A CUSTOM PR OCESSOR F OR THE MUL TIPR OCESSOR SYSTEM ASCA T ak ashi F ujiw ara � Katsuto Sak amoto � T ak ahiro Ka w aguc hi � Keisuke Iw ai � Hideharu Amano � � Departmen t of Computer Science, Keio Universit y 3-14-1, Hiyoshi Y ok ohama 223-8522 Japan. � Hitac hi, Ltd. Soft w are Dev elopmen t Cen ter 5030, T otsuk ac ho, T otsuk aku, Y ok ohama, 223 Japan. f fujiw ara,sak amoto,k a w aguti,iw ai,h unga g @aa.cs.k eio.ac.jp Abstract In this pap er, a custom micropro cessor MAPLE (Mul- tipro cessor system ASCA Pro cessing eLEment) which is the constituen t elemen t for the multiprocessor sys- tem ASCA is prop osed and designed. MAPLE core and the barrier unit hav e b een de- signed with V erilog HDL. F rom the syn thesis result of the mo dule using 0.4 �m CMOS, maxim um frequency of MAPLE core w orks o v er 50MHz and the amount of gates is approximately 185,000. KEYW ORDS \m ultiprocessor", \micropro cessor",\m ulti-grain par- alleizing sc heme" 1 INTR ODUCTION Although it is easy to enhance the p eak p erformance of the multiprocessor, it is di�cult to exploit e�ectiv e p erformance for users without the supp ort of the auto- matic parallelizing compiler and sc heduler. How ev er, parallelizing soft w are including compilers and sched- ulers ha v e b een tailored for existing multiprocessors, and it prev en ts an ep o ch-making p erformance improv e- men t. The m ultipro cessor system ASCA (Adv anced Sc hedul- ing orien ted Computer Arc hitecture) is prop osed based on the idea that not the parallelizing soft w are is tai- lored for mac hines, but the multiprocessor system should b e designed to mak e the b est use of parallelizing soft- w are. ASCA adopts a multi-grain parallelizing compila- tion scheme[1] whic h can exploit parallelism of the user program at v arious levels: coarse-grain parallelism, medium- grain parallelism and near-�ne-grain parallelism. MAPLE is designed mainly for exploiting near-�ne-grain paral- lelism. Since near-�ne-grain parallelizing compilation requires a precise static sc heduling among op erations, uncertain b eha vior of MAPLE must b e completely ex- cluded. First, MAPLE has a simple structure for supp ort- ing compiler. MAPLE implements an extended in- struction set arc hitecture of DLX for m ultipro cessor system ASCA. Fiv e-stage pip eline structure of MAPLE is designed to execute every op eration in a �xed num- b er of clo c ks. Complicated enhancemen t tec hniques which introduce uncertain factors suc h as dynamic hard- ware branch prediction and out-of-order issue are ex- cluded. Second, a soft w are controlled cac he sc heme is used to eliminate the uncertaint y factor of hit/miss-hit which o ccurs on a general hardw are controlled cache scheme. In this sc heme, load and replacement of lines are mainly controlled by the softw are, and the cache alwa ys hits except under sp ecial cases. Using this scheme and an intelligen t automatic compiler, MAPLE requires few synchronizations in a macro task at the near-�ne-grain parallelizing sc heme. Finally , sp ecial op erations of ASCA related to data transfer and barrier are designed. MAPLE can trans- fer data b et w een registers across the net w ork and syn- chronize at high sp eed among pro cessing elemen ts in the pro cessing cluster. In this pap er, a dedicated custom pro cessor MAPLE (Multipro cessor system ASCA Pro cessing eLEment) is prop osed as an elemen t pro cessor of ASCA. In the section 2, multi-grain parallelizing compilation scheme and ASCA are introduced. In the section 3, the arc hi- tecture of MAPLE is prop osed. In the section 4, the initial ev aluation results are presen ted. 2 MUL TIPR OCESSOR SYSTEM ASCA A m ulti-grain parallelizing compilation sc heme[1] is hop e- ful sc heme to exploit v arious level of parallelism in a program: coarse-grain parallelism (macro-data ow computation), medium-grain parallelism (lo op-lev el par- allelism) which is used in most of the current compilers, and near-�ne-grain parallelism (statemen t level paral- lelism). Although this sc heme is useful for v arious multipro- cessors, the maxim um p erformance will b e obtained on a dedicated m ultipro cessor architecture whose pro ces- sor, memory system and in terconnection netw ork are tailored for the scheme. F or example, if the b ehav- 1 ior of a multiprocessor is completely predictable, the compiler can p erfectly schedule at compile-time. It can also remov e explicit sync hronization for near-�ne-grain parallel pro cessing in the basic blo c k. F or this purp ose, w e prop ose a m ultipro cessor system ASCA(Adv anced Sc heduling orien ted Computer Architecture) for e�- cien t execution of multi-grain parallelizing scheme. Figure 1 shows the conceptual structure of ASCA. Figure 1: MUL TIPR OCESSOR SYSTEM ASCA ASCA consists of pro cessing clusters (PCs) and a cen tralized shared memory (CSM) to store shared v ari- ables. PC includes four or eigh t pro cessing elements (PEs), and connected with a no v el interconnection net- w ork called Recursive Clos (R-Clos). R-Clos is a hier- arc hically extended Clos net w ork with extra interme- diate stages, and can em ulate hierarchical m ulti-bus mo del easily . The compiler can predict pac k et con- icts at compile-time and optimize comm unication b y static sc heduling using R-Clos net w ork. PE consists of a custom micropro cessor, distributed shared memory (DSM), lo cal memory(LM) and con- trollers for them(Figure 2). 3 CUSTOM MICR OPR OCESSOR MAPLE F or near-�ne-grain parallel pro cessing in the m ulti- grain parallelizing compilation sc heme, the b ehavior of a pro cessor m ust b e p erfectly predicted, and sched- uled at compile-time. How ev er, it is di�cult in the curren t pro cessors run-time uncertain factors, suc h as latencies dep ending on the op eration and data size, dynamic hardw are branch prediction and sp eculativ e execution. Moreo v er, in most pro cessors, pip eline in- terlo c k caused b y the cache miss hit prev en ts the static sc heduling. Since the near-�ne-grain parallelizing com- pilation requires a precise static scheduling b etw een statemen ts, uncertain b ehaviors men tioned ab ov e m ust Figure 2: PE BLOCK DIAGRAM b e completely excluded. T o address this problem, w e prop ose and design a custom micropro cessor MAPLE (Multipro cessor system ASCA Pro cessing eLEment). 3.1 MAPLE As sho wn in Figure 3, MAPLE consists of three units: core unit, barrier unit and cac he unit. Figure 3: MAPLE BLOCK DIA GRAM 3.1.1 MAPLE CORE MAPLE core is a 32-bit RISC pro cessor which pro vides a simple structure with highly predictable op erations. Its instruction set is an extension of that of DLX[2]. Five-stage pip eline structure of MAPLE is designed to execute ev ery op eration in a �xed num b er of clo cks. Pip eline provides data forw arding considering out-of- order execution and completion which b e predictable. A oating-p oin t execution unit includes 32-bit IEEE std 754-1985 oating-p oin t unit. There are 32 in teger registers and 32 oating p oin t registers. F urthermore 16 (in 8 PEs/PC) 32-bit receive registers for data trans- 2 fer b etw een PEs are provided. The primary on-chip cac he is 32KByte. MAPLE provides sp ecial instructions for m ultipro- cessor system ASCA. The quick data transfer op era- tions and synchronization op erations. The fast data transfer op erations are classi�ed in to t w o t yp es: b et w een DSMs op erations and b etw een reg- isters op erations. When MAPLE executes a transfer op eration b etw een DSMs, data transfer command is issued to the DMA con troller. DMA controller trans- fers data on the DSM of source PE to the DSM of destination PE indep endently from the core op eration. The destination PE c hec ks the ag on the lo cal DSM whether data transfer is completed. In this type, the DMA can exploit a high bandwidth of the netw ork in- dep enden tly from the core pro cessor, while it tak es a certain time for setting up. Thus, it is suitable for a large data transfer. On the other hand, op eration b et w een registers are suitable for one w ord transfer used in the near-�ne- grain parallelizing. In these op erations, a sp ecial reg- ister called the receiv e register is used. The register is directly connected to MAPLE pip eline ID stage, and when the source pro cessor executes a transfer op era- tion b et w een registers, data is directly sent out from the MEM stage of the pip eline. The transferred data is also directly receiv ed by a receive register of destina- tion pro cessor. It is necessary to detect the ag on re- ceiv e register, when the destination pro cessor w an ts to use transferred data. If the ag is not set, the pip eline of receiving pro cessor stalls. As so on as the ag is set, the pip eline stall is cancelled and receiving pro ces- sor can use the transferred data in the receiv e register. Figure 4 illustrates the data transfer b etw een registers. Figure 4: DA T A TRANSFER BETWEEN REGIS- TERS A CR OSS THE NETW ORK Since the receive register is em b edded within the c hip, the size is restricted. In the �rst prototype, the size is only one word. Ho w ev er, since most of data transfer size b et w een PEs in near-�ne-grain paralleliz- ing is one word, the p erformance degradation caused b y this restriction is not so large. 3.1.2 BARRIER UNIT MAPLE pro vides barrier op erations for quic k sync hro- nizations. F or exible sync hronization, a group barrier b et w een PEs in a PC is implemented. Figure 5 shows the structure of barrier unit. Figure 5: BARRIER UNIT When MAPLE core executes a group barrier op er- ation, �rst the core sets the mask register in barrier unit to indicate whic h PEs will b e sync hronized. Then the core signals 1-bit barrier information to barrier bus, and the pip eline stalls. The barrier unit latc hes barrier information of other PEs in the status register. The unit compares the mask register with the status reg- ister, and if they are matched, the MAPLE pip eline resumes op erations. Since the barrier unit is imple- mented inside the chip, barrier op eration completes with a cycle o v erhead. 3.1.3 CA CHE UNIT MAPLE cache system adopts a large soft w are cache which excludes the uncertain factor on the hit/miss-hit of the hardware cac he. In this cac he, the loading and replacing of the line are mainly con trolled by the soft- ware, and the cache alwa ys hits except sp ecial cases. As sho wn in Figure 6, a soft w are cache is managed b oth b y its dedicated con troller and an intelligen t con- troller called DTC(Data T ransfer Con troller). DTC provides 3-stage pip eline and executes its own instruc- tion generated at the compile-time. The instruction has information of when and where the data m ust b e transferred. DTC executes DTC instructions b efore the MAPLE core requests the data. If DTC instruc- tion is data transfer op eration, it sends a request to the softw are cache con troller. Although the loading and replacing data are triggered b y an DTC instruc- tion, the op eration itself is executed in the soft w are cache con troller. Once triggered, the soft w are cac he controller manages the data transfers b et w een mem- ory(DSM,CSM,LM) and cac he indep endently of the DTC. 3

Figure 6: SOFTW ARE CONTROL CA CHE Using this cache, synchronization op erations are not required in most tasks. Finally the m ultipro cessor executes a near-�ne-grain parallelizing scheme without sync hronization co de in a macro task [3]. Ho w ev er, all macro tasks can not b e p erfectly sched- uled data transfer at compile-time. F or this reason, MAPLE pro vides t w o cache control mo des. One is soft- w are controlled cac he mo de mentioned ab o v e, and the other is hardware controlled cache mo de. The hard- w are controlled cache mo de uses the general hardw are for cac he con trol. If the data mov emen ts run o� the predicted b ehavior, it is detected b y the soft w are cache con troller and informed to the MAPLE core. In this case, MAPLE changes the mo de of cac he in to the hard- w are controlled mo de. The mo de alternation triggers a write back op eration for maintain consistence b et w een data in cache and memory . After that, the hardware con trolled cac he causes cold miss hit lik e starting up. The mo de can b e c hanged explicitly b y the soft w are with executing a mo de c hange instruction. 4 EV ALUA TION MAPLE core and barrier unit hav e b een designed with V erilog-HDL. The cache unit is curren tly under dev el- opmen t. F rom the synthesis result of the mo dule using T oshiba ASIC TC203G library(0.4 �m CMOS), maxim um fre- quency of MAPLE core is more than 50MHz and the amoun t of gates is appro ximately 185,000. A total gates of MAPLE is estimated to b e appro ximately 400,000 (32KByte on-c hip cac he). With the assumption that MAPLE core runs at 50MHz, w e sim ulated the core with FFT program on Men tor Graphics Corp oration Quic k HDL. W e assume that load from on-chip cac he (32KByte) requires extra 1 cycle. Figure 7 shows the execution time of FFT with 2 10 . FFT program is compiled with no option using GCC. MAPLE core is of little di�erence in exe- cution time from the early sup erscalar pro cessor(HP- 7100, Sup erSP AR C, Hyp erSP AR C), b ecause the de- sign of MAPLE oating-p oin t unit lays more stress on sp eed than the amount of gates. Figure 7: FFT EXECUTION TIME 5 CONCLUSION In this pap er, w e prop osed and designed a custom mi- cropro cessor MAPLE for Multipro cessor system ASCA. The MAPLE, except for the cac he unit, has b een de- signed, and the cache unit is no w under dev elopmen t. MAPLE core and barrier unit appro ximately requires 185,000 gates. F rom the synthesis result of MAPLE core, it runs o v er 50MHz. The total amount of gates is appro ximately 400,000. ASCA equipp ed with MAPLE make the b est use of the multi-grain parallelizing compilation sc heme. 6 A CKNO WLEDGMENT The authors w ould lik e to express their sincere grati- tude to Mentor Graphics Japan for supp orting design to ols. References [1] Kasahara H., Honda H., and Narita S.,A Multi- Grain Parallelizing Compilation Sc heme for OS- CAR, Pr o c.4th Workshop on L anguages and Com- pilers for Par al lel Computing , 1991 [2] John L. Hennessy , and Da vid A. Patterson, COM- PUTER ARCHITECTURE A QUANTIT A TIVE APPRO A CH SECOND EDITION , Morgan Kauf- mann Publishers, 1996 [3] Ogata W., F ujimoto K., Oota M. and Kasahara H., Compilation Scheme for Near Fine Grain P ar- allel Pro cessing on a Multipro cessor System with- out Explicit Synchronization, Pr o c. IEEE Paci�c Rim Confer enc e on Communic ations, Computers, and Signal Pr o c essing , Ma y , 1995, 327-332 4