Exploiting Heterogeneous arallelism on Multithreaded Multipro cessor Gail Alv erson Rob ert Alv erson Da vid Callahan Brian Koblenz Allan orter�eld Burton Smith era Computer Compan Seattle, ashington USA Abstract This pap er describ es an in tegrated arc hitecture, compiler, run time, and op erating system solution to exploiting hetero- geneous parallelism. The arc hitecture is pip elined ulti- threaded ultipro cessor, enabling the execution of ery �ne (m ultiple op erations within an instruction) to ery coarse (m ultiple jobs) parallel activities. The compiler and run time fo cus on managing parallelism within job, while the op er- ating system fo cuses on managing parallelism across jobs. By considering the en tire system in the design, ere able to smo othly in terface its four comp onen ts. While eac com- onen is primarily resp onsible for managing its wn lev el of parallel activit feedbac mec hanisms et een comp onen ts enable resource allo cation and usage to dynamically up- dated. This dynamic adaptation to hanging requiremen ts and ailable resources fosters oth high utilization of the mac hine and the e�cien expression and execution of paral- lelism. In tro duction An application set con tains parallelism at man lev els. Fine grain parallelism within an application can range from pip elined or co-sc heduled op erations to tigh tly par- allel lo ops. Medium grain parallelism, on the order of This researc as supp orted the United States Defense Ad- anced Researc Pro jects Agency Information Science and ec h- nology O�ce ARP Order No. 6512/2-4; Program Co de No. OT10 issued ARP A/CMO under Con tract MD A972-90-C- 0075. The views and conclusions con tained in this do cumen are those of era Computer Compan and should not in terpreted as represen ting the o�cial olicies, either expressed or implied, of ARP or the U. S. Go ernmen t. undreds of instructions, describ es more general, ar- ied, and largely indep enden activities. Coarse grain parallelism presen ts itself in the form of applications (or large application sections) that can run sim ultane- ously in ultiprogrammed fashion. use the phrase heter gene ous ar al lelism to refer to this sp ectrum of parallelism with widely arying grain-size and resource requiremen ts. This pap er describ es an in tegrated hardw are and soft- are system designed to exploit heterogeneous paral- lelism. Eac of the hardw are, compiler, run time, and op erating system comp onen ts are resp onsible for man- aging parallelism at di�eren lev els. In addition, the comp onen ts co op erate to adapt to hanging parallel and resource requiremen ts. Brie y the most imp ortan attribute of the hardw are is that it is ultithreaded. In ultithreaded arc hi- tecture, eac ph ysical pro cessor supp orts some um er of instruction streams, eac of whic is programmed essen tially lik traditional unipro cessor. These ulti- ple streams are then ultiplexed the pro cessor hard- are on to single set of functional units. Our principle motiv ation for adopting ultithreaded pro cessors is to tolerate latency from memory units and sync hroniza- tion. Because these latencies gro with the size of the ultipro cessor, they ust tolerated for an e�ectiv ely scalable mac hine. The most imp ortan attribute of the erall system is the virtual mac hine it presen ts to the parallel program- mer. This, in turn, largely in uences ho easily the par- allel mac hine can used. The virtual mac hine de�ned our parallel language has an un ounded um er of \pro cessors", eac with uniform access to shared mem- ory The language is traditional imp erativ language augmen ted with data and con trol constructs to sp ecify thread creation and sync hronization. The �ction of an un ounded um er of pro cessors is main tained the soft are through time-sharing when the seman tics of the program require more logical pro cessors than ail- able streams. The �ction of uniform access is main- tained the ultithreading, whic masks aiting in one stream with computation in another. fo cus on answ ering questions that are cen tral to systems that supp ort heterogeneous parallelism. What is the role of eac comp onen of the system the hardw are, op erating system, compiler, and run- time in detecting and using parallelism within and across applications? Ho can the system, as whole, adapt to the hanging resource requiremen ts of its applications? The second question stems from researc concern- ing the amoun of the ailable parallelism in pro- grams[8, 11]. Results indicate that the parallelism in program can ary orders of magnitude er relativ ely short time in terv als. Optimized umerical programs also sho wide and rapid ariance in ailable paral- lelism. Go mac hine utilization requires that one �nd to smo oth out these resource pro�les. dynamic solution to resource managemen t, in whic stream re- sources can mo from one task to another within and across jobs, app ears most reasonable and unobtrusiv to users. In tuitiv ely eaks of one computation can used to �ll the alleys of another. The era system, re ecting our ork, is in tended for commercial use in large scale ulti-user scien ti�c com- puting en vironmen t. Mac hines will ha up to 256 pro- cessors, with appro ximately 32,000 streams ailable in full size mac hine. This pap er describ es ho eac com- onen of the system manages its particular lev el of par- allelism. also iden tify the information eac comp o- nen ust pro vide to the other, in order to adapt to dy- namic hanges in application parallelism and resources. In terestingly and in part due to our concurren design of the system, the set of comm unication hannels needed to pro vide this in tegration is small. The next section con trasts the era system with other ultithreaded systems. This is follo ed in Section brief description of our arc hitecture. Section out- lines supp ort for ery �ne-grained parallelism. Section then discusses the sp ecial needs of compiler generated parallelism. Section describ es the general run time en- vironmen with emphasis on e�cien sync hronization. Section outlines op erating system concerns of allo cat- ing resources to di�eren jobs. Related Systems The general need for ultithreading arises whenev er there is insu�cien parallelism ailable within single stream to eep the mac hine resources busy in the face of resource latency Resource latency includes memory la- tency sync hronization latency and pro cessing latency Rather than simply allo wing the hardw are resources to idle, they are shared among ultiple streams. primary motiv ation for ultithreaded arc hitectures is to pro vide scalable shared memory Sc alable means that as the um er of pro cessors increase, the amoun of ork that can erformed in giv en time in terv al increases prop ortionately Shar memory refers to comm unication paradigm wherein parallel en tities com- unicate through reading and writing lo cations in sin- gle shared address space. Ideally shared memory pro- vides the illusion of uniform memory access. Miller. One of the early ultithreaded designs as the ultiple-stream registerless shared-resource pro ces- sor prop osed Miller in 1974 [13]. The main thrust of the design is to use queues to hold outstanding op era- tions at eac stage in the instruction pro cessing. eac clo tic k, an elemen of eac queue that is \ready" is pro cessed and mo ed to the next queue in the pip eline. By pro viding for large um er of instruction streams, the pro cessing elemen ts asso ciated with eac queue are ept busy large fraction of the time. HEP The Denelcor HEP system [15], in tro duced in 1978, as the �rst commercial ultithreaded ultipro- cessor. HEP system con tains up to 16 pro cessors con- nected high bandwidth switc h. Eac pro cessor has supp ort for 16 protection domains and 128 instruction streams. protection domain de�nes virtual address space; eac job executing on the same pro cessor has its wn protection domain. An instruction stream is bac ed program coun ter and ortion of er-pro cessor shared register �le. The pro cessor’s instruction issuing mec hanism enables fast instruction lev el task switc hing in the hardw are. In addition to ultithreading, ey feature of the HEP is its pip elining of oth the memory and ALUs to increase bandwidth. Because the activ instructions in the pip es come from di�eren streams, they are usually indep enden and in terlo ks are seldom encoun tered. Sync hronization in the HEP is ac hiev ed with full/empt bit on eac memory lo cation and general purp ose register. write to lo cation is implemen ted an instruction that, when empt indivisibly writes the lo cation and sets it full. read, similarly is im- plemen ted an instruction that, when full, indivisibly reads the lo cation and sets it empt When the syn- hronization condition do es not hold, the instruction is reattempted on the stream’s next turn for execution. Because the register set is shared among all streams of pro cessor, the HEP includes register reserv ation bits to ensure atomicit of op erations on shared registers. MASA. MASA [9] is ultithreaded arc hitecture de- sign that has man similarities with the HEP arc hitec- ture. no el feature of MASA is its use of parallel streams for ligh eigh pro cedure calls and traps. This feature is supp orted MASA’s bank of register sets, whic is shared in the st yle of register windo ws. As ell as ha ving their wn registers, spa wned streams share sev eral registers with their paren t. When trap ccurs, new stream is created as trap handler. This cre- ation automatically protects the con text of the trapp ed stream, et allo ws its con ten to prob ed the han- dler. Similarly creating new stream for eac pro ce- dure in cation, parameters of the pro cedure are passed in the shared registers automatically New registers are ailable, at no additional cost. Horizon. The Horizon [10], successor of the HEP adds to the family of shared memory MIMD systems for scien ti�c computation. Unlik the HEP eac stream of the Horizon has its wn priv ate register set. This hange eliminates the need for full/empt and reserv ed bits on the registers, allo wing faster clo rates and more parallelism in regis- ter access. The Horizon arc hitecture is horizon tal, with eac 64-bit instruction ha ving the oten tial to sim ul- taneously initiate memory an ALU, and con trol op eration. Eac instruction con tains 3-bit lo ok ahead �eld to allo ultiple outstanding op erations without hardw are register in terlo ks. The compiler sets lo ok a- head to indicate the um er of subsequen instructions that can issued without aiting for the completion of this instruction. full/empt bit on memory lo ca- tions is used for sync hronization of streams. Unlik the HEP the Horizon prop oses hardw are bac k-o� sc heme for failed sync hronized loads and stores. The purp ose of the dela ed retry is to minimize the net ork tra�c. The Horizon also pro vides user-lev el trap mec hanism, substan tially reducing the cost of traps. era. The era arc hitecture inherits uc of its de- sign and philosoph from the HEP and Horizon. As the next sections will explain, ho ev er, the era is cus- tomized to etter facilitate heterogeneous parallelism. or example, the arc hitecture includes reser ve op er- ation for assuring success of stream creation and coun- ters for system monitoring. Hardw are retry is used in conjunction with data trap bits for phase sync hro- nization. The crea te op eration has new in terface, and lo ok ahead only applies to memory op erations. The era soft are system, similarly explicitly ad- dresses the co op erativ sharing of the mac hine’s parallel resources. The managemen of all yp es of parallelism, particularly at the coarser lev els, distinguishes the era system from its predecessors. Alewife. The Alewife arc hitecture [1] of MIT is an- other recen addition to the MIMD distributed shared- memory ultithreaded comm unit The Alewife design seeks to oid memory latency not only to tolerate it. Alewife includes cac hes for shared data plus hard- are main tained directory sc heme for retaining co- herency et een them. E�ectiv eness of the cac hes de- ends largely on the lo calit of program references. Alewife emplo ys coarse grain ultithreading, where in- structions from giv en stream are executed un til the stream erforms remote memory request or fails in sync hronization attempt. Stream sc heduling is done in soft are. As with the previous systems, Alewife pro vides full/empt bit on eac memory lo cation for sync hro- nization. Loads and stores that (temp orarily) fail cause trap to ccur and, oten tially the stream to switc hed. Because Alewife uses coarse grain ultithreading, the mac hine ma require few er program coun ters than the era to eep pro cessor busy Because the era mak es no assumptions ab out lo calit on the other hand, it ma easier to write scalable programs on the era. It app ears that it is imp ortan for the era program- mer/system to �nd parallelism in the application for go erformance, while it is imp ortan for the Alewife programmer/system to �nd oth lo calit in the appli- cation and some parallelism. AM. The Threaded Abstract Mac hine (T AM) [7] is compiler-based approac to latency tolerance and ligh eigh sync hronization. AM is an execution mo del for �ne grained parallelism. The mo del places all sync hronization, sc heduling, and storage managemen under compiler con trol making these op erations ex- plicit in the instruction set. The mo del is not hard- are design; it instead can implemen ted on ariet of con en tional (and uncon en tional) arc hitectures. Al- though it is di�cult to compare mo dels with arc hitec- tures, con trast sev eral general features of the AM with those of the era. The AM compiler sc hedules instruction streams. Consequen tly the sc heduling olicies are exible and can tak adv an tage of information kno wn ab out the ex- ecuting program. The era run time system pro vides the same exibilit with sc heduling medium-grained pro- gram units. minimize erhead for �ne-grained par- allelism, ho ev er, streams on the era are sc heduled the hardw are. this lev el, giv en enough parallelism, simple olicies erform adequately AM has another lev el in its sc heduling hierarc called \quan tum". quan tum represen ts set of threads that can statically co-sc heduled on pro- cessor and share register set. Since the registers are shared, one remote reference do es not idle register set. In con trast, the era has only one program thread er register set. Ho ev er, ecause lo ok ahead allo ws up to eigh remote references to unresolv ed at once, sin- gle remote reference also need not idle era register set. *T. *T [14] is ybrid arc hitecture, adopting har- acteristics of oth parallel on Neumann and data o mac hines. The arc hitecture aims to limit the cost of remote loads and sync hronization latency particularly that due to barriers. Eac no de of *T has async hronous pro cessors. The sync hronization pro cessor directly handles mes- sages corresp onding to short activities. common short activit is that of join sync hronization, or remote memory request. The pro cessor queues other messages for the second pro cessor: the data pro cessor. The data pro cessor ypically �elds longer, more compute in tensiv activities, ha ving een reliev ed of quic sync hronization activities the �rst pro cessor. Because the sync hro- nization pro cessor handles all ultithreading asp ects, the data pro cessor can standard RISC pro cessor, lev eraging the high sp eed pro vided curren RISC pro- cessors. Similar to AM, the *T mo del presen ts single reg- ister set that is shared among the streams running on pro cessor. This sharing mak es streams ery ligh eigh t, whic allo ws ery �ne grain parallelism to e�ectiv ely exploited. Similar to data o pro cessor, stream that erforms remote load or remote sync hronization lea es no state ehind on the issuing pro cessor. The request con tains con tin uation to restart the stream when the resp onse is returned. Th us, remote op erations do not consume register �le lo cations, allo wing other streams to tak adv an tage of more registers. On the other hand, remote op erations can more costly since stream with sev eral liv alues ma ha to store them efore issuing the load and restore them up on restarting the con tin uation (after the op eration completes). Summary There are um er of approac hes to tol- erating latency with ultithreading. Eac approac has its merits. eliev principal strength of the era system is its abilit to exploit heterogeneous par- allelism, including parallelism from sim ultaneous jobs. Although other systems exploit parallelism at sev eral lev els generally the �ne and/or medium grain lev els era app ears unique in its goal to exploit parallelism at all lev els. era Arc hitecture Ov erview The era arc hitecture implemen ts ph ysically shared- memory ultipro cessor with ulti-stream pro cessors and in terlea ed memory units in terconnected pac et-switc hed in terconnection net ork [3]. The net- ork lo oks lik pip eline from the pro cessor’s ersp ec- tiv and its bandwidth is su�cien to allo arbitrary data placemen relativ to the pro cessors pro vided the resulting latency can tolerated. The net ork pro- vides bisection bandwidth whic allo ws request and resp onse for eac pro cessor to cross the bisection plane eac clo tic k. Eac pro cessor of the era has supp ort for 16 pro- tection domains and 128 streams. protection domain implemen ts memory map with an indep enden set of registers holding stream resource limits and accoun ting information. Consequen tly eac pro cessor can ex- ecuting 16 distinct applications in parallel. Although few er than 16 applications are usually necessary to at- tain eak utilization of the pro cessor, the extra domains allo the op erating system exibilit in mapping appli- cations to pro cessors. Streams eac ha their wn register set and are hard- are sc heduled. On ev ery tic of the clo k, the pro ces- sor logic selects stream that is ready to execute and allo ws it to issue its next instruction. Since instruction in terpretation is completely pip elined the pro cessor and the net ork and memories as ell, new in- struction from di�eren stream ma issued in eac tic without in terfering with its predecessors. When an instruction completes, the stream to whic it elongs thereb ecomes ready to execute the next instruction. Pro vided there are enough instruction streams in the pro cessor so that the erage instruction latency is �lled with instructions from other streams, the pro cessor is fully utilized. Similar to the pro vision of protection do- mains, the hardw are pro vision of 128 streams er pro- cessor is more than is necessary to eep the pro cessor busy at an one time. The extra streams enable run- ning jobs to fully utilize the pro cessor while other jobs are sw app ed in and out indep enden tly; they enable pro cessor to remain saturated during erio ds of higher latency (for example, due to sync hronization aits and memory con ten tion). era asso ciates four state bits with eac memory ord: forw arding bit, full/empt bit, and data trap bits. Tw of these, the full/empt bit and one of the data trap bits, are used for ligh eigh sync hro- nization. Access to ord is con trolled the oin ter (the instruction) used to access the memory lo cation and the alues of the tag bits. Regardless of the state of the full/empt bit, if either of the data trap bits is set and not disabled the oin ter, the memory access fails and the issuing stream traps. era supp orts three mo des of in teracting with the full/empt bit, where again, the mo de is selected the oin ter. (Normal) Read and write the memory ord regard- less of the state of the full/empt bit; writes set the bit to full. (F uture) Read and write the ord only when the cell is full; lea the bit full. (Sync hronized) Read only when the ord is full and set the bit to empt rite only when the ord is empt and set the bit to full. When memory access fails it is retried sev eral times in the hardw are efore the stream that issued the op er- ation traps. The retries are done in the memory func- tional unit and do not in terfere with other streams is- suing instructions. Other features of the era arc hitecture, including its wide instructions, supp ort for pro cess creation, coun- ters, and trap mec hanisms, will de�ned as they are encoun tered in the follo wing sections. ery Fine-grained arallelism The wide instructions and ultiple pip elines of the era arc hitecture supp ort parallelism at ery �ne grain. Because it is tedious to program, reasonably easy to detect, and presen in ev en the most sequen tial applica- tion, the era compiler is solely resp onsible for detecting and sc heduling this lev el of an application’s parallelism. era instructions are pac ed with three op erations: Memory Arithmetic, and Con trol (MA C). ypical M- op is lo ad ypical A-op is flo add mul and ypical C-op is jump The C-op slot is exible. It can also house simple in teger and oating oin arithmetic op erations whic allo ws addressing calculations to erformed in parallel with oating oin computation. three op eration era instruction can issue in eac clo tic k. The hardw are guaran tees that the results of and op erations will ailable (or ypassed) when needed succeeding instruction. Ho ev er, M-op dep en- dences are handled through 3-bit dep endence lo ok a- head �eld in the instruction. The hardw are allo ws eac stream up to eigh sim ultaneously outstanding memory op erations where the alue of the lo ok ahead �eld con- trols this degree of parallelism. The ma jor ene�t of lo ok ahead is that it allo ws memory latency to toler- ated within stream. It also allo ws instructions from the same stream to co-residen in the pip eline, han- dles register dep endence on loads, and handles an sort of dep endence et een memory op erations. Making de- endence explicit in the instruction allo ws the hardw are to plan ahead, sc heduling streams with satis�ed dep en- dence constrain ts rather than �nding out to late and stalling the pip eline. The lo ok ahead alue is set the compiler and can di�er for eac instance of memory op eration. The era hardw are also supp orts ery �ne-grain par- allelism in the functional unit pip elines. Whereas con- en tional pip elines are �lled with instructions from one instruction stream, the era pip elines ma hold instruc- tions from sev eral streams. As seen with the HEP ha v- ing ultiple streams �lling the pip elines often increases their utilization. Fine-grained arallelism The era compiler and hardw are ork together to au- tomatically detect and exploit �ne-grained parallelism. Before describ the compiler’s actions, it is useful to de�ne the critical hardw are features that it emplo ys. era pro vides op erations that allo cate, activ ate and deallo cate streams on single pro cessor: reser ve, crea te, and quit The reser ve instructions are no el, and ere in tro duced to assist with the automatic parallelization of programs. The instructions reserv the righ to issue crea te instructions, whic activ ate idle streams and assign them program coun ters and data en- vironmen ts. The quit instruction returns stream to the idle state. Signi�can amoun ts of parallelism can automati- cally extracted from existing scien ti�c programs using curren compiler tec hnology The dominan form of parallelism exploited compilers is \lo op lev el par- allelism" parallelism obtained executing separate iterations of lo op concurren tly Additional parallelism is found detecting when separate blo ks of co de can executed concurren tly Compilers are also capable of inserting explicit sync hronization to ac hiev form of data pip elining[12]. The optimal mapping of this parallelism on to the tar- get arc hitecture is often dep enden on parameters not kno wn at compile-time. In particular, for giv en um- er of pro cessors, the um er of iterations and the exe- cution times of arious tasks in uences ho parallelism is implemen ted, e.g. ho lo ops are sc heduled and what parallelism is deemed \not useful" and executed serially On ultithreaded arc hitectures in whic the ph ysical pro cessor is shared with other parallel activities from the same and other jobs, the static mapping problem is further complicated uncertain dynamic resources. Consider an isolated parallel lo op: DO 1,N X(K)= Y(K)*(R*ZX(K+10) T*ZX(K+11)) ENDDO The compiler migh implemen this lo op so that additional streams are \created" and eac stream er- forms appro ximately =s iterations. Ho ev er, if there are not idle streams at the momen this lo op egins execution then this implemen tation will not execute all iterations of the lo op. solution is to ha the compiler generate co de that do es not require additional streams but can exploit them if ailable. This approac has een used on sev- eral of the mini-sup er computers suc as Allian and Con ex, where it is considered imp ortan that executa- bles indep enden of mac hine con�guration. Our mo- tiv ation is to allo ery dynamic allo cation of resources from one parallel activit to another, ev en across jobs, so that the system is ery resp onsiv to hanges in ail- able parallelism. One strategy of the compiler for simple parallel lo op is to use up to 30 streams and divide the lo op ev enly among ho ev er man streams are acquired. If the pro- cessor is busy and no additional streams are ailable, then the lo op executes serially with streams after only few instructions of erhead: reserve_upto r0 29 += k0 ceiling(n/s) store CHUNK, k0 store DONE$, k0-1 while (--s 0) create l1 k=k sp=sp n=n += k0 -1 l1: load k0, CHUNK min(k0+k,n) while (++k n) // usual scalar optimizations apply... X(k)= Y(k)*(R*ZX(k+10) T*ZX(k+11)) DONE$-- if(d 1) quit The era instruction set includes the A-op re- ser ve upto st where and are registers and st is an immediate constan t. This instruction attempts to reserv as man streams as are ailable, up to st for use the curren protection domain. The um er As few as 10 or as man as 80 streams could needed to saturate the pro cessor, dep ending on the program. of streams successfully reserv ed is stored in to register Register r0 is alw ys 0. The crea te instruction is parameterized c- relativ jump target and three registers passed to the new stream. In this example, the crea te instruction is simply skipp ed if the reser ve fails to allo cate an streams. ariables in upp er case are in memory and ariables with indicate uses of the full/empt bit to pro vide ultra-ligh eigh sync hronization. Eac read is read- when-full-set-empt and eac write is write-when- empt y-set-full. The shared ariable DONE$ holds the um er of streams in olv ed in the lo op. Eac stream decremen ts the ariable as it completes its share of the lo op and eac stream except the last quit s. Note that as so on as stream quits one suc lo op, it is ready to reserv ed and applied to another lo op ossibly in dif- feren job. Sev eral indep enden instances of suc lo ops should presen fairly uniform demand on the pro ces- sor. The hardw are pro vides coun ters for eac job loaded in pro cessor. One holds the curren um er of activ streams in the job and the other holds the um er of streams reserv ed for that job. When crea te in- struction is issued, fault ccurs if the reserv ed coun is not larger than the curren coun t. Otherwise, the cur- ren coun is incremen ted. The reser ve instructions are used to increase the alue of the reserv ed coun ter to allo streams to crea te d. The quit instruction decremen ts oth the curren coun ter and the reserv ed coun ter. The co de fragmen ab dep ends on follo wing the soft are con en tion that create is only issued af- ter successful reserv e. Violating this con en tion ma cause incorrect eha vior in the erran job but will not a�ect other jobs. or man forms of parallelism this approac is ery e�ectiv e, ha ving lo erhead in oth time and co de- space. Some forms of parallelism are est implemen ted with sp eci�c um er of streams. In addition to the reser ve upto op eration, also supp ort the op era- tion reser ve st that attempts to reserv st streams but do es not reserv an unless st are ail- able. It also has test arian that sets condition co de indicating whether streams ere reserv ed. The compiler ust generate co de to handle the case when the reser ve fails. One approac is to generate ersions of the co de, parallel one and serial one and use the condition co de to select at run time whic er- sion to run. Since this ma costly in terms of co de size, an alternativ is to ha more exp ensiv but re- liable soft are allo cation mec hanism to fall bac on. It is exp ected that the reserv rarely will fail and so the exp ected cost of acquiring streams is still lo w. Medium-Grained arallelism era’s medium grain parallelism generally has gran u- larit of greater than 100 instructions and can sp ec- i�ed the user, disco ered the compiler, or com- bination of oth. general-purp ose parallel language should encour- age the programmer to express the parallelism of an application wherev er it is natural. It should hide from the programmer, as uc as ossible, con�guration de- tails of the hardw are and implemen tation details of the system. ogether, these goals imply that parallel lan- guage should: Supp ort an un ounded um er of parallel activities so that an application’s parallelism need not dep enden on certain um er of resources and can disco ered and generated incremen tally; Ac hiev e�cien pro cessor utilization through au- tomatic load balancing so that the programmer need not concerned with sc heduling issues; Supp ort ligh eigh sync hronization so that comm unication et een activities can used when needed, and used without enalties that ma in uence the algorithm or decrease its parallelism. illustrate ho the era system addresses these prop- erties, the remainder of this section describ es sev eral straigh tforw ard language extensions and their imple- men tation on our hardw are. 6.1 Expressing arallelism Explicit parallel programming is fostered through future ariables and future statemen ts. future ariable de- scrib es lo cation that will ev en tually receiv the result of computation. In our extended C, these ariables ma ha an primitiv yp e.g. har, in t, oat, or oin ter) and are iden ti�ed with the future yp qual- i�er [6]. future statemen is used to create new parallel activit and direct its result to future ari- able. When future statemen starts, the future ariable is mark ed as una ailable (the full/empt bit asso ciated with the memory cell is set to empt y) and an subse- quen reads of the una ailable alue blo k. When the future completes, the appropriate alue is written to the future ariable and the lo cation is mark ed ailable (the Though the discussion of futures uses arian of C, ha transliterated our language extensions to OR TRAN. In addition, the parallel activit sc heduling describ ed here is indep enden of language construct and could used to supp ort Ada tasking or concurren threads systems suc as PRESTO[5] or Linda[2]. full/empt bit is toggled to full). An parallel activities that ere blo ed aiting for the result ma no pro- ceed. uture ariables pro vide erful form of syn- hronization for \soft are pip elining" but do not ork ell for utual exclusion and ounded bu�er pro- ducer/consumer situations. address this need ha added sync yp quali�er whic also can com bined with an primitiv yp e. These \sync hro- nized" ariables pro vide direct access to the hardw are full/empt bit. read from an empt sync hronized ariable blo ks un til the ariable ecomes full and then resets the ariable’s state to empt Similarly write to full sync hronized ariable blo ks un til the ariable e- comes empt and then resets the state to full. Sync hro- nized ariables pro vide ery erful base on whic more complex structures can created. 6.2 Implemen ting arallelism The com bination of futures and sync hronized ariables presen ts virtual mac hine that satis�es the afore- men tioned language goals. It remains to describ an implemen tation that accomplishes load balancing and ligh eigh sync hronization. Since parallel activities are created dynamically and execute for an unpredictable amoun of time, static sc heduling olicy is impractical. Instead, use dy- namic self-sc heduling approac and rely on the fact that the decision of whic parallel activit to execute next is not crucial. If parallel activit blo ks shortly after it is started due to sync hronization constrain ts, an e�cien sync hronization strategy can get new parallel activit running. call eac medium-grain parallel activit chor Again, hores can created either the compiler or through future statemen ts. On creation, hores are placed in ready ol, whic corresp onds to an un- ordered collection of ready-to-execute con tin uations. The run time en vironmen uses ork-p ol st yle strategy for executing hores from the ready ol. When job starts executing, the run time reserv es some um er of instruction streams, called virtual pr essors to ork on the job. Virtual pro cessors rep eatedly select and run hores from the ready ol. Executing hore ma result in the allo cation of additional instruction streams for �ner-grained parallelism and in the genera- tion of new hores. Changing the arallel Resource Allo cation. The era run time aims to react to the dynamic needs of an application adjusting its resources to these needs. The run time can dynamically increase and decrease the um er of virtual pro cessors it emplo ys. This func- tionalit is useful as the erage size of the ready ol can ary signi�can tly er the lifetime of the program. Reasonably large ready ol merits more virtual pro- cessors than small ready ol for its timely execution. Resources acquired for erio of high parallelism, in con trast, should released during erio of lo par- allelism to limit their ine�cien use. The run time mon- itors the ratio of the um er of hores aiting to run relativ to the um er of virtual pro cessors and acts accordingly On an giv en pro cessor, additional streams (for use as virtual pro cessors) can ound the use of re- ser ve and crea te hardw are instructions. Streams can released with the quit instruction. Un til the run time reac hes stream limit imp osed the op erating sys- tem, it can th us gro and shrink its stream resources comm unicating directly with the hardw are. The limit ensures that the op erating system con trols large-grain fairness in resource allo cation et een jobs. In teraction with the op erating system is required when the run time seeks to add new streams running on di�eren ph ysical pro cessor. group of streams co op er- ating on pro cessor is called team. While the run time can gro (shrink) team indep enden tly of the op erating system (through reser ve and crea te instructions), it ust in teract with the op erating system to acquire (re- lease) new teams. This is ecause team creation requires resources suc as protection domains that ust glob- ally con trolled and initialized. The run time in teraction tak es the form of an op erating system call that, lik re- ser ve ust hec ed for success. More on the nature of the call (team allo cation) and the coun ters that the op erating system uses to decide whether the additional resources should gran ted is detailed in Section 7. 6.3 E�cien Sync hronization hore ma blo ecause it is aiting for future statemen to complete or ecause it is trying to access sync hronized ariable whic is in the wrong state. Since there ma man hores executing and accessing data in ariet of ys it is necessary to supp ort e�cien sync hronization and blo king. Our goals for sync hro- nization are the follo wing: If the sync hronization will so on succeed, then busy{w ait should used so that the cost of syn- hronizing will little more than the cost of normal memory reference. If the sync hronization will not succeed for long erio of time, then hea vier eigh t, non busy- aiting strategy is desirable. Sync hronization is accomplished in the era through the use of the full/empt bit asso ciated with eac ord of memory If the bit is in the desired state, the sync hro- nization tak es place immediately If not, the hardw are and soft are tak action using no el retry-then-trap sc heme. Our sc heme is tuned for optimistic sync hronization the assumption that most sync hronization attempts will either succeed immediately or aiting short while. When sync hronizing memory access is made and the full/empt bit is in the wrong state, the request returns to the pro cessor with failed status. The hardw are places the request in retry queue and automatically retries it. Retry requests are in terlea ed with new mem- ory requests at �xed rate. In terlea ving requests oids o ding the comm unication net ork with requests that recen tly failed but at the same time enables quic retry By retrying automatically in hardw are, no addi- tional instruction issues are required; the pro cessor can con tin ue issuing instructions at the normal rate of one er tic k. retry limit register is asso ciated with eac protec- tion domain. Eac time sync hronization attempt fails, its retry coun is incremen ted. When the retry coun reac hes the protection domain’s limit, the stream traps using the ligh eigh trap handling facilit The retry limit alue is set to balance the cost of sa ving and later restoring the state of the blo ed hore whic is neces- sary to implemen the blo king sync hronization. When stream traps ecause of retry failure, the program coun ter and register state of the hore e- ing executed the stream are sa ed. The alues are placed on list asso ciated with the sync hronization ad- dress and the memory cell has one of its data trap bits set. When second stream attempts to access the memory lo cation, it immediately tak es trap. The trap handler �nds the con tin uation for the hore that failed to sync hronize, often placing it bac in the ready (un- blo ed) ol for another virtual pro cessor to execute. This implemen tation is similar to that adopted for the split-phase transactions of I-Structure storage [4]. The use of the data trap bit oids the need to either oll the memory lo cation or to explicitly program hec on eac memory reference that could un blo another stream. Coarse-Grain arallelism The op erating system sc hedules coarse grain parallelism resources tasks sche ds and te ams lea ving the sc heduling of �ne grain parallelism resources str ams fully under the con trol of the compiler and run time. task is the system-wide unit of resource assignmen t. It pro vides an execution en vironmen for running pro- gram. Eac task consists of one or more sc heds. sc hed is the op erating system’s smallest individually sc hedula- ble unit. The distinction et een task and sc hed helps separate the function of resource allo cation from that of sc heduling. Eac sc hed includes one or more teams, where team is group of streams that execute on the same pro cessor. (More sp eci�cally team is group of streams that execute within single protection do- main.) The follo wing diagram illustrates the era sys- tem resource mo del. ask con tains sc heds, Sc hed and Sc hed 2. These are units of that can sc heduled separately Sc hed con tains teams, eam 1-1 and eam 1-2. The teams ma on the same pro cessor but ypically are on di�er- en pro cessors. Eac team wns dynamically sized set of streams of its pro cessor. Sc hed con tains one team, eam 2-1. eam 2-1 ma on the same or di�eren pro cessor than eams 1-1 and/or 1-2. era exploits coarse-grain parallelism concurren tly executing indep enden tasks (applications). argued in the in tro duction that parallelism within single task can rise and fall. Giv en this dynamic eha vior, it is desirable to share ph ysical pro cessors et een di�eren tasks so that pro cessor resources can migrate rapidly from tasks with decreasing parallelism to tasks with in- creasing parallelism. foster sharing et een tasks without costly soft are con text switc hing era pro- vides 16 protection domains er pro cessor. This allo ws up to 15 user tasks to run in parallel, with the last do- main reserv ed for system activities. Resources of task are expanded and decreased using the �ne-grain and coarser-grain tec hniques describ ed in earlier sections. Sc heduling of the protection domains amongst the set of ready applications is handled sc hedulers, big sc hed sc heduler (pb-sc heduler) and small sc hed sc hed- uler (ps-sc heduler). The sc hedulers corresp ond to the op erating system’s haracterization of applications as big sc hed tasks or little sc hed tasks. Big sche tasks are long liv ed, resource consuming, parallel applications; for example, jobs submitted via remote job en try batc system. Smal sche applications are short liv ed, use few er resources, are not ery parallel, and often demand quic turnaround time; for example, shell commands. pro cessor’s protection domains are shared et een the pb-sc heduler and the ps-sc heduler. ery generally the pb-sc heduler places as man teams from big sc hed tasks on pro cessor as that pro cessor can supp ort. The ps- sc heduler then absorbs the slac k; it uses the remaining protection domains for small sc hed jobs. Because small sc hed jobs ypically ha one (or few) threads, their stream utilization is more predictable and they serv as guaran teed load for the pro cessor. Except for sw apping sc heds, the era op erating sys- tem is unobtrusiv e. It will not add or remo resources from running task unless giv en ermission the task’s run time. ypically the ermission is in the form of request from the run time to add (or remo e) team to the curren task. The run time can ask for team to added immediately or for team to added sometime in the near future. It can ask to sw app ed out if the team is not gran ted, as it cannot mak progress otherwise. assist the op erating sys- tem in decisions ab out gran ting requests (and sw ap- ping slo w, con ten tion-�lled, or otherwise cum ersome sc heds), the system monitors the parallelism of activ sc heds. The era arc hitecture pro vides sev eral accoun t- ing and erformance monitors for this purp ose. The monitors ermit the op erating system to trac stream usage and pro cessor usage within and across tasks. The simplest erformance coun ter is user accessi- ble time-of-da clo k, whic is incremen ted ev ery clo cycle. Tw er-protection-domain coun ters are used to accoun for resource usage. The issue coun ter trac ks the um er of instructions issued streams in pro- tection domain. By sampling this er time and scaling the time delta, the fraction of the pro cessor load due to eac team is obtained. The str am coun ter can similarly used to obtain the erage um er of streams used eac team on pro cessor; it is adv anced ev ery tic the um er of activ streams asso ciated with the protection domain. Tw additional er-pro cessor coun ters are used to measure pro cessor utilization. phantom coun ter coun ts the um er of issue slots in whic no stream as ready to issue due to long memory requests or pip eline hazards. One min us the ratio of this alue divided time quan tum pro vides precise measure of pro cessor utilization. The ady coun ter is incremen ted ev ery tic the um er of streams whic are ready to issue. This alue divided the time quan tum pro vides measure of erage excess parallelism. The op erating system uses the coun ters to in uence dynamic hanges in resource allo cations. or instance, when the op erating system determines that pro ces- sor is underutilized, it ma add or mo team to that pro cessor for some curren tly activ task in the system. Additionally the op erating system uses the coun ters to in uence placemen of teams when new jobs are initial- ized or resumed after sw ap. Summary The era system is an in tegrated solution to exploiting heterogeneous parallelism. The ultithreaded arc hitec- ture includes fast stream switc hing, memory and func- tional unit pip elines, memory sync hronization bits, er- formance coun ters, and user access to stream resources. Using this platform, the compiler detects and statically sc hedules parallelism at the ery �ne grain and �ne grain lev els: parallelism ranging from pac king op erations in an instruction to exploiting parallel lo ops. Similarly the run time supp orts and augmen ts parallelism generated the compiler with coarser grain activities: activities that are programmed explicitly or are less uniform. The op erating system concurren tly shares the mac hine’s re- sources among ultiple tasks. Sharing resources fosters high mac hine utilization, as the temp orary shortage of parallelism in one task can comp ensated the par- allelism of another. ey feature of the era system is its system in te- gration. Examples include: the abilit of the compiler and run time to directly reserv and release stream re- sources; the run time’s requests to the op erating system to increase or decrease its um er of virtual pro cessors; and the op erating system’s monitoring of pro cessor uti- lization, whic places (or mo es) applications on to pro- cessors that are ligh tly loaded. eliev that com- unicating with other comp onen ts of the system, eac comp onen can etter do its particular job. The era system is no in its early dev elopmen t. preliminary compiler, run time system, and related to ols exist, along with ortions of the op erating sys- tem. gro wing set of applications are running on the era hardw are sim ulator. Multithreaded pro cessors ha ving the abilit to mask the latency of one stream with the activit of another ev en more than tradi- tional single threaded pro cessors, app ear to giv us the exibilit needed to e�ectiv ely supp ort heterogeneous parallelism. References [1] A. Agarw al, D. Chaik en, K. Johnson, D. Kranz, J. Ku- biato wicz, K. Kurihara, B. Lim, G. Maa, and D. Nuss- baum. The MIT Alewife mac hine: large-scale distributed-memory ultipro cessor. In Sc alable Shar Memory Multipr essors Klu er Academic Publishers, 1991. [2] S. Ah uja, N. Carriero, and D. Gelern ter. Linda and friends. IEEE Computer 19(8), August 1986. [3] R. Alv erson, D. Callahan, D. Cummings, B. Koblenz, A. orter�eld, and B. Smith. The Tera computer sys- tem. In 1990 International Confer enc on Sup er om- puting June 1990. [4] Arvind and R.A. Iann ucci. critique of ultipro cess- ing on Neumann st yle. In Pr dings of the 10th n- nual International Symp osium on Computer chite c- tur June 1983. [5] B. Bershad, E. Lazo wsk a, H. Levy and D. agner. An op en en vironmen for building parallel program- ming systems. In CM/SIGPLAN PPEALS 1988 New Ha en, Conn., Septem er 1988. [6] D. Callahan and B. Smith. future-based language for general-purp ose highly-parallel computer. In D. Gel- ern ter, A. Nicolau, and D. adua, editors, anguages and Compilers for Par al lel Computing MIT Press, 1990. [7] D. Culler, A. Sah, K. Sc hauser, T. on Eic en, and J. wrzynek. Fine-grain parallelism with minimal hardw are supp ort: compiler-con trolled threaded ab- stract mac hine. In Pr dings of ourth International Confer enc on chite ctur al Supp ort for Pr gr amming anguages and Op er ating Systems San ta Clara, CA, April 1991. [8] D. E. Culler and Arvind. Resource requiremen ts of data o programs. In Pr dings of the 15th n- nual International Symp osium on Computer chite c- tur Honolulu, Ha aii, Ma 1988. [9] R. Halstead Jr. and T. ujita. MASA: ultithreaded pro cessor arc hitecture for parallel sym olic computing. In Pr dings of the 15th nnual International Sym- osium on Computer chite ctur Honolulu, Ha aii, Ma 1988. [10] J.T. Kuehn and B.J. Smith. The Horizon sup ercomput- ing system: Arc hitecture and soft are. In Pr dings of Sup er omputing 1988 Orlando, Florida, No em er 1988. [11] M. Kumar. E�ect of storage allo cation reclamation metho ds on parallelism and storage requiremen ts. In Pr dings of the 14th International Symp osium on Computer chite ctur Ma 1987. [12] S. Midki� and D. A. adua. Compiler generated sync hronization for DO lo ops. In Pr dings of the 1986 International Confer enc on Par al lel Pr essing August 1986. [13] E.F. Miller Jr. ultiple stream registerless shared- resource pro cessor. IEEE ansactions on Computers C-23(3), Marc 1974. [14] R. Nikhil, G. apadop oulos, and Arvind. *T: ulti- threaded massiv ely parallel arc hitecture. ec hnical Re- ort Computation Structures Group 325-1, MIT Lab o- ratory for Computer Science, No em er 1991. [15] B. J. Smith. pip elined, shared resource MIMD com- puter. In Pr dings of the 1978 International Confer- enc on Par al lel Pr essing 1978.