Latency olerance through Multithreading in Large-Scale Multipro cessors Kiy oshi Kurihara Da vid Chaik en, and Anan Agarw al Lab oratory for Computer Science Massac usetts Institute of ec hnology Cam bridge, MA 02139 Abstract In large-scale distributed-memory ultipro cessors, remote memory accesses su�er signi�can latencies. Cac hes help alleviate the memory latency problem main tain- ing lo cal copies of frequen tly used data. Ho ev er, they cannot eliminate the latency caused �rst-time references and in alidations needed to enforce cac he coherence. Multithreaded pro cessors tolerate suc latencies rapidly switc hing et een threads when they encoun ter cac he misses. This pap er ev aluates the e�ectiv eness of ulti- threading in Alewife, scalable ultipro cessor that is eing dev elop ed at MIT. or the applications used in this study ultithreading results in mo dest 20% impro e- men in execution time on 64-pro cessor mac hine. The impact of ultithreading is exp ected to far more signi�can in larger mac hines, when remote memory latency ecomes dominan term in the erformance equation. Kiy oshi Kurihara is curren tly at IBM Japan, Ltd. oky o Japan.

In tro duc tion Long comm unic ation latencies imp ose limi ts on the erformance attainable large-scale ul tipro ces- sors. As Figure illustrates, pro cessor utilization dimini shes when the time pro cessor sp ends aiting for resp onses to remote mem ory requests is asted. Idling on rem ote mem ory requests astes not only pro cessor resources but also the bandwidth of the pro cessor in t erconnecti on net ork. When pro cessors remain idle for large erio ds of time they do not sus- tain request rates that fully utilize the ail able net- ork capacit Unfortunately the prop ortion of time asted pro cessors not only increases as mac hine get larger, but also gro ws as adv ances in tec hnology increase the mism atc et e en the sp eeds of pro ces- sors and the sp eeds of mem ory and comm uni cations comp onen t s. Pro cessor utilization can impro e if pro ces- sor that ould otherwise ha to ait for end- ing mem ory or sync hronization request can rapidly switc et e en threads of con trol, thereb erform- ing useful computation. This strategy attempts to hide the latency of in terpro cessor comm unication allo wing ulti ple outstanding transactions er pro- cessor. While previous arc hitecture ha imple men ted ulti threading with cycle-b y -cycl in terle v- ing of instructions from di�eren pro cesses 11 12 16 21 (termed �ne ul tithreading), use the same name for systems that in terle blo ks of instruc- tions from di�eren pro cesses as ell 23 (termed arse or blo ck ul tithre ading). Blo ul tithreaded pro cessors do not force con text switc ev ery cycle and can ac hiev high single-thread erformance. They switc et ee threads only on long-latency mem ory requests or sync hronization attempts. are using suc blo ulti threaded pro cessor arc hitecture in the

Figure 1: The Long Latency Problem. Alewife design. Alewife is large-scale ul tipro ces- sor eing im plem en te at MIT; it is describ ed in more detail in the next section. Sparcle, the initial im- plemen tati on of Alewife’s pro cessor, supp orts ulti threading pro viding four register sets that hold the state of four threads of con trol. Multithreading has sev eral negativ side-e�ects, including increased cac he miss rates and higher net- ork con te ti on. In addition, ul tithre ading re- quires the applications running on system to pro- vide enough parallelism to sustain sev eral con texts er pro cessor. erform ance gains due to hiding comm unic ati on latency ust traded o� against the requirem en ts of ulti threaded system. Our ev aluation metho dology includes these negativ ef- fects while measuring the erformance of blo k- ulti threade pro cessors. Using ulti pro cessor sim ul ations, compare the erformance of system with ultithre aded pro ces- sors to the erformance of system with standard pro cessors. In terms of the sp eed-up er single pro cessor system �nd that 64-pro cessor ulti threaded system erforms ab out 20% etter than system with no mec hanism for tolerating comm uni cation latency By presen ting an analysis of the cost of arious yp es of mem ory transactions, sho that the ene�ts of blo ul tithreading out ei gh the negativ side-e�ects of the tec hnique con- clude that ulti threading will pro vide ev en higher erformance gains in larger systems that su�er from higher in te rpro cessor comm unication latencies. The rest of this pap er is organized as follo ws. Section describ es the features of Alewife that are relev an to the study of latency tolerance. Sec- tion analyzes the problem of comm unicati on la- tency in large-scale ul tipro cessors and discusses ho ul tit hreading can used to solv the prob- lem. Section presen ts our sim ul ation metho dology and Section ev aluates the sim ul ated erformance of Alewife’ ul tithre aded arc hitec ture. Section dra ws conclusions from our sim ulations and analysis. Figure 2: The Structure of the Alewife System. The Alewife Arc hitecture The Alewife group at MIT is designing and imple men ti ng large-scale ulti pro cessor that uses ul tiple con texts for latency tolerance. The mac hi ne, as depicted in Figure 2, is designed to ph ysically scal- able. The system consists of set of pro cessing no des that are connected o-dim e nsional mesh net- ork. This yp of net ork is scalable, ecause the net ork bandwidth gro ws with the um er of pro- cessors and ecause the in terc onnection wire lengths do not dep end on the um er of no des in the system. Eac no de consists of net ork router, Sparcle pro- cessor, oating-p oin unit, cac he, cac he-m em ory con troller, and ortion of globally-shared mem ory The shared mem ory is distributed to the pro cessing no des so that the system do es not su�er from the bandwidth ottlenec of single, monolithic mem ory

Alewife ’s cac he con trollers syn thesize globally shared mem ory address space. It uses directory- based cac he coherence sc hem called the LimitLESS proto col ], whic realizes the erformance of full- map directory proto cols 22 ], with the mem ory erhead of limi ted directory proto col ]. The di- rectory used the cac he coherence proto col is also distributed to the pro cessing no des. Latency tolerance in Alewife is part of la y- ered approac to automatic managemen of ul tipro- cessor comm unic ation lo calit Sev eral comp onen ts in the Alewife system co op erate in automatic mini mization of latency Hardw are-managed distributed cac hes signi�can tl reduce the frequency of remote comm unic ati ons automatically cop ying frequen tly used data lo cally The soft are run-time system al- lo ws pro cess and data partitioning, placeme t, and migration for impro ving lo calit When the system can not oi remote mem ory request and is forced to incur the latency of the in terpro cessor comm uni cation net ork, the Alewife pro cessors attempt to tolerate this latency through the tec hnique of blo ulti threadi ng. The next section details the role of ulti threadi ng and its imple m en tation. Using Multithreading to olerate Latency While cac h ing data reduces the erage mem ory ac- cess latency minim iz ing the frequency of remote mem ory accesses, fraction of mem ory transactions still require service from remote mem ory mo dules. When transactions cause the cac he coherence pro- to col to issue in al idation messages in order to en- sure sequen tial consistency 14 ], the remote mem ory access latency is esp ecially high. ransactions that require an in alidations do not complete un til all the in alid ations are complete. When the resulting remote me m ory access latency is uc longer than the time et ee mem ory accesses, pro cessors sp end most of their time aiting for mem ory transactions to serviced. This problem caused an im balance et een lo cal and remote comm unication latency is simil ar in principle to the problem caused the im balance e- een main mem ory and i/o device sp eeds in unipro- cessors. The mem ory ersus i/o sp eed im balance has een solv ed using ul ti-programm i ng. By time sharing pro cessor and ul tipl exi ng the comm uni ca- tion path et een the pro cessor and its i/o devices, their sp eed di�erences are e�cien tly hidden. Although the absolute comm unic ation costs in the unipro cessor system di�er from the analogous costs in ultipro cessor, the same yp of solution can applied to solv the problem caused the im balance et ee lo cal and remote mem ory access sp eeds in ulti pro cessors. By allo wing eac pro ces- sor to ha ulti ple outstanding mem ory requests, it is ossible for pro cessor to switc et een threads of con trol in order to mask the latency of remote mem ory accesses. This solution ma implem en te e�cien tl designing pro cessor that can rapidly switc et ee um er of hardw are con texts and allo cating one thread of con trol to eac con text. As sho wn in Figure 3, this tec hnique can increase pro cessor utilization considerably In the �gure, solid lines represen the ortion time that pro cessor ex- ecutes application co de, and dotted lines represen the time that pro cessor remains idle. The ertical lines designate the requests to remote mem ory mo d- ules, and the corresp onding resp onses. Time o ws from left to righ t. the eginning of the scenario, Con text is activ e but ecomes idle when it issues Memory Request 1. After short con text switc e- rio (mark e with the Sw lab el), Con text ecomes activ e and runs un til it issues Memory Request 2. Again, the pro cessor switc hes con texts. Since Mem- ory Request as satis�ed Resp onse 1, Con text is ready to con tin ue executing. Figure sho ws one more con text switc h, whic happ ens when Con text issues Memory Request 3. this oin t, Con text is not et ready to run, ecause Memory Request has not et completed. This illustrates the imp or- tan oin that in order to mask long comm uni cation latencies, threads ust maxim i ze the time et ee remote mem ory accesses. The yp of system depicted in Figure is re- ferred to as multithr ade ar chite ctur The idea of ulti threading in ulti pro cessor systems is not new. The protot ypical ultithre aded arc hitecture is the HEP 17 ]. Eigh threads reside in eac of the HEP’s pro cessors, and eac thread uses its wn ded- icated register set. In order to hide long mem ory access latency and ac hiev high pro cessor utilization, the system sc hedule the threads in round-robin fash- ion. Multithreading is also used in data o ma- hines 15 ], and some Lisp-orien ted arc hitec tures 11 ]. These ul tithreaded arc hitectures switc con- texts after ev e ry instruction execution. Although this switc hing olicy o�ers the oten tial of high pro cessor utilization, it results in relativ ely or scalar erfor-

Figure 3: Multithreaded Timeli ne. mance observ ed an single thread. When there is not enough parallelism to �ll all of the hardw are con texts, the system erformance degrades signi�- can tly or example in HEP if there are exactly eigh threads, the pro cessor utilization reac hes 100%. Otherwise, the pro cessor cycles executed the idle con texts are asted. Con text switc hing on cycle- y-cycl basis reduces system erformance on inher- en tly sequen tial ortions of an application. It is ossible to pro vide reasonable erformance on sequen t ial co de while still enjo ying the merit of ulti threadi ng for highly parallel sections of applica- tions. In Alewi fe’s pro cessor arc hitecture APRIL ], con text switc hes ccur only when thread executes mem ory request that ust serviced remote no de in the ulti pro cessor. As long as con text’ mem ory requests hit in the cac he or can serviced lo cal mem ory mo dule, the con text con tin ue to execute. This con text switc hing olicy allo ws single thread to ene�t from the maxim um erformance of the pro cessor. Sparcle, the initial APRIL implem e tation, uses the register windo ws of the SP AR pro cessor 19 to implem en ul tithreading. With small um er of hardw are mo di�cations, the register windo mec h- anism can used to impl em e oth the hardw are con texts and the rapid con text switc needed for ul tithreading. Sparcle dedicates one register windo to eac thread. When cac he miss ccurs and con text issues mem ory access request that ust serviced remotely the cac he con troller traps the pro cessor. The trap routine sa es the Program Coun ter (PC) and Pro cessor Status Register (PSR), switc hes regis- ter sets setting the rame oin ter (FP) register, ushes the pip eline, and switc hes to the next con text setting the rame oin te (FP) register to oin to new register windo w. sho ws that ev en with lo w-cost imple m en tation, con text switc can done in ab out 11 cycles. By main taining separate PC and PSR for eac con text, custom pro cessor could switc con texts faster than our curren imple men tation. Ho e e r, Section sho ws that ev en with 11 cycles of con text switc erhead, ulti threading signi�can tly impro e the system erformance. Sparcle’s con text switc hing mec hanism can also used to reduce sync hronization erhead switc hing con texts when thread encoun ters de- la due to sync hronization ariable access. This feature is not ev aluated in this pap er. ulti threaded arc hitecture is not free in terms of either its hardw are or soft are requireme ts. The imple m en tation of suc an arc hitecture requires ul tiple register sets or some other mec hanism to allo fast con text switc hes, additional net ork bandwidth, supp ort logic in the cac he con troller, and extra com- plexit in the thread sc heduling mec hanism Other metho ds for allo wing ulti ple outstanding requests, suc as eak ordering 10 ], incur similar im- pleme tation complexi tie in the cac he con troller. In Alewife, since the same con text-switc hi ng mec hanism is used for fast traps and for masking sync hronization latencies, feel the extra complexi in the pro ces- sor is justi�ed. See for detailed analysis of the in teracti on of ulti threading with cac he in terfere nce, net ork con ten tion, con text-switc hing erhe ad, and data-sharing e�ects. The Sim ulation System use ASIM, the Alewife mac hine sim ul ator, to estimate the exten to whic ulti ple con texts can

Figure 4: Coupled race-Driv en Sim ulation. erlap com uni cation latency ASIM is cycle-b y cycle sim ul ator of the en tire mac hine, including pro- cessors, cac hes, and in terconnection net ork. ASIM can use sources of stim ulus. First, programs written in high-lev el language can compiled, link e with run-time system, and executed on the Alewife mac hi ne. Second, address traces of parallel programs con taini ng em edded sync hronization in- formation can used to driv the sim ul ations. This pap er uses the latter source. ASIM uses ouple trace-driv e sim ul ation metho d. In coupled sc hem e, mem ory requests ob ey the sync hr onization constrain ts on the parallel pro- gram and resp ond to feedbac from the in terc onnec- tion net o rk. This yp of sim ulation mo dels cor- rect ordering of mem ory requests. The coupled sim- ulation system is depicted in Figure 4. An address trace of single-pro cessor execution of the parallel program driv e the sim ulation system. The ost- mortem sc he duler generates parallel trace, ob ey- ing the sync hronization constrain ts sp eci�ed in the unipro cessor trace. The sc heduler sends address re- quests to the cac he and net ork sim ulator, whic re- sp onds to the requests from the sc heduler and accu- ulates statistics that measure mem ory latency and other parameters. The single pro cessor trace is deriv ed from unipro cessor execution of an application parallelized using the single-pro cessor-m ultipl e-data (SPMD) computational mo del. Single pro cessor traces are gathered using PSIMUL 18 ], system for tracing parallel applications on IBM S/370 mac hine s. In the SPMD mo del eac co de section (task) in the system ends with sync hronization ev e t, ypic ally bar- rier. The single pro cessor trace describ es the mem ory referenc eha vior of all the tasks and annotates the oin ts where sync hronizations ust ccur. The dynamic ost-mortem sc hedule pro duces parallel trace sim ul ating pro cessors executing the task segme ts in the trace. Figure illustrates its structure. Comparable sim ulators ha een dev el op ed other researc hers 13 ]. The sc heduler �rst mak es pass through the unipro cessor trace and con- structs task trace from the sync hronization mark- Figure 5: Coupled ost-mortem Sc hedule r. ers. It then sim ulates the pro cessors executing these tasks in round-robin fashion with eac pro cessor making one reference eac cycle from its task. The sc heduler sim ulates the sync hronization eha vior of the pro cessor and syn thesize sync hronization refer- ences according to presp eci�ed aiting algorithms. The imple m en tation in this study uses soft are com- bining trees for barrier sync hronizations ]. In general, pro cessor issues mem ory request from its task only after its previous net ork request is satis�ed. Ho ev er, the sim ulator can also ho ose to switc to di�eren thread after net ork request to mo del ulti threaded pro cessor. When sim ulating ulti threaded pro cessors, eac pro cessor main tains ulti ple con trol blo ks corresp onding to the state of ulti ple pro cessor con texts. The cac he and net ork sim ulators mo del the mem ory system of the Alewife mac hine. Eac pro- cessor has its wn com bined instruction and data cac he. Eac pro cessing no de also con tains or- tion of globally-shared mem ory assume that all instructions are replicated in eac pro cessor’s lo cal mem ory Shared data is in terle ed at cac he blo size across all the pro cessing no des. sim ulate sev- eral cac he coherence proto cols including full-map di- rectories, LimitLESS directories, and hained direc- tories. Since the e�ects of ul tithreading are uniform for all of the coherence proto cols that studied, rep ort results only for the LimitLESS proto col. The net ork is dimensional mesh.

SIMPLE eather otal Mem ory Accesses 24.0M 26.7M Instruction etc 42.1% 40.1% Shared Read 15.1% 7.6% Shared ri te 1.9% 1.8% Priv ate Read 26.7% 42.8% Priv ate rite 14.2% 7.7% CR CW PRAM Sp eed-up 105 108 able 1: Application Characteristics. Sim ulation Results This section analyzes the erformance of OR- TRAN applications when running on sim ulati ons of 64 pro cessor mac hine After describing the param- eters of the sim ulations, compare the eha vior of ul tithre aded arc hitec ture to standard con�gura- tion. then analyze ho ul tithre ading a�ects the con tributio of sync hronization, lo cal mem ory access latency and remote mem ory access latency to the time that it tak es to run eac application. Finally compare ul tithreading with eak ordering, another metho for masking remote mem ory access latency 5.1 Sim ulati on arame te rs Our sim ul ations use application programs to ev aluate Alewife ’s ul tithre aded arc hitecture The SIMPLE application sim ul ates the ydro dynamic and thermal eha vior of uids in dimensions, and the e ather application forecasts the state of the atmosphere giv en an initial state. Both SIMPLE and eather are written in EPEX/F OR TRAN 20 ], ersion of OR TRAN that has een extended with parallel constructs at IBM. able summarize the haracteristics of these programs. The total um er of mem ory references for eac trace is the um er of mem ory transactions that are issued in unipro cessor execution of the trace. The table giv es the ercen tage of eac of �v yp es of mem ory references in the trace. In ulti pro cessor sim ulation, pro cessor’s lo cal mem ory mo dule satis�es all cac he misses on priv ate data. Since the sim ul ator in terl ea es shared data addresses er all of the mem ory mo dules in the system, cac he misses on shared data are usually serviced remote mem ory mo dule. The in terle e mem ory mapping olicy di�ers from Alewife’ mem ory sys- tem, whic allo cates consecutiv blo of addresses to eac pro cessor’s mem ory mo dule. In terle ving is Pro cessing Elemen ts 64 Coherence Proto col LimitLESS Cac he Size 64KB (4096 lines) Cac he Blo Size 16 ytes Net ork op ology Dim. Mesh (8 8) Channel Width 16 bits Net ork Sp eed pro cessor sp eed Memory Latency pro cessor cycles Con text Switc 11 pro cessor cycles able 2: Default Sim ul ation arameters. used for the sim ulations rep orted in this pap er, e- cause the ost-mortem sc heduler mak es no attempt to address the problem of data allo cation in system with non-uniform mem ory access latencies. appro ximate the ail able parallelism of eac application sim ul ating it on 128 pro cessor concurren t-read, concurren t-write parallel random access mac hi ne (CR CW PRAM). This mo del as- sumes that an mem ory transaction tak es exactly one cycle to complete The parallelism rep orted in a- ble is the sp eed-up of eac application on CR CW PRAM. Our metric for ev aluating the erformance of ulti pro cessor is sp eed-up, the ratio et een the ex- ecution time of an application on unipro cessor, and the execution time on ultipro cessor. The unipro- cessor execution time do es not include an of the erhead inheren in ulti pro cessing, including syn- hronization and comm unic ation dela Th us, the sp eed-up metric encapsulates all of the factors that con tribute to ul tipro cessor’s execution time, in- cluding net ork latency net ork con ten ti on, syn- hronization dela cac he coherence e rhead, and load im balance among pro cessors. In addition to determi ning the execution time of an application, the ulti pro cessor sim ul ator gen- erates ra statistics that measure an application’s mem ory access patterns and the utilization of ari- ous system resources. will use these statistics to explain the erformance of the ulti threaded arc hi- tecture. The sim ulations rep orted in the follo wing sections use the parameters listed in able 2. 5.2 E�ect of Multithreadi ng Figure sho ws the sim ul ated erformance for the eather and SIMPLE applications using one and threads er pro cessor. The ertic al axis sho ws the sp eed-up of the application with 64 pro cessors,

Figure 6: E�ect of Multithreading. relativ to unipro cessor execution of the same ap- plication without sync hronization erhe ad. Both of the applications realize ab out 20% erformance in- crease from ul tithre ading. Since neither of the ap- plication problem sets are large enough to sustain more than 128 con texts, no erformance gain results from increasing the um er of con texts from to three er pro cessor. This eha vior is not surpris- ing, giv en the fact that oth applications’ CR CW PRAM paralleli sm is less than 128. The sim ulations of sev eral cac he coherence proto cols (including lim ited, full-m ap, and LimitLESS) sho that the 20% erformance increase is largely indep enden of the co- herence me hanism The erformance of the single- link hain coherence proto col impro ed sligh tly more than the other proto cols, due to the greater latency of requests to write shared data. The sim ul ations rev e al the increase in the demand for net ork bandwidth due to ulti threading. a- ble sho ws the e�ect of ulti threading on the v- erage net ork hannel utilization and the e rage pac et transit latency The higher bandwidth de- mands, eviden from the increased hannel utiliza- tions, cause larger pac e comm unication latencies. Ho ev e r, the sp eed-up results alidate the predic- tion in ]: as long as the net ork do es not approac saturation, the ene�ts of tolerating remote access latency out eigh the increase in pac e comm uni ca- tion latency Since the ultithre aded arc hitecture is designed to tolerate remote access latency its higher net ork utili zation indicates that it uses the sys- tem resources more e�cien t ly than the standard (one thread) con�guration. The e�cien use of net ork and pro cessor resources allo ws the ul tithreaded ar- hitec ture to realize increased sp eed-up when running Channel ac et Application Threads Utilization Latency SIMPLE 21.0% 9.8 25.7% 12.3 eather 14.7% 8.4 18.8% 9.3 able 3: Net ork Statistics. the applications. The sim ulations erformed during the Alewife de- sign pro cess will rev eal the e�ects of ulti threading on other applications. Some prelimi nary results are curren tl ail able from full system sim ulations run with compiled programs instead of trace-driv en in- put. Applications that exhibit go comm uni cation lo calit did not erform etter with ul tithre ading, as exp ected. Other applications with or lo calit suc as matrix transp ose, exhibit 20% impro e m en with con texts er pro cessor and 25% with con- texts. 5.3 Cost Analysis An analysis of the costs of mem ory transactions con- �rms the in tuition that ul tithre aded arc hitecture yields etter erformance reducing the e�ect of in- terpro cessor comm unic ation latency Our ul tipro- cessor sim ul ation system collects information ab out the distribution and the latency of arious yp es of mem ory transactions. ha re�ned the statistics in to summ ary of the costs of four basic yp es of transactions. 1. Applic ation tr ansactions are the mem ory re- quests issued the program running on the system. These transactions are the transac- tions in the original unsc heduled trace. 2. Synchr onization tr ansactions are mem ory re- quests that implem en the barrier executed at the end of parallel segmen of the application. 3. al ache miss tr ansactions ccur when an application or sync hronization transaction misses in the cac he, but can serviced in the lo cal mem ory mo dule. 4. emote tr ansactions ccur when an applica- tion or sync hronization transaction misses in the cac he or requires coherence action, re- sulting in net ork transmission to remote mem ory mo dule. Multithreading is designed to allevi ate the latency caused this yp of transaction. The con tributi on of eac yp of transaction to the time needed to run an application is equal to the um e of transactions ultipl ie the e r- age latency of the transaction. assume that the latency of application and sync hronization transac- tions is equal to cycle, while the sim ulator collects statistics that determine the erage latency of the cac he miss transactions. able sho ws the cost of eac transaction yp e, normalized to the um er of application transactions. or example, in the sim ula- tion of SIMPLE with one con text er pro cessor, the mem ory system sp ends an erage of 3.98 cycles ser- vicing remote transactions for ev e ry cycle it sp ends servicing an application data access. The statistics in able are calculated directly from the ra statistics generated the ul tipro ces- sor sim ul ator using the parameters in able 2, ex- cept for the cost of remote transactions in the ulti threaded en vi ronm en t. ul tithre aded arc hitecture can erl ap some of the cycles sp en servicing remote transactions with useful ork erformed switc h- ing to an activ thread. appro ximate the um er of cycl es that are erlapp ed from the e rage remote transaction latency the con text switc e r- head, and the um er of remote transactions. The um er of erl app ed cycles is subtracted from the latency of remote transactions in order to adjust the cost of rem ote transactions. or all of the sim ulations summariz e in the table, the total cost ul tipli ed the um e of application cycles is within 5% of the actual um er of cycles needed to execute the appli- cation. The analysis sho ws that remote transactions con- tribute large ercen tage of the cost of running an application. This conclusion agrees with the premise that comm unication et een pro cessors signi�can tly a�ects the sp eed of ulti pro cessor. The ulti threaded arc hite cture realizes higher sp eed-up than the standard con�guration, ecause it reduces the cost of rem ote transactions. Because comm unic ation latency gro ws with the um er of pro cessors in system, the relativ cost of remote transactions in- creases. This trend indicates that the e�ect of ul tithreading ecomes more signi�can as system size increases. 5.4 Comparison to eak Ordering In order to ev aluate the con tribution of ul tithread- ing, compare the erformance of our ulti threaded system to the erformance of system with eak ordering 10 ]. eak ordering is an alter- nate metho of tolerating remote mem ory access la- tency allo wing ulti ple outstanding transactions er pro cessor. When using eakly ordered mem ory system, if programmer ob eys certain sync hro- nization seman tic s, then the system will app ear to enforce sequen ti al consistency con eni en mo del of shared mem ory In return, the mem ory system er- mits individual threads to erl ap the latency of cer- tain yp es of remote transactions with useful compu- tation. In con trast, Alewife’s mem ory system guar- an tees sequen ti al consistency without placing restric- tions on the sync hronization seman ti cs of programs, and erl aps remote transaction latency with ulti ple threads of computation. compare these metho ds for masking re- mote mem ory latency instrumen ted the sim ulator to estimate the erformance of system with eak ordering. The sim ulator collects statistics ab out eakly ordered mem ory system while sim ulating single-con text pro cessor with mem ory system that pro vides sequen tial consistency or the purp oses of our analysis, mo deled eakly ordered system that allo ws all write transactions to e rlapp ed with computation, un til the program encoun ters sync hronization oin t. sync hronization oin ts, the system ust ait for all write transactions to complete. The appro ximation metho records the latency of the mem ory transactions that ma e rlapp ed with execution, namely write misses and attempts to write to read-only cac he blo ks. an oin in the sim ulati on, the algorithm can determine the latest time that erl app ed transactions will complete for eac pro cessor. When thread that is running on pro cessor erforms sync hronization, the sys- tem kno ws ho long to stall the pro cessor to ensure that all of the outstanding mem ory transactions are complete. The sim ulator calculates the erformance of eak ordering for eac pro cessor subtracting erl app ed cycles from the normal execution time and adding the extra ait time at sync hronization oin ts. The erformance of eak ordering for the en tire system is calculated eraging the execu- tion time e all pro cessors. Our sim ulations indicate that ultithre aded ar-

SIMPLE eather ransaction yp Thread Threads Thread Threads Application 1.00 1.00 1.00 1.00 Sync hronization 1.17 1.08 0.76 0.45 Lo cal Cac he Miss 0.41 0.36 0.34 0.36 Remote 3.98 2.83 1.25 0.94 otal 6.56 5.27 3.35 2.75 able 4: Memory access costs, normalized to application transactions. Sequen tiall Consisten eak Application Thread Threads Ordering SIMPLE 18.2 21.8 20.4 eather 24.4 29.8 28.6 able 5: Sp eed-up ac hiev ed tolerating latency hitec tures with con texts compare fa orably with eakly ordered systems. able sho ws the sp eed- up alues that are measured for one thread (con- en ti onal), thread, and eakly ordered systems. With the addition of single extra thread, the ul tithreaded system ac hiev es appro ximatel the same sp eed up as the eakly ordered system. Both ulti threading and eak ordering increase hardw are and soft are compl exi in order to pro vide latency toler- ance. Both tec hni ques use similar approac to the latency problem, and oth strategies result in com- parable erformance gains for our applications. Conclus ions This pap er ev aluated the oten tial for using ul tithreaded arc hitecture to tolerate remote mem ory access latencie in shared mem ory ul tipro ces- sor. Sim u l ations of 64 pro cessor system demon- strate erformance gains with con texts er pro- cessor and an 11 cycle con text switc e rhead. The higher erformance of the ulti threaded system in- dicates that the ene�t of e rlapping useful com- putation with comm uni cation latency out e ighs the erhead of implem e ting ul tiple con texts er pro- cessor. or the applications that studied, ul tithreaded pro cessors realize 20% erformance in- crease e single-thread pro cessors on 64 pro cessor Alewife mac hi ne. Sim ulat ions of the Alewife system sho that ul tithreading mitigates the negativ impact of comm u- nication latency in ultipro cessors. Because comm u- nication latency gro ws with the um er of pro cessors in system, exp ect the e�ect of ulti threading to ecome ev e more signi�can as system size in- creases. Lik an other tec hnique that allo ws ul tiple outstanding mem ory requests, ulti threading pro vides erformance gains as long as the in tercon- nection net ork has spare bandwidth. Multithreading, tec hnique for tolerating remote access latency should view e within the con text of la ere approac to automatic managemen of comm unic ation lo calit in scalable ul tipro cessors. In complete system, pro cessor cac hes and com- piler tec hnique decrease the prop ortion of mem ory accesses that require in terpro cessor comm unicati on. Run-time soft are can also attempt to mini m iz the erage latency of remote accesses e�cien tly allo- cating threads to the grid of pro cessors. Multithread- ing pro vides the last line of defense when all of the attempts to exploit comm uni cation lo calit fail. The fundamen tal hallenge in our researc lies in under- standing the in teracti on et een the arious mec h- anisms for implem en ti ng an e�cien shared-mem ory system. Ac kno w ledgm en ts are grateful the the other mem ers of the Alewife dev el opm en team, who ha participated at ev ery stage of the researc rep orted in this pap er. In par- ticular, John Kubiato wicz is resp onsible for the de- sign of the Alewife pro cessing no de, Beng-Hong Lim imple m en ted the bulk of the run-time system that manages ultit hreading, and Gino Maa wrote the net ork sim ul ator. The serial ersi on of the SIMPLE application as originally from La wrence Liv erm ore Lab ora- tory It as parallelized Boris D. Lubac hevsky while at NYU to run under ASH CLOTH, an instruction-lev el sim ulator of the NYU Ultracom- puter, written Allan Gottlieb. at eller mo di�ed Lubac hevsky’s co de to run under EPEX/F OR TRAN at NYU. eather as originally dev el op ed at the

NASA Space Fligh Cen ter. Da vid Korn and Norman Rush�eld paralleli zed the co de to run under ASH- CLOTH, and at elle mo di�ed the co de to run under EPEX/F O TRAN. at ell er and Allan Got- tleib pro vid ed the sources for the programs. Harold Stone and Kimm ing So help ed us obtain the traces from IBM. The static ost-mortem sc heduling pro- cess as dev el op ed Mathews Cherian and Kim- ming So at IBM. Mac hin es used for sim ul ations ere donated Sun Microsystem s, Digital Equipmen Corp oration, and Encore Computer Corp oration. The Sparcle im- plemen tati on e�ort is collab oration with LSI Logic Corp oration and Sun Microsystem s. The researc re- orted in this pap er is funded ARP con tract N00014-87-K-08 25 and gran ts from the Sloan oundation and IBM. References [1] Sarita V. Adv and Mark D. Hill. eak Or- dering New De�nition. In Pr dings 17th nnual International Symp osium on Computer chite ctur June 1990. [2] Anan Agarw al. erform ance radeo�s in Mul- tithreaded Pro cessors. IEEE ansactions on Par al lel and Distribute Systems 1991. ap- ear. [3] Anan Agarw al, Beng-Hong Lim, Da vid A. Kranz, and John Kubiato wicz. APRIL: Pro- cessor Arc hite cture for Multipro cessing. In Pr o- din gs 17th nnual International Symp osium on Computer chite ctur pages 104{114, June 1990. [4] Anan Agarw al, Ric hard Simoni, John Hen- nessy and Mark Horo witz. An Ev aluation of Directory Sc hem es for Cac he Coherence. In Pr o- din gs of the 15th International Symp osium on Computer chite ctur IEEE, New ork, June 1988. [5] Lucien M. Censier and aul eautrier. New Solution to Coherence Problems in Multicac he Systems. IEEE ansactions on Computers C- 27(12):1112{1 118 Decem er 1978. [6] Da vid Chaik en, Craig Fields, Kiy oshi Kuri- hara, and Anan Agarw al. Directory-Based Cac he-Coherence in Large-Scale Multipro ces- sors. IEEE Computer June 1990. [7] Da vid Chaik en, John Kubiato wicz, and Anan Agarw al. LimitLESS Directories: Scalable Cac he Coherence Sc hem e. In ourth Interna- tional Confer enc on chite ctur al Supp ort for Pr gr amming anguages and Op er ating Systems (ASPLOS IV) CM, April 1991. app ear. [8] Mic he Dub ois, Christoph Sc heuric h, and A. Briggs. Sync hronization, coherence, and ev en ordering in ul tipro cessors. IEEE Com- puter 9{21, ebruary 1988. [9] D. A. George. EPEX Envir onment for Par al lel Exe cution ec hnic al Rep ort 13158 (58851), IBM T. J. atson Researc Cen ter, orkto wn Heigh ts, Septem er 1987. [10] K. Gharac horlo o, D. Lenoski, J. Laudon, Gib- ons, A. Gupta, and J. Hennessy Memory Con- sistency and Ev en Ordering in Scalable Shared- Memory Multipro cessors. In Pr dings 17th nnual International Symp osium on Computer chite ctur June 1990. [11] R.H. Halstead and T. ujita. MASA: Mul- tithreaded Pro cessor Arc hite cture for arallel Sym olic Computing. In Pr dings of the 15th nnual International Symp osium on Computer chite ctur pages 443{45 1, IEEE, New ork, June 1988. [12] W. J. Kaminsky and E. S. Da vidson. Dev eloping Multiple-Instruction-Stream Single-Chip Pro- cessor. IEEE Computer 66{78, Decem er 1979. [13] Mano Kumar and Kimm ing So. race Driv e Sim ulation for Studying MIMD arallel Com- puters. In International Confer enc on Par al lel Computing pages I{68 I{72, 1989. [14] Leslie Lamp ort. Ho to Mak Multipro ces- sor Computer That Correctly Executes Multi- pro cess Programs. IEEE ansactions on Com- puters C-28(9), Septem er 1979. [15] G. M. apadop oulos and D.E. Culler. Monso on: An Explicit ok e n-Store Arc hitec ture. In Pr o- dings 17th nnual International Symp osium on Computer chite ctur June 1990. [16] B.J. Smith. Pip elined, Shared Resource MIMD Computer. In Pr dings of the 1978 International Confer enc on Par al lel Pr essing pages 6{8, 1978. 10

[17] B.J. Smi th. Arc hitec ture and Applications of the HEP Multipro cessor Computer System. SPIE 298:241{248 1981. [18] K. So, F. Darema-Rogers, D. A. George, V. A. Norton, and G. F. P�ster. PSIMUL Sys- tem for Par al lel Simulation of Par al lel Systems ec hni cal Rep ort 11674 (58502), IBM T. J. atson Researc Cen ter, orkto wn Heigh ts, No em er 1987. [19] SP AR Arc hite cture Man ual. 1988. SUN Mi- crosystems, Moun tain View, California. [20] J.M. Stone, F. Darema-Rogers, V.A. Norton, and G.F. P�ster. Intr duction to the VM/EPEX OR T R AN Pr epr essor ec hnic al Rep ort 11407 (#51329), IBM T. J. atson Researc Cen ter, orkto wn Heigh t, NY, Septem er 1985. [21] H. Sulliv an and T. R. Bashk w. Large Scale, Homogeneous, ully Distributed arallel Ma- hine. In Pr dings of the 4th nnual Symp o- sium on Computer chite ctur pages 105{11 7, Marc 1977. [22] C. K. ang. Cac he Design in the Tigh tly Cou- pled Multi pro cessor System. In AFIPS Con- fer enc Pr dings, National Computer Confer- enc e, NY, NY pages 749{753 June 1976. [23] olf-Dietri eb er and Ano op Gupta. Ex- ploring the Bene�ts of Multiple Hardw are Con- texts in Multipro cessor Arc hite cture: Prelimi nary Results. In Pr d ings 16th nnual Inter- national Symp osium on Computer chite ctur IEEE, New ork, June 1989. 11