIL, the p erfor- mance of the SSS-omega net w ork is satisfactory for the p erformance and the n um b er of pro cessors used in the m ultipro cessor [8]. Ho w ev er, for recen t adv anced high sp eed micropro ces- sors, the large con ict ratio of the omega net w ork is not tolerable. T o cop e with this problem, a m ultistage net- w ork with 3 dimensional structure called Piled Ban y an Switc hing F abrics (PBSF) is prop osed[9]. Here, an LSI implemen tation of the SSS-PBSF c hip is describ ed. Us- ing an 0.5 � CMOS SOG tec hnology , the PBSF consisting 3-dimensional connection of t w o omega net w orks (16 in- puts/16 outputs) with the message com bining function and priorit y con trol is implemen ted in to a single c hip (17356 gates). I I. The SSS-MIN and SNAIL A. The SSS-MIN A.1 Basic op erations The basic op eration of the SSS-MIN is illustrated in Figure 1. Lik e the Async hronous T ransfer Mo de(A TM)- based pac k et switc hing systems for telecomm unication, all pac k ets are inserted in to the SSS-MIN serially (in a few bits parallel) sync hronized with a common frame clo c k from input pac k et bu�ers prepared b et w een pro cessors 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 the switc hing capabilit y . After the dela y for passing through all stages, head of pac k ets come out from the outlets of the MIN. When a con ict o ccurs, one of the con icting pac k ets m ust b e routed to the incorrect direction since the SSS-

Fig. 1 . Structure of the SSS-MIN MIN pro vides no pac k et bu�ers in eac h switc hing elemen t , and the con ict bit in the pac k et header is set. The pac k et that set con ict bit is treated as a dead pac k et, and nev er in terferes the other pac k ets. When the top of the address pac k et reac hes at the outlet of the MIN, it can b e judged whether the pac k et is cor- rectly routed or not b y only referring to the con ict bit. An ac kno wledge signal (A CK: A CKno wledge or NAK: Not AcKno wledge) is returned to the pro cessor whic h is- sues the access request. Ev ery switc hing elemen ts are set to b e straigh t or ex- c hange when an address pac k et reac hes to the outlet. That is, a logical path is formed indep enden tly from the input to the output of the MIN. Here, this logical path is called the tr ac e . The A CK/NAK signal is returned through this trace without b eing stored at eac h switc hing elemen t, but only with the dela y of wires and m ultiplex- ors. If the NAK signal is returned, the pac k et is inserted again from the input bu�er sync hronized with the next frame signal. A.2 Pip elined circuit switc hing The trace is utilized not only for the A CK signal but also for the transfer of data pac k ets. The address trans- fer, A CK signal and data transfer can b e p erformed in the o v erlapp ed manner. Figure 2 sho ws a timing diagram of these transfers. In the frame i , an address pac k et is trans- ferred. When the head of the address pac k et arriv es at the outlet of MIN, the trace is established and the A CK signal is transferred immediately . If the A CK signal is returned, the data pac k et is also transferred using the same trace (logical path) in the frame i + 1. If the pass through time of the MIN is large, the pip eline can b e formed for these transfers. W e call this op eration o v erlapp ed or pip elined circuit switc hing . In practice, the depth of the pip eline is only t w o since the pac k et passing through time is reduced b y the stage hopping mec hanism describ ed later. In this case, mem- ory reference & data transfer is o v erlapp ed with the next address transfer. Fig. 2 . Timing diagram of pack ets/signal transfers in the SSS-MIN By sharing the trace, the structure of the SSS-MIN b e- comes simple unlik e the con v en tional metho d whic h re- quires t w o indep enden t MINs for bi-directional transfer. T o allo w the o v erlapp ed/pip elined op eration, address pac k et, data pac k et, and A CK/NAK signal ha v e their o wn signal lines and m ultiplexors in a switc hing elemen t. In the SSS-MIN, the state of an elemen t (straigh t or ex- c hange) is set b y the address pac k et header. Since the A CK/NAK signals and data pac k et share logically the same trace whic h is set b y the address pac k et, only one con troller is required on the address path. A.3 Other issues on the SSS-MIN In order to enhance the p erformance of the SSS-MIN, the follo wing t w o tec hniques are in tro duced: Bit serial message com bining The message com bining[3] is a tec hnique whic h merges similar refer- ences in to comp osite com bined references at eac h stage of the net w ork. Although a cost e�ectiv e switc h arc hitecture with com bining has b een researc hed and implemen ted[7] for con v en tional MINs, it still requires a large amoun t of additional hardw are. In the SSS-MIN, the message com bining is easily p er- formed b y a bit-b y-bit comparison during the address pac k et transfer. If t w o addresses are equal, the switc h- ing elemen t is set to b e the bac kw ard broadcast mo de B as sho wn in Figure 3a. In this example, three read ref- erences for the memory mo dule 1 are com bined together. After these address pac k ets passed b y , the tree-lik e trace remains in switc hing elemen ts, and the returning data pac k ets are m ulticast through the tree. This tec hnique is also useful for the write-read com bining. T o com bine T est&Set op erations, a simple additional hardw are is required. The tree-lik e trace for data transfer is also formed lik e Figure 3a. Ho w ev er, the data is not m ulticast but one of the returned v alues is forced to ’1’ in eac h elemen t as sho wn in Figure 3b. A t the same time, the Memory In terface Unit (MIU) whic h is pro vided b et w een the MIN and memory mo dules writes all-1 in to the target address of the memory mo dule. As a result, only one pro cessor can read out the data in the target address, and other pro cessors get all-1.

Fig. 3 . Bit serial message com bining This tec hnique is called the bit-serial message c ombining [5], and implemen ted with only 20% increases of the hardw are. Stage hopping Once the trace is established, the rest of the address pac k et and the data pac k et pass through the same logical path. Therefore, the bit of a pac k et do es not ha v e to b e stored in ev ery switc hing elemen t. That is, the ip- op pro vided in a switc hing elemen t can b e omitted in most stages, and pac k ets are transferred without storing in these switc hing elemen t. The latency is m uc h reduced b y this mec hanism called the stage hopping . Using these tec hniques, almost the same p erformance can b e ac hiev ed with only 1/8 hardw are or c hip n um b ers compared with con v en tional MIN[6]. B. Protot yp e m ultipro cessor SNAIL In order to ev aluate the p erformance of the SSS-MIN using practical application programs, a m ultipro cessor protot yp e called SNAIL (SSS Net w ork Arc hitecture Im- pLemen tation) has b een dev elop ed. As sho wn in Fig- ure 4, 16 pro cessors with lo cal memory are connected with the 16 shared memory mo dules using the SSS-MIN. a pro cessor is connected with a host w orkstation through the Ethernet. The p erformance monitor and debugger system whic h w orks indep enden tly of the SNAIL are connected b oth sides of the MIN. All system mo dules share a single system clo c k (50MHz) and a frame clo c k (50/16=3.125MHz) for the sync hronous op eration. The main purp ose of the SNAIL is ev aluating the p er- formance of the SSS-MIN. P articularly , the SNAIL is the �rst mac hine with more than 10 pro cessors whic h pro- vides the message com bining. Ho w ev er, the SNAIL is also designed as a test-b ed of the static sc heduling with the b est use of the predictabilit y and sc hedulabilit y of the SSS-MIN. B.1 SSS-omega net w ork The heart of the SNAIL is the SSS-omega gate arra y c hip whic h pro vides all functions including the bit-serial message com bining 1 . An omega net w ork [1] with 16- input/16-output is implemen ted in to a single c hip, and the T andem Ban y an Switc hing F abrics[9] can b e simply formed b y the tandem connection of them. The sp eci�cation of this c hip is sho wn in T able I A single SSS-omega c hip can connect 16 pro cessors and 16 memory mo dules. Ho w ev er, in SNAIL, four c hips are used in the bit-slice manner in order to reduce the latency . Th us, 8 c hips (4 � 2) are used to form the TBSF with t w o ban y an net w orks pro viding 12bits for address, and 8bits for data. The maxim um bandwidth is 125Mb yte/sec for a pro cessor/memory mo dule, and 2Gb yte/sec in total. F rom the empirical ev aluation of SNAIL, it app ears that the latency and sync hronization o v erhead of the SSS- omega net w ork are tolerable, and the bandwidth of the SSS-omega net w ork is su�cien t. Ho w ev er, when more than 12 pro cessors are used, the ratio of the pac k et con icts is up to 30%, and the p erformance degrada- tion caused b y the con ict cannot b e ignored. If recen t high p erformance micropro cessors are used instead of the MC68040 used in SNAIL, the p erformance degradation of the SSS-omega net w ork will b ottlenec k the system. The high bandwidth net w ork structure called T andem Ban y an Switc hing F abrics [9] (TBSF) can b e easily realized b y the tandem connection of the SSS-omega net w ork. Ho w ev er, the latency is also stretc hed with the tandem connection, and it ma y degrade the p erformance m ultipro cessor ev en if the con ict is reduced. T o cop e with this problem, an- other net w ork structure called Piled Ban y an Switc hing F abrics is prop osed. 1 This c hip w as designed and fabricated with the co op eration of Ka w asaki Steel co. ltd. Japan.

Fig. 4 . Diagram of a m ultipro cessor SNAIL T ABLE I The specifica tion of the SSS-omega chip Clock 50MHz Bit width 3bit(address)2bit(data) Size 16-input/output Maxim um bandwidth 250 M bits=sec � 16 Num b er of utilized cells 9838 Cell utilization ratio 49% Num b er of signal pins 180 T ec hnology 1 : 0 �m CMOS sea-of-gates I I I. Piled Bany an Switching F abrics Unlik e the TBSF whic h consists of tandem connection of net w orks, ban y an net w orks are connected in the three dimensional direction in the PBSF (Figure 5). A switc h- ing elemen t except in the highest and lo w est la y ers pro- vides four inputs/outputs(t w o for horizon tal, and t w o for v ertical direction.). P ac k ets are inserted in to the highest la y er ban y an net- w ork, and transferred to the horizon tal direction. When t w o pac k ets collide with eac h other, a pac k et is fed to the corresp onding switc hing elemen t in the next lo w er la y er ban y an net w ork with a clo c k dela y . The v ertically trans- ferred pac k et ma y collide with b oth pac k ets whic h are transferred to the horizon tal direction. In this case, one of horizon tally transferred pac k ets is selected and sen t the next lo w er la y er net w ork. When three (one from the v ertical, and t w o from the horizon tal direction) pac k ets for the same direction con- ict in a switc hing elemen t, a pac k et is routed to the cor- rect direction, a pac k et is routed v ertically , but the other pac k et cannot b e routed to an y direction. Suc h a pac k et is routed to the incorrect direction, and treated as a \dead- pac k et". On the lo w est la y er, suc h a pac k et is discarded. Only the pro cessor (or the in terface units b et w een pro ces- sors) whic h issued the correctly routed pac k ets receiv es Fig. 5 . Piled Ban y an Switc hing F abrics the A CK signal through the trace. Other discarded pac k- ets are inserted again in the next frame from the input bu�er. Small pac k ets bu�er is pro vided for eac h outlets of the ban y an net w ork. When the bu�er is full, the arriv ed pac k et is regarded as a discarded pac k et, and inserted again. IV. Chip Design The PBSF c hip w as dev elop ed b y the pilot program of the c hip design and fabrication service organization for LSI design education in Japan. In the pilot program, the t yp e of c hip is limited to b e the 0 : 5 �m CMOS SOG with 16k gates at maxim um. The PGA pac k age with 176 pins (116 pins for signals) can b e used. Lik e the SSS-omega c hip, the size of the net w ork is set to b e 16 � 16 whic h is the maxim um one with this n um b er of pins. The struc- ture and function of the PBSF implemen ted in the c hip is optimized so as to maximize the p erformance under the pin and gate limitation. F or the optimization, the p erfor- mance of the PBSF with v arious structures and functions is estimated with computer sim ulation. A. Design c hoices on the structure The n um b er of la y ers The pac k et pass through ratio of the PBSF is impro v ed as the n um b er of la y ers b ecomes large. Ho w ev er, the n um b er of the la y ers are limited b oth with the pin and gate limitation. In the SSS-MIN, if a pac k et cannot reac h the destination, it is transferred again in the next frame. Figure 6 sho ws the a v erage n um b er of pac k et transfer trial required for a memory access v ersus the access probabilit y of the shared memory . The n um b er of trial is drastically impro v ed with t w o la y ers, but not so impro v ed with more la y ers. Considering the n um b er of the gate and the p erformance impro v emen t, w e decided to use t w o la y ers.

Fig. 6 . The a v erage n um b er of trial for the n um b er of la y er Multiplexed output F or the pip elined circuit switc h- ing, at least 1 bit signal is required for address, data, and ac kno wledge resp ectiv ely . Ho w ev er, address pac k et trans- fer with 1 bit signal tak es larger time than that of the data pac k et transfer since the trace m ust b e established in the address transfer. The di�erence b et w een the address and data transfer in tro duces the di�cult y to e�cien t con trol of the pip eline. In order to reduce the time for address pac k et transfer, 2 bits signal lines are pro vided. In this case, the sum of the total n um b er of the required lines is b ey ond the pin limitation. T o cop e with this problem, w e in tro duce a m ultiplexor at the output of the PBSF. The pac k et whic h can b e issued is limited to b e one. Although the p erformance of the PBSF without the m ultiplexor is 20% b etter than that with the m ultiplexor, enough pac k et pass through ratio (ab out 75%) is ac hiev ed ev en with the m ultiplexor. As a result, w e selected the t w o-la y er PBSF with m ul- tiplexor sho wn in Figure 7. B. Design c hoices on the functions Message Com bining Message com bining is a p o w er- ful function for a v oiding the hot sp ot con ten tion, but re- quires ab out increase of 20% hardw are according to our previous implemen tation (SSS-omega c hip). This mec h- anism w orks e�ectiv ely at the �rst la y er since a lot of pac k ets for the same direction con ict on the switc hing elemen t.Ho w ev er, in the second la y er, the opp ortunit y of the pac k et com bining is m uc h smaller than that in the �rst la y er. According to the result of the computer sim ulation, there is little p erformance impro v emen t if the second la y er pro vides the facilities for the com bine. So, the message com bining function is pro vided only in the �rst la y er and Fig. 7 . The implemen ted structure Fig. 8 . The maxim um n um b er of trial v ersus the n um b er of priorit y lev el the m ultiplexor. By omitting the facilit y in the second la y er, 6-7% gates can b e reduced. Priorit y Con trol In order to k eep the fairness when pac k ets collide at the switc hing elemen t, the priorit y tag is attac hed to the address pac k et header. Although a large n um b er of tag bits enable the precise fairness con- trol, they stretc h the latency of trace setup and increase the hardw are. Figure 8 sho ws the maxim um n um b er of trials whic h is required for a pac k et from a pro cessor arriv- ing at the shared memory . In this sim ulation, the priorit y of a failed pac k et is incremen ted in the next frame. If there is no priorit y con trol, the di�erence b et w een pro- cessors is large, th us, some pro cessors tak e a long time to access the shared memory compared with others. Ac- cording to Figure 8, the di�erence is su�cien tly reduced with 2 bits (4 lev el priorit y con trol) priorit y tag.

V. Implement a tion A. Detail of the structure As sho wn in Figure 7, the implemen ted PBSF consists of the input in terface, PBSF core, and the output in ter- face including the m ultiplexor. Input in terface As sho wn in Figure 9, the input in ter- face holds a small bu�er to store the header of the address pac k et while the trace is established. Since the pac k et is sen t to the stage where the trace w as set up in the pre- vious clo c k, the head of the pac k et reac hes the output of the MIN just a clo c k after the trace setting up. Once the trace is established, eac h it hops all stages, and reac hes the output in terface with a clo c k dela y . Timing signal for con troller of eac h switc hing elemen t is also generated in the input in terface. PBSF core Figure 10 sho ws the structure of a switc h- ing elemen t in the �rst la y er. By making the b est use of the con trol strategy in the SSS-MIN, the structure and con trol of the switc hing el- emen t is quite simple. It consists of the address switc h with con trol blo c k, ac kno wledge switc h, and data switc h. In order to reduce the latency for setting up the trace with priorit y con trol, 2 bits extra wires are pro vided. Th us, the n um b er of wires for the address switc h is expanded to b e 4. As the address switc h is forw ard direction, there is paths to the second la y er for b ypassing the con icting pac k et. In the SSS-MIN, the state of an elemen t (straigh t or exc hange) is set b y the address pac k et header. Since the ac kno wledge signal and data pac k et share the same trace whic h is set b y the address pac k et, only one con troller is required. The ac kno wledge switc h and data switc h con- sists of simple m ultiplexors con trolled b y the con troller. Both the ac kno wledge and data switc h are rev erse direc- tion (The data switc h only passes the data pac k ets for read op erations. Data pac k ets for write op erations are sen t through the address switc h), and the data pac k et and ac kno wledge signal are joined in the switc hing elemen t. The message com bining is implemen ted in the switc hing elemen t of the �rst la y er using the bac kw ard broadcasting mo de[4]. Output in terface Output in terface selects one of pac k- ets from t w o la y ers with the m ultiplexor. If t w o address pac k ets are en tirely the same, these pac k ets are com bined in the m ultiplexor. B. Sp eci�cation The c hip is designed using the R TL(Register T ransfer Lev el) description of V erilog-XL. The design w as done only with three mon ths b y t w o studen ts. Fig. 9 . The structure of an input bu�er T ABLE I I the specifica tion of the PBSF chip Clo c k 100MHz Bit width 2bit(address) 1bit(data) Size 16-in/out Max bandwidth 300 M bits=sec � 16 the n um b er of cell 17356 signal pin 116pin T ec hnology 0 : 5 �m CMOS sea-of-gates T able I I sho ws the sp eci�cation of the implemen ted PBSF c hip. Compared with the simple SSS-omega c hip sho wn in T able I, the maxim um clo c k frequency used in the PBSF c hip is t wice. On the con trary , the n um b er of the lines is smaller than that of the SSS-omega c hip b e- cause of the pin limitation of the pac k age. As a result, the maxim um bandwidth of the PBSF c hip is ab out 1.2 times as that of the simple omega net w ork. Ho w ev er, since the pass through ratio of the PBSF is almost t wice as that of the simple omega net w ork, the a v erage bandwidth of the implemen ted PBSF c hip is almost 2.4 times of the omega net w ork c hip. Although the PBSF c hip requires 1.76 times n um b er of gates (17356/9838), the increase of the hardw are is reasonable considering the p erformance impro v emen t. C. Chip test en vironmen t The sample c hips w ere tested on a simple breadb oard sho wn in Figure 11. A pac k et is generated in the pac k et generator and sen t to the PBSF c hip through a shift reg- ister. The destination of the pac k et is decided with a dip switc h. Exc hanged pac k ets with the PBSF c hip are re- ceiv ed b y shift registers and displa y ed on the LEDs. High sp eed discrete CMOS A CT/F CT gates are used to cop e with a high sp eed clo c k. No w, the PBSF c hip is w orking on the b oard with 90MHz clo c k. Figure 12 sho ws the input and output w a v eforms of the PBSF c hip. The upp er w a v e (2V range) sho ws the input pac k et and the lo w er (2V range) sho ws

Fig. 10 . The structure of an upp er switc hing elemen t the output after switc hing. Unlik e the output w a v e from the PBSF c hip, input w a v e includes a large o v ersho oting and undersho oting. This comes from the insu�cien t elec- trical condition of the breadb oard, and this is the reason wh y the c hip is not stable at 100MHz clo c k. VI. Conclusion An LSI implemen tation of the SSS-PBSF c hip is in- tro duced. Using an 0.5 � CMOS SOG tec hnology , the PBSF consisting 3-dimensional connection of t w o omega net w orks (16 inputs/16 outputs) with the message com- bining function and priorit y con trol is implemen ted in to a single c hip (17356 gates). The simple arc hitecture and V erilog-XL based design reduce the cost and time for de- v elopmen t. The design w as done only with three mon ths b y t w o studen ts. No w, the c hip is con�rmed to w ork with at least 90MHz clo c k, and the total throughput of the c hip is 540Mb yte/sec(270Mbits/sec). The a v erage throughput of the SSS-PBSF is almost 2.4 times as that of simple SSS-omega c hip. W e are no w designing another m ultipro cessor called SNAIL-2 based on the PBSF c hips. The real p erformance of the c hip will b e ev aluated on this m ultipro cessor using Fig. 11 . A tested breadb oard Fig. 12 . Input and output w a v eforms (with 90MHz clo c k) parallel application programs. A ckno wlegement The PBSF c hip w as dev elop ed b y the pilot program of the c hip design and fabrication service organization for LSI design education in Japan, and fabricated b y NTT Electronics T ec hnology Co. Ltd. The authors w ould ap- preciate with the sta� of the pilot program and NTT Electronics T ec hnology Co. Ltd. for their sincere ad- vice for the c hip design. The authors also thank T oshi- hiro Hana w a, Hideki Y asuk a w a, Akira F unahashi for their commen ts that impro v ed the presen tation of the pap er. References [1] D. H. La wrie, \Access and Alignmen t of Data in an Arra y Pro cessor," IEEE T r ans. on Comput. ,v ol. c-24, No.12, Dec.

1975. [2] G. Bro omell, and J. R. Heath, \Classi�cation Categories and Historical Dev elopmen t of Circuit Switc hing T op ologies," A CM Computing Surveys , V ol.15, No.2, Jun. 1983 [3] A. Gottlieb, R. Grishman, C. P . Krusk al, K. P . Mcauli�e, L. Rudolf, and M. Snir \The NYU Ultracomputer Designing an MIMD Shared Memory P arallel Computer," IEEE T rns. on Comput. , v ol.c-32, No. 2, 1983 [4] G. Kalidou, H. Amano, \Design and Implimen tation of the Batc her Double Omega Net w ork with Com bining," Pr o c. of ISMM Int. Workshop on Par al lel Computing , pp.121-124, Sep. 1991 [5] H. Amano, G. Kalidou, \A Batc her Double Omega net w ork with Com bining," Pr o c. of International Confer enc e on Par- al lel Pr o c essing , v olume I, pp.718-719, 1991 [6] H. Amano, L. Zhou, K. Ga y e, \SSS(Simple Serial Sync hronized)-MIN: a no v el m ulti stage in terconnection ar- c hitecture for m ultipro cessors," Pr o c. of the IFIP 12th World Computer Congr ess , V ol.1, pp.571-577, Sep. 1992 [7] Dic k ey , S.R. and P ercus, O.E. , \P erformance di�erences among com bining switc h arc hitectures," Pr o c. of the Interna- tional Confer enc e on Par al lel Pr o c essing , pp/I110-117, 1992 [8] M. Sasahara, et al, \SNAIL: a m ultipro cessor based on the Simple Serial Sync hronized m ultistage in terconnection net- w ork arc hitecture," Pr o c. of the International Confer enc e on Par al lel Pr o c essing , pp.I117-120, Aug. 1994 [9] T. Hana w a, H.Amano, Y.F ujik a w a, \Multistage In terconnec- tion Net w orks eith m ultiple outlets," Pr o c. of the Interna- tional Confer enc e on Par al lel Pr o c essing , pp.I1-8, Aug. 1994