E�cien t Implemen tation of Soft w are Release Consistency on Asymmetric Distributed Shared Memory Junp ei Niw a, T atsushi Inagaki, T ak ashi Matsumoto, Kei Hiraki Departmen t of Information Science, F acult y of Science Univ ersit y of T oky o 7-3-1 Hongo, Bunky o-ku, T oky o, Japan f niw a, inagaki, tm, hiraki g @is.s.u-toky o.ac.jp Abstract We have pr op ose d an \Asymmetric Distribute d Shar e d Memory: ADSM", that pr ovides users with ef- �cient shar e d memory mo del. The ADSM is a hybrid system that ne e ds not only the op er ating system sup- p ort but also the c ompiler supp ort. The ADSM ex- e cutes a lo ad instruction as the shar e d-r e ad with the assistanc e of virtual memory me chanism. As for the shar e d-write, the ADSM exe cutes a se quenc e of in- structions for c onsistency management after the c or- r esp onding stor e instruction. We describ e the algorithm to r e duc e overhe ads for c onsistency management. The algorithm c o alesc es a se quenc e of instructions for c onsistency management using the information of a�ne memory ac c esses. The c o alescing algorithm is evaluate d using the SPLASH-2 b enchmark. The p erformanc e evaluation shows that the c o alescing algorithm achieves the exe cu- tion time impr ovement c omp ar e d to the not-optimize d r esult, r anging fr om 76% to 85% . 1 In tro duction A shared memory mo del can reduce the cost of pro- gramming e�ort in distributed systems. The main rea- son is that shared data are easily accessed with a single address space, that is to sa y , the programmers tak e no accoun t of the lo cation of data. On distributed systems suc h as net w orks of com- puters, it is necessary to pro vide the shared mem- ory mo del b y soft w are. The main reason is that the hardw are approac h to implemen t the shared memory mo del requires high cost. W e ha v e prop osed a soft w are shared memory mo del, Asymmetric Distributed Shared Memory (ADSM)[6]. In the ADSM, the shared-read is executed as a single load instruction, using the virtual memory mec hanism. The shared-write is executed as the cor- resp onding store instruction and the instructions for consistency managemen t inserted b y the compiler. In this pap er, w e prop ose an algorithm to coalesce a sequence of instructions for consistency managemen t. It is a lo op-lev el algorithm that �nds a�ne memory accesses using the information of the induction v ari- able and the lo op-in v arian t v ariable. T o ev aluate the p erformance of the algorithm, w e ha v e implemen ted three proto cols: LR C, SA UR C (Soft w are em ulated A UR C) and HYBRID(h ybrid of LR C and SA UR C). W e ha v e implemen ted a proto- t yp e of the compiler and the run time system for the ADSM on a m ulticomputer F ujitsu AP1000+. W e re- p ort that o v erall execution times, as w ell as detailed breakdo wns of elapsed times, the n um b er of instruc- tions for consistency managemen t and the n um b er of messages. 2 F eatures of the ADSM The ADSM is an all-soft w are, page-based shared memory system that realizes user-lev el protected high- sp eed high-functional comm unications /sync hroniza- tions. The ADSM requires no hardw are supp ort lik e A UR C[1]. It can b e implemen ted on w orkstation clus- ters or m ulticomputers with con v en tional net w ork in- terfaces. In the ADSM, the action to the shared-read is dif- feren t from that to the shared-write. � Shared-read: The shared-read is based on a cac he-based shared virtual memory system[4]. The shared-read is ex- ecuted as a load instruction from the shared page. Only when the pro cessor reads from the shared page that is not allo cated or in v alid, instructions for consistency managemen t are in v ok ed b y the read trap routine. � Shared-write: The shared-write is realized as consistency man- agemen t instructions (suc h as additional memory managemen t and remote memory access). The compiler translates the shared write in to a se- quence of instructions. That is to sa y , instruc- tions for consistency managemen t are explicitly inserted after the corresp onding store instruction b y the compiler. Since instructions for consistency managemen t are inserted b y the compiler, w e can p erform follo wing optimizations: 1. The compiler can generate the instructions for consistency managemen t according to the consis- tency proto col. That is to sa y , the ADSM sup- p orts consistency proto col selection p er page[5].

2. When a sequence of the shared write is p erformed to the con tiguous lo cation and there are no syn- c hronization p oin ts, the sequence of corresp ond- ing instructions for consistency managemen t is coalesced. The coalescing optimization reduces the run time o v erhead. 3. When there are comm unication pac k ets whose destination are the same no de, the n um b er of comm unication is reduced, com bining the pac k ets b y the compiler as w ell as the op erating system. The com bining optimization reduces the o v erhead asso ciated with up date memory accesses. 3 Proto col Implemen tation In order to detect and collect up dated data e�- cien tly , w e use the write history whic h is represen ted as the the tuple of the store address and the store size. 3.1 LR C Proto col Our proto col is similar to the Lazy Release Consistency(LR C)[2] in the T readMarks[3]. On an acquire p oin t, the requesting pro cessor in- v alidates all pages according to the write-notic e [2]. The page fault handler obtains only the up dated data rather than the whole page. The up dated data can- not b e discarded as long as there are no des that ma y need them, whic h causes a sev ere memory consump- tion problem. Garbage collection m ust b e p erformed frequen tly . The instructions for consistency managemen t record the corresp onding write history . Our proto col computes the up dated data using the recorded write history . The computation of the up dated data is pro- p ortional to the amoun t of the created write history . 3.2 Soft w are em ulated A UR C(SA UR C) Proto col SA UR C is a proto col whic h em ulates Automatic Up date Release Consistency(A UR C) proto col[1] with- out sp ecial hardw are supp ort. The instructions for consistency managemen t record the corresp onding write history and the corresp onding data(w e call them up date information). The up date information is not propagated to the home for eac h shared-write. In or- der to reduce the n um b er of messages, a series of up- date information is com bined when the home no de is the same. After the home is up dated using the up date information, it is discarded. 3.3 HYBRID Proto col In LR C proto col, more than one remote pro cessor ma y ha v e to b e visited in order to obtain up dated data at the page fault. In A UR C proto col, the pro cessor has only to visit the home at the page fault. But the whole page m ust b e fetc hed from the home. W e prop ose a h ybrid proto col of LR C and SA UR C in order to solv e these problems. Although HYBRID proto col is almost the same to SA UR C, the home do es not discard the propagated up date information as w ell as SA UR C but records them. A t the page fault, the pro cessor has only to visit the home. The home sends to the faulting pro- cessor only up dated data using the recorded up date information. 4 Reducing the o v erhead of the shared write W e use an in terpro cedural p oin ter analysis[9] for detecting the write to the shared lo cations. The p oin ter analysis is a con text-sensitiv e algorithm k eep- ing trac k of whic h p oin ters are actually referenced b y a pro cedure. By the p oin ter analysis, the compiler de- tects the v ariable whic h con tains the shared lo cation and inserts the instructions for consistency manage- men t after the corresp onding store. When a sequence of the shared-write is p erformed to the con tiguous lo cation and the program do es not reac h to the sync hronization p oin ts, the corresp onding sequence of instructions for consistency managemen t is coalesced. Eac h lo op has a depth . It is 1 when the lo op is outer-most and it is n when the lo op is inner-most of the n -th lo opnest. W e represen t instructions for consistency managemen t as a tuple I ( A; S ). A denotes the corresp onding memory lo cation and S denotes the corresp onding size. F rom the program, w e en umerate the n -th nested lo opnest that con tains the shared write whic h is alw a ys executed. F or eac h lo opnest, 1. W e insert instructions for consistency manage- men t after the corresp onding store. 2. depth := n . 3. If depth = 0 then end. 4. T ak e a lo op L whose lev el is depth . (a) In the lo op L , when there is a series of instructions for consistency managemen t whose lo cation is con tiguous or the same, the series of instructions for consistency man- agemen t is coalesced. (b) When the sync hronization co de or the return co de exists in the lo op L or inner-lo ops, goto 4; (c) F or eac h instructions for consistency man- agemen t represen ted as I ( A; S ). i. When A is lo op-in v arian t, the instruc- tions for consistency managemen t are hoisted out from the L to the outerlo op of L . ii. When A is an induction v ariable and the v ariable’s stride( A str ide ) is equal to or smaller than S , the instructions for con- sistency managemen t are hoisted from the L to the outerlo op of L . Let c b e the lo op coun t and A low b e the lo w er b ound of the A . The hoisted instructions for consistency managemen t are repre- sen ted as I ( A l ow ; ( c � 1) � A str ide + S ). 5. depth := depth � 1, and goto 4. Here is the example co de.

for (i = 0; i < n; i = i + 1) { a[i] = a[i] + alpha * b[i]; I (&a[i], sizeof (double)); } + Coalescing Optimization for (i = 0; i < n; i = i + 1) { a[i] = a[i] + alpha * b[i]; } I (&a[0], n * sizeof (double)); 5 P erformance Ev aluation W e ha v e implemen ted a protot yp e of the compiler and the run time system of the ADSM on a m ulticom- puter F ujitsu AP1000+[8]. Eac h no de consists of 50MHz Sup er SP AR C with 20 Kb ytes I-cac he, 16 Kb ytes D-cac he and 16MB mem- ory . No des are in terconnected b y a 2-D torus net w ork whose bandwidth is 25 Mb ytes/sec p er link. Because the CellOS of the AP1000+ do es not sup- p ort user-lev el page fault handler, w e cannot detect page fault via in terrupts. In order to detect that the pro cessor attempts to access the shared page that is not allo cated or in v alid, w e insert the co de c hec king the corresp onding page’s v alidit y b efore eac h shared access. Because it is imp ossible to handle messages via in- terrupts on the AP1000+, request messages from re- mote no des are serviced through p olling mec hanism. W e insert p olls at ev ery lo op bac k edge and ev ery func- tion call. W e ev aluate the p erformance on LU-Con tig of SPLASH-2[10] using 8 no des. The problem size is a 256 � 256 matrix with 16 � 16 blo c ks. T able1 sho ws the results of LU-Con tig. W e ev aluate the optimization metho d of coalescing the instructions for consistency managemen t. F or eac h table, LR C(*) sho ws the results when LR C is selected. SA UR C(*) sho ws the results when SA UR C is selected. HYBRID(*) sho ws the results when HY- BRID is selected. *(NO) sho ws the results when the compiler do es not p erform an optimization(coalescing the instructions for consistency managemen t). *(O) sho ws the results when the compiler p erforms the op- timization. The \task" sho ws the computing time. The \message" sho ws the time sp en t in handling re- mote requests b y p olling and also sho ws the ratio of the n um b er of messages handled b y p olling to the to- tal message n um b er. The \PF" sho ws the page fault time and also sho ws the n um b er of the page fault. The \CM" sho ws the consistency managing time and also sho ws the n um b er of instructions for consistency managemen t. The \sync"sho ws the sync hronization time that includes lo c k/unlo c k and barrier. The \GC" sho ws the time sp en t in garbage collection and also sho ws the n um b er of garbage collection in LR C. F or eac h proto col, the optimization ac hiev es the ex- ecution time impro v emen t in comparison to the not- optimized result, ranging from 76% to 85%. When the n um b er of instructions for consistency managemen t is reduced, \CM" time is reduced and the amoun t of the created write history is also reduced. Man y op er- ations executed in \PF" time,"sync" time and "mes- sage" time are dep end on the amoun t of the created write history . Therefore when the n um b er of instruc- tions for consistency managemen t is reduced, "mes- sage" time, \PF" time "CM" time and "sync" time are all reduced. \task" time is also reduced b ecause the time to call the function whic h p erform instructions for consistency managemen t is added to the \task" time. Because LU-Con tig is an application that the pro- cessor accesses the con tiguous lo cations, there are man y opp ortunities to coalesce a sequence of instruc- tions for consistency managemen t. In our implemen- tation on the AP1000+, SA UR C is b est consistency proto col. 6 Related W ork 6.1 OS-based Soft w are DSM A n um b er of soft w are page-based shared memory mo dels ha v e b een prop osed[4, 2, 1]. W riting to the shared lo cation is executed as a sin- gle store instruction. A t this p oin t, the ADSM is dif- feren t from the existing OS-based Soft w are DSM. The consistency managemen t instructions are executed in the write trap routine. In order to execute consistency managemen t instructions, the write trap routine m ust b e in v ok ed[4]. In LR C, in order to minimize the n um- b er of trap in v o cations, tec hniques suc h as di� sc heme whic h computes the page’s di�erence b et w een the syn- c hronization p oin ts ha v e b een prop osed[2]. But this di� sc heme can b e exp ensiv e b ecause the whole page is searc hed indep enden tly of the amoun t of up dated data. A UR C is LR C supp orted not b y using di� sc heme but b y using automatic up date hardw are[1]. Auto- matic up date is a mec hanism that automatically prop- agates up dates at �ne gran ularit y when a mapping has b een established b et w een the lo cal written page and a remote page. A UR C has a home for eac h shared page. By automatic up date hardw are, the shared writes are propagated to the home without soft w are o v erhead. The home is alw a ys k ept up-to-date. The consistency of other copies is managed lik e LR C in v al- idation sc heme. When the page fault o ccurs, fetc hing the whole page from the home is only required. 6.2 Compiler-based Soft w are DSM In the Midw a y whic h implemen ts En try Consis- tency (EC)[11], eac h shared data is b ound to the syn- c hronization v ariable. On a lo c k acquire p oin t, EC only propagates the up dated data asso ciated with that lo c k v ariable. The compiler detects the shared-write. Ev ery shared address has a softwar e dirty bit that re ects whether or not the address has b een written. After eac h write to shared memory , the compiler inserts in- structions whic h set a soft w are dirt y bit with that ad- dress. No optimization is p erformed. Searc hing the soft w are dirt y bit region, the pro cessor determines the up dated data. In Shasta[7], b y using instrumen tation, the com- piler inserts the instructions for consistency manage-

T able 1: LU-Con tig(256 � 256 matrix) time in seconds proto col total task message PF CM sync GC LR C(NO) 81.89 1.87 0.61 2.27 3.42 3.17 72.57 88/2720 104 699040 11 LR C(O) 11.95 0.63 0.76 3.33 0.24 2.60 4.38 178/790 232 49640 1 SA UR C(NO) 13.56 1.82 1.14 0.83 4.92 4.86 0.00 262/437 210 699040 0 SA UR C(O) 3.12 0.62 0.17 0.29 0.56 1.49 0.00 217/392 210 49640 0 HYBRID(NO) 27.47 1.83 4.03 4.28 5.99 11.34 0.00 258/440 204 699040 0 HYBRID(O) 4.11 0.62 0.39 0.51 0.71 1.87 0.00 212/356 210 49640 0 men t, whic h implemen ts an Eager Release Consis- tency . It p erforms v arious optimization(e.g. batc h- ing miss c hec ks), but it do es not p erform optimizing metho ds of coalescing a sequence of instructions for consistency managemen t in the lo opnest. 7 Conclusion W e describ e the optimization metho ds on the ADSM: (1)proto col selection and (2)reduction of the o v erheads for consistency managemen t. W e ha v e implemen ted three consistency proto- cols:(1)LR C proto col, (2)SA UR C proto col and (3) HYBRID proto col. Our compiler generates the in- structions for consistency managemen t according to the consistency proto col. W e in tro duce an algorithm to coalesce a sequence of instructions for consistency managemen t in the lo op- nest with the assistance of the a�ne memory accesses. Our exp erimen ts with SPLASH-2 b enc hmark on a m ulticomputer F ujitsu AP1000+ sho ws that our opti- mization metho d of reducing o v erheads for consistency managemen t is e�ectiv e. References [1] L. Ifto de, C. Dubnic ki, E. W. F elten, and K. Li. Impro ving Release-Consisten t Shared Vir- tual Memory using Automatic Up date. In Pr o c. of the 2nd Inter. Symp. on HPCA , F ebruary 1996. [2] P . Keleher, A. L. Co x, and W. Zw aenep o el. Lazy Release Consistency for Soft w are Distributed Shared Memory . In Pr o c. of the 19th ISCA , pages 13{21, Ma y 1992. [3] P . Keleher, S. Dw ark adas, A. L. Co x, and W. Zw aenep o el. T readMarks: Distributed Shared Memory on Standard W orkstations and Op er- ating Systems. In Pr o c. of the Winter 1994 USENIX Confer enc e , pages 115{131, Jan uary 1994. [4] Kai Li. IVY: A Shared Virtual Memory Sys- tem for P arallel Computing. In Pr o c. of the 1988 ICPP , pages 94{101, August 1988. [5] T ak ashi Matsumoto. Fine Grain Supp ort Mec h- nisms. In IPSJ Computer A r chite ctur e SIG Notes , v olume 89-AR C-77, pages 91{98, July 1989. (in Japanese). [6] T ak ashi Matsumoto, T ak eto Komaarashi, Shigeru Uzuhara, Shozo T ak eok a, and Kei Hiraki. A General-Purp ose Massiv ely-P arallel Op erating System: SSS-CORE { Implemen tation Metho ds for Net w ork of W orkstations {. In IPSJ Op er at- ing System SIG Notes , v olume 96-OS-73, pages 115{120, August 1996. (in Japanese). [7] D. J. Scales, K. Gharac horlo o, and C. A. Thekk ath. Shasta: A Lo w Ov erhead, Soft w are- Only Approac h for Supp orting Fine-Grain Shared Memory . In Pr o c. of the 7th Symp. on A r chi- te ctur al Supp ort for Pr o gr amming L anguages and Op er ating Systems (ASPLOS-VII) , pages 174{ 185, Octob er 1996. [8] Osam u Shiraki, Y oic hi Ko y anagi, Nobutak a Imam ura, Kenic hi Ha y ashi, T oshiyuki Shimizu, T ak eshi Horie, and Hiroaki Ishihata. Arc hitec- ture of highly parallel computer ap1000+. In Thir d Par al lel Computing Workshop , pages P1{ G{1{P1{G{8, no v 1991. [9] R. P . Wilson and M. S. Lam. E�cien t Con text- Sensitiv e P oin ter Analysis for C Prgrams. In Pr o c. of ’95 Conf. on PLDI , pages 1{12, June 1995. [10] S. C. W o o, M. Ohara, E. T orrie, J. P . Singh, and A. Gupta. The SPLASH-2 Programs: Charac- terization and Metho dological Considerations. In Pr o c. of the 22nd ISCA , pages 24{36, June 1995. [11] M. J. Zek ausk as, W. A. Sa wdon, and B. N. Ber- shad. Soft w are W rite Detection for a Distributed Shared Memory . In Pr o c. of the 1st Symp. on OSDI , pages 87{100, No v em b er 1994.