Sc heduling on the era MT Gail Alv erson Simon Kahan Ric hard Korry Cath McCann Burton Smith era Computer Compan Seattle, ashington USA Abstract This pap er describ es the sc heduling issues sp eci�c to the era MT high erformance shared mem- ory ultithreaded ultipro cessor and presen ts solutions to classic sc heduling problems. The era MT exploits parallelism at all lev els, from �ne-grained instruction-lev el parallelism within single pro cessor to parallel programming across pro cessors, to ultiprogramming among sev eral applications sim ulta- neously Consequen tly sc heduling of resources ccurs at man lev els, and managing these resources oses unique and hallenging sc heduling concerns. This pap er outlines the sc heduling algorithms of the user lev el run time and op erating system and describ es the issues relev an to eac h. Man of the issues encoun tered and solutions prop osed are no el, giv en the ultithreaded, ultiprogrammed nature of our arc hitecture. In particular, presen an algorithm for sw apping set of tasks to and from memory that ac hiev es minimal erhead, largely indep enden of the order in whic tasks are sw app ed. In tro duction Sc heduling on the MT in olv es managing wide range of resources. The MT supp orts ulti- user system, where man parallel jobs execute concurren tly Eac ulti-threaded pro cessor can supp ort up to 16 jobs sim ultaneously that comp ete for the pro cessor’s instruction streams. In addition, memory ust sc heduled ecause of the oten tially broad sp ectrum of job memory requiremen ts. Most parallel systems are comp osed of lev els of sc heduling 16 24 23 ]. ernel or lo lev el sc heduler divides the system resources among comp eting jobs, and user lev el sc heduler divides the parallel ork among the job’s ailable pro cessing resources. Lik other systems, the era MT supp orts this division. The op erating system sc heduler manages pro cessing and memory resources at gross lev el. It determines whic jobs are loaded in memory and ho those jobs are sc heduled on the pro cessors. Once loaded on to pro cessor, eac job comp etes with other jobs on the same pro cessor for instruction streams, without in terv en tion from the op erating system. The comp etition is guided run time systems, one er job, that request and release streams in resp onse to their job’s parallel orkload. In addition to managing resource acquisition, the run time orks in concert with the compiler to sc hedule oth automatically- generated and user-generated parallelism within job. The orkload an ticipated for the MT is aried. exp ect most sites to ha large, par- allel jobs in termixed with in teractiv ork. The op erating system sc heduler ust excel in this en vironmen t. Large parallel jobs require high throughput, while short, in teractiv jobs require This researc as supp orted the United States Adv anced Researc Pro jects Agency Information Science and ec hnology 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. quic resp onse. Also, the sc heduler ust prev en starv ation and ensure some measure of fair- ness among jobs of similar haracteristics; to facilitate this, pro vide mec hanism for job di�eren tiation. This pap er describ es the sc heduling issues sp eci�c to our unique arc hitecture. outline oth the sc heduling olicies of the op erating system and the user lev el run time. Section familiarizes the reader with the era MT arc hitecture. Section describ es the programming en vironmen made ailable to the user. Section describ es the sc heduling decisions made the user lev el run time system on ehalf of user programs. Section describ es the erall goals of op erating system sc hedulers that manage the allo cation of pro cessors and memory resources. Section describ es the issues and olicies in olv ed in memory sc heduling, and Section discusses the pro cessor sc heduler. Conclusions are pro vided in section 8. era MT System Arc hitecture The era MT 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. The net ork pro vides bisection bandwidth that supp orts request and resp onse from eac pro cessor to random memory lo cation in eac clo tic k. Eac pro cessor of the era has supp ort for 16 protection domains and 128 instruction streams. Eac protection domain implemen ts memory map with an indep enden set of regis- ters holding stream resource limits and accoun ting information. Consequen tly eac pro cessor can executing 16 distinct applications in parallel. Although few er than 16 applications are lik ely necessary to attain eak utilization of the pro cessor, the ailable domains allo the op er- ating system exibilit in mapping applications to pro cessors. While or three parallel jobs ma sustain high erage parallelism executing on pro cessor, so ma mixture of parallel and sequen tial jobs. Eac stream has its wn register set and is hardw are sc heduled. On ev ery tic of the clo k, the pro cessor 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 instruction from di�eren stream ma issued in eac tic without in terfering with its predecessors. 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 domains, 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 man streams enable running 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’s memory is distributed and shared. All memory units are addressable eac pro ces- sor. Sev eral arc hitectural features are esp ecially useful for sc heduling. stream limit coun ter is asso ciated with eac protection domain. It allo ws the op erating system to pre-imp ose an upp er limit on the stream resources acquired eac job; the limit is enforced the hardw are, so jobs can self-sc hedule their stream acquisitions without incurring op erating system erhead. era pro vides three user lev el instructions to acquire and release instruction streams on the pro- cessor of the in oking stream: stream reserve, stream create, and stream quit The no el reserve instruction as in tro duced to assist with the automatic parallelization of programs. The instruction reserv es the righ to issue create instructions, whic activ ate idle streams and assign them program coun ters and data en vironmen ts. By �rst issuing reserve instruction, compiler generated sc heduling co de is able to compute division of parallel ork appropriate for the exact um er of streams ailable or requested efore those streams egin consum- ing pro cessor resources and without sync hronization erheads. The quit instruction returns stream to the idle state and decreases the reserv ation coun t. Programming En vironmen Programs for the era are written in era C, C++ and ortran. arallelism can expressed explicitly and implicitly Explicit parallel programming is assisted through the use of futur ariables and future statemen ts. future ariable describ es lo cation that will ev en tually receiv the result of computation. future statemen is used to create new parallel activit and direct its result to future ariable. When future statemen starts, the future ariable is mark ed as una ailable, causing an subsequen reads of the una ailable alue to blo k. When the future completes, the appropriate alue is written to the future ariable and the lo cation is mark ed ailable. An parallel activities that are blo ed aiting for the future ma no pro ceed. The user run time is resp onsible for sc heduling and executing future dies [Section 4]. Implicit parallelism is iden ti�ed era’s parallelizing compiler. The ma jorit of paral- lelism exploited is lo op lev el parallelism: parallelism obtained executing separate iterations of lo op concurren tly Other forms exploited include blo lev el parallelism, obtained ex- ecuting separate blo ks of co de concurren tly and data pip elining, ac hiev ed only when explicit sync hronization is included. The compiler sc hedules resources for uc of the parallelism it generates. It generates user lev el instructions, stream reserve and stream create to allo cate hardw are streams. It then sc hedules the ork among the streams statically or using self-sc heduling approac h. The compiler generates instructions to release the streams, stream quit when the ork is complete. or example, strategy for simple parallel lo op is to request 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 one stream after only few instructions of erhead. When the compiler exp oses large amoun of parallelism it ma acquire stream resources across set of protection domains on distinct pro cessors. do so it generate calls to the user run time (whic in turn ma call the op erating system) to create the �rst stream in eac of the protection domains. Compiler-generated instructions then acquire and release streams in eac domain based on the parallelism exp osed. In summary the user lev el run time sc hedules resources in resp onse to explicit parallelism; compiler generated co de adaptiv ely sc hedules resources wherev er implicit parallelism is detected. User Lev el Run time System The run time represen ts user’s program in uc the same la wy er represen ts her clien t: it is resp onsible for obtaining the est resp onse time for the user’s program while ensuring that (1) the program abides rules imp osed to ensure equitable access to pro cessing resources and (2) the program resp onds to anomalies (signals, traps) without endangering its wn correctness. Here, describ features of the run time ertaining only to the �rst constrain t. That is, describ the structure and olicies of the run time that supp ort fast resp onse to hanges in parallelism without signi�can tly reducing erall mac hine throughput. 4.1 Soft are Arc hitecture The soft are arc hitecture of the run time consists of hierarc of ob jects animating the pro- cessing eha vior of the era. Man ob jects parallel those of the op erating system [Section 5]. The era MT has full/empt bits on ev ery ord of memory whic supp ort the e�cien implemen tation of futures. As few as 20 or as man as 80 streams could needed to saturate the pro cessor, dep ending on the program. user program is represen ted as task task’s computing resources is collection of te ams eac of whic ccupies protection domain. The op erating system promises that teams of the same task are on distinct pro cessors, as long as the um er of teams of the program is less than the um er of pro cessors of the mac hine. Practically sp eaking, it serv es no purp ose to put teams of the same program on the same pro cessor: the stream limit imp osed the op erating system is large enough to enable parallel team to more than saturate the pro cessor. Eac team includes set of virtual pr essors (vps), eac of whic is pro cess ound to hardw are stream. Note the distinction et een stream and vp: ev ery vp has dedicated stream, but eac stream do es not necessarily ha an asso ciated vp. stream can elong to team without eing vp: compiler generated parallelism mak es use of suc streams. Or stream ma simply un used. Unless sp eci�ed di�eren tly at startup, the task initially starts with one team and one vp. The run time is resp onsible for acquiring more resources if there is parallelism in the program and resources are ailable. The collection of tasks activ on the mac hine at an giv en time is under the con trol of the op erating system. The run time systems represen ting eac of these tasks comp ete with one another for resources. 4.2 Sc heduling ork ork app ears in yp es of queues in the run time. New futures are spa wned in to the ady ol of the task. The ready ol is parallel FIF based on fetch&add ]. utures that had blo ed and are no ready to run again are placed in the unblo cke ol of the team on whic they blo ed. Distributed un blo ed ols serv as con enien means to direct sp ecial ork, suc as command to exit, to particular team. The run time uses self-sc heduling strategy for executing ork from the ready and un blo ed ols. Vps from ev ery team rep eatedly select and run ork from the ols. vp’s un blo ed ol is giv en precedence ecause ould lik to complete old ork efore starting new ork. Executing ork can result in the allo cation of additional instruction streams for compiler gen- erated, �ner grain parallelism; in the creation of new ork; and in the blo king of ork. The vp executing ork that creates new ork or un blo ks old ork is resp onsible for placing the ork on the ready or on the un blo ed ol. If the ork blo ks, the vp searc hes immediately for other ork on the un blo ed and ready ols; that is, blo king do es not lead to busy-w aiting. Some programs, esp ecially those using divide-and-conquer algorithms, ma do etter with an ordering di�eren from FIF O. era pro vides the user with language extension, touch (- future), to assist with the e�ectiv execution of those programs. agner and Calder[ 22 ], outline more general ersion of touc h, called leapfrogging. When touc is applied to future ariable, the vp stops executing its curren ork and executes instead the ork asso ciated with the future ariable, unless it has already started. Th us, the vp executes the ork on whic its ork is aiting. The olicy sa es blo king erhead at the exp ense of few extra instructions of erhead when the ork is already started and touc is not used. The use of touc mak es the default FIF ordering of ork more LIF in haracter. In practice, the user need not explicitly touc futures in divide-and-conquer programs to ac hiev the e�ciency pro vided the mec hanism. The compiler is able to infer divide-and- conquer recursiv structure when it disco ers the storage class of future ariable is automatic; it then generates co de to erform the touc h. The result is breadth-�rst sc heduling of subproblems un til vp creation lags subproblem creation; at that oin the sc heduling ecomes depth-�rst. This dynamic sc hedule is oth e�cien regarding erheads and reactiv to hanges in the vp orkforce. 4.3 Sc heduling Stream Resources The run time is resp onsible for dynamically increasing and decreasing the um er of vps it emplo ys to execute the user program. This functionalit is imp ortan ecause the erage size of the ready ol can ary signi�can tly er the lifetime of the program. Reasonably large ready ol merits more vps than small ready ol for its timely execution, and vps acquired for erio ds of high parallelism should released during erio ds of lo parallelism to impro e�ciency The goals of the virtual pro cessor strategy of the run time mirror those of the run time itself: an increase in the um er of vps is attempted whenev er it migh reduce resp onse time of the program, sub ject to the constrain that erall throughput of the mac hine should not signi�can tly reduced. ere acquisition and release of streams instan taneous, olicy of creating new vp for eac and ev ery future ould ensure minim um resp onse time and retiremen of vps whenev er ols emptied ould minimize impact on throughput. But there are erheads, and the run time cannot foresee ho ol sizes will hange and ho uc computation an piece of ork will demand. Nor do es it ha information regarding the eha vior of the other programs with whic it is comp eting. So there is an inheren tradeo� et een minimizing resp onse time, through zealous resource acquisition with dela ed release, and maximizing throughput assuming resources lag demand through conserv ativ acquisition with immediate release. Gro wth olicy Because wish to minimize the erhead in olv ed when vp adds ork to the ready ol, the gro wth olicy is implemen ted not those vps but daemon mec hanism that erio dically assesses gro wth based on idleness and ork ailable. The daemon creates wice the um er of vps previously created whenev er (1) there is any ork to done, and (2) no vps ere idle since the last acquisition. or example, if there is initially one vp, after one erio another will created; after erio ds, assuming oth vps ere ept busy more will created; after three erio ds, supp osing one of the four vps found nothing to do, ev en for momen t, no vps will created; and after four erio ds, assuming all four vps ere this time ept busy one more vp will created. If an acquisition request fails, in whole or in part, it is rep eated after the next erio has elapsed. Our in ten tion is to ac hiev compromise in whic the total erhead is at most small constan fraction of the ork in trinsic to the program, and the resp onse time is similarly ounded from ab at most small constan factor ultiplied the minimal resp onse time, ere all streams requested actually ailable. (F or resp onse time, an additiv lo er order term prop ortional to the logarithm of the maxim um parallelism ersists in our sc heme, due to the dela of exp onen tial gro wth ersus instan taneous gro wth.) Suc orst-case ounds should ac hiev ed only when the parallelism is highly erratic in just the wrong y: exp ect ypical erformance to uc closer to optimal. Retiremen olicy Just as imp ortan as the acquisition olicy is the release olicy: idle vps are released according to sc hedule that in erts the acquisition sc hedule. That is, ere large um er of vps to ecome idle at once, one ould disapp ear after one erio d, more after second erio d, and so on unless ork app eared to in terrupt the pro cess. This is necessary to oid the anomalous eha vior that ould result ere there to brief sequen tial erio ds separating sligh tly longer but highly parallel erio ds at just the righ frequency to cause rep eated rapid gro wth and collapse. ere idle streams released after constan erio of time indep enden of their um er, the constan factor in the resp onse time ound ecomes logarithmic in the maxim um parallelism. Because idle vps on the era consume as uc pro cessing er as vps erforming memory- ound computations, our implemen tation nev er really allo ws more than one vp er team to idle concurren tly: within erio d, additional idle vps are killed, but remem ered, and replaced the instan ork app ears. Creation and retiremen within team is through user lev el instructions, and so is fast enough to justify suc reactionary olicy ypically this should mak our upp er ound for total ork particularly essimistic. dra wbac is that streams, once released, ma acquired comp eting teams and th us una ailable when ork reapp ears: when this happ ens, our ound for resp onse time ecomes arbitrarily optimistic. An alternativ is to exploit the afore unmen tioned stream quit preserve instruction whic causes stream to stop executing but do es not release it. eam Gro wth and Retiremen t. As men tioned previously the run time can indep en- den tly acquire more stream resources up to limit imp osed the op erating system on an team elonging to its task. In teraction with the op erating system is required, ho ev er, when the run time seeks to add new streams running in di�eren protection domain (on di�eren pro cessor). This is ecause team creation requires resources other than streams: resources suc as text memory and protection domains ust globally con trolled and initialized. The run time in teraction tak es the form of an op erating system call whose return alue, lik stream reserve ust hec ed for degree of success. arameters to the call include the um er of teams desired, start-up function for eac team’s �rst vp (the op erating system creates only the �rst stream on eac team), and whether or not the teams are to added efore con tin uing execution (sw apping the job if the teams are not ailable) or whenev er they ecome ailable. The run time ust decide when it is pro�table to get new team instead of creating more vps on existing teams. It curren tly bases its decision on the pro cessor utilitization of one of the teams of the task (extrap olating that utilization to all pro cessors of the whole task). If the utilization is ab some threshold, the run time requests new team. The primary mec hanism for team retiremen is that vp disco ers it is the only vp on its team and that there is no ork to do; it then aits for erio of time efore relinquishing the team to the op erating system and retiring itself. If it impro es erformance, ma coalesce small teams. Pro cessor and Memory Sc heduling Ov erview The op erating system allo cates the pro cessing and memory resources of the system among tasks comp eting for these resources. The memory sc heduler determines whic subset of the ready tasks to load in to memory The pro cessor sc heduler then determines from the set of in-memory tasks, whic tasks to load on to ailable protection domains. Eac task is comp osed of one or more teams, and eac team executes within single pro- tection domain. Generally eac team within task executes on separate pro cessor unless the um er of pro cessors ailable is less than the um er of teams, due to hardw are failure. In order to execute task, its data and program address space ust loaded in to memory Once loaded in memory its teams ust loaded in to protection domains on separate pro cessors. There are yp es of sw apping that ccur, sw apping et een the I/O system and memory and con text switc hing of tasks in memory among the ailable protection domains. use letters to denote the direction and yp of sw apping. When task is brough in to memory it is im-swapp meaning it is brough in from I/O (i) to memory (m). When task is sw app ed out of memory it is mi-swapp memory-residen task is mp-swapp when it is loaded in to protection domain, and pm-swapp when it is unloaded from the protection domain. task ust im-sw app ed efore it can mp-sw app ed, and it ust pm-sw app ed efore it can mi-sw app ed. orkload. The op erating system sc hedulers distinguish et een large, parallel, computa- tionally in tense orkloads and small, in teractiv jobs. Large memory tasks ha the follo wing haracteristics: they execute for long time, can tolerate eing sw app ed out for long erio ds of time, are usually submitted via remote job en try batc system suc as Net ork Queueing System (NQS), and, erall, use lot of resources. Generally they con tain large amoun of parallelism. The higher erhead and general non-in teractiv nature of large memory tasks oin ts to infrequen pro cessor and memory sw aps. Small tasks ha the in erse haracteristics: they are short-liv ed or use resources in bursts (in teractiv e), ha small memory requiremen ts, are not ery parallel, do not tolerate eing sw app ed out for long, are usually submitted from command shell, and, erall, do not consume large amoun of resources. Small memory tasks ma sw app ed in and out of memory more frequen tly Ho ev er, for in teractiv computing, the user exp ects an immediate resp onse to eystrok e. These tasks require frequen access to pro cessors to enjo go in teractiv resp onse. Based on our understanding of exploitable parallelism found in most large tasks, it is exp ected that ulti-team (large) tasks imp ose far greater demand for streams on pro cessors than single- team (small) tasks. Mean while, at sites that allo in teractiv connections, exp ect to see large um er of single team tasks. Eac of these single-team tasks requires tin fraction of the mac hine’s resources for short erio ds of time. Because large memory and highly parallel tasks ha ery di�eren haracteristics from small memory in teractiv tasks, prop ose mec hanisms for sc heduling memory and pro cessors that di�eren tiate these classes of orkload. Studies of in teractiv and batc orkloads Ashok and Zahorjan supp ort this di�eren tiation. The memory and pro cessing resources are th us divided et een large, batc orien ted tasks and short, in teractiv tasks. Memory and Pro cessor Sc hedulers. Tw memory sc hedulers are emplo ed, the MB- sc heduler for large (big) memory tasks and the ML-sc heduler for small memory (little) tasks. Data memory is statically partitioned at ot time in to parts; one part for eac sc heduler. There is one MB-sc heduler and one ML-sc heduler er mac hine. The protection domains of eac pro cessor are divided among single-team and ulti-team tasks. big job pro cessor sc heduler (called the PB-sc heduler) sc hedules ulti-team tasks, while small job sc heduler (PL-sc heduler) sc hedules single-team tasks. As ulti-team tasks execute on ultiple pro cessors, single PB-sc heduler using global kno wledge of pro cessor utilization is required er mac hine. The PB-sc heduler co-sc hedules 16 ulti-team tasks on the set of protection domains it con trols on all pro cessors. Since single-team tasks execute on single pro cessor, eac pro cessor runs its wn cop of the PL-sc heduler. new task is sc heduled the MB-sc heduler if its memory requiremen exceeds site de�nable alue, otherwise it is sc heduled the ML-sc heduler. When task is im-sw app ed, it is assigned to pro cessor sc heduler. If the task is ulti-team task or the task is single- team task but its stream reserv ation coun ter (whic main tains coun of the um er of streams reserv ed the task when last activ e), is ab site de�nable parameter, the task is assigned to the PB-sc heduler with the exp ectation that the task imp oses signi�can amoun of parallelism on the pro cessor. Otherwise, the task is assigned to the PL-sc heduler with the shortest queue. If task sc heduled the ML-sc heduler requests more memory than site settable threshold, it is handed er to the MB-sc heduler when it is next mi-sw app ed. task sc heduled the MB-sc heduler whose memory requiremen ts drop elo the threshold remains under the con trol of the MB-sc heduler. This oids thrashing et een memory sc hedulers. Eac memory sc heduler selects PL-sc heduler for newly im-sw app ed single-team task. Using the memory sc heduler as dispatc her pro vides mec hanism for load balancing and con trol er whic pro cessors receiv new ork. All sc hedulers are ev en driv en and similar in design to the Unix Esc hed sc heduler 19 and its impro ed arian ts 20 ]. These sc hedulers lo op forev er pro cessing ev en ts as they arriv on their ev en queue. The sc heduler receiv es an ev en and creates ernel privileged stream, kno wn as ernel daemon, to examine the ev en and tak the appropriate action. The sc heduler remo es the next ev en from the queue and con tin ues spa wning daemons to pro cess the ev en ts un til the queue is empt Ev en ts are IPC messages sen using the privileged IPC mec hanism. aiting for IPC messages uses mec hanism that do es not consume system resources. Sections and describ the memory and pro cessor sc hedulers. Memory Sc hedulers Despite its size memory will scarce resource (p ossible the scarce resource) on the mac hine, giv en the execution of large memory applications. Therefore, go erformance requires e�cien Unless the team requires reserv ation of large um er of streams. The era MT has 1-2 GB memory er-pro cessor. memory utilization. Starv ation oidance is also imp ortan t, esp ecially for tasks with large memory requiremen ts. As discussed in the previous section, memory is con trolled sc hedulers the MB- sc heduler for tasks with large memory requiremen ts and the ML-sc heduler for small in teractiv tasks with small memory requiremen ts. assume large memory tasks ha long execution times and can tolerate long erio ds of time of eing sw app ed out. assume small memory tasks are of class of in teractiv jobs that require frequen access to pro cessor resources, and therefore, cannot sw app ed out for extended erio ds of time. Eac site designates what ortion of memory is con trolled whic sc heduler. Generally most memory will giv en to the MB-sc heduler. Both sc hedulers execute the same algorithm to sc hedule the memory within their domains. The memory sc heduler algorithm in general ust divide ailable memory among the set of tasks er time. Th us the sc heduling space can represen ted in dimensions, with memory on the axis and time on the axis. sche dule consists of partitioning of memory er time among subset of ready tasks in the system. An al lo ation to task consists of assigning some units of memory for time. alid sc hedule ensures that the total memory allo cated at an one time do es not exceed system capacit The goals of the memory sc heduler are to minimize the total unallo cated memory er time and to ensure high task throughput. Both memory sc hedulers main tain anking of tasks within their domain. ranking or priorit of tasks is commonly used in sc hedulers to pro vide for users to sp ecify the relativ imp ortance of task resource allo cation decisions and to oid starv ation hanging task’s ranking as it acquires resources. The memory sc hedulers use the ranking to determine the order in whic tasks are considered for sc heduling. The manner in whic task ranking is de�ned is discussed in Section 6.2. memory sc hedule de�nes set of tasks that will residen at an one time. or eac task, the sc heduler determines when the task is sc heduled to in memory and for ho long. The time during whic task is in memory is called its dwel time. The length of time tasks are in memory is dep enden in part up on the erhead cost of sw apping the task. The era MT requires that the en tire address space of task residen while the task is executing. It is strictly sw apping system and pro vides no supp ort for demand paging. Th us, our mo del of I/O assumes that no task can start executing un til its en tire address space is sw app ed in, and no tasks can con tin ue to mak progress once an of its address space is sw app ed out. Before describing the memory sc heduling olicy de�ne mo del for sw apping erhead applicable to the MT and man other parallel systems and use this mo del to de�ne the cost of sw apping erhead. sho that based on the erhead of sw apping, it is appropriate for task’s dw ell time to set in prop ortion to the amoun of memory the task requires. 6.1 Sw apping Ov erhead erio dically the memory sc heduler will reassign subset of memory to di�eren set of tasks. The cost of memory sc heduling is determined the cost of sw apping out set of tasks and sw apping in another set of tasks at these memory quan tum in terv als. use simple mo del of I/O that de�nes constan ailable sw apping bandwidth and computes the time to sw ap memory units as m=r Th us, assume large memory tasks utilize all the I/O bandwidth that is ailable for sw apping if there are no other sw apping activities in progress sim ultaneously de�ne the erhead of sw apping out set of tasks and sw apping in another set of tasks as the total space-time (e.g., yte-seconds) that memory is not ailable for execution. de�ne the follo wing sw apping algorithm for sw apping out set of tasks and sw apping in another set of tasks. Cho ose the �rst task to sw app ed in inT ask and the �rst task to sw app ed out outT ask ), arbitrarily Begin sw apping out outT ask un til either: (1) there is enough ro om for inT ask or (2) outT ask is fully sw app ed out. No sw ap part or all of inT ask in to �ll the memory acated outT ask If inT ask is fully sw app ed in, notify its pro cessor sc heduler that it is ready to egin execution, and ho ose another inT ask In an ev en t, con tin ue sw apping out outT ask When outT ask �nishes sw apping out, ho ose another outT ask and con tin ue. Alternate in this fashion et een inT ask and outT ask to: (1) start eac inT ask as early as ossible, and (2) stop eac outT ask as late as ossible. The erhead of the sw apping algorithm is depicted in Figure 1. asks 1, 2, and are to sw app ed in and tasks 1, 2,and are to sw app ed out. or this example, the memory size of is equal to 1, the size of equals that of 2, and the size of equals 3. Figure 1(a) illustrates the erhead of sw apping when these tasks are hosen for sw apping (in or out) in ascending order of size. The total space-time erhead required to start task consists of the time to sw ap out the task or tasks curren tly allo cated the memory and the time to sw ap in the new task. or example, to sw ap out task of size requires m=r time during whic units of memory is una ailable. Eac sw ap (in or out) of size consumes an erhead depicted as ligh tly-shaded rectangle of width and heigh m=r for total memory-time erhead area of =r sw ap in task of size requires additional erhead of =r for total erhead cost of =r to sw ap out one task for another of the same size. The total erhead cost of sw apping is the summation of the individual sw apping ev en ts. Figure 1(b) illustrates the sw apping erhead for di�eren ordering of tasks sw app ed in. Eac partial sw ap out is accompanied partial sw ap in of the same size. The ligh tly shaded rectangles in Figure depict the erhead of these sw apping ev en ts. As efore, the com bined time space-time for partial sw ap out/sw ap in pair of memory is =r but total cost of this erhead is di�eren from that in Figure 1(a), since the alues of re ect partial sw ap-in or out of task. The partial sw ap-out/sw ap-in pairs ccur sequen tially The northeast and south est ertices of the sw ap-in/sw ap-out rectangles form line with slop of =r The dark- shaded area ab this line represen ts the time during whic ortion of memory is allo cated to an incoming task, but the memory is not utilized, ecause the en tire task is not memory residen t. Similarly the dark-shaded area elo the line represen ts the time during whic ortion of memory is allo cated to an outgoing task, but the memory is not utilized, ecause the task is susp ended while it is eing sw app ed out. The arro ws indicate the time at whic task is en tirely sw app ed in (and can start execution) or the time at whic task to sw app ed out stops executing. The total erhead of sw apping is the summation of the space-time erhead ab and elo the line. This space pictorially forms staircase shap e, in whic the width of eac step is the size of memory for the incoming or outgoing task. The heigh of eac step can computed from the slop of the line. In general, let the set of tasks to sw app ed in and the set of tasks to sw app ed out. The total area represen ting the erhead ab the line is =r where is the size of task Similarly the area elo the slop is =r Th us, the total erhead incurred is: =r (1) It is easy to see that this algorithm ac hiev es the minimal sw apping erhead. Certainly there is no ene�t in discon tin uing sw apping out one task in order to sw ap out another, or discon tin uing sw apping in one task in order to sw ap in another; these actions only increase the erhead. Also, no ene�t is gained sw apping ultiple tasks sim ultaneously (In fact, although our simple I/O mo del do es not re ect it, additional erhead ould incurred from con ten tion et een sim ultaneous sw apping ev en ts.) Our olicy whic completes the sw ap- in of one task efore starting the sw ap-in of another and completes the sw ap-out of one task efore susp ending another task to sw app ed out minimizes the time during whic memory is not utilized. urthermore, our sw apping algorithm yields the same erhead for an sequen tial ordering of jobs to sw app ed out and an ordering of jobs to sw app ed in. In summary the sw apping is simpli�ed since the erhead of sw apping is indep enden of the order with whic tasks are sw app ed in or out. Memory sc heduling is also simpli�ed since the erhead of sw apping out tasks whose dw ell times expire concurren tly is the same as the cum ulativ erhead of sc hedule that staggers the expiration of dw ell times. urthermore, task’s con tribution to the sw apping erhead gro ws quadratically with its size. main tain Figure Ov erhead of Sw apping Algorithm constan ercen tage erhead er task, the dw ell time of task should prop ortional to its size. Finally our I/O mo del assumes that an en tire task’s address space ust residen in memory efore task can execute. While other systems ma pro vide memory replacemen olicy that allo ws tasks to con tin ue executing with partially residen orking set, eliev the orking set for large, memory in tensiv applications is quite large. Th us, the sw apping erhead for paging systems is similar. urthermore, demand paging in distributed memory systems can sev erely degrade erformance ]. 6.2 User Demand ypically task’s imp ortance is represen ted the priorit lev el it is assigned. asks at higher priorit lev els receiv preferen tial consideration in the allo cation of resources. On the era MT A, the task’s priorit is expressed in terms of the desired erformance of the task in the system. The user de�nes demand of resource consumption for task, in units of space-time memory residency er unit time. Presumably higher demands justify increased monetary harges. If the system is saturated or underutilized, the demand will erestimate or underestimate, resp ectiv ely the erage memory ccupied the task. The purp ose of the demand parameter is to ermit quan ti�able di�eren tiation among tasks that is tied to system erformance. The memory sc heduler uses this demand to determine the order in whic tasks are considered for execution. asks are ordered rank. The memory sc heduler de�nes task’s rank as linear function of the ratio et een its demand of memory consumption and its ac hiev ed consumption. task’s rank is re-ev aluated as it accum ulates time in memory Let demand the demand for task Then the rank of task at time is de�ned as the sum of terms: ank i; timeAtC oss i; dw el ime memor )) =demand (2) timeAtC oss i; for task is the time at whic the memory resource consumption acquired so far matc hed its demand: timeAtC oss i; total onsumption i; =demand (3) 10 where total onsumption i; is the total memory consumption acquired task up to time dw el ime is the dw ell time for task and memor is the size of task timeAtC oss for new task is the curren time. timeAtC oss i; only needs to up dated when task is sw app ed out. illustrate this ranking, Figure 2(a) sho ws an example memory sc hedule for tasks. The shaded areas represen allo cations to other tasks not of in terest in this example. Figure 2(b) sho ws the resource consumption pro�le for tasks and as result of the sc hedule. or example, after ask executes for time it has acquired memory resources where is its size. ask has acquired t= of memory-time the same time, Figure 2(b) illustrates pictorially the computation of rank for asks and after the execu- tion of the memory sc hedule. task’s demand is represen ted slop ed line. Conceptually the �rst term of rank, timeAtC oss attempts to order tasks according to their urgency in acquiring memory resources to meet their desired rate. This is determined horizon tal line from the tasks memory consumption pro�le to its demand slop e. asks with earlier timeA tCross are considered more crucial. Note that timeA tCross can either in the past or in the future. The second term of rank comp ensates for the di�eren rate at whic tasks acquire resources during quan tum dw el ime and their di�eren resource demands. The shaded rectangles ha heigh dw el ime memor ), and th us width dw el ime memor =demand ). Giv en tasks with the same timeAtC oss the task with the higher ratio of er-quan tum memory consumption to demand will considered less crucial. It can ait longer efore eing sc heduled and still ac hiev its demand. rom this example, after the curren sc hedule is complete, the rank for task is less than the rank for task 1, indicating that task will considered for sc heduling efore task 1. 6.3 Memory Sc heduling olicy Both the MB-sc heduler and the ML-sc heduler use the same algorithm for allo cating memory to the set of tasks under its con trol. Eac sc heduler decides whic tasks to mo in or out of memory based on ranking of the tasks in the system, where the ranking re ects the ratio of Figure ask Ranking Strategy 11 the task’s demand and the ac hiev ed rate of memory consumption. The goal of the memory sc heduler is primarily to pro vide high memory utilization while ac hieving the erall goal rate of execution for the tasks. de�ne minim um dw ell time min as the minimin um dw ell time for the smallest task. As discussed in Section 6.1, task’s memory dw ell time dep ends on its size; the larger the task the longer the dw ell time. Sp eci�cally the dw ell time for task with memory requiremen is de�ned as og min where og is the smallest er of greater than its memory requiremen t. Requiring dw ell times to step ers of allo ws for buddy-st yle coalescing of memory-time allo cations et een small tasks allo cations and large task allo cations. The sc heduler uses �rst-�t strategy for sc heduling ailable memory The sc heduler is in ok ed whenev er blo of memory ecomes ailable. list of ready-to-run mi-sw app ed tasks is main tained, sorted rank, where tasks with lo er rank are considered �rst. The sc heduler selects the �rst task to sc heduled. If the memory ailable is greater than the task’s memory requiremen t, the task is sc heduled to sw app ed in, the ailable memory is reduced the size of the task, and the task’s rank is up dated to re ect its curren residency Otherwise, the next task in the list is examined. This pro cedure con tin ues un til either all the memory is sc heduled or the ailable memory is less than the size of the smallest task. Th us the sc heduler’s job can though of as pac king rectangular xes along single dimension wide, where is the amoun of memory ailable. The sc heduler sorts the sc heduled tasks dw ell time expiration. When the dw ell time expires for set of tasks, memory quan tum has expired. eac quan tum expiration, the sc heduling algorithm is rep eated to allo cate the ailable memory to (p ossibly) new set of tasks. The algorithm also ensures that the curren tly executing tasks are not mi-sw app ed if no higher ranking tasks is aiting to sc heduled. The memory sc heduler is noti�ed when an executing task blo ks. If the task’s memory residence time exceeds minim um residency requiremen t, the task is mi-sw app ed and placed on blo ed list. When the task is un blo ed, it is inserted in the ready-to-run task list. Figure illustrates an example sc hedule for tasks. The tasks are listed in rank order their sizes. The axis represen ts memory and the axis represen ts time. Eac rectangle represen ts an allo cation of memory to task. The duration of the sc hedule aries with the dw ell times of the tasks sc heduled. Note that task cannot sc heduled initially since its size is greater than the memory ailable after tasks through are sc heduled. Also, ev en though task requires only sligh tly more memory than task 5, the dw ell time of task is wice the Figure Example Memory Sc hedule 12 dw ell time of task 5, since task’s dw ell time is factor of the lo est er of greater than its size. Eac horizon tal line in Figure represen ts quan tum expiration time at whic set of tasks ecomes eligible to sw app ed out of memory this time, the sc heduling algorithm is rep eated. ask 3’s quan tum expires �rst. Assuming there are no other tasks in the system, task will resc heduled (this is represen ted in the �gure shaded rectangle). Similarly tasks and will resc heduled un til time 4. that time, assuming tasks and drop in rank elo task 6, tasks 3,5, and will sw app ed out, and task will sc heduled. When new task arriv es, it is placed in the task list in sorted order using its assigned rank. When task exits, the sc heduler tries to �ll the task’s memory with another task on the task list if the remaining dw ell time is long enough to supp ort the erhead of sw apping the new task in to memory The memory sc hedulers ust also handle requests the tasks for dynamic memory allo ca- tion. subset of the ailable memory is reserv ed to handle these requests. Still, if task’s remaining dw ell time is short or if the memory is not ailable, the task’s memory allo cation request fails. message is sen to the task’s pro cessor sc heduler to pm-sw ap the task. Once the task is pm-sw app ed, it is mi-sw app ed, and if it had su�cien remaining dw ell time, another task from the task list is hosen, if ossible, to ccup the acated memory for the remaining dw ell time. The total memory requiremen ts for the task is incremen ted so that the next time the task is sw app ed in, it receiv es the larger allo cation. If small memory task requests total allo cation in excess of the class of tasks handled the ML-sc heduler, then the task is placed under the con trol of the MB-sc heduler. When memory ecomes ailable, either through task’s exiting or freeing memory the MB-sc heduler lo oks at the remaining dw ell time of the freed memory If large fraction of the dw ell time remains, the sc heduler lo oks for an appropriately-sized task in the sw app ed-out task list. 6.4 Starv ation Av oidance The sc heduler’s �rst-�t sc heduling strategy is straigh tforw ard and simple olicy designed to pro vide high memory utilization. Ho ev er, this simple strategy alone is not su�cien to oid starv ation, since there is no guaran tee that large enough blo of memory will ev en tually ecome ailable to sc hedule large memory task. In order to oid large task starv ation, when the ailable memory is not su�cien to sc hedule the next task on the sw app ed-out task list, the earliest ossible time is determined at whic enough memory will ailable to sc hedule the task, giv en the curren sc hedule. The sc heduler will refuse to sc hedule subsequen tasks that do �t in ailable memory if their dw ell time ould result in the higher ranking task not eing sc hedulable at the later time. This giv es uge jobs hance to run within time in terv al corresp onding to their rank. 6.5 Extensions The memory sc hedulers do not consider task’s pro cessor requiremen ts when sc heduling tasks to sw app ed in. An extension could consider the um er of teams required the task as ell as the task’s memory to try to sc hedule sets of jobs in memory concurren tly that don’t erutilize or underutilize the pro cessing resources. Curren tly memory is statically divided et een the MB-sc heduler and the ML-sc heduler. increase the utilization of memory the MB-sc heduler could release unallo cated memory to the ML-sc heduler for use un til the next MB-sc heduler quan tum expires. Similarly more exible partition could implemen ted, where the amoun of memory reserv ed for the small memory tasks aries with the hanging load exerted on the system the batc and in teractiv tasks. Ho ev er, researc Ashok and Zahorjan suggest that the ene�ts of suc dynamic partitions are not easily attained. 13 Pro cessor Sc heduler Early researc on pro cessor sc heduling for parallel mac hines highligh ted the need for co-sc heduling 16 ]; that is, ensuring that all parallel activities of job execute at once. This oids ine�ciencies due to sync hronization losses when some activities are blo ed aiting for progress from another parallel activit that is not sc heduled. On traditional ultipro cessors, sc heduling requires that either pro cessor allo cated to single job or that con text switc hing among ultiple jobs assigned to pro cessor globally co ordinated. The former strategy is kno wn as space sharing, in whic the pro cessors are partitioned among the jobs in the system 21 ]. The latter strategy is generally realized round-robin sc heduling olicies that rotate ossession of the pro cessors among the jobs in the system in co ordinated manner 11 ]. Studies comparing the erfor- mance of space-sharing and time-sharing systems 25 17 conclude that space sharing olicies mak more e�cien use of pro cessors that migh otherwise idle when running single job. Ho ev er, in dividing the pro cessors among ultiple jobs, space sharing olicies often allo cate few er pro cessors to jobs than the job’s parallelism ma allo w. uc er and Gupta 21 describ \pro cess-con trol", an approac that adapts job’s parallelism to the pro cessors ailable to it. Also, e�cien space sharing olicies ust able to adapt the partition sizes and con�gurations based on the hanging system load 25 12 13 15 14 15 18 ]. era’s ulti-threaded arc hitecture mak es it ossible to com bine space-sharing and time- sharing and realize the ene�ts of oth. Multiple tasks execute sim ultaneously on single pro cessor. Th us, there is no need for global co ordination of con text switc hing. The op erating system space shares or partitions the ailable protection domains among the tasks in the system. Since eac pro cessor has ultiple protection domains, space-sharing is accomplished on the basis of protection domain rather than pro cessor. task is nev er allo cated few er protection domains than it has teams. Time-sharing is erformed at ery �ne-grained lev el. eams from di�eren tasks executing on single pro cessor comp ete for hardw are streams on the pro cessor. The sc heduling of streams is con trolled the hardw are and directed user lev el instructions. The op erating system is not in olv ed in hardw are stream allo cation within pro cessor. The goals of the era pro cessor sc hedulers are: (1) e�cien use of pro cessing resources; (2) fairness and starv ation oidance; (3) go in teractiv resp onse time; and (4) mec hanisms for job di�eren tiation. Ac hieving high pro cessor utilization requires et een 20 and 80 activ streams. eams from single-team tasks ypically ha few streams (normally one or o), while teams from ulti- team tasks ha man more streams (usually et een 20 to 40). Giv en 16 protection domains er pro cessor, pro cessor con taining only single-team tasks lik ely ould not ha enough activ streams to eep the pro cessor fully utilized. Th us, eeping pro cessor busy requires some um er of teams from ulti-team tasks. obtain the desired mix of teams from ulti-team and single-team tasks, the protection domains on eac pro cessor are divided et een the ulti-team task sc heduler (PB-sc heduler) and the er-pro cessor single team task sc heduler (PL-sc heduler). Based on our understanding of exploitable parallelism found in large tasks, exp ect pro cessor to able to service somewhere et een to three teams from ulti-team tasks. Call this um er the tar get-mt-p er-pr The PB-sc heduler places target-m t-p er-pro teams from ulti-team tasks on eac pro cessor while the er-pro cessor PL-sc heduler uses the remaining protection domains. If the PB-sc heduler requires an additional protection domain, it requests it from the PL-sc heduler. The PL-sc heduler resp onds sw apping out single-team task from protection domain of its hoice and fur- nishing it to the PB-sc heduler. Similarly when the PB-sc heduler has an unneeded protection domain, it can return it to the PL-sc heduler. When task hanges from single team to ulti-team task, the task migrates from its PL-sc heduler to the PB-sc heduler. The con erse This eha vior can hanged er-site parameters, letting system administrators tune their systems for their lo cal requiremen ts. 14 do es not ccur ecause exp ect the ulti-team task to con tin ue to exhibit need for large um ers of streams and teams in the future. The pro cessor sc hedulers do not lo ok at utilization explicitly The load of team (n um er of streams) aries so dynamically with resp ect to the frequency at whic the op erating system mak es sc heduling decisions, that the information can’t used as alid predictor of utilization. As result, assume that the teams from ulti-team tasks exert equiv alen loads on the pro cessors. Similarly the load from single team tasks is assumed to uniform. The run time system can adjust its load based on total pro cessor utilization since it mak es these decisions with uc greater frequency The erhead of mp-sw aps and pm-sw aps is on the order of traditional con text switc and of uc smaller magnitude than memory sw apping. When pm-sw ap ccurs, the user run time noti�es all executing streams to sa their register state in parallel. When completed, the run time hands con trol to the op erating system, whic sa es handful of registers comprising the privileged protection domain state. When mp-sw ap ccurs, the op erating system initializes the privileged protection domain state and starts single user stream; the user stream arranges for the remaining streams to restore their register state in parallel and resume execution. Loading and unloading of individual teams also pro ceeds in parallel, in data o fashion. In general, mp/pm-sw aps are fast and don’t require the mo emen of memory Th us single stream, single team task has ery lo erhead while ery parallel task will �rst describ the single-team pro cessor sc heduler, then the ulti-team pro cessor sc heduler. 7.1 Single-T eam ask Pro cessor Sc heduler (PL-sc heduler) Since single-team tasks execute in single protection domain, their sc heduling do es not require global kno wledge or co ordination et een di�eren pro cessors. This allo ws sc heduling of single- team tasks on er pro cessor basis indep enden instances of the PL-sc heduler. The PL-sc heduler uses priorit mec hanism for job di�eren tiation of memory residen tasks that follo ws the Unix standard rather than the ranking mec hanism used in sc heduling mem- ory newly created task is giv en high priorit When task’s pro cessor quan tum expires, its priorit is decremen ted. task’s priorit rises when it un blo ks (e.g. I/O ccurs) or it has not receiv ed service for long time (an ti-starv ation). Site administrators can mo dify the amoun the priorit hanges for eac of these ev en ts. As discussed in Section 5, eac memory sc heduler selects PL-sc heduler for newly im- sw app ed single-team task. Once task has een assigned to PL-sc heduler it remains there un til mi-sw app ed, the task exits, or the PL-sc heduler explicitly sends it to another PL-sc heduler. When new task is assigned to the PL-sc heduler, the sc heduler allo cates protection domain and mp-sw aps the task. If no protection domains are ailable, it places the task on its ady queue. After mp-sw apping task, the PL-sc heduler sets an alarm for task quan tum. If the task quan tum alarm expires, the PL-sc heduler reduces the priorit of the task, and sees if an other ready tasks ha higher priorit If another task is eligible and the loaded task is sw appable, it pm-sw aps the task and places it on the Ready queue (assuming it is not blo ed on I/O). The PL-sc heduler then mp-sw aps the higher priorit task. When task un blo ks, e.g. due to I/O completing, the PL-sc heduler mp-sw aps the task if protection domain is ailable; otherwise the sc heduler mo es the task on to the Ready queue and increases its priorit ask susp ension in olv es an external agen t, suc as Unix job con trol, requesting the task to remo ed from the pro cessor. When the PL-sc heduler receiv es susp ension ev en t, it pm- sw aps the task but do es not place it on the Ready queue; the task remains susp ended un til it is explicitly resumed. Mean while, the PL-sc heduler loads in the highest priorit task from the Ready queue. When the PL-sc heduler get resume ev en for the susp ended task, it allo cates protection domain and loads the task or, failing that, puts it on the Ready queue. or example, not exiting, susp ending, etc. 15 Ha ving memory sc hedulers select pro cessors seeks to main tain balanced load when single team tasks are im-sw app ed. In the absence of memory sw apping, load im balances could ccur. Based on previous researc ], PL-sc hedulers migrate ork in situations. When new task is created (normally as part of the Unix fork () system call), the PL-sc heduler selects another PL-sc heduler at random and hec ks the length of that sc heduler’s Ready queue. If the queue is empt the hild is sen to that pro cessor; otherwise it remains on the curren queue. Similarly when the length of PL-sc heduler’s Ready queue exceeds some site settable maxim um, the sc heduler hec ks randomly selected PL-sc heduler. If the queue is empt the PL-sc heduler migrates tasks from its Ready queue. The um er of tasks that migrate dep ends on the amoun of ailable protection domains on the recipien t. prev en the starv ation of tasks, the PL-sc heduler erio dically sw eeps its Ready queue and increases the priorit of tasks that ha not run since the last hec k. This allo ws lo er priorit tasks to rise in the queue and ev en tually get hance at the pro cessor. 7.2 Multi-T eam ask Pro cessor Sc heduler The PB-sc heduler Sc heduling ulti-team tasks presen ts the problem of allo cating protection domains on ultiple unique pro cessors in order to co-sc hedule the task’s teams. The PB-sc heduler allo cates target- t-p er-pro protection domains on eac pro cessor to the ulti-team tasks. The primary goal of the PB-Sc heduler is high pro cessor utilization. The sc heduler also ensures that: (1) ev ery pro cessor has at least one and no more than target-m t-p er-pro teams from ulti-team tasks; (2) teams from the same task will on di�eren pro cessors except when the um er of teams is greater than the um er of pro cessors; and (3) ev ery ulti-team task runs at least once during its memory dw ell time (the allotted time the task is memory residen t). This last goal seeks to minimize asted system erhead that results when task is im-sw app ed then mi-sw app ed without executing. The decision whether or not to put few er than the target-m t-p er-pro teams on eac pro- cessor, goal (1), relates to the op eration of the user run time. The user run time ma request team during the execution of its program, due to the program’s increasing parallelism. If the PB-sc heduler pac ks eac pro cessor to its maxim um, eac suc request ould cause the PB- sc heduler to refuse the request or pm-sw ap the job un til resources came ailable. By lea ving some protection domains ailable, the sc heduler can service these requests promptly New do- mains eing freed when the program’s parallelism diminishes can also used to service gro wth of other programs. Determining the correct balance of ho full to pac the pro cessor is di�cult, and is parameter that will tuned with exp erience. accomplish goal (3), the PB-sc heduler uses round robin sc heduling with pro cessor quan- tum small enough in comparison with the memory dw ell time used with the MB-sc heduler to ensure ev ery task runs at least once while memory residen t. Eac round of the round robin is called cycle 7.2.1 Bin ac king Algorithm Assigning teams to protection domains can though of as bin pac king problem. The target- t-p er-pro can though of as the um er of bins ailable while the um er of pro cessors is the size of eac bin. Let the um er of protection domains allo cated to the PB-sc heduler er-pro cessor and the um er of pro cessors. Eac task is represen ted the um er of protection domains it requires. The goal is to �t the tasks in to the minim um um er of bins. Since the problem is NP- complete 10 ], standard heuristic solution uses decreasing �rst �t algorithm (see Standard Algorithm in Figure 4a). Sort the tasks decreasing um er of teams. Let the um er of teams in task or eac put in the �rst bin that has ro om for it. If all the bins are full, skip to the next task. impro this algorithm, la the bins end to end and allo task to span bins. In e�ect, there is one bin of size times This hange allo ws tasks larger than the 16 um er of pro cessors to loaded; suc situations can result from running hec kp oin �le on degraded system (see Impro ed Algorithm in Figure 4b). One problem of the traditional �rst-�t algorithm is that it only allo cates con tiguous pro- tection domains to single task. This ecomes problem as tasks exit and new ones arriv e. Under the impro ed algorithm, if exiting tasks free up non-con tiguous protection domains (for example, ask and in Figure 4), an arriving ask with four teams that could �t in to free domains still ould not sc heduled (see Figure 5a). mo dify the algorithm to remo that restriction (See Figure 4c). use bit ector to represen ts all the protection domains in the system; high bits indicate ailable protection domains The algorithm iterates through the bit ector selecting free protection domains that are also on unique pro cessors. This allo ws ask to loaded in our example (see Figure 5b). 7.2.2 Sc heduling Cycle the start of cycle, all tasks ha equal opp ortunit to sc heduled. asks aiting to run reside in the Waiting queue. The PB-sc heduler assigns as man tasks that �t in to ailable protection domains and sets an alarm for the pro cessor quan tum. All the tasks run for the same amoun of time. When the pro cessor quan tum expires, the PB-sc heduler conceptually remo es the loaded tasks and attempts to sc hedule tasks in the follo wing order: 1. tasks in the an ti-starv ation queue (describ ed elo w) 2. tasks that recen tly arriv ed and ere sc heduled in the previous quan tum (describ ed elo w) 3. tasks aiting to run in this cycle waiting queue) Figure Examples of Bin ac king Algorithm Bins span pro cessors so that eac bin consists of the same um ered protection domain. By con tiguous mean that the task is assigned to protection domains next to eac other in the bin. 17 Figure Bins after ask and Exit and ask Arriv es 4. tasks that ha already run in this cycle an queue) 5. tasks curren tly loaded or tasks that are curren tly loaded and sc heduled again for the next quan tum, the sc heduler mak es an e�ort to rearrange protection domain assignmen ts to allo the loaded task to remain in the same protection domains. If this succeeds, the loaded task will con tin ue to execute without an in terruptions. If it fails, the task incurs the erhead of pm-sw ap follo ed mp-sw ap. After sc heduling the next quan tum, daemons pm-sw ap those tasks not sc heduled for the next quan tum and mp-sw ap the new ones in parallel. Pm-sw app ed tasks are placed in the ran queue. When the aiting queue is empt the cycle is complete and the ran queue ecomes the aiting queue. The PB-sc heduler tries to assign protection domains to newly arriving tasks regardless of ho uc time remains in this pro cessor quan tum. Since the new task will, on erage, only receiv half of quan tum, the PB-sc heduler places the task in list to sc heduled efore those on the aiting queue. Starv ation of tasks in the aiting queue is ossible using this sc heme. Supp ose task in the aiting queue needs protection domains on all the pro cessors and task needs half of the pro cessors and is curren tly loaded. ask C, whic also needs half of the pro cessors, arriv es, gets loaded and sc heduled for the next quan tum. Mean while, task exits and the quan tum expires. ask is sc heduled again while task con tin ues to ait. This pattern of arriv als and departures, ho ev er unlik ely could con tin ue inde�nitely and task ould starv e. oid starv ation, the PB-sc heduler erio dically hec ks tasks in the aiting queue for starv ation. An tasks that ha not receiv ed service since the last hec are placed in starv ation queue. This queue is �rst in line for sc heduling in the next quan tum. Conclusions Sc heduling app ears at all lev els in era System: in compiler generated co de, in the run time system, and in the op erating system. The erall goal of our design e�orts has een to ensure that these three ma jor sc heduling systems ork e�ectiv ely and e�cien tly oth within their resp ectiv domains and in their in teractions with one another. The compiler sc hedules instructions. It also acquires and sc hedules stream resources for the implicit parallelism of program. The erheads in olv ed in sc heduling done the compiler 18 are ypically negligible, and the time frame of compiler’s sc hedule is normally shortest of all. The run time acquires and sc hedules stream resources for executing explicit program par- allelism. It also imp oses an order on the execution of parallel ork. There is sligh tly more erhead asso ciated with this kind of parallel ork than that sc heduled the compiler. Ap- propriately the gran ularit of the ork is exp ected to somewhat larger, and the sc heduling time frame, to o, is greater than that considered the compiler. The op erating system sc hedules memory and protection domain resources among jobs con- tending for the system. The time frame considered the pro cessor sc heduler is uc greater than that of the run time; and, again, this is natural since eac piece sc heduled ma consist of man futures or compiler sc heduled parallel lo ops. And the time frame of the memory sc heduler is still larger: the erhead of sw apping large jobs in and out of memory is the greatest erhead of all. Utilizing sc hedulers, eac sp eci�cally designed for particular lev el in hierarc of time frames and ork gran ularities, is natural approac for sc heduling parallel ork on ulti- programmed mac hine. exp ect our designs to particularly e�cien t, ho ev er, ecause they are able to execute almost indep enden tly of eac other: In teractions et een the memory sc heduler and pro cessor sc heduler are minimal. Bet een the op erating system and the run- time systems, ypical in teractions are limited to ccasional requests for additional protection domains; creation of additional streams, trap handling, and load estimations are handled the run times indep enden tly Compiler generated co de, once assigned the run time to sp eci�c teams, op erates indep enden tly of the run time, reserving, creating and destro ying streams im- mediately via hardw are instructions. eliev the decomp osition of sc heduling obligations in this will lead to negligible erheads and ery high pro cessor utilizations. This pap er discussed sev eral notable, ev en no el, haracteristics of our sc hedulers: The memory sc heduler distinguishes jobs rank, where job’s rank is function of its demand for memory and its curren allotmen t. describ ed an algorithm for sw apping jobs that minimizes the memory erheads and sho ed that sw apping erhead gro ws quadratically with the size of jobs eing sw app ed. Surprisingly the algorithm’s erformance is indep enden of the order of sw apping ev en ts: this means can alter the order, should the need arise, without incurring additional erheads or computation. The pro cessor sc hedulers use e�cien mec hanisms for bit ector iteration pro vided the era MT to e�cien tly co-sc hedule jobs on to protections do- mains. The run time gro wth olicy is based on relativ ely recen comp etitiv e-st yle algorithms, and is extremely simple while still promising robust adherence to predictable erformance ounds. Our sc hedulers app ear reasonable in sim ulation, though due to the relativ ely slo sp eed of sim ulation, can run only small orkloads. exp ect to re�ne our algorithms with exp erience on the real mac hine: eagerly ait the arriv al of the era MT protot yp e. References [1] R. Alv erson, D. Callahan, D. Cummings, B. Koblenz, A. orter�eld, and B. Smith. The Tera computer system. In 1990 International Confer enc on Sup er omputing June 1990. [2] I. Ashok and J. Zahorjan. Sc heduling mixed in teractiv and batc orkload on paral- lel,shared memory sup ercomputer. In Sup er omputing 1992 No 1992. [3] M. J. Bac h. The Design of the Unix Op er ating Systems Pren tice-Hall, Inc., 1986. [4] D. Burger, R. Hyder, B. Miller, and D. d. aging tradeo�s in distributed-shared- memory ultipro cessors. In Sup er omputing ’94 No em er 1994. [5] D.L. Eager, E.D. Lazo wsk a, and J. Zahorjan. Adaptiv load sharing in homogeneous dis- tributed systems. IEEE ansactions on Softwar Engine ering Ma 1986. [6] D.L. Eager, E.D. Lazo wsk a, and J. Zahorjan. comparison of receiv er-initiated and sender- initiated adaptiv load sharing. Performanc Evaluation Marc 1986. [7] R. Essic k. An ev en t-based fair share sc heduler. In Winter 90 USENIX Confer enc Jan uary 1990. 19 [8] A. Gottleib, B. Lubac hevsky and L. Rudolph. Basic tec hniques for the e�cien co ordi- nation of ery large um ers of co op erating sequen tial pro cessors. CM ansactions on Pr gr amming anguages and Systems 5(2), April 1983. [9] A. Gupta, A. uc er, and S. Urushibara. The impact of op erating system sc heduling olicies and sync hronization metho ds on the erformance of parallel applications. In CM SIGMETRICS Confer enc Ma 1991. [10] Ellis Horo witz and Sarta Sahni. undamentals of Computer lhorithms Computer Science Press, 1984. [11] S. Leutenegger and M. ernon. The erformance of ultiprogrammed ultipro cessor sc heduling olicies. In CM SIGMETRICS Confer enc Ma 1990. [12] C. McCann, R. asw ani, and J. Zahorjan. dynamic pro cessor allo cation olicy for ul- tiprogrammed, shared memory ultipro cessors. CM ansactions on Computer Systems Ma 1993. [13] C. McCann and J. Zahorjan. Pro cessor allo cation olicies for message-passing parallel computers. In CM SIGMETRICS Confer enc Ma 1994. [14] V. Naik, S. Setia, and M. Squillan te. erformance analysis of job sc heduling olicies in parallel sup ercomputing en vironmen ts. In Sup er omputing 1993 No em er 1993. [15] V. Naik, S. Setia, and M. Squillan te. Sc heduling of large scien ti�c applications on dis- tributed memory ultipro cessor systems. In 6th SIAM Confer enc on Par al lel Pr essing for Scienti�c Computation Marc 1993. [16] J. Ousterhout. Sc heduling tec hniques for concurren systems. In 3r International Confer- enc on Distribute Computing Oct 1982. [17] S. Setia, M. Squillan te, and S. ripathi. Pro cessor sc heduling on ultiprogrammed, dis- tributed memory parallel systems. In CM SIGMETRICS Confer enc Ma 1993. [18] K. Sev cik. Characterization of parallelism in applications and their use in sc heduling. In CM SIGMETRICS Confer enc Ma 1989. [19] J. H. Straathof, A. A. Thareja, and A. K. Agra ala. Unix sc heduling for large systems. In Denver USENIX Confer enc Jan uary 1986. [20] J. H. Straathof, A. A. Thareja, and A. K. Agra ala. Metho dology and results of er- formance measuremen ts for new unix sc heduler. In Washington USENIX Confer enc Jan uary 1987. [21] A. uc er and A. Gupta. Pro cess con trol and sc heduling issues for ultiprogrammed shared-memory ultipro cessors. In 12th CM Symp osium on Op er ating System Principles Decem er 1989. [22] D. agner and B. Calder. Leapfrogging: ortable tec hnique for implemen ting e�cien futures. In ourth CM SIGPLAN Symp osium on Principles and Pr actic of Par al lel Pr gr amming Ma 1993. [23] J. Zahorjan, E. Lazo wsk a, and D. Eager. Spinning ersus blo king in parallel systems with uncertain In International Symp ossium on Performanc of Distribute and Par al lel Systems Decem er 1988. [24] J. Zahorjan, E. Lazo wsk a, and D. Eager. The e�ects of sc heduling discipline on spin erhead in shared memory parallel systems. IEEE ansactions on Par al lel and Distribute Systems April 1991. [25] J. Zahorjan and C. McCann. Pro cessor sc heduling in shared memory ultipro cessors. In CM SIGMETRICS Confer enc Ma 1990. 20