THE EV ALUA TION OF MBP CORE AR CHITECTURE F OR JUMP-1 KEN-ICHIR O ANJO y INOUE HIR O AKI y JUN T ANABE y MITSUR U SA TOH z HIDEHAR U AMANO y KEI HIRAKI yy y Keio Univ ersit y z F ujitsu Lab oratories L TD yy The Univ ersit y of T oky o 3-14-1 Hiy oshi, Kouhoku, Y ok ohama, Kanaga w a, Japan 223 TEL:+81-45-560-1063, F AX:+81-45-560-1064 e-mail: m bp@aa.cs.k eio.ac.jp Abstract A massiv ely parallel pro cessor JUMP-1 has b een dev elop ed for building an e�cien t cac he coheren t- distributed shared memory on a large system with thousands of pro cessors. In this pap er, w e ev aluate bu�er-r e gister ar chite ctur e adopted b y the core pro ces- sor in the Memory Based Pro cessor(MBP)-ligh t whic h manages the distributed shared memory on JUMP-1. It can manage the distributed shared memory with a smaller amoun t of hardw are more e�cien tly than the case using 32bit RISC pro cessor as a core pro cessor. Keyw ords: JUMP-1, MBP-light, bu�er-r e gister ar chite ctur e 1 INTR ODUCTION Cac he Coheren t Non-Uniform Memory Access ma- c hine (CC-NUMA) is one of hop eful candidates for fu- ture common high p erformance mac hines. Unlik e bus- connected m ultipro cessors, the system p erformance can b e enhanced scalable to the n um b er of pro ces- sors. Moreo v er, parallel programs dev elop ed in small m ultipro cessors can b e transp orted easily . A n um b er of CC-NUMA systems ha v e b een dev el- op ed: Stanford D ASH[1] / FLASH[2], MIT Alewife[3], SGI Origin2000[4] and the Sequen t NUMA-Q[5] are represen tativ e. Although suc h systems w ork e�cien t- ly with tens or h undreds of pro cessors, a large amoun t of memory and hardw are are required to manage dis- tributed shared memory (DSM) in case that thousands of pro cessors are connected. JUMP-1 is a protot yp e of a massiv ely parallel pro- cessor with cac he coheren t-DSM dev elop ed b y collab o- ration of 7 Japanese univ ersities[6]. The ma jor goal of this pro ject is to establish tec hniques required to build an e�cien t DSM on a massiv ely parallel pro cessor. A lot of no v el tec hniques are in tro duced in the DSM of JUMP-1 for this purp ose. In order to satisfy b oth high degree of p erformance and exibilit y , a dedicated pro cessor called Memory Based Pro cessor(MBP)-ligh t is prop osed to manage the DSM of JUMP-1. MBP- ligh t consists of a simple pro cessor core and hardwired con trollers whic h manage memory systems, bus and net w ork pac k ets. In this pap er, a core pro cessor of MBP-ligh t is main- ly describ ed and ev aluated. Although it is based on a simple 16-bit RISC pro cessor, it can handle pac k- ets e�cien tly b y using a sp ecial instruction set called bu�er-r e gister ar chite ctur e . In Section 2, the structure of JUMP-1 is in tro duced. The arc hitecture of MBP- ligh t and its core pro cessor are describ ed in Section 3, and ev aluation results are presen ted in Section 4. 2 A MASSIVEL Y P ARALLEL PR OCESSOR { JUMP-1 { JUMP-1 consists of 256 clusters connected eac h oth- er with an in terconnection net w ork called RDT (Re- cursiv e Diagonal T orus)[7]. RDT includes b oth torus and a kind of fat tree structure with recursiv ely o v er- la y ed t w o-dimensional square diagonal tori structure. On the other hand, eac h cluster pro vides a high sp eed p oin t to p oin t I/O net w ork[8] connected with disks and high-de�nition video devices. FIGURE 1: THE STR UCTURE OF JUMP-1 CLUSTER Eac h cluster is a bus-connected m ultipro cessor, as sho wn in Figure 1, including four RISC pro cessors (Su- p erSP AR C+), MBP-ligh t whic h is directly connected to a cluster memory , and RDT router c hip for in ter- connection net w ork.

MBP-ligh t, the heart of JUMP-1, is a custom designed pro cessor whic h manages DSM, sync hronization, and pac k et handling. In traditional CC-NUMAs { D ASH / FLASH, Alewife and NUMA-Q {, the DSM is managed with a cac he line size, and data in other clusters is copied in to a cac he attac hed to eac h pro cessor. The consistency proto col is a simple in v alidation proto col, the in ter- connection net w ork is a simple mesh or ring, and the directory sc heme is based on one-to-one data transfer. Although suc h mec hanisms w ork e�cien tly in those systems with a limited n um b er of pro cessors, it is not suitable for a system with thousands of pro cessors. F or example, a large amoun t of memory for cac he and di- rectory is required. The in v alidation proto col based on one-to-one data transfer often causes a net w ork con- gestion when man y pro cessors share the same data. In order to address these problems, the follo wing metho ds are used in JUMP-1. 1) Eac h pro cessor (Sup erSP AR C+) shares a global virtual address space with t w o-stage TLB imple- men tation, and the directory is attac hed not to ev ery cac he line but to ev ery page, while the data transfer is p erformed b y a cac he line. Some part- s of cluster memory are a v ailable as L3 (Lev el- 3) cac he whic h stores the copies of other cluster memory . 2) V arious t yp es of cac he coherence proto cols can b e utilized, including not only in v alidate t yp e proto- cols but also up date t yp e proto cols for applica- tions whic h require frequen t data exc hange. 3) Reduced Hierarc hical Bitmap Directory sc hemes (RHBDs) are in tro duced[9] for e�cien t directory managemen t. 4) Eac h pro cessor pro vides a custom sophisticated sno op cac he as the L2 cac he. V arious cac he pro- to cols including cac he injection are supp orted b y this c hip. A relaxed consistency mo del is imple- men ted using write bu�ers in the L2 cac he[10]. The detail sc heme of distributed shared memory managemen t for JUMP-1 is describ ed in [11]. 3 THE STR UCTURE OF MBP-LIGHT 3.1 THE DESIGN POLICIES The follo wing design p olicies are adopted. 1) Generation and collection of ac kno wledgemen t pac k ets are managed with a dedicated hardwired logic. Another custom logic is pro vided for the tag c hec king in the cluster memory . 2) The proto col pro cesses require a complicated large hardwired logics. Therefore, a simple 16bit core pro cessor (MBP Core) is adopted to reduce the amoun t of total hardw are. Although the core pro cessor is simple, a pac k et can b e pro cessed quic kly b y in tro ducing the bu�er-r e gister ar chi- te ctur e whic h can treat pac k et bu�ers as sp ecial 68-bit registers. FIGURE 2: THE WHOLE STR UCTURE OF MBP-LIGHT Figure 2 sho ws the structure of MBP-ligh t dep end- ing on ab o v e p olicies. MBP-ligh t consists of three mo dules: RDT In terface for treating net w ork pac k ets, MMC (Main Memory Con troller) whic h con trols the cluster memory and cluster bus, and MBP Core pro- cessor. RDT In terface and MMC pro vide their o wn hardwired con troller, and w ork indep enden tly from MBP Core. 3.2 MBP CORE Since jobs to b e pro cessed quic kly are mostly managed b y the hardwired logic in RDT In terface and MMC, MBP Core only pro cesses a complicated part of the DSM proto col. It mainly deco des a receiv ed pac k et, accesses a table, transforms the accessed address, and generates a sending pac k et. A header of a pac k et in JUMP-1 is sometimes complicated and o ccupies sev- eral its of the pac k et. Also, tags included in data its of a pac k et are related with a proto col con trol. There- fore, it is con v enien t to treat all pac k et bu�ers as a register. Since a width of pac k et bu�ers is 68-bit, it requires an enormous hardw are to treat suc h bu�ers as common general purp ose registers in the pro cessor. T o solv e this problem, MBP Core pro vides 16 G- PRs (General Purp ose Registers) in 16bit width and 112 PBRs (P ac k et Bu�er Registers) of 68bit width. The PBR is indicated b y the con ten t of the GPR, and accessed in the pro cessor pip eline as a common regis- ter. While data transfer b et w een PBRs as w ell as nor- mal op erations are allo w ed, the con ten t of the PBRs is transferred directly as a pac k et from/to MMC or RDT In terface. As op erations are mainly done b et w een suc h pac k et bu�ers and registers, w e call this structure the bu�er-r e gister ar chite ctur e . As an example of this ar- c hitecture, the add op eration b et w een GPR and PBR ( i.e. ADDPG R1 R2(0) ) is sho wn in Figure 3. FIGURE 3: THE ADD OPERA TION BETWEEN GPR AND PBR MBP Core consists of a pip eline with four stages treating 21-bit instructions and 16-bit data. 21-bit � 64K lo cal memory whic h stores instructions and lo cal data is connected. MBP Core tak es the I/O mapp ed approac h, and another 64K address is pro vided for I/O devices including ST AFF-Links and dedicated hard- w are for the barrier op eration. The cluster memory and the tag memory are also accessed b y using the PBR. MBP Core also pro vides the 16-bit � 256 in ternal memory whic h is used for the table jump and storing bitmaps of ac kno wledge pac k ets. 4 A PERF ORMANCE EV ALUA TION Here, the bu�er-r e gister ar chite ctur e prop osed as a core arc hitecure is ev aluated in detail. W e ev aluate MBP Core with a famous 32bit RISC pro cessor called DLX . The PBRs used in MBP Core are divided in to t w o in ternal memory mo dules for RDT In terface and MMC resp ectiv ely . W e assume that the pac k et handling of RDT In terface or MMC are pro cessed b y hardw are attac hed to those in ternal memory as w ell as MBP- ligh t. 4.1 PR OTOCOL PR OCESSING TIME T able 1 sho ws comparison results using the practical program whic h manages DSM. T ABLE 1: PR OCESSING TIME F OR V ARIOUS PRIMITIVES T yp e Home MBP( � s) DLX( � s) Read Miss V alid 5.9 7.0 Read Miss In v alid 14 17 In v alidate V alid 11 13 In order to compare the core structure including the instruction set, an access time to cluster memory and a loss of DLX v ersion whic h ma y b e caused b y com- m unication with MMC and RDT In terface are omit- ted. Here, w e assumed that b oth pro cessors w ork at 50 MHz. MBP Core v ersion w orks ab out 20 % faster than the DLX v ersion. This sho ws adv an tages of MBP Core v ersion o v ercomes the loss caused b y short (16bit) data width. 4.2 INSTR UCTION MIX In order to demonstrate the e�ciency of MBP Core arc hitecture, the instruction mix in 8 clusters is ana- lyzed b y some applications of SPLASH-2. FIGURE 4: THE INSTR UCTION MIX As sho wn in Figure 4, instructions related to bu�er- register arc hitecture are WPG, MPP and BPI. The total ratio of those classes is 29.7%. This result sho ws that instructions for the bu�er-register arc hitecture adopted b y MBP Core are e�cien tly used. 4.3 HARD W ARE AMOUNT Here, the critical path and n um b er of gates are ev alu- ated as sho wn in T able 2.

T ABLE 2: CRITICAL P A TH AND GA TE NUMBERS Core P art Critical P ath (ns) Gates MBP Core 12.7 22,973 DLX 13.3 27,405 (Gates used for connections b et w een MMC and RDT In terface are excluded in b oth designs.) The critical path of MBP Core is shorter than that of DLX as only 16-bit op eration is required. Reuired gates in MBP Core is 20 % smaller than those for DLX. F rom these ev aluations, the bu�er-r e gister ar chite ctur e of MBP Core ac hiev es a high p erformance with a small n um b er of gates compared with a common 32-bit RISC pro cessor. The design of DLX v ersion do es not consid- er the in terrupt and exception pro cessing unit. If they are considered, the di�erence of gates requiremen t will b e increased. Finally , w e sho w the la y out picture of MBP-ligh t in Figure 5. FIGURE 5: THE LA YOUT OF MBP-LIGHT 5 CONCLUSION A dedicated pro cessor called MBP-ligh t for manage- men t of the DSM in JUMP-1 is in tro duced and its core pro cessor arc hitecture is ev aluated. While the jobs whic h require quic k op erations are implemen ted in the hardwired logic, a simple 16-bit RISC pro cessor called bu�er-r e gister ar chite ctur e is adopted in MBP- ligh t. Compared with the critical path, the n um b er of gates and proto col pro cessing time, MBP Core is ad- v an tageous compared with an educational 32-bit RISC pro cessor (DLX). No w, a cluster of JUMP-1 with MBP-ligh t c hip, four pro cessors and L2 cac he is a v ailable. The protot yp e of JUMP-1 with 64 pro cessors is sc heduled to b e a v ailable within this y ear. 6 A CKNO WLEDGMENTS The authors w ould lik e to express their sincere grat- itude to the mem b ers of the Join t-Univ ersit y pro ject for their v aluable advises and discussions. The authors also express their thanks to Men tor Graphics Japan for supp orting design to ols. A part of this researc h w as supp orted b y the Gran t-in-Aid for Scien ti�c Researc h on Priorit y Areas, #04235130, from the Ministry of Education, Science and Culture. This researc h is also supp orted b y P ar- allel and Distributed system Consosium. References [1] D. Lenoski et. al., \The Stanford D ASH Multi- pro cessor," IEEE Computer , 25 , pp.63{79, 1992. [2] J. Kuskin et. al., \The Stanford FLASH Multi- pro cessor," The 21st ISCA , 1994, pp.302{313 [3] D. Chaik en and A. Agarw al, Soft w are-Extended Coheren t Shared Memory: P erformance and Cost, The 21st ISCA , 1994, pp.314{324 [4] J. Laudon and D. Lenoski, The SGI Origin: A ccNUMA Highly Scalable Serv er The 24th ISCA , 1997 [5] T. Lo v ett and R. Clapp, STiNG: A CC-NUMA Computer System for the Commercial Mark et- place, The 23r d ISCA , 1996, pp.308{317 [6] K. Hiraki et. al., Ov erview of the jump-1, an mpp protot yp e for general-purp ose parallel computa- tions, Int. Symp osium on Par al lel A r chite ctur es, A lgorithms and Networks , 1994, pp.427{434 [7] Y.Y ang et. al., Recursiv e Diagonal T orus: An in- terconnection net w ork for massiv ely parallel com- puters, Int. Symp osium on Par al lel and Distribut- e d Pr o c essing , 1993, pp.591-594 [8] H. Nak a jo et. al., An I/O Net w ork Arc hitecture of the Distributed Shared-Memory Massiv ely P aral- lel Computer JUMP-1, Int. Symp osium on Sup er- c omputer , 1997 [9] T. Kudoh et. al., Hierarc hical bit-map directory sc hemes on the RDT in terconnection net w ork for a massiv ely parallel pro cessor JUMP-1, Int. Con- fer enc e on Par al lel Pr o c essing , 1995, pp.I-186{I- 193 [10] M. Goshima et. al., The In telligen t Cac he Con- troller of a Massiv ely P arallel Pro cessor JUMP- 1, Innovative A r chite ctur e for F utur e Gener ation High-Performanc e Pr o c essors and Systems , 1997, pp.116{124 [11] T. Matsumoto et. al., Distributed Shared Memo- ry Arc hitecture for JUMP-1: A General-Purp ose MPP Protot yp e, International Symp osium on Par al lel A r chite ctur es, A lgorithms and Network- s , 1996, pp.131{137