Pruning Cac he: A Dynamic Directory Generation Sc heme F or Distributed Shared Memory KA TSUNOBU NISHIMURA y TOMOHIR O KUDOH z HIR O AKI NISHI y HIDEHAR U AMANO y y Departmen t of Computer Science, Keio Univ ersit y 3-14-1 Hiy oshi, Kohoku-ku, Y ok ohama, Kanaga w a, 223-8522 JAP AN z Real W orld Computing P artnership 1-6-1 T ak ezono, Tsukuba, Ibaraki, 305 JAP AN Abstract | The pruning cac he directory metho d is prop osed for dynamic hierarc hical directory man- agemen t on large scale CC-NUMA systems in whic h a no de aggressiv ely shares data with other no des. By a com bination with Reduced Hierarc hical Bitmap Di- rectory (RHBD) metho d, dynamic directory is quic kly formed and managed with a small (ab out 5%) addi- tional hardw are. The result of a trace driv en sim ulation of a system with 64 pro cessors sho ws that more than 90% hit ratio can b e obtained with a small 2-w a y asso ciativ e pruning cac he with 32 en tries. F rom the probabilistic sim ula- tion of a large system, it app ears that the com bination of the pruning cac he and the RHBD ac hiev es b etter la- tency and bandwidth than those of traditional direc- tory managemen t metho ds based on 1-to-1 message passing. Key w ords | DSM, CC-NUMA, Cac he directory 1 In tro duction Cac he Coheren t Non Uniform Memory Access mo del (CC-NUMA) mac hines ha v e b een dev elop ed b y man y companies and univ ersities[2, 4, 8]. In these systems, an en try of cac he directory is asso- ciated with eac h cac he line, and in v alidation t yp e pro- to cols are commonly used. According to v arious sim u- lations and exp erimen ts using dev elop ed mac hines[4], it b ecomes clear that suc h sc hemes can ac hiev e high p erformance for mac hines with tens to h undreds of pro cessors. An en try of the directory sp eci�es pro cessors whic h share the data, and th us coherence main tenance mes- sages are needed to b e sen t. The simplest metho d is a full-map directory whic h uses a bit-map with the same length as the n um b er of pro cessors. When the n um b er of pro cessors in the system is large, use of full-map is to o exp ensiv e b ecause of the large amoun t of required memory . In most cases, the n um b er of pro cessors whic h ac- tually share the data is one or t w o when an en try is asso ciated to a line and in v alidation t yp e proto col is used[1]. According to this c haracteristic, directory sc hemes suc h as limited p oin ters[1, 3] and c hained di- rectory [5, 12] ha v e b een used for large scale systems. Ho w ev er, if an en try of the directory is asso ciated with eac h line, the required amoun t of memory for directory b ecomes large as the size of the system in- creases. T o reduce the required amoun t of memory , some systems suc h as T emp est[11] and a massiv ely parallel mac hine JUMP-1[16] asso ciate an en try of the directory to eac h page (i.e. relativ ely large memory blo c k suc h as 4k b ytes). F or eac h line, few ags are pro vided to indicate the sharing state. In this sc heme, an en try of the directory should sp ecify all the pro ces- sors whic h share at least one of the lines of the page. Th us, the n um b er of the pro cessors sp eci�ed b y an en try tends to b e large. On the other hand, when m ultiple pro cessors par- ticipate in frequen t data exc hange using the same ad- dress of the shared memory , up date t yp e proto cols are suitable. When an up date t yp e proto col is used, the n um b er of pro cessors whic h share a data also tends to b e large[10]. In these cases, the limited p oin ters sc heme will re- quire frequen t use of exceptional op erations suc h as soft w are em ulation, and the c hained directory sc heme will form an extensiv ely long list structure. In this pap er, a dynamic directory generation sc heme called the pruning cac he is prop osed, and com- bination with the reduced hierarc hical bitmap direc- tory sc heme(RHBD)[15] is discussed. 2 Pruning Cac he 2.1 The concept of the pruning cac he When an en try of the directory is asso ciated with eac h page and/or up date t yp e proto col is used, the set of pro cessors whic h share a blo c k (page or line) do es not c hange frequen tly . It c hanges only when a new pro- cessor shares the data or a replacemen t o ccurs due to capacit y miss. In this case, it is easy for a pro cessor to judge whether it shares a blo c k or not. In the pruning cac he sc heme, the coherence main te- nance message is �rst sen t to a set of pro cessors whic h includes all pro cessors whic h actually share the blo c k, and then the recipien t pro cessors notify the sender whether they actually share the blo c k or not b y re- turning ac kno wledge or not-ac kno wledge messages. The sender can dynamically construct a full-map cac he en try b y setting \1" to the bits corresp onding to pro cessors whic h returned ac kno wledge and setting \0" to the bits corresp onding to pro cessors whic h re- turned not-ac kno wledge. Subsequen t coherence main- tenance messages can b e just sen t to sharing pro cessors according to this temp oral formed full-map en try . If the �rst coherence main tenance message is sen t to the all pro cessors of the system, the message transfer is broadcast(Figure 1). Figure 1: Pruning Cac he If there is a temp orary lo calit y of references to the blo c ks, limited n um b er of pruning cac he en tries will b e su�cien t to ac hiev e enough p erformance. T o re- place pruning cac he en tries, con v en tional metho d suc h as LR U can b e used. If an access to the replaced blo c k o ccurs, the consistency main tenance message is sen t to the larger set again, and the full-map en try is recon- structed. If a pro cessor withdra ws from sharing after a cor- resp onding pruning cac he en try has b een generated, not-ac kno wledge is returned when the next coherence main tenance message is sen t, and then the pruning cac he en try is up dated. When a new pro cessor partic- ipates in sharing, corresp onding pruning cac he en try is in v alidated and constrated again. 2.2 Application of pruning cac he to the hierarc hical bit-map directory If there are considerable n um b er of destinations, it will tak e a long time to send a message one after an- other(sequen tially). T o reduce it, a hierarc hical bit-map directory sc heme is in tro duced. In this sc hemed, messages are trans- ferred to di�eren t destinations sim ultaneously (i.e. m ulticast) using a tree structured m ulticasting path (m ulticasting tree). T o sp ecify the pattern of m ul- ticast at eac h no de, directories are pro vided at eac h no de of the tree structured path[15]. Figure 2 illustrates the concept of hierarc hical bit- map directory sc heme. In this case, the message is sen t using 3-ary tree to the pro cessors mark ed with \ � ". Lea v es of the tree corresp ond to the pro cessors. A message is �rst sen t from the ro ot of the tree. Eac h no de can m ulticast a message to its branc hes at a time. If eac h no de sends the message only to the branc hes whic h include sharing pro cessors, the message is sen t exactly to the sharing pro cessors. Figure 2: Hierarc hical bit-map directory sc heme By pro viding three bit bit-map en tries to all no des, destinations can b e exactly sp eci�ed. One of the ad- v an tages of the hierarc hical bit-map directory sc heme is that there is no m ultiple transfers of the same mes- sage through the same path. Th us, m ulticasting is e�ectiv ely p erformed. By com bining the pruning cac he sc heme with the hierarc hical bit-map directory sc heme, elemen ts of the pruning cac he can b e distributed to the in termediate no des of the tree. Eac h pruning cac he elemen t can b e constructed with small amoun t of hardw are, since eac h en try’s bit length is equal to the n um b er of branc hes of the no de. 2.3 Com bination with the RHBD In the pruning cac he sc heme, a coherence main tenance message is �rst sen t to a set of pro cessors whic h in- cludes all sharing pro cessors. If the set includes all pro cessors, the message transfer is broadcast. This broad area transfer is p erformed only when pruning cac he mis-hit o ccurs, and th us, suc h transfers do not o ccur frequen tly . Ho w ev er, for a large scale systems, relativ ely small n um b er of broadcast can degrade the p erformance. T o address this problem, the R e duc e d Hier ar chic al Bit-map Dir e ctory (RHBD) used for a massiv ely paral- lel pro cessor JUMP-1[7] is in tro duced. 2.3.1 RHBD In the RHBD, follo wing t w o metho ds are applied to the hierarc hical bit-map directory in order to reduce the required amoun t of memory for the directory . � The same bit-map is used for the no de at the same lev el. � Broadcast is used at some no des. Since just one bit-map is used at eac h lev el of the tree, m � n bits memory is required for a blo c k of m lev el n -ary tree. One of the signi�can t adv an tage of the RHBD is that the small sized directory en try can b e carried in the coherence main tenance message itself. Th us, the message can m ulticast at the in termediate no des just b y referring directory in the message. There are three sub-sc hemes of the RHBD sc heme[15]: the LPRA (Lo cal Precise Remote Ap- pro ximate) sc heme, the LARP (Lo cal Appro ximate Remote Precise) sc heme and the SM (Single Map) sc heme. Due to limitations of space, here w e explain the SM sc heme only . In the SM sc heme, all no des at a lev el use a unique bit-map generated b y bit-wise ’OR’ of eac h bit-map used in the lev el as sho wn in Figure 3, and th us, no broadcast is made (unless a bit-map is all-1). Figure 3: RHBD (SM) sc heme In this example, bit-maps ( 110 , 011 , 111 ) are used of eac h lev el of the hierarc h y resp ectiv ely . Note that the same bit-map is used for all no des at same lev el. In the original hierarc hical directory sc heme, bit-maps 001 , 010 and 100 are used in the lo w est lev el. There- fore, 111 whic h is the logical OR of the bit-maps is used for the no des of the lev el in the SM sc heme. 2.3.2 The com bination of the pruning cac he Here, the com bination of pruning cac he and the SM sc heme is discussed as an example. First, an in v alidation/up date message is sen t according to the SM sc heme as sho wn in Figure 3. A t that time, ac kno wledge/not-ac kno wledge message whic h in- dicates whether the message is required or not is re- turned. These messages are collected in the upp er hi- erarc h y , and the bit-map is registered to the pruning cac he as sho wn in Figure 4. The disadv an tage of the pruning cac he is that a large n um b er of unnecessary pac k ets are required when mis-hit o ccurs and the en try of the pruning cac he is structured. Using the RHBD, Figure 4: Com bination of the pruning cac he and the RHBD the n um b er of unnecessary pac k ets are drastically re- duced compared to broadcasting when mis-hit o ccurs. On the other hand, the problem of the RHBD is that a large n um b er of unnecessary pac k ets is alw a ys sen t if the no de whic h share the blo c k is not w ell lo cated. If the hit ratio of the Pruning Cac he is high enough, most of unnecessary pac k ets can b e reduced. Therefore, with the com bination of t w o metho ds, the problem of eac h metho d can b e solv ed. 3 Ev aluation 3.1 Ev aluation with trace data Lik e common cac he memory , the e�ect of pruning cac he completely dep ends on the p ossibilit y that the bit-map in the cac he is used for pruning. Th us, the hit ratio of the pruning cac he is ev aluated �rst through the trace driv en sim ulation. F our b enc hmark programs (FFT, LU, Ocean and Radix) in SPLASH2[9] are sim ulated with an instruc- tion lev el sim ulator ISIS[14] for obtaining the address trace. Then, pruning cac he based on a simple 4-ary tree is sim ulated. The n um b er of pro cessors is set to b e 64 from the limitation of the h uge trace data. The page size and line size are set to b e 4K b ytes and 32 b ytes, resp ectiv ely . The direct map and 2-w a y/4- w a y asso ciativ e cac hes with 16, 32 and 64 en tries are ev aluated. The LR U replacemen t algorithm is used in this sim ulation. 3.1.1 Prop erties of generating messages First, the n um b er of messages, the n um b er of desti- nations, and the n um b er of messages whic h m ust b e transferred using the RHBD sc heme without pruning cac he are analyzed(T able 1). T able 1: Prop erties of messages Messages Destinations P ac k ets FFT 4028482 110154548 144791521 LU 4304719 66863862 134106632 Ocean 53399253 957170367 2696172050 Radix 296035 11500186 14738705

This table sho ws that from 50% to 200% unneces- sary messages m ust b e transferred using the RHBD without pruning cac he. 3.1.2 The hit ratio In order to a v oid the large latency for accessing mem- ory outside the c hip, pruning cac he is assumed to b e implemen ted inside the router c hip. In this case, it is di�cult to pro vides the cac he with a large n um b er of en try . Here, the hit ratio of the pruning cac he with 16, 32 and en tries are analyzed(T able 2). The n um b er to w a y is set to b e 1 (direct map), 2 and 4. Although the hit ratio is only ab out 60% with 16 en- tries, it is m uc h impro v ed when the n um b er of en tries exceeds 32. With 64 en tries, more than 90% hit ratio is ac hiev ed in most cases. While the di�erence b et w een direct map and 2 set asso ciativ e is not negligible, 4 w a y set asso ciativ e do es not impro v e the p erformance so m uc h esp ecially with 32 or 64 en tries. Consider- ing the requiremen t of hardw are, 2 w a y set asso ciativ e cac he with 32 en tries is e�cien t structure of the prun- ing cac he. 3.2 Ev aluation on a practical imple- men tation Here, hardw are requiremen t and net w ork congestion of the pruning cac he with the RHBD are ev aluated on a practical implemen tation. Although the prun- ing cac he with the RHBD can b e implemen ted on an y net w ork with hierarc hical structure, congestion around the ro ot will b ottlenec k the system with the simple tree net w ork. Th us, a hierarc hical net w ork with m ultiple ro ots lik e the fat-tree is suitable for practical implemen tation. Here, w e in tro duce an implemen tation example of the pruning cac he with the RHBD on a net w ork called R e cursive Diagonal T orus (RDT)[18, 17]. The RDT is used in the real massiv ely parallel mac hine JUMP-1[7] and the router c hip is already op erational[6]. 3.2.1 In terconnection net w ork RDT The RDT is a net w ork consisting of recursiv ely o v er- la y ed t w o-dimensional square diagonal tori. In order to reduce the diameter, b ypass links are pro vided in the diagonal direction. When four links are added b e- t w een no de ( x; y ) and no des ( x � n; y � n ) ( n : c ar- dinal numb er ) resp ectiv ely , additional links result in a new torus-lik e net w ork. New torus-lik e net w ork is formed at an angle of 45 degrees to the original torus, and the grid size is p 2n times that of the original torus(Figure 5). W e call this new torus-lik e net w ork the rank-1 torus. On the rank-1 torus, w e can form another torus-lik e net w ork (rank-2 torus) b y pro viding additional links Figure 5: Recursiv e Diagonal T orus in the same manner. The RDT consists of suc h recur- siv ely formed tori. 3.2.2 Octal tree on the RDT Since the RDT consists of hierarc h y of tori, the tree structure can easily b e em ulated. As sho wn in Fig- ure 6, b y m ulticasting t wice from an no de on the up- p er lev el (or coarse) torus, o ctal tree can b e logically formed. The message is m ulticast to a hexagon-lik e area. W e call this area territory . Figure 6: Octal tree on the RDT The n um b er of no des in a territory dep ends on the lev el of the torus from whic h the m ulticast starts. The source no de is alw a ys at the cen ter of the territory . Figure 5 sho ws the case when m ulticast is started at rank-1 torus. That is, m ulticast from the second lev el of the o ctal tree. In this �gure, the message is m ulti- cast to neigh b oring 64 no des of the source no de. Since RDT has m ultiple upp er rank tori from whic h m ul- ticast can b e started, it forms F at-tree and th us no congestion at the ro ot no de o ccur. 3.2.3 Ev aluation of latency The problem of the pruning cac he sc heme is the p ossi- bilit y of net w ork congestion with unnecessary message broadcast generated when the pruning cac he do es not hit. Here, the net w ork congestion of a practical imple- men tation with 256 no des (16 � 16 no des) as men tioned

T able 2: Hit ratio of Pruning Cac he direct map 2 w a y set asso ciativ e 4 w a y set asso ciativ e 16 32 64 8 � 2 16 � 2 32 � 2 4 � 4 8 � 4 16 � 4 FFT 53.86% 84.12% 93.97% 57.74% 86.15% 96.38% 56.52% 88.30% 96.68% LU 95.84% 99.75% 99.82% 96.64% 99.96% 99.99% 97.32% 99.97% 99.99% Ocean 60.59% 94.96% 99.39% 66.35% 95.44% 99.72% 69.78% 99.39% 99.78% Radix 60.24% 68.73% 74.47% 68.73% 75.61% 78.73% 73.76% 77.96% 79.56% b efore is ev aluated. Since the trace driv en sim ulation is di�cult for a large system with h undreds of no des, the probabilistic mo del is used for data access while the b eha vior of the router and net w ork congestion are sim ulated based on the design of the ab o v e describ ed RDT router. In this router, a pac k et with v arious n um- b er of its can b e m ulticast in three clo c ks. Here, the length of pac k ets are �xed to b e 8 its. The hit ratio of the pruning cac he is giv en as a pa- rameter based on the ab o v e ev aluation results with trace sim ulation. The source and the destination no des of coherence main tenance messages are deter- mined in random. Ho w ev er, to re ect the spatial lo- calit y of mapping, b oth X and Y pro jections of the dis- tance b et w een the source and a destination no de are determined so as to follo w normal curv e of distribution of standard deviation 5. The n um b er of destinations of a message is set to 6 according to analysis of the trace data[15]. Figure 7 sho w the a v erage latency of a m ulticast message when the pruning cac he is pro vided in the rank-0 torus. The n um b er of destination ( d ) is set to b e 4 and 6. F or comparison, the latency when tradi- tional directory managemen t metho ds based on 1-to-1 message transfer (\1 to 1") is also sho wn. The latency of the RHBD with pruning cac he is from 30% to 80% b etter than that of the traditional metho d when in terv al of message is long. This sho ws the e�ect of m ulticast when the net w ork is not congested. Ho w- ev er, when the net w ork is congested with frequen t gen- erated messages, the latency with the RHBD rapidly increases since the usable bandwidth of the net w ork is degraded b y unnecessary messages. On the con trary , the com bination of pruning cac he and the RHBD, the usable bandwidth is almost same as that of the tradi- tional metho d. With the com bination of b oth meth- o ds, the e�ect of m ulticasting o v ercomes the conges- tion caused b y unnecessary pac k ets. By pro viding the pruining cac he only in the lo w est lev el, the hardw are requiremen t can b e reduced. 4 Related w ork Similar concept is prop osed b y Scott and Go o dman[13], applied to the k -ary n -cub e, and ev aluated theoreti- cally . It is based on the simple broadcasting unlik e our metho d based on the RHBD. Although there is no description on the detail of proto col managemen t, Scott and Go o dman’s pruning cac he is for a traditional CC-NUMA system with in v alidation proto col and di- rectory asso ciated to the cac he line. Th us, the bac k- ground situation is also di�eren t. Hana w a and his colleagues prop osed similar mec h- anism for MIN structure. Their approac h is only for a cac he with in v alidation proto col, and the en try of pruning cac he is remo v ed b y ev ery m ulticast of in v al- idation messages. Under this situation, the p erfor- mance impro v emen t with the pruning cac he is sev erely limited. 5 Conclusion The pruning cac he directory metho d is prop osed for dynamic hierarc hical directory managemen t on large scale CC-NUMA systems in whic h a no de aggres- siv ely shares data with other no des. By a com bina- tion with the RHBD metho d, dynamic directory is quic kly formed and managed with a small additional hardw are. The result of a trace driv en sim ulation of a system with 64 pro cessors sho ws that more than 90% hit ratio can b e obtained with a small 2-w a y asso ciativ e pruning cac he with 32 en tries. F rom the probabilistic sim ula- tion of a large system, it app ears that the com bination of the pruning cac he and the RHBD ac hiev es b etter la- tency and bandwidth than those of traditional meth- o ds based on 1-to-1 message passing. A t the curren t stage of study , the ev aluation of prun- ing cac he is not enough since the precise sim ulation needs m uc h time and computation p o w er. In order to demonstrate the p erformance of the com bination of the pruning cac he and RHBD, extensiv e sim ulation stud- ies are required as our future w ork for a system with larger n um b er of pro cessors using v arious applications. References [1] A.Agarw al, et al. An Ev aluation of Directory Sc hemes for Cac he Coherence. In Pr o c. 15th ISCA , 1988, 280 { 289. [2] D.Chaik en and A.Agarw al. Soft w are-Extended Coheren t Shared Memory: P erformance and Cost. In Pr o c. The 21st ISCA , 1994, 314 { 324.

(Pruning cac he is pro vided only in rank-0, d = 4) (Pruning cac he is pro vided only in rank-0, d = 6) Figure 7: The latency vs. message generation frequency [3] D.Chaik en, J.Kubiato wwicz, and A.Agarw al. LimitLESS Directories: A Scalable Cac he Coher- ence Sc heme. In Pr o c. ASPLOS IV , 1991, 224 { 234. [4] D.Lenoski, et al. The Stanford D ASH Multipro- cessor. IEEE Computer , 1992, 25(3):63 { 79. [5] D.V.James, et al. Distributed-Directory Sc heme: Scalable Coheren t In terface. IEEE Computer , 1990, 23(6):74 { 77. [6] H.Nishi, et al. The JUMP-1 Router Chip: A v er- satile router for supp orting a distributed shared memory . In Pr o c. IPCCC ’96 , 1996, 158 { 164. [7] H.T anak a, et al, editor. The Massively Par al lel Pr o c essing System JUMP-1 . Ohm u corp., 1996. ISBN4-274-90083-5. [8] J.Kuskin, et al. The Stanford FLASH Multipro- cessor. In Pr o c e e dings. of The 21st International Symp osium on Computer A r chite ctur e , 1994, 302 { 313. [9] J.P .Singh, et al. SPLASH: Stanford P arallel Applications for Shared-Memory. T ec h. rep ort, computer system lab oratory , Stanford Univ ersit y , 1992. [10] K.Nishim ura, et al. Memory Coherency Con- torl Sc hemes on the RDT In terconnection Net- w ork. T r ans. IPSJ , 1996, 37(7):1367 { 1377. (in Japanese). [11] M.D.Hill, J.R.Larus, and D.A.W o o d. T emp est: A Substrrate for P ortable P arallel Programs. In Pr o c. COMPCON ’95 , 1995, 327 { 332. [12] M.Thapar and B.Delagi. Distributed-Directory Sc heme: Stanford Distributed-Directory Proto- col. IEEE Computer , 1990, 23(6):78 { 80. [13] S.L.Scott and J.R.Go o dman. P erformance of Pruning-Cac he Directories for Large-Scale Multi- pro cessors. IEEE T r ans. Par al lel and Distribute d Pr o c essing , 1993, 4(5):520 { 534. [14] T.Kisuki, et al. Shared vs. Sno op: Ev aluation of Cac he Structure for Single-c hip Multipro cessors. In Pr o c. Eur o-Par’97 Par al lel Pr o c essing , 1997, 793 { 797. [15] 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. In Pr o c. 1995 ICPP , 1995, I{186 { I{193. [16] T.Matsumoto and K.Hiraki. Distributed shared- memory arc hitecture using memory-based pro ces- sors. In Pr o c. JSPP’93 , 1993, 245 { 252. (in Japanese). [17] Y.Y ang and H.Amano. Message T ransfer Algo- rithms on the Recursiv e Diagonal T ours. IEICE T r ansaction on Information and Systems , 1996, E79-D(2):107 { 116. [18] Y.Y ang, et al. Recursiv e diagonal torus: An in- terconnection net w ork for massiv ely parallel com- puters. In Pr o c. 1993 SPDP , 1993, 591 { 594.