P erformance ev aluation of SNAIL: a m ultipro cessor based on the Simple Serial Sync hronized m ultistage in terconnection net w ork arc hitecture Junji Y amamoto, T ak ashi F ujiw ara, T akuji Komeda, T ak a yuki Kamei, T oshihiro Hana w a and Hideharu Amano Keio University, 3-14-1, Hiyoshi Kohoku-ku Y okohama 223-8522 JAP AN Abstract Simple Serial Sync hronized (SSS) Multistage In terconnection Net w ork (MIN) is a no v el MIN arc hitecture for connecting pro cessors and memory mo dules in m ulti- pro cessors. Sync hronized bit-serial comm unication simpli�es the structure/con trol, and also solv es the pin-limitation problem. Here, design, implemen tation, and ev aluation of a m ultipro cessor protot yp e called the SNAIL with the SSS-MIN are presen ted. The heart of SNAIL is a protot yp e 1 � m CMOS SSS-MIN gate arra y c hip whic h exc hanges pac k ets from 16 inputs at a 50MHz clo c k sp eed. The message com bining is implemen ted with only a 20% increase in hardw are. F rom empirical ev aluation with some application programs, it app ears that the latency and sync hronization o v erhead of the SSS-MIN are tolerable, and the band- width of the SSS-MIN is su�cien t. Keywor ds: Multistage In terconnection Net w orks, Message Com bining, Multipro cessors, VLSI Implemen tation, Empirical Ev aluations 1 In tro duction Multistage In terconnection Net w orks(MINs) ha v e b een w ell researc hed as an in terconnection mec hanism b et w een pro cessors and memory mo dules of a m ul- tipro cessor, particularly for middle scale m ultipro cessor. 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 through bit-parallel(8- 64bits) lines. In blo c king net w orks, pac k ets ma y collide eac h other ev en if their destinations are di�eren t. In this case, one of the con icting pac k ets is stored in the pac k et bu�er equipp ed with eac h switc hing elemen t. Preprin t submitted to Elsevier Science 28 Decem b er 1998

Ho w ev er, in the con v en tional MINs, their complicated structure and pin- limitation problem ha v e b een a stum bling blo c k to implemen t. T o supp ort 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. Because bit-parallel comm unication requires large n um b er of pins, large area is required to implemen t the large size system. Since that, the clo c k frequency is limited (10{50MHz). As an alternativ e approac h to solv e these problems, w e prop osed a no v el Mul- tistage In terconnection Net w ork (MIN) arc hitecture called Simple Serial Syn- chr onize d (SSS)-MIN in 1992. In the SSS-MIN, all pac k ets are transferred in the serial and sync hronized manner. Sync hronized bit-serial comm unication simpli�es the structure/con trol, and also solv es the pin-limitation problem. With the simple structure, a highly in tegrated c hip whic h w orks with a high frequency clo c k rate can b e utilized. In order to enhance the p erformance, the mec hanisms of pip eline d cir cuit switching and stage hopping are in tro duced. Moreo v er, message com bining can b e implemen ted with a small increase in hardw are using a tec hnique called bit-serial c ombining . As a result, the SSS- MIN ac hiev es comparable or sup erior p erformance to the con v en tional ones with a m uc h smaller hardw are cost. Throughput, latency and congestion in the SSS-MIN ha v e b een analyzed with a theoretical mo del and computer sim ulation[8], and adv an tages o v er a con v en- tional MIN are demonstrated elsewhere[2]. Ho w ev er, these results only sho w the appro ximate estimation b ecause they are not based on actual parallel applications. In order to ev aluate and demonstrate the p erformance of the SSS-MIN, w e �rst dev elop ed a protot yp e LSI c hip for the SSS-MIN in 1993. Using these c hips, a protot yp e m ultipro cessor called SNAIL (SSS Net w ork Arc hitecture ImpLemen taion) w as dev elop ed in 1994[15]. SNAIL consists of 16 micropro cessors and 16 memory mo dules whic h are connected with 4 SSS- omega c hips. Sev eral parallel applications from SPLASH/SPLASH-2, and a simple op erating system called EULASH[20] ha v e b een dev elop ed on it. In this pap er, a design, implemen tation, and empirical ev aluation of SNAIL are presen ted 1 . Although the tec hnology used in SNAIL is outdated, the em- pirical ev aluation giv es us useful observ ation for designing the next generation mac hine. In Section 2, the concept, structure and con trol of the SSS-MIN are in tro duced. In Section 3, the design and implemen tation of the protot yp e LSI c hip and SNAIL are describ ed. In Section 4, p erformance of SNAIL is ev alu- ated when parallel applications are directly implemen ted without an op erating system. A simple op erating system EULASH is in tro duced and p erformance with EULASH is ev aluated in Section 5. 1 The initial ev aluation results w ere presen ted in [16]

Fig. 1. Structure of the SSS-MIN 2 The SSS-MIN 2.1 Basic op er ation of the SSS-MIN The basic op eration of the SSS-MIN is illustrated in Figure 1. Lik e the Asyn- c hronous T ransfer Mo de (A TM)-based pac k et switc hing systems for telecom- m unication, all pac k ets are inserted in to the SSS-MIN serially sync hronized with a common frame clo c k. 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 a switc hing capabilit y . After a dela y for passing through all stages, the pac k et headers come out at the output of the MIN. When a con ict o ccurs, one of the con icting pac k ets is routed in an incor- rect direction since the SSS-MIN pro vides no pac k et bu�ers 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 in the incorrect direction. Suc h a pac k et is treated as a de ad p acket , and nev er in terferes with other pac k ets. When the �rst it of an address pac k et reac hes the output of the MIN, all switc hing elemen ts are set to b e either straigh t or exc hange, and a path is formed from the input to the output of the MIN. Here, this path is called the tr ac e . When the tr ac e is set, it can b e judged whether the pac k et is correctly routed or not b y referring the con ict bit at the output of the MIN. An ac kno wledge signal (A CK: A CKno wledge or NAK: Not AcKno wledge) is returned to the pro cessor whic h issues the access request through this tr ac e without b eing stored at eac h switc hing elemen t, exp eriencing only the dela y of wires and m ultiplexors. If the NAK signal is returned, the pac k et is re-inserted from the input bu�er again at the next frame .

Fig. 2. Timing diagram of pac k ets/signal transfers in the SSS-MIN 2.2 Pip eline d cir cuit switching The tr ac e is utilized not only for the ac kno wledge signal but also for the transfer of data pac k ets. The address transfer, ac kno wledge signal and data transfer can b e p erformed in an o v erlapp ed manner. Figure 2 sho ws a timing diagram of these transfers. In frame i , an address pac k et is transferred. When the head of the address pac k et arriv es at the output of MIN, the tr ac e is established and the ac kno wledge signal is transferred immediately . If the A CK signal is returned, the data pac k et is also transferred using the same tr ac e in frame i + 1. If the pass through time of the MIN is large, a 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 usually t w o since the pass through time of a pac k et is reduced b y the stage hopping mec hanism describ ed later. By sharing the tr ac e , the structure of the SSS-MIN b ecomes simple unlik e the con v en tional metho d whic h requires t w o indep enden t MINs for bi-directional transfer. Figure 3 sho ws the structure of eac h switc hing elemen t. In order to allo w the o v erlapp ed/pip elined op eration, an address pac k et, a data pac k et, and the A CK/NAK signal use 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 exc hange) is set b y the address pac k et header. Since the A CK/NAK signals and data pac k et share the same tr ac e , whic h is set b y the address pac k et, only one con troller is required on the address path. 2.3 Bit serial message c ombining Message com bining[7] is a tec hnique whic h merges similar references in to com- p 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 imple-

Fig. 3. Structure of a switc hing elemen t in the SSS-MIN men ted[5] for con v en tional MINs, it still requires a large amoun t of additional hardw are. In the SSS-MIN, message com bining is easily p erformed b y a bit-b y-bit com- parison during the address pac k et transfer. If the addresses of t w o pac k ets are the same, the switc hing elemen t is set to b e the bac kw ard broadcast mo de B as sho wn in Figure 4a. In this example, three read references for the mem- ory mo dule 1 are com bined together. After these address pac k ets ha v e passed b y , the tree-lik e tr ac e remains in the switc hing elemen ts, and the returning data pac k ets are m ulticast through the tree. This tec hnique is also useful for write-read com bining. T o com bine T est&Set op erations, only a small amoun t of additional hardw are is required. The tree-lik e tr ac e for data transfer is also formed as sho wn in Figure 4a. 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 4b. A t the same time, the Memory In terface Unit (MIU) whic h is pro vided b et w een the MIN and the 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. This mec hanism is called bit-serial message com bining[1]. 2.4 Stage hopping Once the tr ac e is established, the rest of the address pac k et and the data pac k et do not need to b e stored in eac h switc hing elemen t. Th us, the ip- op can b e omitted in some stages, and pac k ets can hop o v er sev eral stages. The latency is m uc h reduced b y this mec hanism, called stage hopping .

Fig. 4. Bit serial message com bining 2.5 T andem Banyan Switching F abrics Since one of the con icting pac k ets m ust b e inserted again in the next frame, pac k et con icts inside the MIN will sev erely degrade p erformance of the SSS- MIN. In order to reduce this, a net w ork with large bandwidth is required for the SSS-MIN. Non-blo c king net w orks lik e the crossbar, Clos[4], Batc her-Ban y an[13] and BDOC[6] can not supp ort enough bandwidth b ecause pac k ets for the same destination collide with eac h other inside the net w ork. This t yp e of con ict limits the pass- through ratio (bandwidth) of pac k ets for random destinations (ab out 65%). In order to obtain a large pass-through ratio, the MIN m ust pro vide m ultiple outputs for passing m ultiple pac k ets for the same destination. T andem Ban y an Switc hing F abrics (TBSF)[14,19] prop osed for the A TM- based pac k et switc hing system is a net w ork with suc h a facilit y . As sho wn in Figure 5, it consists of placing a n um b er of Ban y an in terconnection

Fig. 5. T andem Ban y an Switc hing F abrics net w orks in series suc h that, for eac h output of eac h Ban y an net w ork, there is a connection feeding to the corresp onding memory mo dule, and a connection feeding the corresp onding input of the follo wing Ban y an net w ork. A t the end of a Ban y an net w ork, all those pac k ets whic h ha v e succeeded in reac hing their desired destination pro ceed to the memory mo dules; all the misrouted pac k ets, after resetting their con ict bit, are fed to the next Ban y an net w ork. The in terface for the memory mo dules pro vides small pac k et bu�ers for eac h output of the Ban y an net w ork. When the bu�er is full, the NAK signal is returned ev en if the pac k et is correctly routed to the memory mo dule. Compared with other non-blo c king net w orks, the TBSF has the follo wing ad- v an tages: Throughput: Although the net w ork top ology is not completely non-blo c king, the throughput is sup erior to those of other non-blo c king net w orks [19] b ecause m ultiple pac k ets for the same destination can b e deliv ered. Latency and Hardw are: The latency of the TBSF is m uc h smaller than those of other non blo c king net w orks suc h as Batc her-Ban y an[13], the BDOC[6], and it requires a smaller amoun t of hardw are than those of the crossbar and Clos net w ork[3]. Memory utilization: One of problems of the TBSF used in the A TM pac k et switc hing is that the di�erence in the arriving time b et w een pac k ets dep ends on the n um b er of Ban y an net w orks whic h the pac k et passed through. Ho w ev er, when it is used in the SSS-MIN, this problem c hanges in to an adv an tage. A memory mo dule can b e accessed as so on as a pac k et arriv es at the mo dule, and the memory utilization ratio is impro v ed. While the throughput of the TBSF is impro v ed as the n um b er of Ban y an net w orks increases, the latency or the frame p erio d is stretc hed. Therefore, the n um b er of Ban y an connected in tandem m ust b e decided taking with system size, memory access time, pro cessor p erformance, and other issues on the m ultipro cessor in whic h the SSS-MIN is used in to consideration. Results

Fig. 6. Diagram of a m ultipro cessor SNAIL of the computer sim ulation sho w that the optimal n um b er of Ban y ans is t w o or three in most m ultipro cessors with 256 pro cessing units[2]. The sim ulation results also sho w that the p erformance of the SSS-MIN with optimal TBSF is comparable to that of the con v en tional MIN with almost 1/8 of the c hip n um b er or 1/8 the cost[2]. 3 Multipro cessor protot yp e: SNAIL 3.1 Outline of SNAIL In order to ev aluate the p erformance of the SSS-MIN with practical application programs, a m ultipro cessor protot yp e called SNAIL (SSS Net w ork Arc hitec- ture ImpLemen tation) w as dev elop ed. As sho wn in Figure 6, 16 pro cessors with lo cal memory are connected with the 16 shared memory mo dules us- ing the SSS-MIN. A pro cessor is connected with a host w orkstation through the Ethernet. A p erformance monitor/debugger system whic h w orks indep en- den tly from SNAIL is connected to b oth sides of the MIN. All system mo dules share a single system clo c k (12MHz) and a frame clo c k (12/16=750KHz) for sync hronous op eration. SNAIL is the �rst mac hine pro viding message com bining with more than 10 pro cessors. The main purp ose of SNAIL is to ev aluate the p erformance of the SSS-MIN. SNAIL pro vides the follo wing functions: { All pro cessors are sync hronized with the same clo c k used in the SSS-MIN.

The DRAM refresh op erations of ev ery shared memory mo dule and the I/O op erations are also sync hronized with a frame clo c k of the SSS-MIN. Since the b eha vior of pac k ets in the SSS-MIN can b e predicted accurately , there are no uncertain factors in the system. In suc h a system, most sync hroniza- tion co de can b e omitted b y instruction lev el sc heduling. Moreo v er, a parallel program b eha v es in the exactly same manner whenev er it is executed. { A prefetc h op eration and write bu�ers are pro vided to hide latency to access shared memory . { Blo c k transfer op erations b et w een the on-c hip cac he and shared memory mak e time to access shared memory short. { In m ultipro cessors using con v en tional MINs, it is almost imp ossible to ana- lyze tra�c for the shared memory using a hardw are monitor since to o man y lines m ust b e monitored. Ho w ev er, in the SSS-MIN, pac k ets are transferred through a small n um b er of wires, and it is p ossible to analyze the tra�c b y monitoring them. Using this monitoring mec hanism, breakp oin ts on the shared memory address can b e pro vided. When a pro cessor accesses a certain shared memory address, the net- w ork is frozen, and pro cessors are in terrupted. These functions will help p erformance analysis and debugging of the sc heduled co de. Flexible implemen tation is selected in SNAIL rather than high p erformance. The PU-MIN in terfaces and memory con troller are implemen ted with Xilinx FPGA X C3090s. Although the op eration sp eed of the the FPGAs is not high enough, the hardw are con�guration can b e c hanged just b y rewriting the con- �guration data. Before lo oking at a detailed description of the SSS-MIN used in SNAIL, pro- cessing units and memory mo dules are brie y describ ed b elo w: { Pro cessing Unit: Motorola’s MC68040 is used. The clo c k used in the SSS- MIN (12MHz) is also used as the system clo c k of all pro cessors. In the curren t implemen tation, eac h pro cessor is pro vided with 1Mb yte SRAM as lo cal memory . Tw o FPGA c hips (Xilinx’s X C3090) are used for the PIU (Pro cessor-MIN In terface Unit) whic h manages parallel/serial con v ersion b et w een pro cessor buses and the SSS-TBSF c hips. A 2-w ord address pac k et bu�er and a 2-w ord prefetc h bu�er are pro vided inside the PIU. If the NAK signal is returned from the MIN, the address pac k et is automatically inserted again from the address pac k et bu�er. A pro cessor is connected with the host w orkstation through the Ethernet, and b eha v es as a master pro cessor. The master pro cessor also pro vides the SCSI in terface for disks, and the R OM for the b o otstrap. { Memory mo dules: Sixteen 4Mb yte-DRAM memory mo dules form a 64Mb yte- shared memory system whic h is in terlea v ed in the line size of the on-c hip cac he (4 w ords).

T able 1 The sp eci�cation of the SSS-TBSF c hip Clo c k: 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 The MIU manages parallel/serial con v ersion and other con trol functions of memory mo dules including sync hronization op erations, blo c k transfer, and memory refresh. It also manages t w o sync hronization op erations, T est&Set and F etc h&Dec for ev ery memory w ord. In order to eliminate uncertain fac- tors of the system, all memory mo dules are refreshed at the same time, syn- c hronized with the frame signal. The MIU also consists of a Xilinx FPGA X C3090. 3.2 The pr ototyp e SSS-TBSF chip An SSS-TBSF gate arra y c hip whic h pro vides all functions including bit-serial message com bining is used in SNAIL. 2 . An omega [11] net w ork with 16- input/16-output is implemen ted in to a single c hip, and the TBSF can b e easily formed b y tandem connection. An omega net w ork with 256-input/256- output also can b e constructed with a 16 � 2 connection, and so 64 c hips are required to form the TBSF with t w o Ban y an net w orks. The sp eci�cations of this c hip are sho wn in the T able 1. As sho wn in Figure 7, the c hip consists of the input in terface, the net w ork itself, and the output in terface. The input in terface pro vides a small amoun t of storage to store the header of address pac k ets during the setting of the trace. The con ict bit of v alid pac k ets is also reset in the input in terface. The net w ork is a four stage omega net w ork with 32 2 � 2-switc hing elemen ts. The output in terface c hec ks whether the pac k et reac hes the correct output, and generates A CK/NAK signals. The total n um b er of utilized cells is 9838 and message com bining requires only 20% of the total cells. This demonstrates that the bit-serial message com bining is cost e�ectiv ely implemen ted. A switc hing elemen t comprises only 192 cells, and more than 70% of cells are used in the con troller attac hed to the address lines. 2 This c hip w as designed and fabricated with the co op eration of Ka w asaki Steel Co. Ltd. Japan.

Fig. 7. Diagram of the SSS-TBSF c hip 3.3 Switching me chanism in SNAIL F rom computer sim ulation, it app ears that a TBSF net w ork with a single stage is su�cien t for the con�guration with a 16 pro cessors/memory system. In this con�guration, the p erformance is limited b y latency rather than o v erhead caused b y congestion. Th us, in SNAIL, four c hips are used in the bit-slice manner in order to reduce the latency . They form a simple SSS omega net w ork with 125Mb yte/sec maxim um bandwidth for a pro cessor/memory mo dule, and 2Gb yte/sec in total. A pro cessor accesses shared memory with the follo wing op erations: { Read: The pro cessor m ust w ait un til the data is fetc hed from the memory . { W rite: The pro cessor can execute the next instruction immediately unless the address pac k et bu�er (2 pac k ets) is full. { Prefetc h: Lik e the write request, a pro cessor can execute the next instruc- tion. The data is transferred in to the prefetc h bu�er (2 w ords) after the latency of the MIN. The pro cessor can read out the data from the prefetc h bu�er without an y dela y if the data has reac hed. Otherwise, the pro cessor m ust w ait in the same w a y as the read op eration. { Blo c k transfer: When a pro cessor uses its on-c hip data cac he as the shared memory , a cac he line (4 w ords) is transferred quic kly using the page access mo de of the DRAM. It is useful for arra y calculation and quic k data transfer

T able 2 Access latency Access t yp e clo c k Lo cal memory 1 write 1 Shared memory read 12 sync. 12 b et w een shared memory and lo cal memory . { Sync hronization: T est&Set and F etc h&Dec op erations are supp orted in SNAIL. In addition, SNAIL pro vides another simple barrier sync hronization mec h- anism whic h do es not require the access of shared v ariables through the SSS-MIN. Bit-serial message com bining is p erformed among read op erations, prefetc h op erations, and T est&Set op erations. Since the decremen t op eration of the F etc h&Dec executes in the MIU, it cannot b e com bined in the SSS-MIN. 3.4 A c c ess latency T able 2 sho ws the access latencies of the SNAIL system. The reason wh y the shared memory write can b e done in 1 clo c k is the existence of a write bu�er. The latencies of shared memory accesses sho wn in this table are the b est case. If pac k et resending (due to pac k et con ict) or sync hronization to frame (the p erio d is 8 clo c ks) are p erformed, the latencies b ecome longer. 3.5 Implementation As sho wn in Figure 8, SNAIL consists of four CPU b oards and a bac kplane b oard. F our CPUs and PIUs are moun ted on a single CPU b oard, and they are connected through connectors with four SSS-omega c hips on the bac kplane b oard. The bac kplane b oard also includes 16 memory mo dules and MIUs, and its size is 70cm � 40cm.

Fig. 8. SNAIL 4 Empirical ev aluation of bare mac hine In this section, the empirical ev aluation results of SNAIL without an op erat- ing system is describ ed. Since these results are based on measuremen ts of real hardw are, the ev aluation is limited b y the the protot yp e hardw are limitations suc h as the p o or p erformance of the pro cessor and the small size of the sys- tem. Ho w ev er, this kind of measuremen t is still useful since w e can observ e ho w p erformance is balanced b et w een the pro cessor and net w ork under the b eha vior of real application programs. The e�ciency of the message com bining and prefetc h mec hanism can also b e ev aluated under real conditions. These results are useful for the design of the next generation mac hine with adv anced pro cessors and SSS-MINs.

T able 3 Ov erview of Application Characteristics application con ten ts algorithm sc heduling sync h. y gran. z W ater molecular dynamics, short-range N-b o dy direct, with cuto� radius static barrier large Barnes-Hut astroph ysics, hierarc hical N-b o dy Barnes-Hut dynamic (programmer) barrier, ag large MP3D aeronautics, particle-in- cell Mon te Carlo static barrier large Cholesky sparse matrix factorization sup erno dal fanout dynamic (task queue) task queue large y sync hronization z gran ularit y 4.1 Applic ation pr o gr ams As a b enc hmark, w e selected six applications: W ater, Barnes-Hut, MP3D, Cholesky , Jacobi and Neuro sho wn in T able 3. The �rst four applications are from SPLASH (Stanford P arallel Applications for Shared-Memory) [17] suites dev elop ed at Stanford Univ ersit y . The rest are original applications dev elop ed on SNAIL. V ariables whic h are actually shared b et w een pro cessors are assigned in the shared memory . Instructions and lo cal data are distributed in to the lo cal mem- ory of eac h pro cessor when the program starts. The barrier sync hronization used in the program is translated in to the hardw are barrier op eration. The Lo c k/Unlo c k op erations used for managemen t of the task queue are executed with a F etc h & Dec op eration. The on-c hip instruction cac he is enabled in all executions. 4.2 The c onditions of evaluation 4.2.1 Par ameters W ater Input �le L WT12 is used. The n um b er of molecules is set to b e 64 and other parameters are set as follo ws: temp erature = 298.00K, densit y = 0.99800G/C.C., time step = 1.50E-16sec, order used to solv e F=ma = 6, n um b er of time steps = 2, spherical cuto� radius = 6.28128 � A. Barnes-Hut P arameters are set as follo ws: in�le = \", n b o dy = 1024, seed

= 123, dtime = 0.025, eps = 0.05, tol = 1.0, fcells = 2.0, tstop = 0.075(4 step), and dtout = 0.25. Costzones is used for partitioning. MP3D Due to limitation of the memory size, system with 500 particles in 14x24x7 space is sim ulated. 50 sim ulation steps are measured. Cholesky Input �le is a 3466-b y-3466 matrix with 10215 non-zeros in the matrix. It has 1846 distinct sup er-no des. Jacobi It solv es sim ultaneous linear equations (200 � 200 tridiagonal matrix) with Jacobi’s iterativ e metho d. Nuero The 16-Queen problem is solv ed with the Hop�eld neuron mo del[18]. 16 � 16 neurons are utilized. 4.2.2 Performanc e indic es and monitoring system In SNAIL, the p erformance monitor b oard, whic h can b e indep enden tly plugged in to either side of the SSS-MIN (that is, pro cessor side or memory side), is designed to coun t v arious ev en ts in the system without a�ecting an y op eration of the pro cessors. The b oard pro vides a Motorola 16bit CPU (MC68000) for the in terface and a Xilinx FPGA X C3090 for ev en t coun ters. Using this b oard, the follo wing ev en ts can b e monitored: { t n : execution time, { O U T : the total n um b er of pac k ets whic h pass through the net w ork, { C F : the n um b er of con icting pac k ets, and { I N : the total n um b er of requests whic h are issued b y the pro cessors. Using these v alues, w e can obtain p erformance indices: the sp eedup ratio, the net w ork utilization, the con ict ratio, and the com bining ratio. The Sp eedup ratio , de�ned as the ratio of the execution time after increasing the n um b er of pro cessors to one with a single pro cessor, is represen ted with t n =t 1 . The Net- w ork utilization ratio is de�ned as the exp ected n um b er of activ e pac k ets in a frame, and is represen ted as follo ws: AC T N � T F : AC T is the total n um b er of activ e pac k ets, and can b e giv en b y ( O U T � C F ), where N is the n um b er of pro cessors in the system, and T F is the total n um b er of frames. The Con ict ratio is the ratio of con icting pac k ets to the total n um b er of pac k ets whic h pass through the net w ork, and is represen ted in C F =O U T . The Com bining ratio is the ratio of com bining pac k ets to total pac k ets. Since the n um b er of com bining pac k et ( C B ) can b e giv en b y ( I N + C F � O U T ),

Fig. 9. Sp eedup ratio the com bining ratio is represen ted as C B O U T = I N + C F � O U T O U T 4.3 Performanc e evaluation 4.3.1 Sp e e dup r atio As sho wn in Figure 9, almost linear sp eedup is ac hiev ed and it is more than 10 times faster than that with the single pro cessor except for Cholesky . As men tioned ab o v e, shared v ariables are stored in main memory ev en when the program is executed with a single pro cessor in this ev aluation. Th us, o v erhead is mainly caused b y the follo wing reasons: { the increase of the latency caused b y net w ork congestion, { the loss caused b y the sync hronization op eration itself, and { the w aiting time caused b y the load un balance and insu�cien t parallelism of the program. Since the n um b er of jobs whic h can execute in parallel is su�cien tly larger than the n um b er of pro cessors, w aiting time caused b y the load un balance is not large in this situation. Cholesky only uses the sync hronization with the task queue, and this is a reason wh y the sp eed up ratio is the w orst among these programs.

Fig. 10. The ratio of con icting pac k ets to all pac k ets 4.3.2 Network c ongestion Figure 10 sho ws the pac k et con ict ratio. The ratio increases almost linearly with the n um b er of the pro cessors. In applications whic h require frequen t shared memory accesses (Cholesky and Neuro) this ratio reac hes ab out 45% with 16 pro cessors. Figure 11 sho ws the net w ork utilization ratio. In MP3D, W ater and Barnes- Hut, the ratio is 25%, 12% and 8% resp ectiv ely , and it is almost indep enden t from the n um b er of pro cessors. In these applications, net w ork congestion is not so sev ere, and p erformance is not degraded. On the other hand, in Cholesky , the utilization ratio is high and increases with the n um b er of pro cessors. Esp ecially when the n um b er of pro cessors is bigger than thirteen, net w ork utilization is m uc h increased. This degrades the sp eedup ratio in this application. One of the reason is the sync hronization whic h is used, task queue only in Cholesky . The task queue is implemen ted with lo ck and unlo ck whic h uses a F etc h& Dec op eration to a shared v ariable. Since the F etc h & Dec op eration cannot b e com bined, the task queue causes a lot of pac k et con icts whic h increases the the utilization ratio due to re- transmitted pac k ets. Although there are a lot of con icting pac k ets in Neuro, the net w ork utilization ratio is not as high as Cholesky . This comes from the fact that the Neuro pro- gram b eha v es almost in the SIMD manner, and eac h pro cessor issues pac k ets almost at the same time in eac h iteration. F rom these results, it app ears that the p erformance of the SSS-TBSF c hip balances with the p erformance of the pro cessors in SNAIL. Although the la-

Fig. 11. The ratio of frame utilization for a pro cessor tency of the accessing shared v ariables is increased b y the net w ork congestion in some applications, the p erformance can still b e impro v ed b y the increasing the n um b er of pro cessors. Th us, the net w ork do es not form a b ottlenec k for the system. 4.3.3 E�e ct of pr efetch In SNAIL, the latency of the MIN can b e hidden using the prefetc h op eration. In Jacobi , eac h pro cessor reads a v ector elemen t stored in the shared mem- ory and rep eatedly m ultiplies it with a matrix elemen t in the lo cal memory . Using the prefetc h op eration, the read request for the \i+1"th elemen t can b e issued b efore the calculation of the \i"th elemen t. Figure 12 sho ws the p erfor- mance impro v emen t with suc h a prefetc h op eration. F rom 5-10% p erformance impro v emen t can b e ac hiev ed. Ho w ev er, in order to use the prefetc h op eration, the program m ust b e rewrit- ten so as to refer to prefetc h registers. Since SNAIL pro vides only t w o prefetc h registers, it w as di�cult to rewrite other programs that use more complicated data structure. Because address translation to use prefetc h registers is re- quired, the o v erhead of the translation often decreases the p erformance. The prefetc h mec hanism of SNAIL should b e impro v ed so as to handle large-sized of data, suc h as a cac he line. 4.3.4 E�e ct of message c ombining Figure 13 sho ws the ratio of com bined pac k ets to all pac k ets. The com bine ratio is not so large(less than 4%) in these applications except in Cholesky , where

Fig. 12. Sp eedup ratio with the Prefetc h Op eration (Jacobi) Fig. 13. The ratio of Com bined pac k ets to all pac k ets the com bine ratio increases with the n um b er of pro cessors. This comes from the frequen t access and high con icting ratio in Cholesky . Ho w ev er, almost no impro v emen t of execution time is observ ed in all applications ev en with 16 pro cessors. Although a lot of pac k ets are com bined in Cholesky , most of them are for busy w aiting in the task queue. Com bining suc h pac k ets do es not impro v e the p erformance since a w aiting pro cessor cannot go to the next step un til the last pro cessor has �nished its job. As a result, com bining in SNAIL do es not impro v e practical applications. This mec hanism will b e e�ectiv e in systems with more pro cessors.

T able 4 Execution time(sec) Cholesky Barnes-Hat MP3D W ater Neuro P ersonal Computer 1 0.053 0.540 0.026 0.700 0.025 GM( 3 ) 43.90 99.40 6.10 18.30 22.000 SNAIL 2 LM( 4 ) | 5 83.90 3.52 14.12 19.50 1 P en tiumI I 400MHz with RedHat Lin ux 5.0 2 SNAIL with 1 pro cessor 3 Shared data is put in shared memory 4 Shared data is put in lo cal memory 5 LM is to o small to hold all the data 4.3.5 A bsolute p erformanc e of SNAIL The purp ose of SNAIL is to ev aluate the p erformance of the SSS-MIN, mes- sage com bining and prefetc h mec hanism. In the previous ev aluation, the p er- formance is sho wn in comparison with a single pro cessor of SNAIL. Ho w ev er, ev en with a single pro cessor, global v ariables are stored in the shared memory and the o v erhead of the net w ork latency is included. In order to exclude suc h o v erhead, w e lo cated all shared v ariables in the lo cal SRAM, and measured the execution time. T able 4 sho ws the ev aluation results. As men tioned in sec- tion 3, a high sp eed SRAM is used in SNAIL and it can b e accessed without an y w ait cycles. Therefore, the execution time using lo cal memory (LM in the table) corresp onds to the p erformance of an ordinary unipro cessor with a large secondary cac he. T o examine the e�ects of TBSF, w e also execute programs whose shared data are put in lo cal memory . As a result, the o v erhead using TBSF is b et w een 13% and 20% except with MP3D whic h requires a large amoun t of global data access. T able 4 also sho ws the execution time with a recen t p ersonal computer (a PC with a P en tium I I). Since SNAIL w as dev elop ed in 1994 and the pro cessor used in SNAIL is three generations old, the absolute p erformance of SNAIL is extremely lo w from the curren t p oin t of view. 5 P erformance with an op erating system 5.1 A light-weight single job op er ating system EULASH Although the p erformance without an op erating system is ev aluated in the ab o v e section, an op erating system is required for common users, and its

(a) mo del for user (b) restructured mo del Fig. 14. programming mo dels p erformance is essen tial. Since SNAIL is a bac k-end mac hine whic h is used b y a single user, w e dev elop ed a ligh t w eigh t op erating system for a single- user/single-job. This op erating system, called EULASH[20], can mak e the b est use of t w o t yp es of memory: lo cal and shared memory , and supp orts a simple but p o w erful programming/execution mo del. In the EULASH en vironmen t, a programmer describ es an application program in a manner similar to the m ulti-thread library of Mac h or the C-thread library of the UNIX op erating system. The programmer is not required to handle the data allo cation nor the structure of the target m ultipro cessor. The EULASH en vironmen t also p ermits the programmer to sp ecify detailed functions suc h as v ariable lo cations, thread grouping, and p olicy of thread con text switc hing. In order to minimize the loss of thread switc hing and reference of the shared memory with a large latency , the relationship b et w een threads and v ariables is statically analyzed. Threads describ ed b y the programmer are gathered to mak e pr o c esses . In EULASH, a pr o c ess is a virtual pro cessor whic h usually corresp onds to a real pro cessor whic h is mapp ed statically . The n um b er of pro cesses is not equal to that of pro cessors only when the n um b er of pro cessors in the target m ultipro cessor is c hanged with partitioning or system faults. As a result, the simple user programming mo del sho wn in Figure 14(a) is restructured as sho wn in Figure 14(b). In order to hide the latency caused b y referring v ariables, EULASH classi�es a v ariable in to three t yp es: lo cal, shared, and mobile. These t yp es are also decided at compile time so as to mak e the b est use of high sp eed lo cal memory . The optimized and restructured program is executed on the EULASH k er- nel whic h supp orts quic k thread/pro cess managemen t and virtual memory systems. Based on the t yp e of v ariables, the appropriate run-time library is

Fig. 15. General Flo w of the EULASH system Fig. 16. Sp eed up ratio called when the v ariables are accessed. Figure 15 sho ws a o w diagram of the execution of a parallel program on the EULASH. 5.2 Performanc e evaluation with EULASH Figure 16 sho ws the sp eed up ratio of Jacobi whic h solv es sim ultaneous equa- tions with Jacobi’s metho d. In this �gure, \Shared" is the case where all v ariables are lo cated in the shared memory as shared t yp e, \Shared+Lo cal" is the case where a part of the v ariables are con v erted to lo cal v ariables b y the EULASH compiler (In this case, mobile t yp e is not used). Here, \WithoutOS" sho ws the execution time without the EULASH k ernel. Figure 16 sho ws that the di�erence b et w een cases with and without the EU- LASH k ernel is only 5% when the EULASH compiler optimizes the allo cation of v ariables so as to mak e the b est use of lo cal memory . It also demonstrates that the o v erhead of the EULASH k ernel is quite small.

6 Conclusion The design, implemen tation and ev aluation results of a protot yp e m ultipro- cessor SNAIL w ere presen ted. Through ev aluations, it app ears that the p erformance of the SSS-TBSF c hip balances with the p erformance of pro cessors in SNAIL. Although the latency of the accessing shared v ariables is increased b y the net w ork congestion with 16 pro cessors, the net w ork do es not form a b ottlenec k of the system in an y real applications. Ev en with a simple op erating system, the p erformance degrada- tion is quite small if the compiler allo cates v ariables in the lo cal memory as p ossible. On the other hand, the message com bining mec hanism and prefetc h mec hanism in SNAIL did not con tribute m uc h the p erformance impro v emen t. The prefetc h mec hanism in SNAIL m ust b e mo di�ed so as to a v oid the o v er- head of address transform for accessing prefetc h bu�ers. In SNAIL, the mes- sage com bining mec hanism w orks a little when the n um b er of pro cessors is large. Therefore, it will impro v e the p erformance in a system with more pro- cessors. Most of the results here come from the fact that the p erformance of the pro- cessor used in SNAIL (68040) is not v ery high and system size is limited (16 pro cessors). When more recen t high sp eed RISC pro cessors are used, the SSS-TBSF c hip used in SNAIL ma y cause p erformance degradation. T o cop e with suc h adv anced situations, w e ha v e dev elop ed a next v ersion SSS-MIN c hip called the SSS-PBSF(Piled Ban y an Switc hing F abrics) c hip[8,10]. In tro- ducing three dimensional structure and adv anced pro cesses (0.5 � CMOS), it supp orts m uc h larger bandwidth and w orks at 90MHz. W e also dev elop ed a net w ork c hip dedicated to cac he coheren t con trol called the MINC c hip[9,12]. Using these c hips, w e are no w dev eloping the next generation protot yp e called SNAIL-2. References [1] H. Amano and K. Ga y e. A Batc her double omega net w ork with com bining. In Pr o c. of Internatinal Confer enc e on Par al lel Pr o c essing , Aug. 1991. [2] H. Amano, L. Zhou, and K. Ga y e. SSS(Simple Serial Sync hronized) - MIN: a no v el m ulti stage in terconnection arc hitecture for m ultipro cessors. In Pr o c. of the IFIP 12th World Computer Congr ess , v olume I, pages 571{577, Sep. 1992. [3] G. Bro omell and J. R. Heath. Classi�cation categories and historical dev elopmen t of circuit switc hing top ologies. A CM Computing Surveys , 15(2), Jan. 1983.

[4] C. Clos. A study of non-blo c king switc hing net w orks. Bel l System T e ch. J. , 32(2), Mar. 1953. [5] S. R. Dic k ey and R. Kenner. Com bining switc hes for the NYU ultracomputer. In Pr o c. on IEEE F r ontiers to Massively Par al lel Pr o c essing , pages 521|523, No v. 1992. [6] K. Ga y e and H. Amano. A Batc her double omega net w ork with com bining. IECIE T r ansaction on information & systems , E75-D(3):307{314, 1992. [7] 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 parallel computer. IEEE T r ansaction on Computer , c-32(2), F eb. 1983. [8] T. Hana w a, H. Amano, and Y. F ujik a w a. Multistage in terconnection net w orks with m ultiple outlets. In Pr o c. of the International Confer enc e on Par al lel Pr o c essing , pages I 1{8, Sep. 1992. [9] T. Hana w a, T. Kamei, H. Y asuk a w a, K. Nishim ura, and H. Amano. MINC: Multistage in tefconneciton net w ork with cac he con trol mec hanism. IEICE T r ansaction on Information & Systems , E80-D(9):863{870, Sep. 1997. [10] T. Kamei, M. Sasahara, and H. Amano. An LSI implemenation of the simple serial sync hronized m ultistage in terconnection net w ork. In Pr o c. of Asian South Paci�c Design A utomation Confer enc e , pages 671{672, Jan. 1997. [11] D. H. La wrie. Access and alignmen t of data in an arra y pro cessor. IEEE T r ansaction on Computer , c-24(12), Dec. 1985. [12] T. Midorik a w a, T. Kamei, T. Hana w a, and H. Amano. The MINC c hip. In Pr o c. of Asian South Paci�c Design A utomation Confer enc e , pages 337{338, F eb. 1998. [13] M. J. Narasimha. The Batc her-Ban y an self-routing net w ork: Univ ersalit y and simpli�cation. IEEE T r ansaction on Communic ation , 36(10):1175{1178, Oct. 1988. [14] H. Sak amoto, T. Masaki, H. Inoue, and H. Amano. Con�guration and ev aluation of self routing switc hes. IN88 , (8), Jan. 1988. (in Japanese). [15] M. Sasahara and et.al. SNAIL: a m ultipro cessor based on the Simple Serial Sync hronized Multistage In terconnection Net w ork arc hitecture. In Pr o c. of the International Confer enc e on Par al lel Pr o c essing , pages I 110{117, Aug. 1994. [16] M. Sasahara, J. T erada, J. Y amato, T. Hana w a, and H. Amano. SNAIL: a m ultipro cessor based on the simple serial sync hronized m ultistage in terconnection net w ork. IPSJ , 36(7):1640{1651, Jul. 1995. (in Japanese). [17] Jaswinder P al Singh, W olf-Dietric h W eb er, and Ano op Gupta. SPLASH: Stanford parallel applications for shared-memory . In Computer A r chite ctur e News , v olume 20, pages 5{33, Mar. 1992.

[18] Y. T ak efuji. Neur al Network Par al lel Computing . Klu w er Academic Publishers, Jan. 1992. [19] F. A. T obagi and T. Kw ok. The tandem ban y an switc hing fabric: a simple high-p erformance fast pac k et switc h. In Pr o c. INF OCOM91 , Apr. 1991. [20] J. Y amamoto, D. Hattori, J. Y amato, T. T okuy oshi, Y. Y amaguc hi, and H. Amano. A prepro cessing system of the eulash: an en vironmen t for e�cien t use of m ultipro cessors with lo cal memory . In Pr o c. of IASTED/ISMM International Confer enc e on Par al lel and Distribute d Computing and Systems , pages 68{71, Oct. 1995.