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1 IntroductionIn uniprocessors, scheduling is the activity of deciding which thread of control gets to runon the CPU. In multiprocessors and multicomputers, scheduling has another dimension: notonly deciding when a thread will run, but also where it will run, i.e. on which ProcessingElement (PE). Thus parallel systems allow a two-dimensional division of resources amongcompeting jobs, both in time and in space.Apart from the allocation of computing resources to competing jobs, there is also thequestion of allocation to cooperating threads within a single job. This can be done by theoperating system, by the language runtime system, or by the application itself. The scopeof this paper is oriented more towards scheduling by the operating system, but some of themechanisms that are surveyed are equally applicable to scheduling at a higher level. Westart with a distinction between two basic approaches to scheduling in multiprogrammedparallel systems: single-level and two-level. The single level approach combines the issuesof PE allocation to the job and scheduling threads on those PEs. The two-level approachdecouples the two issues. First, the operating system allocates PEs to the job, and then theapplication itself (or the language runtime library) schedules the threads. This eliminatesoperating system overhead from each scheduling decision, and allows for application-speci�coptimizations.While single-level scheduling and two-level scheduling are conceptually very di�erent, themechanisms used are largely overlapping. Indeed, two-level scheduling can often be viewedas a combination of two scheduling mechanisms, one for PE allocation and the other forscheduling on a given set of PEs, where each of the two can also be considered a single-levelscheduling scheme in its own right. The bulk of the survey therefore focuses on a frameworkfor describing scheduling mechanisms, emphasizing the fact that most mechanisms can beused alone or as part of a two-level scheme.The major distinction among di�erent mechanisms is whether they are based on timeslicing or space slicing. This distinction is extremely important, because space slicing isoften associated with exclusive allocation of the PEs to a given application. This entailssome degree of loss of control by the operating system. Time slicing is more 
exible, andscheduling decisions have less impact on future performance. However, this comes at theprice of higher overheads.Section 2 presents a classi�cation of scheduling mechanisms based on the use of time slic-ing, space slicing, or both. Speci�c systems are then surveyed according on the mechanismsused: partitioning, whether �xed, variable, adaptive, or dynamic (Section 3), independentPEs with global or local queues (Section 4), and gang scheduling, where PEs are scheduledin unison (Section 5). For each scheme, we identify the models of computation for whichit is useful, and discuss the interaction of the scheduling scheme with other aspects of theparallel operating system activities, such as thread mapping, load balancing, and memorymanagement. The implications of various combinations and options are explored in Section6. Finally, Section 7 surveys a number of real systems which use di�erent mechanisms to1
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support di�erent classes of applications. A glossary of terms is given in Appendix A, and adiscussion of \threads" is given in Appendix B.Scope of this surveyThe issues mentioned above are not relevant for all parallel systems; as the title implies,we are dealing only with multiprogrammed machines, and speci�cally those that supportinteractive use. However, it should be noted that this is not the only mode in which parallelmachines are used.Many parallel machines are not intended to provide multiprogramming services, becausethey are perceived as high-performance systems that should be dedicated to productioncomputing. Examples start with many early parallel machines and continue into the present.They include the Illiac IV [45, 77], which was designed to carry out numerical solutions forpartial di�erential equations such as those in weather codes, the Goodyear MPP [50, 470],used by NASA to process satellite images, the IBM GF11 [54, 342], dedicated for a wholeyear to a single computation involving the masses of eight fundamental particles, in an e�ortto validate the predictions of quantum chromo-dynamics [93], and the Warp systolic array[24], which is used for the real-time signal processing required in robotic navigation andvision.The use of dedicated machines is not a privilege of large government agencies and philan-thropists in search of basic truths. Businesses as diverse as oil companies, car manufacturers,and wall-street �rms are known to employ parallel computers in everyday operations. Typi-cally these machines are dedicated to running the same single application for as long as themachine is in use. In the case of oil companies, this application is oil reservoir modellingbased on seismic data. Car and plane manufacturers run computational 
uid dynamicsapplications to evaluate the aerodynamics of new designs. Wall street uses parallel super-computers for market analysis, based on huge databases of market activity. The advantageof dedicated machines is that the application has complete control over the hardware, withno operating system interference. Thus interprocessor communication can be done with lesssoftware layers of protection, leading to higher performance [343, 76].It is interesting to see how history repeats itself, even after 40 years in a fast-changing in-dustry such as computers. The �rst uniprocessors were also dedicated to a single application,e.g. census tabulation, and many mainframes remain dedicated to transaction processing orpayroll processing to this day. Nevertheless, the idea of batch processing came close on theheels of dedicated machines. Many parallel machines are following in those footsteps, usingeither signup sheets or automated queueing systems such as NQS to coordinate resource al-location [323]. In parallel systems, the allocation is done in three dimensions: PEs, memory,and time. This allows a high degree of resource utilization to be achieved. For example, autilization above 80% after factoring in down-time was reported for the experimental Touch-stone Delta machine at Caltech [400].Parallel machines are also taking the next step from batch systems to interactive ones.It can be argued that this leads to ine�ciency and lesser utilization, because interactive2
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response times require time slicing to be used, leading to higher system overheads andreduced cache e�ciency. Nonetheless, the market requirement is there, and most vendors ofparallel machines make a point of their support for interactive use. This includes programdevelopment, debugging, testing, and just learning about parallelism. After decades ofperforming such activities interactively on uniprocessors, most users consider it unacceptableto resort to batch processing on parallel machines.Some installations, mainly small-scale ones at academic institutions, are even used pri-marily for interactive use. It is safe to speculate that this will also be the primary useof parallel workstations. Other systems attempt to combine interactive and batch usagemodes. For example, it is possible to partition the machine statically into a large batchpartition and a smaller interactive partition [400, 422, 606]. Alternatively, it is possible toinitially allocate all the resources to batch processing, and preempt PEs and memory in favorof interactive jobs as needed. This leads to the notion of adaptive resource allocation forthe batch jobs, using the same techniques as for interactive jobs (e.g. time slicing), but at amuch coarser time scale.This survey is oriented primarily towards issues relating to interactive use. The mainconsideration is thus shifted from performance, utilization, and throughput to response timeand user satisfaction. However, it is practically impossible to draw a line betweenmechanismsused for batch scheduling and those used in interactive systems. Therefore the full range ofschemes developed for multiprogramming on parallel machines are reviewed. This includesboth paper designs from academia and practical ones that are commercially available.The following issues will not be surveyed. First, we shall not discuss the classic NP-complete problem of task scheduling a.k.a. the mapping problem [590, 293, 238, 58, 434,13, 7]. This problem deals with how to schedule a program represented as a graph of taskswith interdependencies on multiple processors. Variants of the problem take granularityconsiderations and inter-processor communication into account. This problem is relevant tothe design of parallel programs that will execute on a given number of processors, becausethen the overhead associated with runtime scheduling can be avoided [622]. Heuristics for itssolution are mentioned in Section 4.1.1. However, it is largely irrelevant to situations wherethe computation is programmed in a way that does not resemble a task graph, as is oftenthe case for control parallelism and the SPMD1indexSPMD model. It is also irrelevant if theavailability of PEs is not known in advance, as is the case in multiprogrammed systems. Inthese cases the scheduling must be done by the parallel operating system, using techniquesdescribed in this paper.Second, scheduling under real-time constraints is also not discussed, as it is quite di�erentfrom scheduling in multiprogrammed general-purpose systems. Real-time systems try to�nd a schedule that satis�es a set of designated deadlines [478, 477, 548, 525, 300, 35, 326],whereas multiprogramming is more concerned with throughput and fair sharing of resources.1SPMD stand for Single Program Multiple Data [144]. Under this paradigm, the same program isloaded onto all the PEs. Each PE runs a single thread, and they all start execution from the same entrypoint. However, each PE knows its serial number, operates on data in its local memory, and may branchindependently of other PEs. 3
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Likewise, scheduling issues on parallel database machines are not included [75, 159], as theytoo are quite di�erent from general purpose systems.Third, we will not discuss scheduling on heterogeneous networks (usually identi�ed bythe new buzzword \metacomputing") [233, 109, 247, 480, 226]. The issue there is to matchparts of the application to the most appropriate hardware, taking other load into account.Thus schedulers for metacomputing environments must interact with the local schedulers of(parallel) machines that compose the environment, such as those described in this survey.Finally, many multiprocessor multiprogrammed systems are used as throughput ma-chines, running independent sequential jobs on the di�erent PEs. This was a design goalin many multiprocessors such as the VAX 11/784, which had four processors, each equiva-lent to that of a VAX 11/780. But many machines that were designed to execute parallelprograms are also used in this mode [464]. This is especially true of small scale bus-basedmachines such as the Sequent Balance, and also of Cray multiprocessors such as the CrayX-MP, Y-MP, and C-90. This survey does not cover such usage. It deals exclusively withscheduling of parallel programs.A note on terminologyFor the sake of self-containment and completeness, the following paragraphs de�ne our usageof some basic terminology. Additional terms are added as needed throughout the paper. Allthe terms are also summarized in Appendix A.Throughout this paper, we use the term PE (processing element) to denote the con-stituents of a parallel system. A PE typically includes a CPU, some memory, and mecha-nisms to communicate with other PEs in the system (either directly or through the use ofshared memory). We use the term thread to indicate the entity that may be scheduled torun on a PE. Depending on the context, this may be something like a full Unix process orelse it could be a light-weight process. In addition, we make no a-priori distinction betweenkernel threads and user threads. Such distinctions are only made in those cases where thedescribed mechanisms are only suitable for one type but not for the other. A more detaileddiscussion of the thread model is given in Appendix B.A job is an application in execution, as known by the operating system. Thus the set ofthreads that together execute a given application typically comprise a job. The exceptionis when a set of processes, which are autonomous as far as the operating system knows, areactually part of a single application. In this case, the operating system regards each one asa separate job.A thread has some state information, e.g. its program counter and other registers, andexecutes within some context, e.g. its address space and open �les. Switching from one threadto another within the same context requires the state of the running thread to be o�oadedfrom the PE, and the state of the newly scheduled thread to be loaded onto it. Switchingfrom a thread in one context to a thread in another context requires the context informationto be changed as well.The title of this survey refers to multiprogrammed systems. We use this term to denote4
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systems that support the concurrent execution of multiple independent jobs. In parallelsystems, this can be done either by context switching among threads from the di�erent jobs,or by partitioning the machine and executing di�erent jobs on di�erent partitions. The termmultitasking will be used to denote cases where a number of threads | from the same jobor from competing jobs | execute concurrently on the same PE. This is a straightforwardadaptation of the use of these terms in uniprocessor systems [456].Scheduling is the decision of which thread of control will execute on a certain PE ata certain time. In some cases the relation of threads to PEs is restricted in some way,e.g. threads belonging to a certain application will only execute on a certain subset of thePEs. If the PEs only execute threads from this application, it implies some sort of processorallocation prior to the scheduling. This can also be regarded as a partitioning of the systemamong the applications.The assignment of threads to PEs may also be further restricted, e�ectivelymapping eachthread to a speci�c PE. This can be done by the operating system, based on considerationssuch as the desire to reduce contention for global data structures. In this case the operatingsystem may later change its mind and change the mapping in the interest of load balancing.Alternatively, the mapping of threads to PEs can be done by the application based onknowledge of what the threads do and how they interact. Such mapping depends on the factthat the operating system had already allocated the PEs to the application, and is not goingto interfere with their use. Technically, the operating system schedules a single thread oneach allocated PE, and the application maps its logical threads onto these system threads.The selection of the next thread to run from those that are ready and memory-resident iscalled dispatching.2 A Classi�cation of Multiprogramming SchemesMultiprogramming is the activity of executing multiple jobs concurrently on the same ma-chine. Textbooks on operating systems introduce multiprogramming as a solution to theproblem of low resource utilization, where an adequate mix of jobs with complementary re-quirements keep all parts of the system busy [322, 456]. For example, I/O operations fromone job can be overlapped with useful computation for another job, rather than leaving theCPU idle until the I/O completes. This is achieved by time slicing, which also creates theopportunity for interactive response times. For many users, the capacity for interactive useis even more important than the improved utilization.The same considerations apply to parallel systems. Again, utilization is improved by aproper mix of jobs, but with the added dimension of having jobs with di�erent degrees ofparallelism running side by side (i.e., one job utilizes PEs left over by another) [558, 362,197, 594, 464, 201]. Again, sharing provides users with better access to the system, and |depending on the application | even with interactive response times [518]. Again, this isimportant both because it enables users to make faster progress towards a solution [574],5
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and because adequate access for multiple users is often crucial in order to fund costly parallelsupercomputers [78, 151].The importance of multiprogramming is clear, and many systems provide this feature.However, they do so in a variety of ways. In this section, we look at di�erent classi�cationsof multiprogramming schemes, and at the reasons that led to the development of di�erentschemes.2.1 Single-Level Scheduling and Two-Level SchedulingProbably the most basic dichotomy in parallel scheduling is the distinction between single-level scheduling and two-level scheduling. In single-level scheduling the act of allocating aprocessing resource is combined with the act of deciding which thread will use this resource.In two-level scheduling, these two aspects of scheduling are decoupled. The �rst level dealswith resource allocation, and the second with its use. The distinction between single-leveland two-level scheduling is typically apparent in the operating system interface: either theapplication creates a set of parallel threads, and then the system is responsible for schedulingthem, or the application just requests an allocation of PEs, and manages their use on itsown.The problem with single-level scheduling is the fear that leaving all scheduling to theoperating system is too expensive, and not responsive enough to application needs. Notethat many scheduling decisions are a result of synchronization conditions among the threadsof the application. For example, one thread may block waiting for another thread to send amessage or reach a synchronization point. In �ne grain applications, such interactions canbe numerous and can come at high rates. Paying the operating system overhead for eachone would be prohibitively expensive. In addition, the operating system cannot optimize thescheduling because it lacks information about the application's characteristics and patternsof interaction.The proposed solution is two-level scheduling. The operating system just allocates thecomputing resources, i.e. PEs and memory. This is done at a relatively low rate related tothe job submission rate. Because PEs are allocated to jobs, sharing is done by space slicing,and applications might have more threads than PEs. The application itself (or the runtimesystem) then does the actual �ne-grain scheduling of threads on the allocated PEs, in a waythat satis�es the synchronization constraints. This level of internal scheduling provides high
exibility in resource allocation. For example, it is possible to create systems where the PEallocation changes at runtime, and the application is expected to adjust accordingly. Thisapproach is suitable for systems where the computation is represented as a task graph oras a workpile of chores, which are executed by a variable number of worker threads. Suchsystems are reviewed in Section 3.4.It should be noted, however, that two-level scheduling is not universally accepted. Thisis largely due to the fact that its use is somewhat limited in its applicability. It is perfectlysuitable for relatively small, shared memorymachines, using the workpile of chores program-ming model, because then chores can indeed be executed on any PE. It is less suitable for6
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distributed memory architectures, especially if programs are written in the prevalent SPMDstyle.In fact, it is possible to identify three types of single-level scheduling that are commonlyused. One is single-level scheduling that corresponds to the �rst level of two-level scheduling,i.e. processor allocation. Such systems just partition the PEs among the submitted jobs, andthen run a single thread on each PE. For example, this approach is suitable for programswritten in the SPMD style and executed in batch mode. It is also very simple to implement,and has low operating system overhead. Consequently, it has received widespread use onmany systems. Partitioning is reviewed in Section 3.Another approach corresponds to the second level of two-level scheduling, i.e. time slicingto execute more threads than there are PEs. The di�erences from two-level scheduling arethat all the PEs are used rather than only a pre-allocated subset, and that all threadsare considered, rather than only those belonging to a certain application. However, themechanisms used are the same. Furthermore, scheduling multiple threads on a smallernumber of PEs is a relatively simple extension of uniprocessor systems, where the numberof PEs happens to be 1. Therefore time slicing systems have also been quite popular; theyare reviewed in Section 4.The time slicing systems described above are distinguished by the fact that the schedulingon each PE is independent of the others. A third approach to single-level scheduling is toperform coordinated scheduling on all the PEs (or on subsets of PEs). This is known asgang scheduling. The justi�cation is that if all the threads in an application are scheduled torun simultaneously on di�erent PEs, the application sees the same environment as it wouldon a dedicated machine. In particular, synchronization constraints will be limited to thosethat are inherent to the application, and will not result in operating system activity. On theother hand, gang scheduling provides more 
exible resource sharing than pure partitioning,because time slicing is also used. While harder to implement than the previous two types ofsingle-level scheduling, gang scheduling has the bene�t of providing applications with a betterapproximation of a dedicated machine. Therefore this approach is gaining in approval, aswitnessed by the increasing number of commercial system that provide it. Gang schedulingsystems are reviewed in Section 5.2.2 The Two Dimensions of SharingOther surveys of scheduling and resource allocation have used various classi�cations. Forexample, Casavant and Kuhl classify di�erent scheduling algorithms according to their al-gorithmic design [104]. Mauny et al. take a broader look at resource allocation in general(including vector registers, memory, etc.), and study its interactions with the programmingmodel and architecture [392]. Our classi�cation of scheduling schemes for multiprogrammedparallel systems is based on the way in which computing resources are shared: temporal shar-ing, spatial sharing, or both. Fig. 1 presents a taxonomy based on these options. Naturally,scheduling schemes used in real machines are not designed speci�cally to ease their classi�-7
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time slicingyes noindependent PEs gang schedulingglobal queue local queues
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Figure 1: Grid of combinations of mechanisms for time-slicing and space-slicing.cation. Therefore this classi�cation is not always completely adequate for the description ofcertain systems. However, it provides insights into the basic choices.The main observation is that the mechanisms of time-slicing are largely independent ofthose for space-slicing. Thus the classi�cation can be represented by a two-dimensional grid,with time-slicing on one axis and space-slicing on the other. The fact that practically all thesquares in the grid are occupied with examples of real systems testi�es to the independenceof the mechanisms for the two sharing schemes. This is in contrast with other types ofclassi�cations, where some combinations don't make sense, such as the MISD part of Flynn'sclassi�cation of parallel architectures [214].On the time-slicing axis, the main distinction is between mechanisms that apply to eachPE individually and mechanisms that handle a group of PEs as a single unit. Mechanisms8
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for independent PEs are further divided into those that use local queues, thereby requiringthat threads be mapped to PEs before they can be scheduled, and those that use a sharedglobal queue, thereby blending the actions of mapping and scheduling. These mechanismsare described in detail and compared in Section 4.Mechanisms that perform time-slicing on groups of PEs actually implement gang schedul-ing, which we de�ne to mean preemptive scheduling of a certain set of threads simultaneouslyon distinct PEs, with a one-to-one mapping of threads to PEs (i.e. either all these threadsexecute or none execute). Gang scheduling requires coordinated context switching across thePEs (also called multi-context-switching), which is harder to implement than independentcontext switching. However, this approach is gaining in popularity, and a number of recentcommercial systems provide gang scheduling (including the Cray T3E, Connection MachineCM-5, the Intel Paragon, the Meiko CS-2, and SGI multiprocessors). In addition, a numberof experimental systems have also been reported in the literature These systems and othersare reviewed in Section 5.It should be noted that the groups of PEs that perform coordinated context switchingmay be created as part of a space-slicing scheme that partitions the machine. On the otherhand, there may be no partitioning at all: all the PEs can be used for only one job at atime. The same applies for groups of PEs sharing the use of a global queue. This is anothermanifestation of the independence of time-slicing from space-slicing.Space-slicing mechanisms are reviewed in Section 3. In essence, space-slicing is a binpacking problem: how to �t applications side by side, with best utilization of the availablePEs. many di�erent heuristics have been proposed. Some use a hierarchical structure toguide the partitioning. Others limit the number of options that have to be considered byperforming the partitioning within a framework of prede�ned static partitions. Still othersrelay the problem to the application programmer, by requiring applications to adjust towhatever number of PEs the system can provide under the current loading conditions.The large number of possible mechanisms and the fact that they are independent of eachother implies that the design space for multiprogrammed parallel systems is very large. Tohelp evaluate these options, Section 6 lists the implications of the various sharing schemesin terms of performance and functionality.2.3 The Roots of DivergenceAs seen from the grid of Fig. 1, many di�erent scheduling schemes have been proposed andimplemented. While similar machines often use similar scheduling schemes, di�erent typesof machines are often scheduled in very dissimilar ways. Moreover, there is a rather widegap between theoretical studies and schemes proposed by academia on the one hand, andwhat is done in practice in large installations on the other hand.The reasons for such divergence are that the assumptions leading to and justifying thedi�erent schemes are usually quite di�erent [205, 206]. Thus, while all the schemes are de-signed to solve the general problem of \how to schedule parallel jobs on a parallel machine",the detailed assumptions make each instance of this problem distinct from the others. Nat-9
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Moldable: jobs that allow the number of processors to be set at the outset, but it cannotchange thereafter. Thus the system may a�ect the number of PEs used, for examplereducing it if the job is submitted under conditions of heavy load.Evolving: jobs with changing requirements, e.g. a sequence of serial and parallel phases.At the beginning of each phase, the job requests the system for the resources it needsfor this phase, and at the end of the phase it releases them. This allows the system tore-assign processors that fall out of use.Malleable: jobs that can adjust to changing allocations at runtime. This allows the most
exibility to the system: when PEs become available, they can be immediately allo-cated to running jobs so as to reduce fragmentation; when new jobs arrive, they canrun immediately using PEs preempted from other jobs.Quite naturally, malleable jobs have been assumed in many academic studies, and the result-ing systems have been shown to be very e�cient. However, this model is much less popularwith users, and is not supported by most programming environments. As a consequence,the suggested scheduling schemes cannot be used in most real production systems, leavingsystem administrators with other \suboptimal" solutions.In addition to explicit assumptions about the environment and workload, the gap betweentheory and practice is also fueled by simple non-technical concerns. Practitioners who need tosupport large communities of real users are bound by such issues as standard user interfaces,backward compatibility, the need to support political scheduling, etc. Academics have thefreedom to ignore such dull issues. On the other hand, academics are sometimes limitedby questions of mathematical tractability, whereas practitioners may devise complex andelaborate schemes that defy any type of rigorous analysis.3 PartitioningSpace-slicing is done by partitioning the machine among a number of applications thatexecute side by side. This approach is motivated by the desire to reduce operating systemoverhead on context switching [581], and by the desire to exploit architectural decisions notto provide support for virtual memory and paging, but rather to give all the physical memoryto a single application.Sometimes partitioning is the only mode of sharing. In this case, the operating systemis actually involved more in PE allocation than in scheduling. The application's runtimesystem may then schedule user threads on these PEs, leading to a two-level schedulingscheme [633, 580]. This is especially common on shared-memory multiprocessors. Thesecond level of scheduling is often done using a global queue, with the same considerationsand optimizations as described in Section 4.2, e.g. taking processor a�nity into account. Ondistributed-memory multicomputers, it is more common to have only one thread on eachPE. 11
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Alternatively, partitioning may be combined with preemption, either on independentPEs within each partition or synchronously across the partition. Systems that provide suchcombinations are reviewed in other sections. This section concentrates on the mechanismsof partitioning per se.In general, partitioning is limited by the hardware. Not every machine can be partitioned.For example, SIMD2 architectures cannot be partitioned unless it is possible to associate aninstruction interpretation unit with each partition, together with a mechanism to broadcastthe instructions to the PEs in the partition. Likewise, some interconnection topologies cannotbe partitioned e�ectively. For example, a mesh can be partitioned easily, but partitioning atorus requires special switches that re-link the row and column rings. Hypercubes can onlybe partitioned into subcubes.Given that the hardware allows for partitioning, the main issue that remains is whereto place the partition boundaries. Some systems do not provide much of a choice. Thismakes the implementation simple, but risks waste and user frustration due to mismatchbetween the available partitioning patterns and the actual requirements. Other systemsallow any partitioning that one might wish for. This provides welcome 
exibility, but requiressophisticated algorithms to make the partition decisions. The following criteria have beenproposed to evaluate and compare partitionable systems [381, 489]:� Independence | distinct partitions should be as independent as possible. In particular,they should not share hardware such as switches or links.� Flexibility | it should be possible to allocate partitions of arbitrary sizes, composedof arbitrary subsets of PEs. Otherwise, PEs will be lost to fragmentation.� Adaptiveness | the partitioning should re
ect the requirements of the workload, so asto promote good utilization. As the workload typically changes with time, so shouldthe partitioning.� Cost and complexity | should be low. This refers both to the hardware needed tobuild the system, and to the algorithms used to run it.� Modularity and scalability | solutions should be useful for large systems.The classi�cation of partitioning schemes is complicated by the fact that three playersare involved: the architecture, the operating system, and the applications. The architecturemight impose restrictions on the ways in which the PEs can be partitioned. The operatingsystemmight make partitioning decisions in an oblivious manner, or else it might take systemload into account. It might even want to change the partitioning dynamically at runtime.2SIMD stands for Single Instruction-stream Multiple Data-stream, and MIMD stands for MultipleInstruction-stream Multiple Data-stream [214]. In SIMD architectures there is a single instruction decod-ing unit, which broadcasts the instructions to multiple processing units. Thus each instruction is appliedsynchronously and in parallel to multiple data elements that reside in the same address on distinct PEs. InMIMD architectures PEs execute independently of each other, except for explicit synchronization.12
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type operating system application runtime advantages disadvantages�xed prede�nedpartitions parallelismhardcoded or aparameter simple, preserveslocality internalfragmentation,limitedmultiprogramming,arbitrary queueingvariable allocationaccording torequest (possiblyrounded up) hardcodedparallelism matches requests,preserves locality external (andpossibly internal)fragmentation,arbitrary queueingadaptive allocation subjectto load whenlaunched parallelism is aparameter preserves locality,adapts to load,improved e�ciency externalfragmentation,some queueingdynamic allocation changesat runtime tore
ect changes inload andrequirements express changes inpotentialparallelism, andadapt to changesin availableparallelism no fragmentation,queueing onlyunder high load,adapts to load,improved e�ciency does not preservelocality, partitionsnot independent,restriction onprogrammingmodelTable 1: The four types of partitioning.Applications might require a speci�c number of PEs, and might even require a speci�ccon�guration. On the other hand, applications may be structured so that the number ofPEs is set only when the application is loaded, thus allowing the application to run ondi�erent sizes of partitions. Applications that run on systems that change the PE allocationat runtime must be able to adjust to whatever number of PEs the system gives them.We shall classify the partitioning mechanisms into four types, based on how the operatingsystem behaves and the requirements this places on applications [422, 489]: �xed, variable,adaptive, and dynamic. These are summarized in Table 1 and discussed in Subsections3.1 through 3.4, respectively. As indicated in the table, the progress towards dynamicpartitioning is motivated by the desire to eliminate fragmentation and improve resourceutilization. However, this comes at the price of reduced locality and independence: PEsfrom di�erent parts of the machine may be called to take part in executing the same job,and local state may be wiped out when a PE is re-allocated to another job. Thereforedynamic partitioning has been proposed mainly for small-scale shared memory machines.If time slicing is not used, jobs will be queued when the requested resources are not avail-able. A review of FCFS, SJF, and other algorithms for scheduling queued jobs onto partitions13
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is therefore included in Section 3.2.3. This e�ect is reduced under dynamic partitioning, asPEs can then be preempted from jobs that are already running. Alternatively, queueing canbe eliminated by combining partitioning and time slicing, as in gang scheduling. This isespecially relevant for �xed and variable partitioning.Section 3.5 mentions another option, that of allocating PEs one at a time.3.1 Fixed PartitioningFixed partitions are set by the system administrator, typically for reasons related to accesscontrol. This allows certain parts of the machine to be dedicated to certain groups of users,possibly according to their investment in procuring the machine. Alternatively, the partitionscan be designated for di�erent job classes [400, 422]. For example, many commercial parallelsystems include provisions for creating a batch partition and an interactive partition. Thisprovides adequate resources for the interactive part of the workload, without starving thebatch part. Batch jobs are typically identi�ed by the fact that they are submitted via NQS(the Network Queueing System, described in Section 7.1.1). The sizes of these partitionscan be changed automatically twice a day, to accommodate the di�erences between daytimeactivity and nighttime activity. However, the partitioning is not changed to accommodateindividual jobs.A major concern with �xed partitioning is internal fragmentation: jobs get all the PEsin the partition, or none. If the job only requires a small number of PEs, the rest are leftunused. A partial solution is to create several partitions with di�erent sizes, so that userscan choose the most appropriate one. However, internal fragmentation can still occur. Inaddition, excessive load on the best partition might induce users to choose a less appropriateone. Another solution is to use a second level of variable partitioning or time slicing withinthe �xed partitions. Such mechanisms are provided on the Connection Machine CM-5, theIBM SP2, the Intel Paragon, and the Meiko CS-2, among others. They are described inSection 7. Likewise, the mechanisms described next can be used within the con�nes of aprede�ned partition, rather than applying to the whole machine.3.2 Variable Partitioning According to RequestsVariable partitioning is similar to �xed partitioning, except for the fact that partition sizesare not prede�ned | rather, they are set on the 
y according to incoming requests. Thisis done in either of two ways: by using combinations of prede�ned partition sizes, or bycreating arbitrary partitions.The most common reason for using combinations of prede�ned partitions is that thepartitioning is required to match the architecture of the machine. For example, this is thecase in the partitioning of hypercubes. Jobs on hypercubes typically rely on the hypercubetopology, and therefore cannot execute on an arbitrary subset of nodes. Rather, the hyper-cube is partitioned into subcubes (Fig. 3). In this case, there is no internal fragmentation.14
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Figure 3: Example of partitioning a 4-cube into a 3-cube and a pair of 2-cubes. Dashed linksare not used in this con�guration.However, internal fragmentation may occur in cases where the allocation is rounded up toone of the prede�ned sizes, but the job does not utilize the extra PEs.If the architecture does not impose any restrictions, arbitrary partitions can be created.This eliminates internal fragmentation, because a job is never allocated more PEs than itcan use. However, external fragmentation remains an issue because a set of idle PEs mightbe left which is not large enough to satisfy the requests of any queued jobs.The following subsections review partitioning based on powers of two, which is a verycommon design, and arbitrary partitioning. Then the question of scheduling order is ad-dressed.3.2.1 Combinations of Partitions Based on Powers of TwoMany parallel machines are not just an ensemble of PEs. Rather, they are built as a group ofconstituents, each of which may be further divided into even smaller parts, before single PEsare reached. For example, a full-sized Connection Machine CM-2, with 65536 single-bit PEs,is composed of four quadrants of 16384 PEs each [582]. Each quadrant has an independentsequencer | the unit that interprets the SIMD instruction stream and broadcasts it to thePEs | and can thus be used to run a separate program. Thus the machine can be partitionedinto a maximum of four partitions. Alternatively, two or four quadrants can be combinedand used to run a single program. This is controlled by the nexus, which is a 4�4 crosspointswitch that interfaces the host front-ends to the sequencers (Fig. 4).The repertoire of partition sizes o�ered by the CM-2 is very limited. This is so becauseenabling smaller partitions would require additional sequencers, and would complicate thehardware design. The same consideration also guided the design of the Illiac IV [45], anearlier SIMD machine that was to have four quadrants, although only one was actually built.Other non-SIMD architectures do not have this problem, and allow for �ner partitioning.This gives users more 
exibility, by providing the option for many small partitions that areused for program development and testing. 15
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quadrant 1 quadrant 2Figure 4: Partitioning the CM-2 SIMD array (adapted from [582]).In many cases the structure of the machine is based on powers of two: PEs are groupedinto pairs, then groups of four, eight, and so on. The possible partitions follow the samestructure, so partition sizes can be any power of two between 1 and the full machine. Twoimportant examples of this are parallel machines based on multistage networks and hyper-cubes. In the multistage machines, each partition contains a power-of-two PEs, the samenumber of memory modules, and a unique part of the network. In hypercubes each partitionis a subcube, that is a hypercube of a smaller dimension. Both these architectures createindependent partitions, but su�er from lack of 
exibility that may lead to fragmentation.Considering the similarities in the methodology of constructing these two architectures, itis not surprising that the mechanisms used to partition them are practically identical. Giventhat a large partition of the machine is free, it is easy to satisfy a request for a small partitionby repeatedly breaking the free large partition in half. The harder problem is uniting smallpartitions into large ones when they are released, because this uni�cation must match thehardware structure. For example, only adjacent 2-D cubes can be combined into a 3-D cube.We shall start with an overview of partitionable systems based on multistage networks, andthen proceed to hypercubes. The question of uni�cation will be treated only for hypercubes,because it is easier to visualize in that context.16
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Partitioning multistage networksMultistage networks connect n input ports to n output ports, with a log n delay and a12n log n component count. Such networks are used both for shared memory machines andfor distributed memory machines. In shared memory machines, the input ports are PEs andthe output ports are memory modules; examples include the BBN Butter
y [503], The NYUUltracomputer [244, 243], the IBMRP3 [458], PASM [535, 534], TRAC [83, 372, chap. 7], andCedar (where clusters are connected to the network rather than individual PEs) [222, 319].In distributed memory machines, all ports are connected to PEs. Examples include theCM-5 [356], the Meiko CS-2, and the IBM SP2 [553].Multistage networks are generally considered to be a realistic alternative to crossbarswitches, which have unit delay but n2 components. They are arranged as log n stages of2�2 switching elements (hence the logarithmic delay), with n=2 such elements in each stage.The outputs of each stage are connected to the inputs of the next stage is a certain pattern.Various patterns have been proposed, and much work has been devoted to analyzing thecapabilities of the resulting networks. Luckily, most of them turn out to be largely equivalent[619, 530, chap. 5].As a concrete example, consider the generalized cube network. The input ports to thisnetwork are connected to the �rst stage in a \shu�e" pattern. This pattern derives itsname from the perfect shu�ing of a pack of cards: the �rst half ends in the even-numberedpositions (counting from 0), and the second half in the odd-numbered positions. The stagesare then connected to each other in the \cube-i" pattern, where i is the serial number of thestage. With this pattern, each switch is connected to the corresponding switch in the nextstage, and also to the switch whose number (in binary representation) di�ers only in the ithbit position, counting from the left. An example for n = 16 is given in Fig. 5.At �rst glance the shu�e pattern before the �rst stage of this network seems redundant:it just changes the numbering of the ports, without adding any functionality. Its usefulnessbecomes evident when we partition the network into disjoint parts. The partitioning isachieved by setting some of the switches to the \straight" mode, meaning that they justconnect their top input to their top output, and their bottom input to their bottom output[533]. Setting the �rst stage to \straight" partitions the machine into two halves. Withineach partition, setting an additional stage to \straight" halves that partition. The settingshown in Fig. 5 results in partitions of 8, 2, 2, and 4 PEs. These partitions may be describedby the serial numbers of the PEs and memory modules included in them as f0; x; x; xg,f1; 0; 0; xg, f1; 0; 1; xg, and f1; 1; x; xg, where x represents either 0 or 1. Networks can alsobe partitioned in other ways, e.g. by setting the last stage to \straight" rather than the �rstone, resulting in partitions that are de�ned by other bit patterns [531, 292, 530, chap. 5].A number of prototype systems have used the idea of partitioning a multistage network.Perhaps the best known is PASM, a partitionable SIMD/MIMD machine built at Purdue[535, 534]. This architecture imposes a limit on how small partitions can be, because | likethe CM-2 | it needs a control module to allow each partition to operate in SIMD mode. Theprototype has 16 PEs and 4 controllers, so partitions can have 4, 8, or 16 PEs. However, the17
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Figure 5: partitioning a multistage network into independent partitions (adapted from [533]).The elements of each partition are identi�ed by a di�erent shading. Switches set to \straight"are not shaded.architecture scales to much larger sizes, with a design point of 1024 PEs and 32 controllers,leading to a minimal partition size of 32 PEs. Only prede�ned pairs of partitions, chosen bybit patterns similar to those shown above, can be combined to create larger partitions. Thematching of jobs that can execute side by side is done by keeping separate queues for thedi�erent partition sizes [584].The Texas Recon�gurable Array Processor (TRAC) is based on a banyan network. Theprototype has four PEs and nine memory modules. While partitioning is not very mean-ingful in such a small machine, the architecture is scalable and provides a rich variety ofcon�gurations that can be changed at high speed [83, 372, chap. 7].An interesting variant is the Flagship parallel reduction machine, which is based on aDelta network [610, 611]. In this machine the network is used to propagate global loadinformation in addition to its use for data transfer. Overloaded PEs can inject reductionsinto the network, and they are automatically routed to the least loaded PE. Applications18
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that do not have a su�cient degree of parallelism can be limited to a subset of the PEs,based on bit positions, e�ectively partitioning the machine [561]. This is done to preventtoo many remote accesses, which degrade performance.Research prototypes are not the only machines that use partitionable multistage net-works. The Connection Machine CM-5 is based on a network that is logically seen as a fattree (a tree in which links near the root are \thicker" and provide more bandwidth so as toprevent congestion), but actually implemented as a multistage network [356]. Unlike PASMor TRAC, the CM-5 is a distributed memory machine. The machine is partitioned amongcompeting jobs by partitioning the network. Each partition includes 2k PEs for some k � 5(i.e., the minimal partition size is 32), with the adjoining k=2 stages of the network3. Thusthere is no network interference from other jobs. A separate partition is devoted to I/Odevices. It is accessed via that part of the network that is farther away from the PEs.Finally, it is worth noting that not all machines based on multistage networks thatsupport partitioning do so by partitioning the network. The Meiko CS-2, IBM SP2, andBBN Butter
y allow arbitrary nodes to be grouped into the same partition. This increasesthe 
exibility of PE allocation, at the price of creating partitions that are not independent.Partitioning hypercubesHypercubes are multicomputers with a power-of-two PEs, which are interconnected in ahypercube pattern. A hypercube with 2n PEs is said to be n-dimensional. The 2n PEs areidenti�ed by unique n-bit long IDs. PEs with IDs that di�er in exactly one bit position havea direct link connecting them. The ancestor of all contemporary hypercubes is the CosmicCube built at Caltech in the early '80s [513]. A number of commercial o�erings have beenmade since then, the most enduring of which are the iPSC series from Intel [28] and thenCUBE machines [258, 443, 174]. Both provide partitioning as described below.Many hypercube applications are speci�cally tailored to the topology (e.g. [41, 495, 475]).Therefore if an application is to run on a partition of the machine, that partition must itselfbe a hypercube, albeit of a smaller dimensionality4. It is easy to see that there are manyways in which to satisfy this requirement. For example, all the nodes whose IDs start withthe bit \1" in an n-dimensional hypercube form an (n�1)-dimensional hypercube. Likewise,it is possible to use any other of the n bit positions to partition the hypercube into two halveswhich are hypercubes smaller by one dimension.It is relatively straightforward to satisfy requests for the allocation of a subcube. Ifa free subcube of the requested size exists, it is allocated. If there is no free subcube ofthe requested size, but there exists a larger free subcube, then that subcube is successivelydivided in two until a subcube of the desired size is obtained. The only complication thatmight arise is handling faults. The suggested approach is to integrate knowledge about faultsinto the data structures, and avoid faulty components during allocation [476].3It is k=2 stages rather than k stages because 4� 4 switches are used.4If the application does not require a subcube, it is still convenient to allocate a subcube, and thenpossibly to reclaim the leftover nodes [588]. 19
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ection of the cube's dimensions. In a Gray code, successive elements di�er byexactly one bit position. Following the order of the Gray code, we can visit all the PEsin one cycle. As shown at the left of Fig. 7, this can also be interpreted as a tree with5In a buddy system, a set of resources is allocated in blocks whose sizes are de�ned by a recurrenceequation. Here, we consider the binary buddy system, where Bi = 2� Bi�1. This was originally proposedfor fast allocation of contiguous memory segments [316, 457, 317, pp. 442{445].20
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description recognition� complexityy referencebuddy system 2n+1 � 1 O(n) [113, 331]gray code 3 � 2n � 3 O (2n) [113]multiple gray codes 3n O   nn=2! 2n! [113]modi�ed buddy system: check multiplecombinations for creating subcubes n2n + 1 O (k(n � k)2n) [12]free lists for di�erent subcube sizes 3n O �n2n�k�z [309]tree collapsing and transformationsapplied to the buddy system 3n O   nk! 2n�k! [123]gray code combined with two sets of freelists for the di�erent sizes 3 � 2n � 3 O(n) [148]lattice 3n O (n2) [292]graph of prime free subcubes (those notcovered by larger free subcubes) andtheir intersections 3n O  32nn2 !x [625, 476]heuristic to maintain an approximation ofa maximal set of (disjoint) free subcubes < 3n O (n2n)# [173]graph of adjacent free subcubes withheuristic to coalesce them when released,using free lists to limit search space 3n O �22n22n�{ [627]� The total number of di�erent subcubes recognized. The maximum is 3n, so such entries imply fullrecognition.y n is the dimension of the hypercube, and k is the dimension of the requested subcube.z The worst case is when one free list has O �2n�k� elements. In a more typical case where list lengths areO(n), the complexity is O �n3�, or O �n2� if done in parallel.x The worst case is based on an estimate of O �3nn � prime cubes [148]. In more typical cases this isexpected to be O(n), leading to a complexity of O �n4�.# A version that actually computes the maximal set of subcubes achieves full recognition at a cost ofO �23n�.{ This worst case analysis is based on an approximate bound on the number of cycles in the graph, whichis itself based on bounds on the number of nodes and their degrees. Assuming O(n) free subcubes, thecomplexity becomes O �n22n�.Table 2: Listing of subcube recognition algorithms. The complexity measure is for the largerof the allocation and deallocation procedures, which is typically the deallocation.22
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nisms. Therefore it is possible to allocate the correct number of non-contiguous nodes, andtreat them as a subcube. This will be e�cient provided the sets of links used by di�erentsubcubes are disjoint [310].Other systemsPartitioning based on powers of two, using a buddy system, is conceptually simple and easyto implement. Therefore it has also been suggested for systems in which the architecture isnot in itself based on powers of two. One example of this approach is a 2-D buddy systemproposed for the partitioning of mesh computers [364, 363]. The Cray T3D, which has a3D torus topology, also requires partitions to be powers of two6 [474]. The DHC and DQTschemes for gang scheduling are based on a buddy system [197, 204, 217, 273, 272] (DHCis described in Section 5.4). A similar approach has also been proposed in the context of aparallel reduction engine [269].3.2.2 Flexible Partition SizesThe architectural considerations that motivate the use of combinations of prede�ned parti-tion sizes are mainly based on the topology of the interconnection network. But with modernmulticomputers, the importance of topology is decreasing. This is largely due to improvedhardware routing mechanisms, that support an abstraction of a fully connected network withuniform distances among all pairs of PEs [512, 435] (or an actual implementation of all-to-allcommunication, as in the VPP500 [407, 592]). This allows arbitrary partitions to be made,including partitions composed of PEs attached to arbitrary ports of the interconnection net-work. Among other things, this feature is important because it allows faulty processors tobe con�gured out of the system without invalidating a whole partition.A number of algorithms for variable partitioning have been devised. The simplest ap-proach is to use a central resource manager, which keeps track of the allocation of PEs topartitions [427]. This approach is used on the IBM SP2 [284]. It is adequate because theresource manager is only activated when jobs are submitted or terminated. As this happensat a relatively low rate, the centralized controller does not become a bottleneck.Another approach is to coordinate the PE allocation using a hierarchical structure. Forexample, a buddy system can be used where a partition can be composed of a number ofblocks from di�erent levels, such that the sum of the allocated PEs is the requested number[375, 606]. Alternatively, one can use a virtual hierarchy of control on the PEs themselves.Such a structure forms the basis of the so called \wave scheduling" mechanism developedfor the MICROS distributed operating system [595, 596]. It guarantees that the allocatedPEs are close to each other in the network, so it reduces interference among partitions. Asimilar scheme was proposed in the context of the original CHoPP project, where the goalwas to partition a large hypercube among multiple users [558].6This restriction has been alleviated in the newer Cray T3E.24
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Figure 9: Allocations for 6� 3 and 3� 3 jobs in an 8� 8 mesh, using variants of the buddysystem approach. Fragmentation is shown in gray.Submesh allocationGoing back to architectures with topological constraints, there are such architectures thatnevertheless allow for partitions with various sizes. A case in point is mesh-based machines,where allocations may be required to be rectangular sub-meshes of various dimensions. Sim-ilar algorithms can be used for tori [474].A simple approach to submesh allocation is the frame sliding algorithm [122]. In thisalgorithm, a rectangular frame representing the exact request size is placed on the mesh,starting with the leftmost and lowest free node. It is then slid across and up in incrementsof the frame size, until a free region of the required size is found. Note, however, that notall potential locations are checked (so as to shrink the search space and reduce cost), andtherefore a free region might be missed.Another simple approach mentioned above is to use a 2-D version of the buddy system.However, this is limited to square systems where the side is a power of two. Moreover,allocations are also squares with sides that are powers of two, leading to signi�cant internalfragmentation [364, 363]. These problems are solved by using the buddy system only toidentify free submeshes, and allocating a number of free submeshes of di�erent sizes tosatisfy each request [375, 606]. Such a scheme is used by NQS to pack batch jobs on theIntel Paragon. The price is that the allocation is not necessarily a rectangle, and may evenbe non-contiguous. Another interesting modi�cation is to use a precise buddy system, inwhich buddy sizes are not prede�ned powers of two, but rather they are determined by thesizes of requests [398]. An example comparing the three approaches is given in Fig. 9.The interval set algorithm �nds a submesh of the desired size, if it exists anywhere in thesystem [416, 415]. Interval sets are a data structure used to keep track of allocated nodesin rows of the mesh; in a nutshell, each sequence of busy nodes in the row is an interval,and all such intervals are recorded. When a submesh of x � y is requested, a condensedrepresentation of the �rst y rows is generated. This includes intervals of nodes that are busyin any of the y rows. This representation is searched for x adjacent free columns, which25
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Figure 10: Submesh allocation based on a coverage set.indicate that a free x� y submesh is available. If none are found, the �rst row is removedand the next row added in its place. The resulting data structure is again searched for x freecolumns. This is repeated until a free submesh of the required size is found, or the wholemesh is exhausted.Another algorithm that �nds all possible allocations is based on computing the coveragesets of all current jobs [637, 60]. The coverage set includes all those nodes that cannot beused as the origin (lower left node) for the allocation, because they are too close to an existingjob. In addition, there is a reject set of nodes that are too close to the system boundary (fora torus, the reject set is empty). An example is shown in Fig. 10. The extent of the coverageand reject sets depends on the size of the request. Thus only nodes not in these sets need beconsidered as locations for the origin of a new allocation. A �rst-�t allocation uses the �rstsuch node found. A best-�t version checks all of them to �nd the one that will cause leastadditional fragmentation, by choosing a candidate in a corner of the smallest free space thathas the most busy neighbors. If no candidates are found, the dimensions of the request canbe switched (e.g. look for a 5 � 3 submesh rather than a 3 � 5 submesh) [163].Other e�cient schemes use a list of maximal free submeshes or a list of allocated jobs.Upon allocation, the list of free submeshes is updated using table lookup indexed by therelative position of the free submesh and the allocated one, yielding a set of new smaller freesubmeshes [474]. Alternatively, an overlapping set of dominant submeshes can be maintained[308]. With the list of jobs, an attempt is made to allocate each new request adjacent toan allocated submesh, or in a corner of the system, thus reducing the search space [149].If placing the request adjacent to an allocated submesh overlaps with another allocatedsubmesh, the algorithm checks other locations by sliding the request up or down (along thevertical edges of the original allocated submesh) or left and right (along the horizontal edges).After all possible locations are identi�ed, the one with the highest boundary value is chosen26
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to satisfy the request. The boundary value is computed as the sum of nodes on boundaries ofthe system and nodes neighboring allocated nodes. This tends to reduce fragmentation. Itis also possible to consider busy nodes that are near the allocated submesh, but not adjacentto it, in order to choose the most crowded area and further reduce fragmentation [121]. A�nal optimization is to perform lookahead into the queue of waiting jobs, and take theirrequirements into account too [60, 474].If the exact con�guration cannot be found, embeddings can be used [380]. This is alsouseful for supporting programs that use a di�erent logical structure, e.g. embedding a 3-Dtorus in a 2-D mesh partition with the same number of PEs. Alternatively, the requirementfor a rectangular submesh can be dropped and a non-disjoint partition composed of PEsfrom di�erent parts of the system used instead [375, 606]. This has the added advantagethat faulty PEs do not invalidate whole submeshes [409].Choosing the partition sizeIt is well known that adding more and more PEs su�ers from diminishing returns, and mighteven cause a degradation in performance [347, 600, 134, 213, 327]. Considerable work hasbeen done to �nd the optimal number of PEs that should be used. The unifying theme in theobtained results is that some knowledge of the behavior of the program is required, e.g. thedegree of useful parallelism in it. For example, the average parallelism of the application canbe used for the partition size [179, 383]. This has been shown to guarantee that the obtainedspeedup is at least half the speedup that would be obtained with the optimal partition size.Also, the e�ciency is guaranteed to exceed 50%.In general, the e�ciency drops as more PEs are added, while the speedup rises to amaximum. A good target function is therefore to maximize the product of these two metrics.Denoting the execution time on p PEs by Tp, the speedup is S(p) = T1=Tp and the e�ciencyis E(p) = T1=(p � Tp). Thus the optimal partition size is the p that maximizes T 21p�T 2p . Usingthe uniprocessor execution time T1 as the unit of time, this expression is equivalent to S(p)p�Tp .With this formulation, the objective function can be interpreted as maximizing the speedupper unit of cost, where cost is measured in PE seconds [338, 213, 235]. A similar formulationis possible using the system power as a metric, where power is de�ned as the throughputdivided by the response time [313, 314].The above schemes �nd the best partition size for a balance between minimizing responsetime and maximizing throughput. However, from an individual application's point of view,minimizing response time is more important that maximizing throughput. Therefore, usersmay be tempted to request a higher number of PEs, even if their application cannot use themas e�ciently. Such behavior can lead to reduced performance in a loaded system, becausejobs would have to wait longer to obtain the requested PEs.The problem with setting the partition size according to the job's request is that there isa hidden feedback e�ect. If the system is lightly loaded, a job can reduce its response time byusing more than the optimal number of PEs. Granted, it would not use the additional PEs27
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e�ciently, but if it doesn't use them, they will just be idle. Therefore asking for more PEsmakes sense. But if the load is high, asking for too many PEs will cause the job to spendmore time in the queue waiting for the PEs to be allocated. So in this case asking for less PEsmay actually reduce the response time. The feedback mechanism works through the systemload: requests for PEs change the load, and the load a�ects the manner in which requestsare granted. It is hidden because the jobs do not have any information about system load.This problem is solved by the adaptive partitioning schemes described in the next section.Choosing the PEsWhile 
exible partitioning is usually based on the assumption of uniform distances betweenPEs, this is not always the case. Even with advanced routing mechanisms, some PEs arecloser than others. In some cases, especially systems that have a hierarchical structure, thedi�erences can be quite large.For example, large shared memory machines are often built by connecting multiple clus-ters of PEs. Examples include Cm� [227, 228], DASH [357, 358], Hector [599], and the KSR1[216]. In such an architecture, access to memory on a remote cluster can be an order ofmagnitude more expensive than access to memory in the local cluster. Therefore jobs shouldbe mapped within a single cluster is at all possible [79, 80].Partitionable hardwareWhen the partitions exist for the duration of a job's execution, it may be bene�cial to setthem in hardware. This guarantees that the partitions are independent of each other.A simple example of this approach is provided by the Fujitsu VPP500 supercomputer,with its crossbar interconnection [407, 592]. Another is the Polyp multiprocessor. In thismachine, a set of PEs are connected via switches to a set of buses [387, 382]. By propersettings of the switches, partitions with di�erent numbers of PEs and buses can be created.This allows both the computation power and the communication capacity to be tailored toan application's needs. In addition to being independent of each other, there is also full
exibility in allocating resources to the generated partitions.Other examples are machines with point-to-point links which may be disconnected. Forexample, a mesh can be partitioned into two independent parts by disconnecting all the linksbetween two adjacent columns of PEs. A torus can also be divided in this way, provided itis possible to loop back and close the column and row rings when they are disconnected. Forexample, Fig. 11 shows a 6�4 torus that is partitioned into three tori with dimensions 4�4,2 � 3, and 2 � 1 (Of course, this example is arti�cially small, and loopback does not addfunctionality if there are less than 3 PEs in a dimension). The Cray T3D, which is basedon a 3-D torus network, lacks this capability. Thus partitioning it results in a set of meshes,rather than tori.Some systems that provide variable partitions are not physically partitionable. Conse-quently jobs running on di�erent partitions might interfere with each other, especially by28
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PE switch in straight mode switch in loopback modeFigure 11: Partitioning a torus requires switches that are capable of looping back to createsmall rings when partitioning larger ones.loading the communications network [413]. An example is the IBM SP2, which uses a mul-tistage network but allows any subset of PEs to be grouped into a partition [283]. Anotherexample is the Intel Paragon, which uses a mesh architecture with dimensional routing. Thusmessages belonging to a concave or disjoint partition may pass through links shared withanother partition [375, 403].Mechanics of job executionAn issue that is often ignored, but which may have a large impact, is the mechanics of jobexecution. In particular, once nodes are allocated, what additional administrative operationsneed to be handled? how is the communication set up? how do they access the executable�le?A relatively common approach is to break the problem into several components. Typicallythis includes [427]� A system-wide resource manager, which is responsible for the allocation decisions.� Node managers on all the nodes, to handle the local scheduling of threads and toimplement the decisions of the global resource manager.� A job manager or partition manager for each job, to represent the job to the systemand communicate the job's needs to the resource manager.29
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Setting up the partition, acquiring the required resources, and loading the executable maytake a signi�cant amount of time. For example, measurements on an IBM SP2 showed thatthis process can take from a few seconds to hundreds of seconds as the number of PEs growsfrom 1 to 32 [1]. In the Mach system these overheads were reduced by using hierarchicalstructure within each partition [401].Tearing down a partition and terminating jobs cleanly is just as important as settingthings up. In particular, it is crucial that no stray threads be left behind when the job ter-minates (possibly abnormally) [499]: at best, these orphaned processes pollute the systemand consume resources such as entries in system tables. At worse, they keep their allocationof PEs and prevent the execution of other jobs. Practically all commercially available jobmanagement systems for parallel computers have problems in this respect [295]. A notableexception is the Nexus distributed system, in which the kernel monitors the status of pro-cesses, and propagates failure or status messages to other nodes [579]. However, this requiresspeci�c user directives that specify what to do in each situation. In the ParPar system, pro-cess failure is automatically propagated to other processes in the form of a SIGUSR1 signal.This allows fault-tolerant applications to catch the signal and re-organize the computation,whereas naive applications are terminated cleanly [207].3.2.3 Making Scheduling DecisionsWhen partitioning is used without preemption, it may be the case that submitted jobs haveto wait until su�cient PEs become available for them to run. The system is then facedwith the question of the order in which the queued jobs should be executed. The simplestapproach is �rst-come-�rst-serve (FCFS). However, just as in uniprocessor systems, otherorders could result in better performance.The favorite heuristic in uniprocessors is \shortest job �rst" [322, sect. 8.3.1]. The ideais that jobs which only require the CPU for a short time be scheduled �rst, and then jobsthat require the CPU for longer durations. The rationale is that if a short job waits fora long job, both jobs will have a long response time. But if the short job is allowed toexecute �rst, it will have a short response time, thus reducing the overall average responsetime. However, this approach has two drawbacks. First, it requires the execution time to beknown in advance, which is usually not the case (although it might be possible to estimate ifthe same program is executed repeatedly [158], or through compile-time analysis [500, 40]).Second, if short jobs continue to arrive, long jobs might be starved.In partitioned parallel systems, jobs may also be measured by the number of PEs thatthey require. This has the advantage that the PE requirements are known in advance.Two opposite options for using this information have been investigated: the \smallest job�rst" policy [384], and the \largest job �rst" policy [112, 363, 638]. Scheduling the smallestjob �rst is motivated mainly by the obvious analogy with scheduling the shortest job �rst.However, it turns out to perform poorly, because jobs that require few PEs do not necessarilyterminate quickly [361, 331]. On the contrary, they may even cause large losses owing tofragmentation. 30
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SCDF schedule:PE1PE2PE3PE4 optimal schedule:PE1PE2PE3PE4 SCDF optimalutilization 38.2% 100%avg resp time 13.33 7.13makespan 34 13Figure 12: A counter example showing suboptimal performance using the \smallest cumu-lative demand �rst" scheduling scheme. The workload consists of alternating sequential andparallel jobs with cumulative demands of 2, 3, 4, ... 14 units.The problem with scheduling the smallest job �rst is recti�ed by a variant called \smallestcumulative demand �rst" [384, 360, 519]. Under this policy jobs are ordered according to theproduct of the number of PEs and the expected execution time, so jobs with high priorityare guaranteed to require few PEs and to terminate quickly. However, in a partitionedenvironment this policy is not much better than the original smallest job �rst policy [331].A counter example is shown in Fig. 12. It also su�ers from the same disadvantage of shortestjob �rst, namely the requirement to know the execution time in advance. In practice, thisdisadvantage can be avoided by using a preemptive smallest job �rst policy with high andlow priority queues, which approximates the smallest cumulative demand �rst policy [360].Scheduling large jobs �rst is motivated by results in bin packing, which indicate that asimple �rst-�t algorithm achieves better packing if the packed items are sorted in decreasingsize [127, 125]. If the item sizes divide each other and also divide the bin capacity | which isthe case for jobs that require subcubes from a hypercube, for example | a perfect packingis achieved [126]. In terms of scheduling, this means that scheduling the larger jobs �rstmay be expected to cause less fragmentation, and therefore higher resource utilization, thanFCFS. However, the fragmentation can still be quite large [363].Despite the intuitive appeal of some of these scheduling policies, studies indicate thatthey do not necessarily perform better than a straightforward FCFS strategy in a partitionedenvironment [331, 330]7. Moreover, systems using these schemes tend to saturate underlighter loads than FCFS. Using uniform requests for subcubes of di�erent sizes in a hypercubeas a concrete example, saturation may occur at loads as low as 40{50% of capacity [330].One simple improvement that has been suggested is to change the selection algorithmon-line, depending on the characteristics of the workload. Thus a decreasing order of jobswill be used to improve utilization when large batch jobs are dominant, but small jobs willbe scheduled �rst when the workload is mostly interactive [479].7The more optimistic results in [384, 361] are due to a model in which threads are independent, kept ina global queue, and PEs are allocated singly. In such a model, there is no loss to fragmentation.31
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lead to excessive waste [287, 147]. Second, these PEs can be used to schedule other queuedjobs, provided the runtime bounds on those jobs indicate that they will terminate by thereservation time (Fig. 13). Such scheduling of small jobs in \holes" in the schedule is calledback�lling [368].NQS is now used at a large number of sites, with di�erent parallel machines. It isdescribed in Section 7.1.1.3.3 Adaptive Partitioning: Setting the Allocation at Load TimeMany parallel applications are written so as to be executable on di�erent numbers of PEs.But this does not mean that the number of PEs can change during execution. Systems whichpartition the PEs adaptively according to requirements and load may thus be divided intotwo types. The �rst is systems which allocate a certain number of PEs to a job when itis loaded, and guarantee that it will have that number of PEs whenever it executes. Suchsystems provide a more convenient environment for application writers, because they isolatethe application from the 
uctuating load conditions in the system. These systems are calledadaptive, and jobs that �t this model are called moldable; they are reviewed in this section.The other type is systems that propagate load 
uctuations to the applications, and requirethe applications to adapt to changing resource allocations in response to changing loads.Such systems are called dynamic, and the jobs are called malleable; they and are reviewedin Section 3.4.As noted, the motivation for adaptive partitioning is the added convenience for program-mers. For example, the application may divide the work among the available PEs at theoutset, and then use barrier synchronization points implemented by busy waiting to coor-dinate the computation. If the application is executed on a di�erent number of PEs, itwill partition the work accordingly and perform 
awlessly. But if a PE is reclaimed by thesystem during execution, the others will spin forever at the next synchronization point [84].The assumption that the number of PEs does not change may even be embedded in theprogramming environment. For example, the HPF programming model assumes that thenumber of PEs is not necessarily known at compilation, but is �xed throughout any givenexecution [378]. A set of intrinsic functions are provided to inquire about the number ofPEs and their arrangement. These intrinsics can also be used directly in array declarations.Similar assumptions are made in Kali [318], which also compiles a global address space pro-gram for execution on a distributed memory system, and in many message-passing systems,including EUI [39], p4 [94], and PARMACS [95].While making the above-mentioned guarantee is a commendable gesture, some systemsdo very little in terms of additional support. For example, the actual partitioning of thePEs may be left to the system administrator [605], or else it may be done by the usersthemselves in a �rst-come-�rst-serve manner [303, 523, 151, 287]. However, some interestingmechanisms for automatic partitioning have also been devised.33
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Setting the partition size by the systemGiven that the system is capable of allocating a partition of the machine to each job, thequestion remains of what size partition the job should get. The simple answer of giving eachjob whatever it requests only applies if the sum of requests from all the jobs is less than thetotal number of PEs. If the sum is larger than the number of PEs, jobs are required to makedo with less [235, 633, 519]. In the extreme case, each job may be reduced to only one PE.While this obviously increases the actual run time relative to the case where each job uses asmany PEs as it wants, it also guarantees that short jobs do not have to wait for long ones.By necessity, adaptive partitioning uses an on-line algorithm to determine the partitionsize that will be allocated to a new job. As the future is not known, a di�cult choice has tobe made. One option is to always keep some PEs on the side, in anticipation of additionalarrivals [490]. If this is done, then resources are explicitly wasted by the system, limitingthe achievable utilization. The other option is to allocate all the PEs if there is su�cientdemand. This su�ers the consequence that additional arrivals will have to be queued forarbitrarily long times, until one of the current jobs terminates. Such problems do not existif time slicing is used, because then allocation decisions do not have such a dramatic e�ecton the future. However, the motivation for adaptive and dynamic partitioning is to avoidthe overheads and perturbations associated with time slicing, so this is not an acceptablesolution.Minimizing response time is but one goal of operating systems. Another goal is to maxi-mize throughput. A promising policy for satisfying both goals is equipartition, which strivesfor equal-sized partitions for all current jobs (except that each job's request is an upperbound on how many PEs it gets). This allows all the jobs to run simultaneously, so theydon't have to wait in the queue. The jobs' response times then re
ects their computationrequirements more directly than if they have to wait arbitrarily long for other jobs to termi-nate. In addition, PEs are not given to jobs that do not utilize them well, so throughput isalso served.Equipartition can be interpreted as a spatial analogue of the well known processor sharingideal, leading to good overall performance [361, 360, 117, 154]. In fact, equipartition itselfis an ideal, that is only approximated by dynamic partitioning. In the context of adaptivepartitioning, partition sizes cannot be changed after the initial allocation, even if new jobscontinue to arrive. The algorithm for equipartition in this framework is as follows [514, 628].As each job arrives, there either are free PEs available or not. If there are, the job is allocatedPEs according to its request (or all of them, if less are available). If there are no free PEs,the job is queued. When a job terminates, its PEs are divided equally among all the jobs inthe queue at that moment. If there are more jobs than freed PEs, some jobs will be left inthe queue.A few other algorithms have been devised that are not derived directly from the equipar-tition ideal. These algorithms explicitly try to reserve PEs for future arrivals. The �rst algo-rithm simply limits the maximal partition size that any single job can obtain [489, 628, 490].Thus no single job can monopolize the whole system to the detriment of others. It has been34
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shown that adaptive partitioning with a maximal partition size leads to better overall e�-ciency than variable partitioning based on the average parallelism in applications, providedthe maximum is reduced as the load increases [116].The second algorithm keeps insurance against a sudden surge in load, by always allocatingonly a certain fraction of the free PEs, and keeping the rest free. This leads to smallerallocations as the load increases, but somewhat surprisingly, is inferior to the �rst algorithm[489]. One reason is that this algorithm tends not to utilize all the PEs except under veryheavy loads. Under low loads, it would be better to allocate as many PEs as possible [98].The �nal algorithm is based on a state machine. At each instant the system is in acertain state, which identi�es the ideal partition size [489]. For a system with P PEs, thestates are fP; P2 ; P3 ; :::; 1g. Jobs are allocated partitions whose size is determined by thestate. The transition from one state to another is governed by the load on the system, asmeasured by the queue length. If the queue length is approximately constant and equal tothe number of partitions in this state, then no transition takes place. If the queue growslarger, a transition to a state with more numerous but smaller partitions is induced. Thusmore of the queued jobs can be serviced at once. If the queue becomes shorter, the transitionis to a state with larger partitions. This reduces the danger of leaving idle PEs while someapplications are still active. A comparison shows that this algorithm is more robust thanthe others, meaning that on average it performs better for widely di�erent load conditionsand for di�erent workload characteristics.A more sophisticated approach is to base the decision on predictions of the queueingtime, based on estimates of how long current jobs will run [164]. This allows the systemto weigh the two alternatives: either allocate a small number of PEs immediately, leadingto a longer runtime, or wait for more PEs to become available, hopefully leading to shorterexecution and a faster overall response time.Setting the partition size in cooperation with the applicationThe drawback of all these algorithms is that they are oblivious of jobs' actual requirements.An alternative is to derive the best partition size in collaboration with the application. Thiscan be done by combining information about system load with information about applicationcharacteristics. Fig. 14 shows an example for a system that combines time-slicing withpartitioning. When the application is loaded, the system provides information about theexpected run fraction for di�erent partition sizes. For example, a small partition would beshared with one other job, leading to a run fraction of 50%. For a larger partition, the runfraction would only be 33%, and so on. The application has a model of its useful computationrate for di�erent partition sizes. This is typically sublinear, because of added overhead whenmore PEs are being used. By creating a pointwise product of these two graphs, one can �ndthe expected e�ective computation rate for di�erent partition sizes [108, 31]. The size thatprovides the maximum e�ective rate is then used.A similar idea can be applied to systems that use partitioning without time slicing. Inthis case, the application supplies knowledge about its execution signature, i.e. how much35
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Figure 14: Combining system load information with a model of application e�ciency usingdi�erent partition sizes provides the optimal size, which will maximize the e�ective compu-tation rate.time it would require on di�erent partition sizes [446, 383]. The system combines thiswith the load information to derive the optimal partition size, that would lead to the bestthroughput. A simpler scheme uses the program shape, which is the cumulative distributionof the parallelism pro�le (i.e., what fraction of the time does the program utilize each numberof PEs) [520, 341]. This allows the minimal, average, and maximal parallelism to be found.In highly loaded systems, the job would get the minimal number, which are then guaranteedto be kept busy. In an unloaded system, the job should get up to the maximal number ifthere is nothing else to do with them. In general, information about the total work and thee�ciency of the job is bene�cial [81].The problem with all the above schemes is that they assume that precise informationabout the application characteristics is available, and that the application cooperates withthe system to �nd the optimal partition size. Note, however, that this is the optimal sizefrom the system's point of view, i.e. it is designed to improve throughput at the possibleexpense of response time for any single application. Therefore full cooperation is not alwaysguaranteed. An alternative is for the system to collect the information itself, based on theperformance of previous executions of the job [236].Memory considerationsAll the above algorithms, whether based on application characteristics or on system load,share one major oversight: they ignore memory requirements. In shared memory systems,36
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this can lead to overallocation of global memory. In distributed memory machines, anapplication can be assigned to a set of PEs that do not have su�cient memory for its data.This implies that virtual memory support is required (or else, programmers need to useoverlays). The problem is that the overhead for paging can negate any bene�ts of runningthe programs side by side [452, 515]. The obvious remedy is to consider memory requirementswhen allocating PEs. This applies both to primary memory and to secondary storage.Another more subtle point is that the number of processors allocated obviously a�ectsthe runtime of the job. Assuming virtual memory is not used, the runtime is equal to thememory residence time. Therefore allocating less processors under load conditions leads tolonger memory residence and higher memory pressure [448]. Therefore, especially if largejobs have good speedup characteristics, it is better to assign large jobs more processors [447].Theoretical resultsThe popularity of parallel programs that accept the number of PEs as a parameter that isset at load time has prompted some theoretical studies of this model of PE allocation. Thequestion is phrased thus: given m PEs and n parallelizable jobs, which are characterizedby a runtime that is a non-increasing function of the number of PEs allocated to them,�nd a schedule that minimizes the makespan. If the total amount of work done (i.e. theproduct of the number of PEs and the runtime) is constant or decreasing with the PEallocation, the solution is trivial: all the PEs are given to one job after the other. Therefore anadditional requirement is that the work be nondecreasing (as it typically is, due to overheads[213]), or that each job have a limit on the number of PEs that it can use. This problemis NP-complete. Various heuristics have been developed for the di�erent cases (e.g. fordi�erent requirements on the work, and for a possible requirement that the allocated PEsbe contiguous). These heuristics lead to schedules that are within a factor of 2 or 3 from theoptimal [587, 586, 608, 585].Note that like many other results in scheduling theory, these algorithms are for o�-linescheduling, where all the jobs are given in advance. They do not handle on-line scheduling,where jobs arrive in an unpredictable manner. As a result, the feedback e�ect alluded toearlier is avoided.3.4 Dynamic Partitioning: Allocation May Change at RuntimeWhile the guarantee of a non-changing number of PEs may be convenient for applicationwriters, it might exacerbate the problem of fragmentation and compromise fairness. Chang-ing the partition size at run time allows the system to respond to load changes, both interms of new and terminated jobs and in terms of changing requirements of a running job[581, 633, 383, 395, 101]. For example, when an application enters a sequential phase of com-putation, its PEs can be reassigned to another application [633, 598, 630]. When it entersa parallel phase again, enough PEs will be re-assigned to it to ensure e�cient progress. Inparticular, newly arrived jobs can run immediately without being queued, unless the total37
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number of jobs is larger than the number of PEs in the system [360]. This can happen insmall installations, but is not expected to be a problem with large parallel machines. Theconcept of dynamic partitioning is also applicable to running parallel programs on networksof workstations, where workstations become available at unpredictable times and are re-claimed by their owners at unpredictable times [193, 100, 473]. Interestingly, one of the�rst real implementations of dynamic partitioning on a parallel machine was a port of thePiranha system | which was originally developed for networks of workstations | to theCM-5 parallel computer [101].An important pre-requisite for PE re-allocation to work is that there be no topologicalconstraints. It must be possible to create partitions from arbitrary subsets of PEs, with-out any performance rami�cations. Thus this approach is mainly suitable for architecturessuch as bus-based or crossbar systems with a uniform-access shared memory. It is obviouslyinapplicable to SIMD architectures. Another consequence of the requirement for arbitrarypartitioning is that the generated partitions are typically not independent: the intercon-nection network is shared by all the partitions, so activity in one partition may e�ect theperformance of another.Actual implementations of dynamic partitioning typically rely on a centralized server thatmaintains load information. For example, the server may be activated only when the systemload changes; it then redistributes the PEs as appropriate [633, 395]. This ensures that eachjob always executes on the assigned number of PEs. However, it may cause thrashing if theload changes frequently.The \process control" mechanism is more lenient. It allows jobs to create virtual PEs(kernel threads) independently of the server. The server itself is activated periodically andchecks the total number of virtual PEs in the system. Jobs that are found to have toomany virtual PEs are noti�ed of this condition, and correct it at their convenience [581].Alternatively the jobs may correct the number of threads by themselves, based on perfor-mance measurements [521]. Eventually the total number of virtual PEs becomes equal tothe number of physical PEs, thus preventing any overhead due to context switching and syn-chronization delays. This scheme reduces the coordination that is required in cases wherethe requirements change at a high rate, at the expense of some context switching activityuntil the number of virtual PEs is adjusted.The main drawbacks of process control are the extra context switching, and the needto trust user applications to reduce their number of virtual PEs when they are asked to doso. These issues are addressed by scheduler activations [20], which are a new mechanismfor thread manipulation and communication between the kernel and the user-space threadpackage. It is described in Section 4.4.2.Programming modelThe fact that the partition size may change at runtime has a profound e�ect on how theapplication is structured. In particular, the application must accept whatever number of PEsthe operating system allocates it, and must be ready to accept changes in this allocation38
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(i.e., it must be malleable). Practically the only programming model that meets this require-ment is the workpile model, a.k.a. \problem heap", \task queue", \agenda parallelism", \selfscheduling", \master-slave", or \farming" [412, 128, 99, 564, 496]. In this model the applica-tion is structured as multiple independent chores, which are kept in a workpile. A number ofworker threads running on distinct PEs pick chores from the workpile in an unde�ned order,and execute them (in some cases, a distinguished master thread is responsible for maintain-ing the workpile). Additional workers may be added at any time, and existing workers maybe removed whenever they �nish one chore and before they start another [106, 101]. Suchchanges in the number of workers may change the order in which chores are computed and therate in which they are completed, but this does not a�ect the outcome of the computation.It should be noted that the workpile model of application structuring and execution isquite popular, and has been used in various systems. The creation of independent chorescan be exposed as part of the user interface in the form of special constructs provided by theprogramming language. Examples include the eval tuple in Linda [230, 9] and futures inMultilisp [253, 324]. A similar concept is the creation of \chares", speci�ed by entry pointsthat allow for remote invocation, in the Chare kernel [209]. This is turn is reminiscent of manyconcurrent object-oriented languages using a process model, where method invocation maybe viewed as executing a chore [118]. In WorkCrews new chores are created in a lazy fashion,so as to reduce overhead if they end up being executed locally [597]. Alternatively, chorescan be created by a compiler [466, 465, 414]. A common extension of independent choresis the concept of virtual PEs | the di�erence being that the di�erent code fragments caninteract with each other | with the mapping to physical PEs hidden in the runtime system[581]. Examples include the multiprocessor implementation of concurrent C [124, 224] andvarious thread packages [130, 612, 59, 192, 87, 105, 55, 529]. The Psyche operating system onthe BBN Butter
y provides a similar notion of virtual PEs at the operating system interface[510]. Scheduling in Mach can also be interpreted in this light, with threads as virtual PEsthat are executed by whatever number of physical PEs are assigned to the processor set [65].A variant of this approach is used in the Uniform System, also on the BBN Butter
y. Inthis system the shared workpile is only used if multiple instantiations of the same chore arerequired [573]. None of these systems support automatic changes in PE allocation, but theycould do so without changing their user interfaces.On the other hand, using the workpile model presents two problems. First, the shareddata structures needed to distribute chores to workers may become a serial bottleneck.Second, there is the question of handling the preemption of a PE that is in the middleof a chore. The \process control" scheme dodges this issue by passing the responsibilitycompletely to the user level. Other systems enhance the user interface in order to allowthe user-level software to deal with such preemption. This includes upcalls that notify theapplication of certain events that might e�ect its scheduling decisions, such as blocking andunblocking in kernel calls, timer expiration, or program faults. Examples include scheduleractivations [20, 49] and the Psyche system [508, 390], and are described in more detail inSection 4.4.2. The problem with this approach is that it violates the layered design of thesystem by creating a tight coupling between the kernel and the user-level runtime system39
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[562, p. 184]. This adds complexity to the implementation and reduces portability.Finally, it should be noted that using a workpile model is not a pre-requisite for usingdynamic partitioning. Adapting to a dynamically changing number of PEs is possible in otherprogramming models as well, but it requires signi�cant e�ort on the side of the programdeveloper. For example, jobs written for distributed-memory machines can adjust to achanging number of PEs by redistributing their data structures [422, 171, 396]. In some cases,such redistribution is supported by the system (albeit with the intention of redistributionfor di�erent phases of the computation, not for changes in the available PEs) [23, 378]. Asthis involves considerable overhead, it is imperative that the frequency of recon�gurations bekept low in practice: otherwise the price of recon�guration might even outweigh the bene�tsof changing the PE allocation [446, 171, 543]. Alternatively, a model where recon�gurationsare only allowed at certain points in the application can be used [630, 629, 185, 521]. Thesepoints are chosen such that repartitioning is signi�cantly easier than at other points in thecomputation, e.g. at the beginning of a new parallel loop8.Setting the partition sizesThe main reason to change the partition sizes at runtime is a desire to improve fairness onthe one hand, and resource utilization on the other. Thus when a new job arrives, a fairshare of processors should be preempted from jobs already in the system, and given to thenew job. When a job terminates, its processors should be divided among the other jobs. Inessence, this is the equipartition policy (Fig. 15) [581, 361, 395, 117, 448, 154].However, it is not always best to strive for an equal partitioning of the processors. Someapplications may have an upper limit on the number of processors they can use e�ectively.Therefore the allocation must take program requirements into account. In addition, di�erentclasses of jobs may require di�erent qualities of service: it is perfectly OK to preempt PEsfrom a batch job in favor of an interactive one, but it is undesirable to do so the other wayround [422, 30]. A possible mechanism to guarantee a certain level of service is to prescribea minimal partition size, and possibly di�erent sizes for di�erent job classes [421].A similar consideration applies when the partitions are assigned to phases of jobs, ratherthan to complete jobs. This allows a job to relinquish a large partition when it enters a serialphase in its computation. However, in order to avoid penalizing such jobs, the serial phase(i.e. the request for a single-PE partition) should be given higher priority than requests forlarge partitions [620, 278].E�ciency can also become an issue. Consider a job that is written so that the work isdivided into 8 equal pieces (e.g. 8 chores). Running such a job on a partition of 7 PEs wouldnot accrue any bene�ts over a partition of only 4 PEs, leading to waste of resources [396].A possible solution is to use a folding policy rather than an equipartition policy (Fig. 15).This policy assumes that the total number of PEs is a power of two, and that all applicationsare designed to execute optimally on the full machine. When a new job arrives, the largest8Acquisition of PEs at the beginning of parallel loops is common practice on Cray vector multiprocessors.This is typically done using self-scheduling [220]. 40
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1 2 3 4 5 6 7 81 2 3 4 5 6 7 8equipartitionfoldingFigure 15: Conceptual comparison of equipartitioning and folding. In reality, equipartitioningwill create non-contiguous partitions so as to reduce the number of PE preemptions.current partition is folded in half, thus freeing half of its PEs for the new job. The resultis that all jobs in the system have partition sizes that are either of two adjacent powers oftwo. Such partition sizes provide the same load balancing properties and communicationlocality as the full machine, so jobs can be expected to achieve high e�ciency [396]. Thisapproach is applicable to hypercubes, where jobs typically require a subcube in order to run,and therefore cannot use the equipartitioning scheme. However, this would not help if theoptimal partition sizes for di�erent jobs are not multiples of each other, e.g. not all powersof two.An interesting option available to systems with dynamic partitioning is to evaluate thespeedup characteristics of applications as they run, and use this information to determinethe optimal partition size. This is done as follows [430, 428, 429]. When a job is submitted,the system executes it for short periods on di�erent partition sizes. Hardware and softwaremonitors are used to gauge the e�ciency of the execution, by tabulating processor stallsand synchronization delays. The expected speedup is then computed as the product ofthe e�ciency by the number of processors used. The number of processors that maximizesthe speedup is chosen as the target partition size, and serves as an upper bound on theapplication's partition size. A simpler alternative is to add or delete PEs one at a time,based on the performance of a simple metric such as a barrier synchronization operation[521]. This avoids the ine�ciencies of executing the job on an unsuitable number of PEs justto see what happens.One problem with dynamic partitioning is the overhead of re-partitioning, and possibleneed to transfer computation state from one processor to another (in distributed memorymachines) [446, 441, 543, 289]. The common solution is to limit the rate of such reallocations[422], or to perform them at prede�ned points in the application where the state is minimal[630, 629, 185, 521]. In addition, it should be noted that proposed dynamic partitioningschemes su�er from the same memory-oblivion as adaptive partitioning. As a result, jobsmay �nd that they have a (small) number of PEs, but cannot use them e�ectively becausethey do not have enough memory [452, 515]. This situation is improved if minimal partition41
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sizes are imposed [421].3.5 Processors Allocated SinglyDynamically changing partitions can also be created by the individual allocation of singlePEs. The fact that a number of PEs end up executing threads belonging to the sameapplication, and thus implicitly de�ning a partition allocated to that application, is anartifact of the scheduling mechanism. It is not a goal and does not serve any purpose.The main advantage of this approach is that there is no fragmentation: any PE can beallocated to any job, and jobs never get more PEs than they actually need. This leads tohigh utilization and performance [384, 361]. The model of computation is typically thatof multiple independent threads, that do not interact with each other. Otherwise, there isdanger of deadlock if multiple jobs request additional PEs while hanging on to what theyalready have.In fact, some versions of dynamic partitioning operate in this manner. Instead of explic-itly allocating PEs to jobs, the jobs create threads that then execute on available PEs. Ifthere are too many threads in the system, the jobs voluntarily reduce the number of threads.If there are free PEs, the jobs create new threads to utilize them. Examples of this approachinclude process control [581] and ASAT (Automatic Self-Allocating Threads) [521].A more explicit form of single PE allocation has been taken in a couple of coarse-grainsystems, which are designed for a distributed programming style more than for a parallel one.The scheduling mechanism is simply a global queue of independent threads. The di�erencebetween this and the global queue mechanisms described in Section 4.2 is that here thethreads are run to completion, without preemption. Systems the use this approach includeSpoC [420], Amoeba [418, 563], and plan 9 from AT&T Bell Labs [462].A similar mechanism, called Automatic Self Allocating Processors (ASAP), is imple-mented in hardware in the Convex C2 and C4 system. These machines have up to fourPEs, which are connected by a large shared memory and by a large bank of communicationregisters. The communication registers are used to announce requests to fork new threads.If any PE is idle, it will pick up the new thread and execute it. The communication registersare also used to join threads upon termination [296, 578, sect. 3.4].Single-PE allocation can also be used bene�cially in distributed systems with local queuesrather than a central queue. This usually goes under the name \work stealing" [597, 411,71, 70]. As in the centralized systems, PEs volunteer to join in the computation on theirown initiative when they �nd themselves idle; the di�erence is that they have to search forwork in the local queues of other PEs. This approach is used in the Cilk and Phish systems[70, 71] and some other systems, mainly for functional programming.42
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4 Independent PEsThe second major class of multiprogrammingmechanisms is time slicing on independent PEs.The fact that the PEs are independent implies that they handle the threads on an individualbasis. As far as each PE is concerned, there is no grouping of threads. However, suchgrouping can exist at the system level. For example, the operating system may decouple thequestion of processor allocation from that of scheduling, by creating a partition of PEs thatonly know of threads from one speci�c application. Note also that the individual handling ofthreads means that dynamic thread creation is handled as well, and does not require specialsupport.The mechanisms described in this section are designed to deal with a many-to-few map-ping of threads to PEs. This covers both the case of PEs that service threads from di�erentapplications, typical of single-level scheduling, and PEs that only know of threads from oneapplication, as would happen in a two-level scheme. Of course, if it so happens that the loadon the system is low, the relation may degenerate to a one-to-one mapping. However, sucha mapping is not a goal or part of the design of independently scheduled PEs. Systems thatdo have such a mapping as a goal are described in Section 5.Given the many-to-few relation of threads to PEs, the question is whether to map threadsto PEs and then use a local queue on each one, or to have all the PEs share a single globalqueue. The choice also depends on the architecture, and speci�cally on the availability ofshared memory. Without shared memory, a global queue is hard to implement e�ciently.The body of this section describes and compares these two options. Then optimizationssuitable for user-threads and two level scheduling are described.4.1 Local QueuesUsing a local run queue on each PE is natural for distributed memory machines. It is alsosuitable for shared memorymachines provided there is some local memory as well. Given thatonly one PE uses each queue, they su�er from no contention and need no locks [21, 389].However, when using local queues, a separate distribution mechanism is required to mapthreads to PEs.With local queues, each PE is exactly like a uniprocessor. Indeed, this is used in the Unixcompatible OSF/1 AD system [634]. Other example systems that use this approach includedistributed memory systems like PEACE on SUPRENUM [505, 506], NX/2 on the iPSC/2[460], SIMPLEX on the nCUBE [335],, the MOOSE experimental system [497], the originalCosmic Cube [513], and others [146]. The Sylvan system went so far as to add a dedicatedkernel-processor to each node [91]; one of the responsibilities of this processor was to performlocal scheduling of the node's user-processor and vector unit. An interesting variant is theTime Warp system, which is intended to support discrete event simulation [291].Time WarpIn this system local queues are used, but the priorities are determined by each process'svirtual (simulation) time: the process with the lowest simulation time is allowed to run.43
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If an arriving message causes some process to rollback, such that its virtual time becomesearlier than that of the currently running process, it will preempt the current process.Local queues have also been used in shared memory systems, such as StarOS on CM*[228, chap. 6], Chrysalis [352] and Psyche [508, 510] on the BBN butter
y, EMBOS on Elxsisystems [498, 436], the Fujitsu AP1000 array processor [275], PUMA [613], and the EMMA2system [26]. MEMSY, which has memory modules shared by pairs of PEs, also uses localqueues [270].Some architectures support a local queue and context switching in hardware. A primeexample is the transputer, which is a building block of many parallel systems [266, 578,chap. 5]. Each transputer is capable of implementing the programming model of the Occamlanguage, including multiple parallel threads. This is done by e�cient context switchingimplemented in hardware [614, 394]. Operating systems for such machines make use of thisfeature and support multitasking on each node (e.g. Trillium [92] and Helios [451, 261]).Other architectures employ multithreaded processors, that essentially perform contextswitching in hardware on every instruction. In fact, the �rst commercial multiprocessor, theDenelcor HEP, was based on this design [540, 297, 321, 282]. Each HEP processor couldsupport 128 instruction streams, each with its own program counter and a portion of theregister �le. These streams belong to up to 16 protection domains, corresponding to jobs.Instructions from the di�erent streams are interleaved into an eight-stage execution pipeline.As each instruction must wait for the previous instruction from the same stream to complete,at least 8 streams are needed to keep the pipeline full. If data from global memory is required,the latency is hidden by using even more streams. A very similar architecture is used in themore recent Tera system [18, 15, 16]. The MIT Alewife takes a slightly di�erent approach:threads are switched only upon a remote access or a synchronization failure, not on everyinstruction [3, 4]. In all these architectures the role of the operating system is limited tomapping multiple threads to each PE.A third class of systems with hardware scheduling that amounts to local queues is rep-resented by the MIT J Machine. This is a message-driven architecture, where threads arecreated and scheduled in response to incoming messages [141, 140]. In e�ect, this architectureuses the hardware-maintained queue of arriving messages as the ready queue.The use of local queues implies that threads are mapped to PEs. This provides a sense oflocality and context. Threads can keep data in local memory, thereby supporting program-ming paradigms that exploit locality. For example, a very useful programming paradigm is topartition the problem data set, and perform the same processing on the di�erent parts, withsome communication for coordination along the boundaries [512]. In SPMD programming,this data partitioning is explicitly part of the program [215]. The programmer has to keep amental picture of how the data is distributed, and insert appropriate code for interprocessorcommunication. In dataparallel array processing the partitioning is done by the compilerand runtime system. The user writes code that allows parallelism, but does not specify it. Anumber of programming languages have been designed with this paradigm in mind, includingActus [453, 454, 455], Parallel Pascal [484], and PASM C [340]. Implementations exist not44
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only on SIMD array processors such as the Connection Machine CM-2 [268, 11], but also onMIMD hypercubes [257].The main consideration involved in mapping threads to PEs is the requirement to balancethe loads. This is largely based on data from distributed systems, where is was shownthat load balancing is crucial for adequate performance [175, 526]. The typical measure ofload, which is the length of the run queue, is also based on research in distributed systems[86, 344]9. There is some controversy in the literature on whether balanced placement ofnew threads is enough [177], or maybe migration of active threads (also called \preemptiveload balancing") is required as well [332, 150]. This is an important issue because migrationsu�ers more overhead, owing to the larger context at runtime, whereas initial balancingfails to adapt to changing conditions when threads terminate. Initial mapping of threads isreviewed in Section 4.1.1, and load balancing by migrating threads is reviewed in Section4.1.2.Regrettably, there is little real data concerning these issues in parallel systems. Relyingon data from distributed systems is justi�able as long as the interfaces and services providedby the two types of systems are similar. This is not always the case. For example, parallelsystems might include an interface that allows an application to spawn a number of parallelthreads at once, as opposed to the forking of single processes that is typical in uniprocessorand distributed systems. In addition, the system may guarantee that these threads willactually execute on di�erent PEs. Spreading out the newly created threads like this includesa measure of implicit load balancing. Some initial results show that if a parallel systemprovides this service, it is not as important to provide explicit load balancing as well [204].4.1.1 MappingThe initial placement of threads is often referred to as mapping, with the implication thatthreads are mapped to PEs and do not migrate to other PEs later. The question is how tomap threads to PEs.One simple approach that has received some attention is to use randommapping: for eachnew thread, choose some PE at random and map the thread to that PE [312, 32]. Obviously,this scheme has a bad worst-case behavior, because it is possible that the most highly loadedPE be chosen [175, 269]. This can be overcome by using a two-step approach: �rst choosesome PE at random, and then map the thread to the least loaded of its immediate neighbors[248]. An alternative approach is to �rst probe a limited number of nodes at random, andthen choose the best one [405]. Even probing only two nodes reduces the expected maximumload when mapping n threads from O(log n= log log n) to O(log log n) [34].Mapping can also be done based on load information to begin with, skipping the initialrandom phase. The problem is how to maintain global load information. While some schemesfor maintaining such information have been devised (e.g. [271]), it is generally felt that thisapproach will not scale well to large systems. A possible exception is special cases where9More recently, with the advent of heterogeneous systems, the capacity of the di�erent PEs is alsobecoming an issue [279, 636]. 45
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approach is used in DHC [197, 204, 217], in DQT [273, 272], in NETRA [119], and forhypercubes [146, 35, 8]. Actually, the same structure has also been proposed for maintainingand distributing the load information required to map single threads as well, in AMPS [306]and in APERM-2 [269].Mapping based on load conditions is appropriate if threads just do local work. But ifthreads communicate with each other, the communication pattern induced by the mappingshould also be taken into account. Note that the quest to reduce communication requiresknowledge about the interactions among the threads. The PARMACS message passinglibrary and MPI allow such interactions to be expressed via the virtual process topology [95,604]. HPF, Dataparallel C, and Pandore only support a more restrictive multidimensionalmesh topology [378, 257, 23]. Alternatively, the system can make an educated guess aboutcommunication patterns; for example, it is reasonable to assume that when one threadspawns another thread, the two will communicate [56]. However, in many cases the systemdoes not have enough information, and the mapping has to be done by the user. This istypically considered to be part of program development.Mapping as part of program developmentMapping as part of program development is quite di�erent from mapping by the operatingsystem. The operating systemmaps threads from one or more applications, typically withoutprior knowledge about their behavior. In application development, the programmer assumesa model where a certain �xed number of PEs are dedicated to the application, and thequestion is how to map program components to these PEs [434].The most common approach is to represent the computation as a set of tasks with in-terdependencies (a task graph), and have each thread compute a sequence of tasks [238, 7].The threads actually represent virtual PEs, and are expected to be mapped to physical PEson a one-to-one basis at runtime. Whenever a task computed by one thread depends on atask computed by another thread, inter-thread communication is required. Taking commu-nication into account when mapping tasks to threads introduces a number of considerations.One is the communication overhead, which should be added to the price of executing a task[120, 445]. If the tasks are �ne-grained, meaning that the time required to compute them issmall relative to the communication overhead, it may be necessary to reduce the parallelismin the program by collapsing a number of tasks into one task. Such an increase in granularityreduces the relative cost of communication [501, 120, 377, 232, 434].Another consideration is the matching of the communication patterns to the intercon-nection topology of the hardware. It is desirable to map interdependent tasks onto threadsthat will execute on PEs that have a direct communication link between them [73, 290, 552].This consideration was important in �rst-generation message passing machines that used astore-and-forward mechanism for data transfer, but has lost some of its justi�cation in con-temporary systems based on wormhole routing. However, mapping to match the topologycan still be important with other interconnection mechanisms. For example, the KSR1 usesa uni-directional ring, and processors can perform automatic prefetching by snooping on the47
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ring. However, this only works if the threads are placed in the correct order around the ring[601].4.1.2 Load balancingThe second major issue involved in the use of local queues is load balancing, by means ofmigrating threads after they have commenced execution. The importance of load balancingdepends in the degree of imbalance, and hence on the mapping: if all new threads are placedon the same PE, for example, load balancing becomes very important [298]. Most of theliterature on this subject relates to distributed systems, not parallel ones (see [609, 526] forsurveys). The di�erence is that in parallel systems the connectivity is much greater, whichallows more state information to be collected and more context to be moved. Also, parallelsystems sometimes make explicit statements about mapping and load distribution, whereasin distributed systems processes are typically created locally and one at a time. Finally,in parallel systems the threads are expected to communicate, so when they are migratedmessages have to be forwarded and all the routing framework has to be updated [507, 440].This added complexity also reduces the appeal of using load balancing.Important features of a load balancing algorithm are that it distribute load quickly andthat it be stable [86, 103, 547]. Quick load distribution is achieved by non-local commu-nication to disseminate information about load conditions [371]. Stability means that thealgorithm should not over-react to every small change; it is achieved by balancing only ifthe di�erence in loads is above a certain threshold [432], or by limiting the number of timesthat each speci�c thread can migrate. In addition, the technicalities of process migration areimportant, including how to avoid leaving any state on the original PE, and how to reducethe period during which the process is suspended [486, 150].The two algorithmic aspects of load balancing are choosing which thread to migrate,and choosing where to migrate it. The chosen thread should have enough computationleft to justify the overhead of migration. Information regarding the distribution of threadlifetimes is therefore useful, and indicates that long-lived threads have a higher probabilityto continue execution longer [255]. A simple alternative is to perform enough computationlocally to cover the costs of migration, and then migrating one thread at a time [6].Two schemes for choosing the target for migration are di�usion and the gradient model.Di�usion is based on an analogy between work and substance: at each load-balancing step,work passes between every pair of connected PEs according to the di�erence in their loads[135, 72, 623]. The analogy is the di�usion of molecules across membranes, which is driven bythe di�erence in concentrations. This scheme is used in MuNet [254] and Alfalfa [237]. Thee�ectiveness of di�usion depends on the network bandwidth, and it is therefore ine�cientfor low-dimensionality meshes [556]. A special version for hypercubes, called \dimension ex-change", iterates on the dimensions of the hypercube and balances the load among neighborsin one dimension at a time [135, 165]. This was shown to be more e�cient than di�usionwith multiple neighbors at once [135, 615], especially if communication is limited to one portat a time [624]. 48
Unified Patents IPR Exhibit 1009 - Page 52



The gradient model is more directly goal-oriented. The system maintains a \pressuresurface" representing the load. The gradient of this surface points to the nearest PE witha local minima of load [371]. For good performance, threads should propagate a number ofhops along this gradient [528]. However, there is a danger that idle nodes will be 
oodedwith work from all sides, so a reservation protocol is recommended [419]. This scheme isused in Redi
ow [305].Maintaining the information required for load balancing can be expensive. In addition,the activity of load balancing in itself is overhead that comes at the expense of useful compu-tation. Thus it is desirable that most of the load balancing activity be done by lightly-loadedPEs (i.e. receiver-initiated [432, 615]). One way to achieve this is by de�ning thresholds todistinguish between lightly loaded and heavily loaded PEs [526], but nodes still need to col-lect data to establish correct threshold values (this is avoided in load sharing schemes, whereonly nodes with no work try to solicit work from other nodes [218]). However, if a few nodesare highly overloaded, it might be bene�cial to o�oad their extra work as fast as possible,so maybe they should take the initiative (i.e. sender-initiated balancing [176, 406, 334]). Ofcourse, there is a tradeo� between the frequency of balancing and the degree of imbalancethat is experienced [223].A nice solution that includes both receiver and sender-initiated balancing is to perform thebalancing by a thread that competes with other threads. On PEs with low load this threadwill be scheduled often, so these PEs will spend much of their time trying to �nd more work.On highly loaded PEs the load balancing thread will seldom be scheduled, allowing them toconcentrate on useful work [492]. The pairing for balancing in this scheme is random. Thisreduces the cost of communication to maintain the required load information, and achievesgood results with high probability.Other schemes that use randomization to reduce the cost of collecting load informationhave also been proposed [522, 325]. One of them is used in the MOSIX system [43, 44, 42].This started out as a distributed system that supports a single-system Unix image for users.Each node maintains a short load vector, say with 4 entries. The �rst is the local load. Atcertain intervals, it sends the �rst two entries to a randomly chosen other node. When ithappens to receive such a load message, the new data is integrated into the load vector andthe oldest data discarded. The data in the load vector is used to gauge the average loadin the system, and to select a target for process migration if the local node �nds that it isoverloaded. This scheme has been adopted for use in OSF/1 AD [634]10, and consequentlyin systems that are based on it, such as the Intel Paragon operating system.Communication requirements can also be reduced while using a deterministic communi-cation pattern. One approach is to perform the communication among selected intersectingsets of pN nodes (in an N -node system), thereby collectively achieving full knowledge aboutunbalanced nodes [557]. Another approach is to use a hierarchical control structure, like the10It is part of the Unix personality layer built above the Mach kernel. Thus the entities that are balancedare full Unix processes, not Mach threads. 49
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ones used for mapping based on load conditions. In addition, it is prudent to keep theobtained information for future use, rather than starting with a clean slate each time [334].Finally, it should be noted that load balancing by the operating system is not related toload balancing as part of the algorithm, in order to achieve some performance goal [463, 495,433], or load balancing within the application to compensate for data-dependent changes inthe load at runtime [616, 165, 565, 542]. These types of load balancing are only relevant inthe context of partitioned or batch systems. However, the basic policies used can be similar.4.2 A Global QueueA global queue is easy to implement in shared memory machines. It is not a realistic optionfor distributed memory machines. In any case, in this section we deal with preemptivesystems: threads are picked from the global queue, executed for some time, and then returnedto the queue. We classify systems in which the threads are run to completion as dynamicallychanging partitioning, rather than as preemptive. Examples, such as SpoC and Amoeba,are discussed in Section 3.5.The main advantage of using a global queue is that it provides automatic load sharing11.In e�ect, the workload is distributed evenly across all the PEs. The disadvantages arepossible contention for the queue [426] and lack of memory locality. With a global queuethreads typically run on a di�erent PE each time they are scheduled, so local memory cannotbe used as e�ectively [487, 388, 389, 106]. This includes use of the local cache on each PE.It might seem possible to improve the performance of a global queue by removing anumber of threads at once each time the queue is accessed, thus amortizing the cost ofcontention and overhead [468, 426, 281]. However, this is much more relevant to second-levelscheduling by the application, after PEs have been allocated, than to scheduling from aglobal queue by the operating system (see Section 4.4). The reason is that an applicationknows that all the threads belong to the same application, and knows the number of PEsdevoted to executing them. An operating system does not have such knowledge, and mightaccidentally schedule all the threads of a certain application to the same PE, causing it toloose the possible bene�ts of parallelism.4.2.1 ImplementationsA global queue is a shared data structure, so access to the queue should be done with care.The main methods used are locking and using wait-free primitives, as described below. Therehas also been some work on fault tolerance, i.e. ways to guarantee that each element in thequeue be taken exactly once [626].11The term \load sharing" originated in distributed systems, where it describes systems that do not allow aPE to be idle if there is work waiting at another PE [175, 333]. The term \load balancing" is only meaningfulwhen PEs have individual loads, as when local queues are used.50
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count: 4Figure 17: Priority queue structure in Mach (adapted from [65]). The hint �eld indicatesthe highest priority currently in use.Implementation with lockingThe naive implementation of a global queue uses locks to protect the shared queue, and allowdi�erent PEs to add and delete threads. For example, it has been observed that adding locksto data structures is the main thing that needs to be done to parallelize the Unix kernel [37].A lockable shared queue is used in the Hydra system on C.mmp [621, chap. 12], in theDynix system on the Sequent Balance [570], in Mach [65, 68], in IRIX on Silicon Graphicsmultiprocessor workstations [370, 48], and in the DASH system which is based on IRIX[357, 106]. It is also used in thread packages such as Presto [59, 192], and in microtaskingon multiprocessor Cray supercomputers [220].Much progress has been made lately regarding the e�cient implementation of locks,especially by way of exploiting local caches with hardware coherence [491, 19, 239, 246, 399].The main idea behind these implementations is that it is possible for each PE to busy-wait on a variable in its own cache, thereby avoiding any extra load on the communicationnetwork. But the variable in the cache represents a variable in the shared memory, so whena PE releases the lock, all it has to do is to touch the shared variable. The cache coherencemechanism propagates this e�ect to the waiting PEs.The queue itself is basically the same as in uniprocessors. This typically implies thatentries are sorted by priorities, and multi-level feedback is used rather than maintainingstrict FIFO semantics. For example, the Mach system structures the queue as an arrayof 32 queues, corresponding to the 32 possible priority levels [65] (Fig. 17). Suggestionshave also been made to use a heap structure to maintain the queue. Such a structure51
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allows concurrent access by a number of PEs, that each need to lock only part of the queue[294, 481, 156, 250, 145].Implementation with fetch-and-addThe problem with locking the queue is that the queue becomes a serial bottleneck [62, 264].Denote the average time that the lock is held by � , and the scheduling time quantum byT . Each PE only holds the lock for �=T of the time. But if there are more than T=�PEs in the system, than the extra PEs will always be waiting for the lock. These PEs areunable to do any useful work. Therefore the solution of protecting a global queue with a lockcannot be expected to scale up to massively parallel systems with thousands of PEs. Indeed,measurements on a 4-PE machine show that already 13.7% of the attempts to access theglobal queue found it locked, and the trend indicated that considerable contention should beexpected for larger numbers of PEs [575].The alternative is to use a bottleneck-free implementation of queues, that does not requirelocking. Such an implementation, based on the fetch-and-add primitive, was a driving force inthe design of the NYU Ultracomputer [245, 242] (actually, a fetch-and-increment operationis also enough [219]). The implementation is based on a prede�ned array of entries. Ashared variable contains the index of the next available entry. PEs that want an entryperform a fetch-and-add on this variable, with an increment of 1. Many such operationsmay be performed simultaneously. By de�nition, the �nal outcome is that the variable isincremented by the total sum of the individual increments, so that it contains the index ofthe next free entry after all the requests are granted. Each of the PEs receives a di�erentpartial sum as a return value from the fetch-and-add. Using this return value as an indexinto the queue creates a unique matching of PEs to queue entries. Once a PE is uniquelymatched with an entry, there is no need to lock the entry itself (but it is still necessary tosynchronize the PE that inserts a certain entry with the one that deletes that same entry).Code segments that implement queue insertion and deletion are shown in Fig. 18. The�rst check that the queue is not full when trying to insert, or empty when trying to delete,seems to be redundant considering the following fetch-and-add operation. However, it isrequired in order to avoid race conditions [245]. Note that this is not a full implementation,as it does not take care of counter over
ow.A global queue implemented with fetch-and-add is a basic feature of Symunix, the oper-ating system of the NYU Ultracomputer [180, 181]. The implementation of fetch-and-add isa basic feature in the design of the NYU Ultracomputer hardware [244, 160, 14, sect. 10.3.6].This machine provides access to the shared memory via a multistage Omega network. Fetch-and-add requests aimed at the same memory address are combined in the network, usingspecial hardware. As a result, any number of concurrent fetch-and-adds take the same timeto complete as a single read or write memory access. In particular, the accesses are notserialized, and the queue does not become a bottleneck. The combining of independent re-quests is supposed to prevent the shared index variable from becoming a memory hot spot[459, 353]. 52
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shared struct fint data;int turn;int in count, out count;g q[N];shared int count, head, tail;insert( data )if (count < N)if (faa(count,1) < N)index := faa(tail,1) mod Nmyturn := 2 * faa(q[index].in count,1)wait until q[index].turn = myturnq[index].data := dataq[index].turn := myturn + 1elsefaa(count,-1)fail: queue is fullelsefail: queue is fulldelete( buffer )if (count > 0)if (faa(count,-1) > 0)index := faa(head,1) mod Nmyturn := 2 * faa(q[index].out count,1) + 1wait until q[index].turn = myturnbuffer := q[index].dataq[index].turn := myturn + 1elsefaa(count,1)fail: queue is emptyelsefail: queue is emptyFigure 18: Implementation of a shared queue using fetch-and-add. count, head, andtail are global variables for the number of used cells in the queue array, the index of the�rst one, and the index of the last one. N is the size of the array. Apart from the data,each cell has three �elds (turn, in count, and out count, initialized to zero) to synchronizethreads that deposit data into this cell with those that extract it.53
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A distributed global queueThe idea of a distributed global queue might seem to be an oxymoron, but it is not. Sucha structure has been proposed for the Heidelberg Polyp multiprocessor [386]. This machineis based on a collection of PEs and global memory modules that are connected by multi-ple buses. In addition to the data buses, there is a special bus that supports schedulingoperations. This bus has two sets of lines that correspond to the systems priority levels.These lines carry the inclusive OR of the inputs from all the PEs. One set is used to signalthe priorities of the tasks that are currently running. The other set is used to signal thepriorities of new tasks that have been created. Each PE interface monitors these signals.By comparing the priority of the current task to the global lines, each PE can know if itstask has the lowest priority in the system. Likewise, it can �nd if its waiting tasks have thehighest priority. If these priorities are di�erent, an arbitration mechanism matches one ofthe PEs with a high-priority waiting task and one of the PEs with a low-priority runningtask. The high-priority task is then scheduled to run on this PE.Mach: partitions with global queuesThe approach of partitioning and then scheduling using a global queue shared by all the PEsin the partition was implemented in the Mach operating system12 [65, 64] and some othersystems [90]. The partitioning is based on the concept of a processor set (other systems oftenemploy the term \processor pool" [90]). PEs are allocated to the processor set as a resultof a special request by the application that created the processor set (possibly a shell). Thepolicy decisions of when to grant such requests are handled by a special server which is notpart of the kernel. Owing to this separation between policy and mechanism, it is easy tochange the policy when desired. The server may also decide to grant only part of a request,or to reclaim previously allocated PEs.A global priority queue is associated with each processor set (this is the same queue asdepicted in Fig. 17). Threads that are assigned by the application to the processor set areplaced in this queue, and executed by the PEs allocated to the processor set. If no PEs areallocated, the threads are e�ectively suspended from execution.Mach was developed in an academic environment. The envisioned use of processor setswas to allow users to monopolize PEs without any interference from other users, as might berequired in order to generate speedup curves. Such static partitioning which is independentof the actual use to run threads has some drawbacks. It reduces the availability of PEs toother users, might impair fairness, and might cause ine�ciency if users do not actually utilizeall the PEs they get all the time they have them. On the other hand it might also have someindirect performance bene�ts. For example, the processor sets can be designed to re
ect themachine topology, rather than being allocated arbitrarily, thus improving locality [635]. In12The Mach papers call this \gang scheduling". We reserve \gang scheduling" for schemes like thosedescribed in section 5, where a one-to-one mapping exists between threads and PEs. The Mach scheme iscloser to \family scheduling" in our terminology. 54
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addition, this scheme reduces the number of PEs sharing a queue (relative to a single globalqueue), thereby reducing contention for the queue [431].4.2.2 Making scheduling decisionsThe order in which threads are scheduled from the global queue is determined by their relativepriorities. Most implementations use the same algorithms that were used in uniprocessorsystems. For example, the Mach scheduler implements a priority queue that is modeledafter the Unix scheduler. Thread priorities are based on their recent CPU usage plus a basepriority that re
ects system load [65].The scheduler in the Symunix system on the NYU Ultracomputer is also based on theUnix scheduler, with priorities calculated according to a base priority and CPU usage. Thebase priority is used to increase the priority of threads from nested spawns13 relative to thepriority of their parent. This ensures that nested spawns are executed in a depth-�rst order[181]. This order is deemed appropriate because it prevents the system from being 
oodedwith threads in cases of large deeply-nested spawns. Giving nested threads a lower prioritywould result in breadth-�rst execution, which improves fairness among sibling threads [57].It should be noted that in parallel systems, the notion of a priority queue is somewhatdi�erent from that in uniprocessors, because P threads execute at once (where P is thenumber of processors). It is natural to require that the P executing threads be those withthe highest priorities. However, this can be hard to implement e�ciently, because it requiresall the PEs to repeatedly check the queue to see if any thread has a higher priority thanthe one they are running. In addition, when a high-priority thread does appear, it mightcause a cascade of context switches if the PEs happen to access the queue in the order ofthe priorities of their current threads.Another consideration in the scheduling of threads from a global queue is matchingthreads with the most appropriate PE for them to run on. In general-purpose systemswhere PEs are functionally equivalent, this boils down to the question of data that mayreside in the PE's cache. The scheduling policy that tries to schedule threads on the samePE on which they ran most recently, under the assumption that this particular PE mightstill have some relevant data in its cache, is called a�nity scheduling [598, 157, 38, 544, 55].A�nity scheduling becomes more important on machines where the cost of remote accessis higher [106]. However, the performance improvement is typically small, as in most casesnot much is left in the cache after a number of other applications have been scheduled[249, 576, 598]. It has therefore been suggested that a�nity be temporally delimited: itwould only be established if a thread runs on a PE for a minimal amount of time, and itwould expire after a certain delay when the thread is de-scheduled [48].A simple implementation of a�nity scheduling uses local modi�cations to threads' prior-ities [576, 106]. Each thread has a global priority that depends on its accumulated runtime,like processes in a Unix system. However, when a given PE scans the queue and looks for13The spawn system call is a generalization of fork which creates multiple processes at once.55
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issue local queues global queuesuitability distributed memory shared memoryload distribution requires explicit mapping andload balancing automatic load sharinglocality maintained partial at best, if a�nityscheduling is usedoverhead low, no contention requires locks, and may su�erfrom contentionTable 3: Comparison of local and global queues.the thread with the highest priority, it boosts the priorities of those threads that used thisPE the last time they ran. The boost can depend on the time since the thread last ran. Thelast thread to run on the PE is given a larger priority boost. This increases the e�ectivescheduling quantum, by increasing the probability that a thread be rescheduled immediatelyon the same PE. It does not allow the thread to monopolize the PE, because the priority isstill reduced as the thread accumulates more and more runtime.All the above scheduling schemes operate on individual threads, and do not consider thefact that these threads belong to competing jobs. As a result, jobs tend to receive servicethat is proportional to the number of threads that they spawn. An alternative approachis to give jobs equal degrees of service [361]. This means that threads belonging to a jobwith lots of threads should have a lower priority than threads belonging to jobs with fewthreads, or that they should be scheduled to run for shorter time quanta. It is also possibleto prioritize jobs, rather than giving them equal service. This can be done by keeping thethreads in separate per-job queues. The PEs serve these queues in a round robin manner,and set the time quantum for each scheduled thread according to the priority of the job towhich this thread belongs [464].4.3 Combination of Local and Global QueuesThe main features of local and global queues are summarized in Table 3. As can be seen,each has its advantages and disadvantages. The choice between the two can be avoidedby using both, and trying to bene�t from the good characteristics of each. For example,this is done in the MAXI system on the Makbilan research multiprocessor [194]. In thissystem, a global queue is used for work distribution, and then local queues are used for theactual execution14. The mapping of new threads is done by a system get work thread thatcompetes with local threads, so lightly loaded PEs get more new threads than PEs that14In principle, these queues contain threads from separate applications. In practice, the MAXI implemen-tation was only capable of running a single application at a time, because memory management was notbuilt into the system. 56
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already have a high load [492]. Once mapped by get work, threads do not migrate. Similarschemes are used in the KSR1 (see Section 7.2.5) and other systems [507, 414]. A variantis used on the Cedar multiprocessor, where the unit of allocation is not a single thread butrather a task with eight threads, that executes on a cluster of eight PEs [188, 187]. In allthese systems, mapping is done at regular intervals, and does not adjust to the load.In MAXI, performance is further improved by the reuse of thread contexts. If a threadterminates before its time quantum is up, its context is reused for the next thread that iscreated from the global queue. New thread contexts are created only if all the existing threadsare preempted but do not terminate. This is based on the observation that preemptionimplies either of two conditions: the threads are long, so the overhead of creating newcontexts is small relative to the useful computation, or the threads are interdependent, andmight be waiting for other threads that have not been commenced yet [527]. A similaroptimization exists in many other systems, where threads are run to completion and thentheir context is reused for the next one. Examples include Scheduler Activations [20, 49],Continuations [166, 152], and the Presto thread package [59, 192].Another system that uses both local queues and a global queue is the variant of the Machsystem developed for the IBM RP3 [85]. The motivation in this case was the observationthat when a partition of PEs is allocated to an application, the application might want toexercise some control over the ways in which threads share the use of PEs. If the operatingsystem only provides a global queue or local queues, certain patterns are impossible.The RP3 Mach scheduling is based on the concept of thread families. Each family has aglobal queue of threads, and PEs allocated to the family execute threads from this queue.Except for terminology, this is very similar to the processor set mechanism built into theoriginal CMU Mach. One di�erence is that the RP3 Mach also had the option to mapcertain threads to speci�c PEs. At each context switch, a PE would choose the next threadfrom its local queue or the next thread from the global queue, depending on which had ahigher priority. This achieved the automatic load sharing of a global queue, coupled with theadvantages of local queues such as the option of using local storage or dedicating processingpower to important threads by binding them to PEs.Finally, a hierarchical system of queues has also been suggested in order to reduce thecontention for the global queue, while maintaining a degree of load distribution [143, 142]. Inthis system all new threads are placed in a global queue, and each PE has a local queue. Inaddition, there exists a hierarchy of queues in between. When a PE's local queue is empty,it tries to get more work from its parent. If the parent queue is also empty, the request ispropagated upwards. Transfers of work between queues at higher levels involve increasingnumbers of threads, because they are expected to be serviced by more PEs.4.4 Optimizations for Two-Level SchedulingScheduling by independent PEs, especially from a global queue, is very common in the secondlevel of two-level scheduling schemes. In this context the scheduling is decoupled from PEallocation, so a number of special optimizations can be applied. Two classes of optimizations57
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are chunking from the global queue and changes to the thread model so as to provide a bettersynergy between the kernel and the runtime system.4.4.1 Chunking from a Global QueueScheduling from a global queue can be used by an operating system or by the second level ofa two-level system, i.e. the application's runtime system. Indeed, the term \self-scheduling"is often applied to both kinds of systems. In an operating system, it is PEs that schedulethemselves from the global queue. In a runtime system, it is worker threads that helpthemselves to chores from the shared workpile.However, the two types of system are actually quite di�erent. Perhaps the main di�er-ence is the di�erence in the nature of the entities that are being scheduled. In applicationself-scheduling, these are typically iterations of nested loops [564, 468, 469, 220]. They arescheduled in FIFO order, with no preemption. Actually \scheduled" might be an overstate-ment: the whole context stays the same from one iteration to the next, and the only thingthat is extracted from the global workpile is the index of the next iteration. In operatingsystems scheduling from a global queue, the scheduled entities are threads with independentcontexts. Threads that exhaust their time quantum are preempted and returned to thequeue, and rescheduled only when their priority rises above that of competing threads.Additional di�erences exist if the operating system does not use partitioning, i.e. if thesame global queue is used for threads from competing applications. If this is the case,the scheduling | that is, the selection of a thread from the queue | includes an elementof processor allocation. Self scheduling in applications is only done after PEs have beenallocated to run the worker threads. This di�erence is meaningful because once a speci�cnumber of PEs have been allocated to an application, certain optimizations are possible.The main optimization is chunking. Chunking means that each time a worker accessesthe workpile, it takes a number of chores rather than just one. This optimization can resultin signi�cant reduction in the contention for the shared workpile, and in overhead for theallocation [337]. For example, if each of P workers takes 1=P of the chores, each will onlyaccess the workpile once. However, this could compromise the load sharing if the chores arenot identical, if the workers do not all start at the same time15, or if the processors havedi�erent speeds [280]. It is therefore advisable to adjust the chunk size as the computationproceeds. Initially, large chunks can be taken. As the computation proceeds and the tolerancefor uneven loads decreases, the chunks become successively smaller [337].A number of schemes that do so have been suggested (see Fig. 19). The formula suggestedby guided self scheduling is to take 1=P of the chores remaining in the queue each time [468].It was proven that if the chores are identical, workers using this scheme will �nish all thechores at the same time to within one chore, even if they do not start together. However, if15It is open to debate how much this happens in practice. A recent study of loops from the Perfectbenchmark found that static partitioning was perfectly adequate [367]. Another study of multiprocessorCrays found di�erences in PE allocation times to be a signi�cant problem [186]. A third study found thatthe distribution of task completion times was quite wide, due to memory contention e�ects [170].58
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static 250
guided 250
taper 190factoring 125trapezoid 125Figure 19: The chunk sizes created by di�erent self-scheduling schemes, for 1000 chores andP = 4 (data partly from [281]).the time to compute each chore may di�er from the others, the �rst large chunks may takemore time than expected, leading to load imbalance.Taper tries to solve this problem by using runtime statistics of the mean and standarddeviation of chore execution times to set the chunk size [379]. Essentially, the chunk size isless than that in guided self scheduling by an amount that is proportional to the variance.In addition, a minimal chunk size is set to reduce excessive overhead towards the end of theloop.A similar scheme, called factoring, also creates smaller and more uniform chunks thanguided self scheduling [281]. Chunks come in groups of P , and the size of chunks in each59
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group is a constant factor of the size of chunks in the previous group. The optimal factorcan be calculated based on P and the variance in chore computation times. If the varianceis zero, only one group is created, and each worker does 1=P of the chores. If the varianceis very large, factoring degenerates to self scheduling of a single chore at a time. If thevariance is not known, a good heuristic for the �rst chunk size is 1=2P , and each subsequentchunk size is half the previous one. The intuition behind the factor of 12 is that if chorecomputation times are normally distributed, than executing them on dedicated PEs wouldresult in about 50% utilization. Thus at any given time it is best to keep 50% of the work forlater, and allocate it to those PEs that �nish their share early. However, this is sometimesoverly cautious [374]. This observation, together with an initial phase of static scheduling soas to reduce runtime overheads, are the basis of a variant called safe self-scheduling [374].The chunk sizes in guided self scheduling and in factoring decrease exponentially. Intrapezoid self scheduling they decrease linearly, leading to simpler implementation [589].While the sizes of the �rst and last chunk may be set to various values, a conservative useof starting with 1=2P and going down to 1 was shown to be a good compromise.An interesting variant on all the chunking schemes is cooperative scheduling. In thisscheme, a PE that runs out of work does not only take a chunk of chores for itself; it alsomaps additional chores to other PEs [426]. This reduces contention for the global queue, butrequires locking of the local queues because PEs may access each other's queues.Finally, it has been noted that chunking by itself may not be enough. If a parallelloop is nested within a sequential loop, additional performance gains are possible if thesame chunk is mapped to the same PE each time [389, 555]. This is a special case ofa�nity scheduling, where the a�nity is between successive executions of the loop. Likewise,performance improvements are possible if iterations are re-ordered in the interest of locality[366].It is debatable whether allocating a number of threads at a time can be applied toscheduling from a global queue by an operating system, because there is no reason to expectthe di�erent threads to be homogeneous. However, it is possible to apply this optimizationin the special case when a large number of threads are spawned at once, and they are allclones of each other. This is done by the Uniform System on the BBN Butter
y [573], byChameleon [17], by the Chores system [178], and by the MAXI system on the Makbilan[527].4.4.2 Variations on the Thread ModelA totally di�erent type of optimization for two-level scheduling involves changes to the threadmodel. This is based on the observation that both user-level threads and kernel threadshave inherent performance drawbacks that cannot be overcome within the constraints of theconventional model.The problems with user-level threads stem from the fact that the underlying kernel doesnot know about them and their interactions. The kernel only knows about the kernel threadson which the user threads are multiplexed. Thus if a user thread performs some blocking60
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operation, the whole kernel thread is blocked with it. If a user thread holds a lock and thekernel thread running it is preempted, the e�ective lock holding time will grow to includeall the time until it is re-scheduled. These problems would be solved if kernel services wereused directly, because then the kernel would know about the dependencies. But using kernelservices is more expensive, as it requires a trap to privileged code for each operation.In a nutshell, the problem is one of information and coordination (or lack thereof) [395].The proposed solutions supply the required information in various ways. For example, it hasbeen suggested that threads be able to request to be temporarily immune to preemption,to prevent cases where the preempted thread holds a lock [181, 265, 632, 320]. This isimplemented by setting a special 
ag in user space just before acquiring a lock. Havingthe 
ag in user space avoids the overhead of a kernel call. The kernel checks this 
agbefore preempting a thread, and if it is set, gives the thread some more time. However, noguarantees are made, and the kernel reserves the right to preempt threads that overuse thisfacility. Another example is hando� scheduling, where a thread that must wait for anotherthread that is not running explicitly hands its PE to the awaited thread [65, 249]. Analternative formulation of the same idea is priority inheritance, where a thread holding alock inherits the priority of threads waiting for the lock [265, 603, 349].Other proposals call for much larger changes. Psyche, for example, includes provisionsfor �rst-class user threads, where \�rst-class" implies that they are recognized by the kernel[390, 508]. One of these provisions is a shared memory segment for communication betweenthe kernel and user-level runtime system, similar to that described above. Another is upcallsthat notify the application's runtime library of certain events that might e�ect its schedulingdecisions. These noti�cations include events like a thread blocking or unblocking whileperforming a kernel call, a timer expiration, imminent preemption, external invocationsthat may require a new thread to be created to deal with them, and hardware faults thatindicate an exception condition in the current thread. Finally, Psyche provides a schedulerinterface convention that allows threads of di�erent types to co-exist and interact [509]. Forexample, two parallel programs using di�erent thread packages can have a producer-consumerrelationship, where consumer threads block if the bu�er is empty and are subsequentlyresumed by threads in the producer program.\Scheduler activations" are another new mechanism for thread management and manip-ulation [20, 49]. The scheduler in question is part of the user-level thread package. Theactivations are upcalls from the kernel to the scheduler. The kernel maintains a constantnumber of activations, one on each PE. When a PE is added to an application, a scheduleractivation is created on that PE, and the kernel upcalls into the user space at a known entrypoint. The user level scheduler then selects a thread for execution (Fig. 20 left). When athread blocks or is preempted, the kernel creates an alternative activation on the same PE.This activation selects another thread to run instead of the blocked one. When a thread be-comes unblocked, a new activation is created. Typically this comes at the expense of anotheractivation that was running on some PE. The new activation therefore contains informationabout two threads that are ready to run: the one that became unblocked, and the one thatwas preempted in order to run the activation. The user-level scheduler can then choose61
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PEsFigure 20: Handling added and removed PEs with scheduler activations.which is more important, or maybe choose a third thread altogether. Similarly, when a PEis taken away from an application, an activation is created on another PE, again notifyingthe user-level scheduler that there are two ready threads but only one PE, and a choice hasto be made (right of �gure).A di�erent approach altogether is to forgo all information exchange, and strive to ap-proximate the optimal e�cient behavior. For example, in the �System, separate threads aredesignated to perform blocking I/O operations on behalf of those running user code [87].With cooperative threads, there is an option to create or schedule a new kernel thread when-ever an existing one blocks [286, 218]. This prevents PEs from going idle if a kernel threadblocks when performing a blocking operation on behalf of a user thread. MAXI envelopestake this a step further, and also create a new kernel thread if the current user thread exceedsa time quantum16 [527]. This guarantees correct (albeit possibly ine�cient) behavior even ifuser threads busy-wait for each other, rather than using blocking operations provided by theruntime system. The excess kernel threads are deleted whenever there are no user threadsfor them to execute.5 Gang SchedulingIn multiprogrammed parallel systems, threads come in groups belonging to di�erent appli-cations. Threads within a group cooperate with each other, while competing with threadsin other groups. It is open to debate whether the operating system should acknowledge thisdistinction and do something about it. The scheduling mechanisms described in this sectionre
ect the belief that it is important to schedule cooperating threads together | a beliefthat is held by a large number of vendors, and also by many researchers [356, 48, 53, 550,97, 198, 273, 217, 274]. We start with a de�nition of gang scheduling and an expositionof the reasons for using it. Then we investigate the implementation of coordinated context16The terminology used in MAXI for kernel and user threads is \envelopes" and \activities", respectively.62
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switching across multiple PEs. Finally, we describe systems that combine gang schedulingwith partitioning in various ways.5.1 De�nition and MotivationThe term \gang scheduling" has been used with a variety of meanings in the literature. Ingeneral, they have the common theme of giving a job multiple PEs at once. But in orderto distinguish gang scheduling from other schemes, such as variable partitioning and familyscheduling, a more precise de�nition is needed. We therefore de�ne gang scheduling formallyto be a scheduling scheme that combines these three features:1. Threads are grouped into gangs.2. The threads in each gang execute simultaneously on distinct PEs, using a one-to-onemapping.3. Time slicing is used, with all the threads in a gang being preempted and rescheduledat the same time.In many cases, all the threads in the job are considered to be a single gang. Thus the numberof threads in the job conveys the PE requirements of the job.The simple version of gang scheduling, where threads are mapped to PEs and do notmove, is currently the most popular one. However, more 
exible versions have also beenproposed [449]. One of these is migratable preemption, whereby threads are preempted onone set of PEs and resume on another (typically disjoint) set. This may be used to reducefragmentation. A more drastic version is malleable preemption, in which the job is resumedon a set of PEs with a di�erent size from the original set, thus allowing the job to grow orshrink in accordance with system load. Migratable gang scheduling is trivially implementedin systems with swapping, but malleable gang scheduling is not currently used.Gang scheduling leads to several desirable properties. First, gang scheduling supportsthe abstraction of a dedicated machine for each job, and does not impose any restrictionson the programming model (as opposed to dynamic partitioning). This has many faces.For example, gang scheduling promotes e�cient �ne-grain interactions among the threadsin a gang, based on the fact that they are executing simultaneously. Thus it is possibleto use busy waiting for synchronization, without fear of waiting for a thread that is notrunning17 [438, 198, 499]. In addition, asynchronous message passing can be used withoutthe risk of bu�er over
ow, and hardware communication devices can be accessed directly inuser mode without need for protection mechanisms. Moreover, a one-to-one mapping also17An interesting special case occurs in systems that run a full Unix on each node. In this case the operatingsystem might interfere with a thread even if there are no competing threads on the same PE. Speci�cally,asynchronous interrupt handling on di�erent PEs increases the worst-case communication latency of theapplication. Synchronizing these interruptions | in e�ect, gang scheduling among the application and theoperating system | leads to improved and predictable performance [417].63
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allows threads to be associated with data structures in local memory [106]. Indeed, studiesthat compared gang scheduling with other scheduling schemes have concluded that gangscheduling is a relatively good policy [376, 511, 361, 249, 133, 106].It should be noted, however, that other schemes | most notably variable partitioning| provide the same support. The advantage of gang scheduling (and the second desirableproperty) is that it provides interactive response times for short jobs, by virtue of usingpreemption [203]. Just as in uniprocessor systems, periodic preemption prevents long jobsfrommonopolizing system resources, and guarantees that every job in the system will executewithin a relatively short time. Admittedly, preemption su�ers from overhead and mightreduce cache performance | but, on the other hand, it might actually improve utilizationby providing the system with more 
exibility in resource allocation [203] (these and otherarguments are discussed in Section 6). Therefore gang scheduling is an appealing policy,as re
ected by the fact that it is provided on a number of commercial platforms, such asthe Connection Machine CM-5 [356], Meiko CS-2, Intel Paragon [288], Cray T3E [346], andSilicon Graphics multiprocessor workstations [48].Another reason for using gang scheduling is that it allows sharing in architectures thatcannot be partitioned. For example, it is impossible to provide 
exible partitioning of aSIMD machine, because each partition requires an instruction decoding unit and facilitiesto broadcast the instructions to all the PEs. This problem is solved by time slicing thesedevices among the di�erent jobs. This approach was used on the CM-2 to improve useraccess to the machine [299].While our de�nition of gang scheduling requires that time-slicing be used, this is notnecessarily the only sharing scheme. Space-slicing can be used as well. When a number ofgangs are to be scheduled to run side by side, the question is how to match them so as tomake the best use of the available PEs [201]. One possibility is to use a set of prede�nedpartitions; such systems are described in Section 5.3. Alternatively, it is possible to havetime-slicing across the machine, and do the partitioning on the 
y for each context switch.This increases the 
exibility of how the machine is shared; for example, it allows applicationsthat require all the PEs to co-exist with applications that require small sets of PEs. Systemsbased on this approach are described in Section 5.4.What is a gang?The grouping of threads into gangs deserves further elaboration. In most cases, all thethreads in the job are considered to be a single gang. For example, this approach is suitablefor the SPMD style of programming. It means that the threads of each job are spread acrossdi�erent PEs, and either all of them are running or no threads from the job are running.However, gangs comprising just part of the threads of a given job can also be used.This allows the number of threads in the job to exceed the number of PEs in the system.The criterion for grouping is simple: threads that interact at �ne granularity should be64
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scheduled together, and therefore they should be grouped into a gang18. This can be donebased on runtime observation of interactions among threads [196, 541]. Alternatively, it hasbeen suggested that syntactic program structures can be used to de�ne gangs. Relevantstructures are parfor or parbegin in languages like ParC [57], PAR in Occam [285], and thespawn system call in Symunix [182]. Thus, when a set of threads are spawned together by aparallel construct, they are assumed to constitute a gang [438, 197].Coscheduling and family schedulingTwo other terms that are often mentioned are coscheduling and family scheduling. Coschedul-ing19 was originally de�ned by Ousterhout to describe systems where the operating systemattempts to schedule a set of threads simultaneously on distinct PEs, as in gang scheduling,but if it cannot then it resorts to scheduling only a subset of the threads simultaneously[438]. The fraction of the gang that typically gets scheduled together is used to measure thecoscheduling e�cacy.The distinction between gang scheduling and coscheduling is subtle but signi�cant. Themain di�erence is that gang scheduling allows guarantees about the performance to be made.This is so because applications execute in an environment that is essentially the same as adedicated machine, except for some additional overheads. Coscheduling, on the other hand,has unknown performance implications. If the application's threads are largely independent,they can make progress even if the whole gang is not scheduled. In this case, coschedulingcan be highly bene�cial. But if the threads synchronize with each other at �ne granularity,there is little virtue to scheduling just some of them [354, 133]. Therefore it is not clearthat attempting to schedule partial gangs when a full gang cannot be scheduled is worth thee�ort20. Just scheduling arbitrary threads on otherwise idle PEs can probably provide thesame gains. Indeed, this is exactly what most systems do. Such scheduling of single threadsis called alternative scheduling [438].Family scheduling is a variant of gang scheduling where the number of threads is allowedto be larger than the number of PEs. Thus, the operating system is involved in two levelsof time slicing: �rst, there is the coordinated scheduling of the job as a whole across a set ofPEs, and then there is the internal scheduling of the job's threads on these PEs [85]. This canbe done using a global queue or using local queues. The di�erence from two-level schedulingschemes is that the whole job may be preempted (two-level scheduling typically employsnon-preemptive partitioning at the job level), and both levels are done by the operatingsystem rather than leaving the second one for the application runtime system.18Ousterhout used the term \process working set" [438], based on the analogy with the working set ofmemory pages that must be simultaneously resident in primary memory for e�cient computing.19Historically, coscheduling preceded gang scheduling. It is fair to say that all the work on gang schedulingis an outgrowth of Ousterhout's original work on coscheduling.20This may also depend on what part is scheduled each time. An interesting idea is that rate equivalentscheduling may be bene�cial, i.e. that all threads get the same average service rate, even if they are notscheduled simultaneously. 65
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Relationship with swappingAs large scale parallel applications often require large amounts of memory, it is sometimesnot possible to have multiple jobs memory resident. In such cases, switching among jobsimplies swapping them to secondary storage [203]. Indeed, some systems use the terms\gang scheduling" and \swapping" as synonyms. Such simultaneous swapping of all thejob's threads and address spaces indeed quali�es as gang scheduling, because either all thethreads execute or none do. However, the higher overheads of swapping imply that thiscannot be done in an interactive time scale.An interesting observation relating to gang-scheduling-via-swapping is that it is relatedto checkpointing [365]. As such, it is possible to restart the job on a di�erent set of PEsthan the one used originally. Therefore swapping leads to \migratable preemption" [449],and can help in the reduction of fragmentation [346, 516].While simultaneous swapping is a type of gang scheduling, it need not be the only one.It is possible to have both �ne-grain gang scheduling among the memory-resident jobs, andcoarse grain gang scheduling by means of swapping. A variant of this approach is usedon the Tera Multi-Threaded Architecture, where threads are loaded into separate hardwarecontexts that are switched on each cycle [16] (see Section 7.2.3).5.2 Implementing Multi-Context-SwitchingThe implementation of gang scheduling hinges on the multi-context-switch operation, i.e. thecoordinated context switching across a set of PEs. This has two aspects: the coordinationrequired to cause all PEs to context switch at the same time, and saving the distributedprogram state.The synchronization of the context-switch operation is typically handled by a centralcontroller. The controller need not be prede�ned: a 
oating controller can be used, whereany PE that notices a certain condition (e.g. all threads are blocked) induces the next multi-context-switch [198]. A variant of this is used in IRIX on SGI multiprocessor workstations:the PE that selects the �rst member of a gang from the global queue interrupts other PEsthat are running low-priority processes so that they will schedule the other gang members[48].The controller coordinates the context switching by causing an operating system trapon all the relevant processors. The requirement on this trap is that the variability in theexact time that it occurs on the di�erent PEs be small relative to the scheduling timequantum. One possibility is to use special hardware, as in the K2 architecture [550]. Anotheris to use a software broadcast interrupt [198]. A third option is to rely on synchronizedclocks, that all cause interrupts on their respective PEs at the same time [217]. Once theprocessors are interrupted, they perform their local context switch. A number of Unix-basedimplementations do this using signals [241, 274] or changing the priority [270, 346].An interesting alternative suggested for networks of workstations is to let the coordinationof context switches take care of itself. This is based on an application model where relatively66
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long phases of computation are interleaved with phases of intense communication. The cru-cial observation is that the �rst processes entering the communication phase will necessarilyblock, waiting for the others to catch up [172]. When the last process enters the communica-tion phase, all the rest will have relatively high priorities due to the multi-feedback queueingmechanism typically used on workstations. Therefore they will tend to run immediatelywhen unblocked, allowing them to complete the communication phase e�ciently.Handling communicationSaving the program state on a single PE typically involves no more than saving the CPUregister values. In a parallel machine, this has to be done on all the PEs. However, theprogram might have additional state that is neither in memory nor in the registers, but intransit from one place to another. In general, it is necessary to save such communication statetogether with the computation state [365]. The following discussion uses message-passingterminology, because such architectures are more susceptible to this problem. However, itshould be interpreted to include messages generated automatically to access remote memory,especially in machines that allow multiple outstanding accesses, as with relaxed consistencymodels [63, 234, 2].The problem with messages that are in transit when a context switch occurs is what todo with them when they �nally arrive at their destination PE. One approach is to simplydrop such messages, and re-send them the next time that the application is scheduled to run;it is used in the SHARE scheduler for the SP2 [217]. This requires the sender to bu�er themessage until an acknowledgement is received, because it might have to re-send it later. Themessage passing software must use sequence numbers, acknowledgements, and timeouts toensure that all messages are indeed delivered in the end. It should be noted, however, thatmost systems have such mechanisms anyway to deal with transmission errors. Moreover, thisapproach has the advantage of not requiring any hardware support, so it can be implementedon any machine.Another approach is to tag messages with a job ID. When an arriving message does notbelong to the currently running job, it is handled anyway. This approach is used on theMeiko CS-2 [47] and the Intel Paragon [461]. Note that it requires access to the descheduledjob's address space, and that the network adapter (or communication coprocessor) mustbe smart enough to generate and check the job IDs. Otherwise, user-level communicationcannot be used. Security issues are resolved by using kernel-maintained page tables whichare accessible by the device handling the messages.A variant of this approach is to maintain multiple virtual circuits between PEs, and usea separate one for each job. In this case, the messages are left in the network until the job isrescheduled and receives them. However, this places a large burden on the network, and isnot an e�cient use of the limited bu�ering capabilities that are usually available. Thereforeinstead of full-
edged virtual circuits, each message is simply tagged with a job ID, andkept in a special queue if this ID does not match the ID of the currently running job onthe receiving PE. If this queue over
ows, the system is interrupted to o�oad these messages67
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and store them elsewhere. This is not anticipated to be a problem, since the window forsending messages from one PE before a context switch and receiving them at another PEafter the context switch is relatively short, so there should not be too many such messages.This approach is taken in the *T-next generation machine from MIT.The third approach is to drain the network as part of the context switch operation[274]. While this increases the overhead for context switching, it provides each job withexclusive access to a clean network. This eliminates any need for privileged support, andopens the door to e�cient user-level communication. Security is provided by mapping thecommunication devices into user space, and using existing hardware protection mechanisms.This approach is used in the the K2 [550], the Connection Machine CM-5 [356] (the CM-5implementation is described in Section 7.2.4), and the RWC-1 [272].5.3 Gang Scheduling within Prede�ned PartitionsThe simple approach is to �rst partition the machine into sets of disjoint PEs, and thenperform gang scheduling within each partition independently of the others. Actually, parti-tioning is not strictly necessary, as it is possible to simply schedule all the PEs as one unit.This approach disregards program needs, and might lead to waste if the system has manymore PEs than are needed. Therefore it may not be suitable for large systems.Chagori on the K2 prototype and Concentrix on the Alliant FX/8 are examples of systemsthat schedule all the PEs as a unit. In Chagori, the motivation for simultaneous schedulingis the desire to provide applications with e�cient synchronization [550], as embodied in thesynchronous nearest-neighbor user channels provided in hardware by the K2 architecture[25]. This is a relatively small machine (16 PEs organized as a 4� 4 torus), so the loss dueto possible fragmentation is not expected to be high. The coordination of the multi-context-switching required to implement gang scheduling is done by special hardware called the TorusSynchronization Unit. This combines a hardware interrupt to start the multi-context-switchwith an acknowledgement specifying that the user channels are no longer active transferringuser messages. These channels can then be used by the scheduling algorithm.The Alliant FX/8 is even smaller than the K2, with only eight PEs (called \ComputationElements")[567]. The envisioned use is to improve the performance of Fortran loops, andspeci�cally doacross loops. Such loops have dependencies among the iterations, so theycan only be parallelized to a limited degree [137, 467]. Even so, e�cient synchronization isrequired in order to enforce the dependencies. These features motivate the use of a smallnumber of PEs that execute consecutive iterations in a skewed manner (Fig. 21) [567].Simultaneous scheduling on the Alliant PEs is also done in the Cedar research multipro-cessor, which is constructed from a number of Alliant FX/8 systems connected to a sharedmemory via an Omega network [222, 339, 319]. Each Alliant machine is called a cluster, andsuch clusters are the unit of PE allocation. The scheduling is done at two levels: allocationof work to clusters, and scheduling on each cluster. The allocation is done by Xylem, theCedar operating system, from a global queue of tasks, where each task speci�es the state ofa whole cluster (i.e. 8 Alliant PEs). A server process executes periodically on each cluster,68
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Figure 21: Skewed execution of iterations from a doacross loop. The interdependenciesbetween iterations imply �ne-grain synchronization and a limit on the degree of parallelism(adapted from [567]).and if it �nds a new task on the global queue, it copies the task to the local cluster [188, 187].The Alliant scheduler executes all the tasks mapped to the cluster by context switching alleight PEs from one task to another. The �nal e�ect is of gang scheduling within partitionsde�ned by the clusters. Of course, if a job spans multiple clusters, it is not gang scheduledacross all of them, which can lead to performance degradation [423].A mechanism for gang scheduling combined with partitioning of the machine has beenimplemented in the Connection Machine CM-5 [356]. The coordinated scheduling of threadsis needed in that machine so as to utilize the hardware support for various collective op-erations, as embodied in the machine's control network. For example, the control networkcan be used to perform barrier synchronization, various reduction operations, and broad-cast. Such operations are especially useful in the context of the synchronous MIMD modelof computation, which is a loose approximation of the SIMD style used in the earlier CM-1and CM-2 models.The implementation of gang scheduling on the Connection Machine CM-5 is noteworthybecause the architecture employs a bu�ered multistage network for interprocessor commu-69
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nication. When a partition of PEs switches from one set of threads to another, the partitionof the network connecting them has to be 
ushed. This is done by putting the network in\all fall down" mode21 [356]. Messages are then routed to the nearest node, rather thanto their real destination; there they are saved together with the application state. Whenthe application is later scheduled again, these messages are re-injected into the network tocomplete their transit.The problem of saving network state did not exist in the earlier CM-2 model, which wasa massively parallel SIMD machine. Gang scheduling on the CM-2 was orchestrated by atimesharing daemon that ran on the front-end host [299]. The timesharing daemon could seta 
ag telling the current process to put itself to sleep. Each job checked this 
ag before eachCM operation was broadcast to the nodes. This mechanism was used so as not to interrupta CM operation in the middle. Thus it was guaranteed that at the instant of switching fromone job to another, there was no activity on the networks. The nodes themselves did nothave to do anything | they just went on executing instructions, oblivious to the fact thatthe instructions now come from a di�erent stream.5.4 Gang Scheduling with Dynamic RepartitioningUsing �xed partitions runs the risk of signi�cant resource loss due to fragmentation. Ifall gangs are not of the same size, it is therefore desirable to change the partitioning ateach multi-context-switch. This implies that context switching must be coordinated acrossgroups of PEs, and not only within groups. The problem with this approach is the di�cultyof doing the partitioning on the 
y. The solution is to look for a suitable partitioning onlywhen the load changes, not at each context switch. When a new application arrives or an oldone terminates, applications are matched together so as to utilize as many PEs as possible.Then at each context switch the next set of matching applications is scheduled.Synchronous switchingThe most common approach to the implementation of dynamic repartitioning is to performthe context switching synchronously across the whole machine. This is done regardless ofhow the partitioning is supposed to change during the context switching operation. PEs inall the di�erent groups always switch simultaneously, so moving a PE from one group toanother during a switch is no problem.The three coscheduling algorithms developed by Ousterhout fall into this category [438].The simplest is the matrix algorithm, which was implemented in the Medusa operatingsystem on CM� [439], in the Meiko CS-2 operating system, in the gang-scheduler used forthe BBN Butter
y at Lawrence Livermore National Lab [241, 240], in the experimental gangscheduling runtime library of MAXI, the Makbilan operating system [198], In the SHAREscheduler for the IBM SP2 [217], and in the DQT scheme designed for the RWC1 machine21This terminology is motivated by the common graphical rendering of a CM-5, where the PEs are drawnin a linear sequence at the bottom, and the network is structured as a fat tree above them | see Fig. 29.70
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Figure 22: Example of a scheduling round using the matrix algorithm and DHC. Gray shadingindicates fragmentation.[273, 272]. The idea of this algorithm is to view scheduling space as a matrix, where columnsrepresent PEs and rows represent scheduling slots. Gangs of interacting threads are mappedto rows of the matrix. If space allows, a number of gangs can be mapped to the same row.This can be identi�ed by keeping rows linked to each other according to their capacity foradditional threads. When a gang terminates, rows may be uni�ed if they use non-overlappingsets of PEs. This can be recognized by performing the logical AND of bitmaps that representthe PEs that have threads mapped to them in each row.The scheduling proceeds by simultaneous switching of all the PEs from the thread in onerow to the thread in the next row. PEs that do not have a thread assigned in the next rowmay execute any other thread that happens to be mapped to them (this is why the algorithmwas originally classi�ed as \coscheduling" rather than \gang scheduling"). However, theyremember the row that they were supposed to use, and fall into step again with the otherPEs at the next synchronized context switch. An example of a scheduling round, in whicheach slot is scheduled once, is given in Fig. 22.The other two algorithms developed by Ousterhout, which were not implemented, arebased on a sliding window metaphor [438]. Threads are arranged in one long sequence, withthe understanding that a thread in location i is mapped to PE number i mod P (where P isthe number of PEs in the system). In the \continuous" algorithm, threads belonging to thesame gang must be placed within a span of P places in this sequence. In the \undivided"algorithm, threads from the same gang must occupy adjacent places. Scheduling is performedby sliding a window of width P across the sequence, and scheduling those threads that arecurrently in the window. At the end of each scheduling time quantum, the window isadvanced until the leftmost thread in the window is the leftmost thread of a gang that hadnot been gang-scheduled yet (it is possible that the thread itself had been scheduled in theprevious window position, but its whole gang was not). When all gangs have been scheduled,a new sweep is started. These algorithms | and especially the undivided algorithm | havea slightly larger coscheduling e�ectiveness than the matrix algorithm [438]. In other words,71
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Figure 23: Distributed Hierarchical Control arranges PEs in a buddy system. Small gangsare mapped to holes left by large ones, and execute at the same time with them.they have a greater tendency to schedule larger fractions of gangs simultaneously. However,it is not clear that this leads to real bene�ts, as explained in Section 5.1.Subsets switch independentlyIt is necessary to synchronize the context switching in di�erent groups of PEs if PEs needto move from one group to the other as part of the context switch. But this is required onlyif one of the groups must grow. There is no need to synchronize if the groups only splitinto smaller groups. This observation is used in the design of the \Distributed HierarchicalControl" (DHC) scheme [197, 204].The Distributed Hierarchical Control scheme partitions the PEs using a buddy systemarrangement, that is by successively dividing them into halves. A separate (logical) controlleris associated with each partition (Fig. 23). The scheduling is carried out in cycles. Eachcycle starts with all the PEs in one group, which is used by the top controller to executewhatever very large gangs are currently in the system (speci�cally, gangs with so manythreads that they need more than half the PEs). After all such gangs have been scheduledfor the duration of their respective time slices, the PEs are split into two groups. Each ofthese groups has a separate controller, which proceeds to schedule the gangs mapped to itsgroup. These controllers do not need to synchronize with each other, and context switcheson the two groups of PEs are independent. The splitting continues as smaller gangs arescheduled by lower levels of controllers. At the end of the cycle, all the groups are reunitedagain to form one large group, and the next cycle starts from the top controller. An exampleof such a cycle is given in Fig. 22.The importance of removing extra synchronization is that it decouples groups of PEswith di�erent loads. This allows the time slices to be set di�erently on di�erent groups ofPEs, so as to optimize the execution of di�erent gangs. It also improves the scalability of the72
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system, by removing any components that require full knowledge about the system state.With the Distributed Hierarchical Control scheme, each controller only needs knowledgeabout the largest gangs mapped to its group of PEs.Three complementary mechanisms are used to deal with the issue of fragmentation. The�rst is applied when a new gang is spawned, and involves choosing the least loaded groupof PEs that is large enough for this gang. The second mechanism is applied if the new gangis smaller than the full group (which is always a power of two). In this case, the gang hasto be split into two, with part being mapped on one half of the PEs in the group and therest on the other half. Such splitting is always done so that one half is completely utilized,which increases the chance of leaving a large unused group in the other half. These twomechanisms combined ensure that small gangs tend to �nd a place in holes left by largeones, providing better packing than alternatives such as �rst-�t or best-�t [201]. Fig. 23provides an example: when a six-thread gang is mapped onto a group of eight PEs, fourthreads are mapped onto one half and only two onto the other. This leaves two adjacentPEs unloaded, which makes them a prime target for mapping any new two-thread gang.The third mechanism is applied during scheduling. When large gangs are scheduled bythe top controller, small gangs that are mapped onto leftover PEs are also scheduled. Suchopportunities are indicated by the light gray shading in Fig. 22. In the above example,the two-thread gang will be scheduled together with the six-thread gang, during the timeslot allocated to the six-thread gang. This means that the alternative scheduling is alsocoordinated. In addition, it allows the controllers to discriminate in favor of large gangs,and give them larger quantums. This allows large gangs, which make better use of themachine, to receive good service. It doesn't hurt small gangs, because they often manage toexecute in holes left by the large gangs [204]. The time quantums in Fig. 22 are computedbased on the number of threads in each gang.Gang scheduling systems based on the ideas of DHC were implemented for the IBMSP2 [217] and the RWC-1 [273, 272]. Gang scheduling on the Intel Paragon uses a similarhierarchical structure based on the nesting of partitions. However, the partition sizes are
exible and not limited to powers of two. The Paragon scheduling scheme is described inSection 7.2.1.Lazy gang schedulingTaking the idea of independent switching to the extreme leads to the notion of lazy gangscheduling. This does away with prede�ned quanta and round-robin scheduling altogether.Instead, each job has a maximal wait time associated with it, based on its class: interactiveand debug jobs have short wait times, while batch jobs may wait a very long time. Each timea job's wait time is exceeded, its priority rises, and the lowest priority jobs in the system arepreempted to make space for it. The scheduled job then runs for a certain \do-not-disturb"time, which is proportional to its memory footprint. After this period, it itself becomes acandidate for preemption if another high-priority job is waiting. This style of gang scheduling73
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is used on the Cray T3D at LLNL [203], and described in more detail in Section 7.2.2. Avariant based on feedback has also been proposed [516].Performance guaranteesDue to the use of time slicing, gang scheduling may serve any number of jobs (as long assystem tables do not over
ow). This is conveninent to users, who can always gain access tothe machine. However, it makes future performance unpredictable, because it depends onfuture load conditions. In some cases, a guaranteed minimal rate of computation is desired.This can be achieved by making reservations for a certain fraction of each scheduling cycle.This idea in incorporated in the SHARE scheduler, which is based on the DHC structure[217, 545]. Jobs are classi�ed according to their degree of parallelism (rounded up to thenearest power of 2). The system allocates a certain fraction of the time to each class, that is,to each level in the underlying control tree, irrespective of the number of jobs currently in thatclass. Thus it is possible to support di�erent administrative policies, e.g. give preferentialtreatment to large jobs.5.5 Theoretical ResultsO�-line algorithms for multiprocessor scheduling, and the complexity of this problem, havebeen the subject of active research for many years [293, 238, 591, 590]. However, the modelemployedwas usually that the interdependent tasks of only a single job are considered. Therehas been very little theoretical work on scheduling multiple parallel jobs, that each requiremultiple PEs simultaneously.Scheduling parallel jobs can be modeled as 2-D bin packing, where one dimension repre-sents PEs and the other represents time [127]. In the scheduling formulation, the input is aset of jobs, each characterized by the number of PEs it requires and by its runtime. A set ofP PEs is given, and the problem is to �nd a schedule with the minimum possible makespan.Nonpreemptive scheduling in the general case is NP-complete, as it includes the case ofscheduling tasks that each require a single PE [167, 173]. However, preemptive scheduling (asis the case for gang scheduling) admits to polynomial-time algorithms [69, 638, 111, 524, 167].For example, one algorithm is based on the observation that P is necessarily �nite, andtherefore there is only a �nite number of ways in which the PEs can be divided amongdi�erent jobs executing simultaneously [69] (this is even simpler for hypercubes, where thepartitions are subcubes [111, 524]). The whole set of jobs can be scheduled by using di�erentpartitioning schemes for various durations, such that the total cumulative time of eachpartition size satis�es the requirements of jobs with that degree of parallelism. This leadsto a linear programming formulation, where the objective function is to minimize the sumof the times that the di�erent partitioning schemes are used.The performance implications of gang scheduling have been the subject of less work.However, it has been observed that if a job's threads are scheduled in an uncoordinatedmanner, they will typically be spread out. As a result the job's response time (measured74
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until the termination of the last thread) will be long. If all the threads are scheduled at once,on the other hand, there will be no need to wait for threads that trail behind the others,and response time will be shortened [425].6 Implications of the Sharing SchemeA number of studies have compared the e�ectiveness of di�erent scheduling schemes, typicallyusing their impact on the performance of speci�c applications as a metric [376, 384, 361,249, 133, 198, 421, 106]. This section summarizes these results and adds many additionalconsiderations, such as the support for di�erent programming models and the in
uence onuser satisfaction. These considerations are divided into four areas: the interaction betweenscheduling and the application, the impact on system performance, the support for individualusers in the context of a multiuser system, and implementation issues. Some of this repeatscomments that were made previously, but here they are grouped by functionality rather thanby scheduling scheme.6.1 Interaction with ApplicationsMultiprocessor scheduling can have a great e�ect on performance, muchmore than in unipro-cessors. This is so both in terms of the response time of the individual applications, and interms of system throughput. A good match between the scheduling policy and the appli-cation can be instrumental in increasing the e�ectiveness of the application's use of systemresources. The way in which competing applications are handled a�ects the amount ofresources that are lost to fragmentation and overhead.E�ect on synchronizationSynchronization delays depend on the scheduling policy, because the main issue in synchro-nization is the temporal alignment of di�erent threads. A mismatch between the schedulingand synchronization mechanisms might result in signi�cant performance penalties [249, 198,499].The greatest impact occurs if the threads interact at a �ne granularity, i.e. interactions arenumerous and come in rapid succession. In this case it is best for the threads to be mappedto PEs using a one-to-one mapping. This allows the synchronization to be handled by busywaiting, saving the overhead of context switching [438, 198]. Note that this can be combinedwith preemptions, leading to gang scheduling, and is not limited to pure partitioning of themachine.Systems that do not provide one-to-one mapping have to compensate by limiting theamount of time that one thread may wait for another thread that is not running at all. Thiscan be done by simply blocking the waiting thread, and switching the PE to another readythread. However, context switching may be costly, and it might be that the awaited thread75
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is running after all. The solution is to use two-phase blocking: �rst, busy wait for some time,to avoid the context switch overhead if the synchronization can indeed be completed quickly.Only if this fails, perform a context switch [438]. This policy is known to be competitive,meaning that it is guaranteed to limit the overhead to twice the overhead that would beexperienced by an optimal o�-line policy [301]. The competitive factor can be reduced if thedistribution of waiting times is known [369].Some systems go even farther and add interfaces to allow synchronization considerationsto a�ect the scheduling decisions. The main idea is to enhance the service given to threadsthat have other threads waiting for them. Three mechanisms have been proposed in theliterature: hando� scheduling, priority inheritance, and an interface that allows a thread torequest to be temporarily immune to preemption. These were described in Section 4.4.2. Amore subtle point is the use of preemptive time slicing in general: this is useful for limitingthe time that threads have to wait before they can handle a synchronization event thatarrived when another thread (from a competing job) was running [345].The whole issue of interactions between the scheduling policy and the synchronizationmechanisms is irrelevant for architectures where interactions su�er from high latency relativeto the context switch overhead | and therefore cannot be considered �ne-grained. This canhappen in either of two ways. One is when interactions are extremely expensive, as inearly message-passing systems. The other is when scheduling is very inexpensive, as in theDenelcor HEP [297, 321]. This machine could support up to 128 contexts in hardware on eachPE, and performed a context switch on every instruction. Thus it actually implemented aprocessor sharing policy, which is equivalent to having all the threads mapped to dedicated(albeit slower) processors. However, if not all jobs �t into the hardware contexts, it isimperative that either all threads of a job be accommodated or none at all. This can beconsidered a special case of gang scheduling. It is noteworthy that while processor sharinghas a positive e�ect on synchronization, it does not necessarily improve overall responsetime. This is because it slows down everything, including short threads that would havecompleted within a single quantum [577].Finally, synchronization is often accompanied by data transfer. Thus the schedulingpolicies may also have an e�ect on bu�ering requirements. Consider a producer-consumerrelationship as a concrete example. If both threads run simultaneously, a small bu�er maybe su�cient to store produced items waiting for consumption. But if only the produceris running, a large bu�er is required to store the backlog of items accumulated until theconsumer is scheduled. Bu�er over
ow in a message-passing system could even lead todeadlock, unless speci�c precautions are taken [343, 356].Support for memory localityProgramming for locality is widely recognized as an important paradigm. Speci�cally, local-ity of reference reduces interprocessor communication in multicomputers [487] and improvescache performance in multiprocessors [267, 348]. But programming for locality can only76
Unified Patents IPR Exhibit 1009 - Page 80



work if data stored in a local memory is still in the local memory when it is needed. Theoperating system should take care not to undermine this paradigm.The operating system can cause problems in two ways. One is by changing the mappingof threads to PEs. Load balancing or load sharing schemes that migrate threads fromone PE to another, leaving data behind, compromise the locality of reference [487, 388, 389].Hence locality considerations indicate that threads should be mapped to PEs and not moved.The other way the operating system can cause problems is by causing important data tobe 
ushed as a side e�ect of context switching. This e�ect becomes more noticeable thesmaller the memory, and is therefore especially relevant for caches. A number of studieshave demonstrated the adverse e�ect of context switching on cache performance [408, 249,598]. A�nity scheduling, where threads are scheduled back onto previously used PEs soas to bene�t from data that may still reside in their caches, tries to counter this e�ect[598, 157, 38, 544, 576, 106]. It has even been proposed that a�nity hints be included in theprogramming language [107].Note that the adverse e�ects caused by the operating system are related in both casesto the preemption of running threads. Thus memory-usage considerations lead to a prefer-ence for non-preemptive scheduling, leaving partitioning as the only means for sharing themachine. However, partitioning by itself does not guarantee e�cient use of local memory. Ifthe application does a second level of internal scheduling, it might undermine the potentialfor exploiting the locality.The problem of locality does not exist in UMA22 shared-memory machines, because thenall memory is equally distant from all PEs. However, practically no machines support a pureUMA architecture. Just having a cache attached to each PE is enough to create the e�ect ofa NUMA architecture. Black has suggested the following dichotomy to determine whetheran architecture should be classi�ed as UMA or NUMA from a scheduling point of view [64]:if performance is served by always scheduling a thread where its data resides, even at theexpense of leaving another PE idle, the architecture is NUMA. If, on the other hand, it isbetter to keep PEs active, even at the expense of remote access to data, the architecture isUMA.E�ect on communication localityCommunication is an important aspect of parallel applications. In many systems, commu-nication costs depend on distance. For example, in early hypercubes it was common toestimate communication overhead based on the number of hops the message had to traverse.Thus allocating PEs from distant parts of the machine to the same job can lead to degradedperformance relative to the same job running on a localized set of PEs. However, this de-pendency has been decreasing in new architectures, due to wormhole routing and the use oflower-dimensionality networks [512, 139, 138].Even if communication per se does not depend on distance, using distant PEs can still22UMA stands for Uniform Memory Access, as opposed to NUMA, which is Non-Uniform Memory Access.77
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Figure 24: Due to the prede�ned routing scheme, concave partitions on the Paragon maycause interference.degrade performance due to increased contention: messages that traverse a larger distanceneed to pass through more links, so the overall load on the network increases. This isespecially troublesome if it induces a lack of independence, that is if messages belonging toone job cause a degradation in the network performance of another. For example, this hasbeen known to happen on the Intel Paragon, when one job is allocated a set of PEs that forma concave or disjoint group, and another job runs in the middle, e�ectively surrounded byPEs belonging to the �rst job [375, 413, 403]. Tra�c belonging to the �rst job then passesthrough the links in the partition belonging to the second job (Fig. 24).Locality can also be a�ected by a mismatch between the application's programmingmodel and the actual architecture, as when embeddings are used [380]. It is irrelevant for\topology-less" architectures like multistage networks (i.e. where the topology is not exposedto the programmer), or UMA machines.6.2 Impact on System PerformanceWhile the interaction between the scheduling scheme and the application has great impact onthe application's performance, it does not tell the whole story. The way in which competingapplications are handled is just as important. It a�ects the amount of resources that are lostto fragmentation, system overheads, and throughput.Impact on e�ciencyAn application that executes on a certain number of PEs for a certain time typically does notutilize them fully. This is partially due to synchronization overhead and latency for remoteaccess, as described above, but there are also other factors.Scheduling schemes based on static partitioning (and gang scheduling) encourages the78
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use of as many PEs as possible, in an attempt to achieve higher speedups. However, addingPEs typically su�ers from diminishing returns, so this may come at the expense of e�ciency[179, 600, 134, 213, 133, 327]. In a highly loaded system, it might actually even degraderesponse time [517]. Adaptive and dynamic partitioning, on the other hand, only gives a jobmore PEs if there is nothing better to do with them [327, 628, 517, 249, 421, 396]. Whenmultiple jobs compete for resources, each is limited to a relatively small number of PEs, thusboosting its e�ciency. A similar principle has been applied in compile-time parallelizationand scheduling, where multiple code blocks are executed simultaneously, each with limitedparallelism, rather than trying to parallelize each block to use all the PEs [546].The other side of the coin is that limiting the number of PEs allocated to an applicationeliminates the possibility of super-unitary speedup, as sometimes happens if many PEs areused simultaneously and the necessary data �ts into their combined caches, but not into asmaller number of caches [260, 554]. Even worse, in many systems limiting the number ofPEs also limits the amount of primary memory available for the job. If this becomes toosmall for the job's dataset, paging has to be used. The overhead for the paging typicallyoutweighs the bene�ts of increased e�ciency [452, 515]. Such e�ects can be reduced byestablishing a minimal partition size [421].E�ect on utilization and throughputOne motivation for multiprogramming on uniprocessors is the desire for interactive responsetimes. Another is to increase the utilization of expensive computers. This is achieved byoverlapping the computation of one job with the I/O of another, using time slicing [322, 456].The question of whether the same e�ect applies also to parallel systems is somewhatcontentious. It has been argued that parallel machines are (or at least should be) used forextremely computation-intensive applications, and that good programmers expend signi�-cant e�ort to utilize the PEs e�ciently. Therefore there is little idle time to use for otherapplications. Speci�cally, I/O can be overlapped with computation within the applicationby using asynchronous I/O operations [132]. Moreover, switching from one application toanother has its overheads, and corrupts cache state. Therefore it might end up costing morethan the gains it provides.One counter argument is that many applications do not have uniform resource require-ments throughout their execution. This is expressed by changes in the degree of parallelism.E�ective resource use then dictates that PEs that cannot be used by one application begiven to another. For example, a sequential phase of one application can be overlapped witha parallel phase of another [558, 197, 594, 464].Another counter argument is that not all jobs are computation intensive. Some requiresigni�cant amounts of I/O. In the past, such applications were rare, because parallel machinesdid not have the I/O facilities to support them. But as parallel I/O mechanisms are developedand gain recognition, more and more I/O intensive jobs will appear [153, 202]. The systemwill then bene�t from the possibility of overlapping the I/O of one job with computation of79
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another, just as in uniprocessors. This can be based on collective I/O operations23 and gangscheduling. As in uniprocessors, jobs that perform I/O should be given higher priority whenthey complete the I/O operation [354].In addition, I/O is not the only thing that threads might wait for. In many cases,considerable idle time can be attributed to waiting for communication or synchronization. Ifthe interaction among threads is coarse-grained, then such waiting time can be overlappedwith computation of another thread, possibly belonging to another job [198, 518].Also, it should be noted that utilization is strongly (inversely) correlated to loss of re-sources to fragmentation. Time slicing may reduce fragmentation, as shown next.Loss of resources to fragmentationOne of the drawbacks of partitioning is that it may su�er from internal and external frag-mentation. Fragmentation depends on the distribution of partition sizes that are requestedand granted, so the degree of harm depends on workload characteristics and how the sys-tem matches the workload. Internal fragmentation occurs if the partition size is larger thanthe requested size, or if the degree of parallelism in the program changes during execution.External fragmentation occurs when unallocated PEs are left idle because they cannot forma partition that is suitable for any queued job. If all the applications use the full machinesize (or a full prede�ned partition) all the time, as is possible with dataparallel codes thatonly de�ne the size when the program is loaded, then there is no fragmentation. Otherwisefragmentation can be a big problem leading to signi�cant losses [364, 363, 204, 375, 402].A number of solutions have been proposed for the fragmentation problem. One solution isto impose a programmingmodel in which applications can use whatever number of processorsis available, such as the workpile model. The system can then partition the machine withoutany fragmentation, and even change the partitioning dynamically to respond to changingloads [581, 633, 133]. Changing the partition size compensates for both internal and externalfragmentation. However, this approach may not be suitable for other programming models.Another solution is to use migration to reduce the fragmentation [114, 110, 346, 449],much as compaction is used to reduce the fragmentation in memory allocation. This isapplicable when there are restrictions on how PEs are allocated, as in the Cray T3E whichrequires a contiguous set of nodes [346], or subcube allocation in hypercubes. The problemwith this approach is that migration requires a potentially large context to be copied, whichloads communication resources [571]. Also, this does not solve internal fragmentation. Theonly way to reduce internal fragmentation is to remove the restrictions on PE allocation[375, 606].A third solution is to reduce the e�ect of fragmentation by combining partitioning withtime-slicing. This works because scheduling is essentially an on-line activity, typically withno knowledge of the future. When Partitioning is used without time-slicing, decisions can23In collective I/O, all the PEs perform the I/O at the same time and synchronize as part of the operation.This synchronization point is a good candidate for performing a multi-context-switch.80
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Figure 25: Example of how the 
exibility a�orded by time slicing can increase system uti-lization.have a large impact on the future. Consider the following simple case as an example: a 128-node system is currently running a 64-node job, and there are a 32-node job and a 128-nodejob in the queue. The question is, should the 32-node job be scheduled to run concurrentlywith the 64-node job? Two outcomes are possible. If the 32-node job is scheduled and itterminates before the 64-node job, resource utilization is improved from 50% possibly up to75%. But if the 64-node job terminates soon after the 32-node job is scheduled, and the32-node job runs for a long time, the utilization drops from 50% to 25%. And, in order not tostarve the 128-node job, it might be necessary to just let the 64-node job run to completion,and settle for 50% utilization.This bleak outlook changes if gang scheduling is used (Fig. 25) [203, 504]. The 32-nodejob can run in the same time-slot with the 64-node job, while the 128-node job gets a separatetime-slot. As long as all three jobs are active, the utilization is 87.5%. Even if the 64-nodejob terminates, leaving the 32-node job to run alone in its time-slot, the utilization is 62.5%.Naturally, a few percentage points should be shaved o� these �gures to account for context-switching overhead. Nevertheless, this is a unique case where time-slicing, despite its addedoverhead, can lead to better resource utilization than batch scheduling.When using time-slicing, fragmentation can be reduced even further by giving less serviceto problematic cases [204]. Using the above example, when the 32-node job runs alone itwill receive shorter time slices than the 128-node job. This seems to come at the expenseof fairness if you just look at the service that applications receive; it is quite fair, however,if you consider what it costs the system to provide this level of service. It also has the sidebene�t of keeping the fragmented con�guration in the system for a longer period of real time,81
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thereby increasing the chance that new arrivals will be able to utilize the left-over PEs.Operating system overheadBad scheduling decisions may add overhead by undermining synchronization, reducing lo-cality, and other adverse e�ects. But there is also direct overhead for the scheduling itself.One study conducted on a multiprogrammed multiprocessor found that 24% of the totalCPU cycles were lost to operating system overhead, and 2/3 of this (16%) was attributed tomultiprogramming [162, 161]. This was further classi�ed as base overhead for the contextswitching itself, which was about 5% irrespective of the workload, and workload-dependentoverhead such as additional paging that would not be necessary if the programs executed ona dedicated machine. Naturally, these results depend strongly on system parameters suchas the scheduling time quantum. It is always possible to reduce the relative overhead byincreasing the time quantum, and the price of slower responsiveness.The multiprogramming overhead would be avoided if time-slicing was not used, andindeed one of the main arguments for partitioning is that it reduces the overhead for contextswitching [581]. This is supported to some degree by another study, using a dedicated single-user machine. This study found that 5{21% of the time went to operating system overhead,but only about 2% was attributed to context switching [424].Context switching operations are not the only source of overhead. Another importantissue is contention for locks and shared data structures. In the context of scheduling, con-tention for a global queue of ready threads can lead to a severe degradation in performance[426, 431]. Another e�ect of operating system overhead is that it may perturb the executionof an application due to its asynchronous nature. This can be eliminated by coordinatingthe perturbations on the di�erent PEs, essentially performing a multi-context-switch fromthe application to the operating system and vice versa [417].Support for general purpose parallelismFinally, on a slightly more philosophical level, scheduling is implicitly implicated in thecontext of support for general purpose parallel computation. A major obstacle in this area isthe need to tailor applications to architectures, so as to achieve optimal performance [552].The alternative is to hide the de�ciencies of the architecture, or the mismatch betweenarchitecture and application.The main problem facing parallel applications is the latency of interprocessor commu-nications. Valiant has suggested that this can be hidden by parallel slack: if the logicalparallelism in the application is higher than the physical parallelism (i.e., the number ofPEs), then when one thread blocks waiting for an interaction to complete another is sched-uled in its place. This allows for general-purpose machines that are not speci�cally designedfor a certain type of computation [593, 393]. Actually this concept had been implementedalready long before, in the multithreaded architecture of the Denelcor HEP [539, 297, 321].82
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While that machine is no longer available today, its legacy continues in the Tera machine[18, 96, 15, 16].As far as scheduling is concerned, this idea is related to independent time-slicing on eachPE, using a local queue. The di�erence is that the scheduling is done in hardware, ratherthan by the operating system.6.3 Individual Users in a Multiuser SystemA major goal of multiprogrammed systems is to support multiple users at once, givingeach the illusion of having a dedicated machine (even if it is smaller and slower) [322, 212].Without proper care, it is easy to compromise this illusion.Support for the dedicated machine modelThe �ction of a dedicated machine for each user is important because this is the only modelin which a user can program. It fosters predictable program behavior and allows for per-formance tuning of applications [168]. It is also needed in order to exploit various the-oretical results about algorithm design and scheduling. For example, a lot of work hasbeen done to develop heuristics for the scheduling of interdependent tasks on a set of PEs[238, 120, 377, 232], but these heuristics are based on the assumption that the PEs are therefor the taking and nobody interferes with their use. Likewise, parallel algorithms developedin the PRAM and other models are based on this assumption [302]. Algorithms are simplynot designed with the possibility of PEs suddenly switching to run competing applicationsin mind. The only exception is work done in the context of an extreme model of fault toler-ance, that considers the environment in general to be an adversary. This work shows how toemulate a PRAM correctly despite anything that the environment (including the operatingsystem) may do [33].Pure partitioning with one-to-one mapping provides the most direct support for thededicated machine model. However, the number of simultaneous jobs sharing the machineis limited by the number of PEs (or the maximal number of partitions that can be created,if the minimal partition size has more than a single PE). In small installations, this can bea signi�cant limitation. Processor sharing by virtue of hardware contexts, as on HEP, alsoprovides an e�ect of dedicated hardware. In this case limitations are due to the limited totalnumber of contexts. However, these are typically high enough to be of no concern. Gangscheduling also supports the illusion of a dedicated machine e�ectively, and does not have ahard limit (except, of course, for the size of the system tables).The question remains of how crucial it is to implement the dedicated machine model byactually dedicating a set of PEs, at the same time, for the exclusive use of an application.The answer depends on the characteristics of the application. Providing all the PEs atonce reduces the overhead associated with synchronization, especially if busy waiting isused and interactions are �ne-grained [198]. When two-phase blocking is used rather thanpure busy waiting, there is a danger of increased context switching for synchronization if83
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the threads do not run simultaneously. If interactions are asynchronous and use bu�ers tocommunicate data, the lack of dedicated PEs may lead to bu�er over
ow. Finally, whenPEs are dedicated to the application, so is their memory, which provides strong support forlocal data referencing. Without dedicated PEs and one-to-one mapping, we might have topay more for data movement.In many cases the application re
ects the model of computation. If the threads arelargely independent and have a small context, the application will not notice that it doesnot have a dedicated machine. If the threads participate in considerable interactions, andrequire signi�cant local storage, support for the dedicated machine model is highly desirable.As a concrete example, consider the case of dataparallel applications. In this programmingstyle, large data structures are partitioned across the PEs. Barrier synchronization pointstypically delimit phases of the computation, sometimes accompanied by data exchanges.These features indicate that good support for the dedicated machine abstraction is requiredin this case.Finally, good support for the dedicated machine model improves the robustness of thescheduling scheme. For example, gang scheduling has been shown to be consistently slightlyless e�cient than a real dedicated machine. Dynamic partitioning, on the other hand,is sometimes much more e�cient, but sometimes much less e�cient, because of complexinteractions between the way the threads and data happen to be mapped. Thus overall gangscheduling is more robust [106].User separation and protectionWith pure partitioning users have less chance to a�ect each other. If the network is alsopartitioned, tra�c generated by one application does not load that part of the network usedby another. Such partitioning is possible in cube multistage networks like those used inPASM and TRAC [531, 533, 372], in the fat tree network used in the Connection MachineCM-5 [356], in crossbars like that of the Fujitsu VPP500 [407, 592], and in hypercubes ormeshes where applications run on subcubes or submeshes. Moreover, some systems allowusers working in di�erent partitions to use di�erent operating systems. This is a useful featurefor system development: new and experimental versions can be tested in one partition, whileusers continue to use a stable older version in others [52, 151, 350]. It may even be possibleto reboot a partition without any e�ect on jobs running in other partitions [129].Conversely, in non-partitioned machines, one job may degrade the performance of an-other. Probably the most infamous example is found in machines like the NYU Ultra-computer and the IBM RP3. These machines provide time-slicing, and PEs are scheduledindependently using a shared global queue, so threads belonging to distinct jobs may executesimultaneously. The architecture calls for a shared memory that is accessed via a multistagenetwork. If one of the applications has a memory hot-spot, the whole network may su�erfrom tree saturation [459]. This may block memory accesses from threads in other appli-cations. The severity of this problem and possible solutions are the subject of considerablecontroversy [14, sect. 10.3.8]. 84
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Sharing does not only e�ect performance; if proper care is not taken, sharing may com-promise user data integrity. In shared memorymachines, memory assigned to one applicationmust be protected from access by another application. This is done using normal hardwareprotection mechanisms that were developed for uniprocessors. In essence, when a PE runs athread from a certain application, it loads a memory map in which only memory accessibleby this thread is represented. Attempts to access unrepresented memory result in a memoryfault. The problem with this scheme is that the maps must be kept consistent on all thePEs. This is known as the TLB24 consistency problem [67, 488, 566]. The problem doesnot exist if maps never change, but this can only be done when applications �t into physicalmemory and never move. In most cases, this places unacceptable limitations on the memoryallocation.In message passing systems, protection means that threads in one application shouldnot be able to send messages directly to PEs running threads from another application. Ifspace-slicing is used, this means that certain PEs should be out of bounds. If time-slicingis used, this means that messages should be addressed to speci�c threads, not to PEs.Naturally, handling messages addressed to threads other than the running thread causesperformance perturbations. In addition, the fact that an identi�cation tag must be added toeach message implies that message passing is done via kernel calls, unless special hardwaresupport is provided. This increases the cost of message passing. The e�ect of applicationson each other is reduced if whole sets of PEs are allocated to a job together with a partitionof the network, rather than scheduling PEs individually. The network is then 
ushed as partof each context switch. A mechanisms for such 
ushing exists in the Connection MachineCM-5 [356].User satisfactionThe introduction of time slicing to uniprocessor systems not only allowed the system tobe shared, but also provided interactive response times. This was quickly recognized as arevolutionary improvement in computer use, leading to increased user productivity [471, 51].The same can be said of time-sliced parallel systems as well. Conversely, in a pure space-slicing system, users may be denied access to a partition of the required size for arbitrarilylong times [360].User satisfaction with system access is usually quanti�ed by the mean response time ofsubmitted jobs. This measure is reduced by always executing the job(s) that have leastcomputing to do, that is scheduling the shortest job �rst (SJF) [322, 456]. But SJF requiresservice demand to be known in advance, which is typically not the case, and runs the risk ofstarving long jobs. Luckily, it is possible to make important choices based on very limitedknowledge. Rather than requiring the service demand of each job to be known, it is enoughto know the coe�cient of variation of the distribution of service demands. If this coe�cientis less than 1, it means that jobs have similar demands. In this case it is best to execute24TLB stands for Translation Lookaside Bu�er. This is the common name for a special cache used forfrequently accessed mapping information. 85
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them in FIFO order, because at each instant the currently running job may be expected tohave less additional demand than a newly arrived job (in other words, the new job is notlikely to be shorter). On the other hand, if the coe�cient of variation is larger than 1, thedistribution of service demands is wide. In this case preemption should be used, becausethere is a good chance that new jobs will be shorter than those currently in the system[485, 450]. As measurements of actual workloads have repeatedly shown that job servicedemands have a large coe�cient of variation [195, 201, 617, 276, 606], the conclusion is thattime slicing will lead to reduced response times.As massively parallel supercomputers become more common, multiuser support becomesmore important [78, 151]. Likewise, user frustration with poor access or bad response be-comes an issue [251]. Pure space-slicing systems might contribute to user frustration in twoways, especially if the partitioning is not 
exible enough. One is if the number of partitionsis severely limited. For example, a full-size Connection Machine CM-2 could only be parti-tioned among four users, because it only had four sequencers [582]. There was no way formultiple users to obtain access to small partitions of the machine for program developmentand testing.Another cause for frustration is if an allocation to one user prevents allocation to another,especially when the total number of available PEs is actually su�cient. For example, theallocation of a 4-node subcube in a hypercube can prevent the allocation of a 512-nodesubcube in which it is contained, even if the total number of idle nodes in the systemexceeds 512. This problem may manifest itself in the form of interrupted sessions: if PEsare allocated as part of program execution, it may be possible to run a program once, �nda bug, but not be able to run it again because the PEs had been allocated to someone elsein the meanwhile [303]. The solution of allocating PEs for the duration of a login sessionis undesirable because these PEs are never used when the user stops to think or to take abreak.In practice the most common manifestation of these problems is that users are faced withuncertainty regarding when they will be able to run their programs. Reducing the uncertainlyis just as important as reducing the response time itself. Methods to do so include placinglimits on running jobs, as is done in NQS, and trying to estimate the queueing time of newjobs [368, 225, 164].Some partitioned systems provide batch scheduling as the only support to ease thesedi�culties. Others do not provide even this limited support, and implicitly expect users tocoordinate the use of the machine verbally among themselves [151, 303]. This is not alwayseasy, as di�erent users often have con
icting goals: some want to use the whole machinefor long production runs, while others want small partitions for program development andtesting [605, 400]. Electronic signup sheets can be used to reserve a partition. The system canthen check who should be allowed to run, and use this information to enable the authorizedusers to kill unauthorized jobs that interfere with their work [287]. But users might abusesignup sheets by signing up for whole days, weeks in advance. Placing a limit on the numberof PEs that users can monopolize, and on the time they can do so, is a possible compromise[64]. However, the limit may be too tight for users who really need the full machine for long86
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production runs, and might not be tight enough for users who spend large parts of the daywaiting for a relatively small number of PEs. The only solution that allows users to feel asif they are sharing the machine at the same time is to use time-slicing. Note that this doesnot necessarily have to come at the expense of partitioning. Rather, gang scheduling maybe used to get the best of both worlds. For example, gang scheduling was implemented onthe CM-2 to improve its ability to support multiple users at once [299].Preemption can also be useful in reducing user frustration due to unexpected programbehavior. For example, consider a program that uses busy waiting to synchronize a numberof threads. If enough PEs are available and all the threads run simultaneously, the programexecutes faultlessly. But if less PEs are available, the running threads have to wait in orderto synchronize with threads that are not running. If the system is non-preemptive, thisscenario results in deadlock. Thus preemption reduces the dependence of program behavioron the number of PEs [549, 57, 563]. While preemption is possibly costly in performance, itshould be realized that not all users are perfect. The reduction in user frustration might beworth the cost.Fairness and accountingIn partitioned systems the notions of fairness and accounting are simple. Each applicationgets a partition of the machine, and is billed according to the size of the partition andthe time it was held. Fairness may be introduced by requiring that concurrently executingapplications have equal numbers of PEs in their partitions. Conversely, it is possible to allowapplications to acquire larger partitions, and bill them accordingly.In time-slicing systems, the issues of fairness and accounting boil down to the questionof what time slices to give to competing threads and applications. A quest for fairness canbe interpreted as implying that time slices should be equal at the job level [361]. Thus ifone job has more threads than another, each of its threads will run for less time. But thisnotion of fairness undermines the whole concept of multiprocessing [241]: in e�ect, whenusers try to exploit the parallelism in their programs, the system tries to degrade the servicethey receive.An alternative interpretation is that the time a job waits for service be proportionalto the total amount of service it requires [82, 333, 384, 204]. In other words, when thecompetition for system resources causes jobs to run slower than on a dedicated machine,all the jobs should be slowed down by the same factor. Using this interpretation, fairnessmeans that equivalent jobs should get the same amount of service, not all jobs. As the servicerequirement is generally not known in advance, it is taken to be the number of threads. Theproblem with this approach is that it gives higher priority to jobs with many threads. Usersmay abuse this policy by increasing the degree of parallelism in their programs, even if theadditional PEs are not used as e�ectively25.25It is often said that users might also create spurious threads that do not perform any useful computation.However, this would not lead to any bene�ts. If the scheduler is fair at the thread level, the spurious threadswill just compete with all the other threads in the system, including the threads that actually do the87
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The problem of user countermeasures is solved by accounting. It seems better to leave so-phisticated considerations out when allocating processing power. Rather, accounting shouldbe used to penalize applications that make excessive requests. In other words, both the costof running a parallel application and the service it receives should be proportional to thenumber of threads in the application.A more general solution is to use accounting as a feedback mechanism that in
uencesscheduling. As parallel supercomputers are generally quite expensive, it is often the case thatmultiple groups of users cooperate in the acquisition of a single machine. Accounting is thenused to ensure that users from the di�erent groups receive service that is proportional to theirinvestment. But in order to be e�ective, the scheduler must take the accounting informationinto account when deciding on the allocation of resources to new jobs [263, 304, 191].The naive solution in parallel systems is to partition according to investment: a groupthat put up 25% of the budget gets a dedicated 25%-partition of the machine. But this meansthat the full power of the machine is never utilized, and that resources not used by one groupcannot be easily transferred to another. In e�ect, the di�erent user groups could have boughtseparate, smaller machines. Therefore it is better to use time-slicing, and set schedulingquanta according to the allocation to di�erent user groups. This approach has been usedon uniprocessors in the Unix fair share scheduler [263, 304, 191]26, and related policies areincorporated in the Cray T3E scheduling software [346] and in the Tera MTA scheduler[16]. It can also be used to impose job-level fairness, by regarding each job as representinga separate user group which deserves an equal share of the machine. Alternatively, aneconomic model model can be used to control the allocation. In such a model, each grouphas an \income rate" proportional to its investment in the machine, and the priority of thegroup's jobs is proportional to its accummulated \funds". Thus jobs belonging to a groupthat owns a larger portion of the machine will have a higher priority and run sooner [551].It should be noted that fragmentation may cause a discrepancy between the serviceprovided to the user and what it costs the operating system to provide this service. Forexample, a job using a small number of PEs can prevent another large job from running,and leave PEs idle owing to fragmentation. From the system's point of view the cost is acombination of the PEs allocated to the running job and the idle PEs, but the job onlybene�ts from the ones it uses. When gang scheduling is used, determining the time slicesbased on system cost rather than on user bene�t can improve resource utilization [204].However, only the provided service should be used for accounting.6.4 Implementation IssuesChoosing a scheduling scheme based on expected functionality and performance is one thing.Actually implementing it is another thing. For example, implementations might be con-computation in the same job. This will degrade the service to all jobs, including the one that created thespurious threads.26There has also been work on how to set the priorities in the conventional Unix scheduler, which usesdecay usage scheduling, to achieve the desired division of resources [259, 189].88
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strained by architectural features or by lack of hardware support.Interaction with memory managementMemory management is an important service provided by uniprocessor operating systems.The essence of this service is to strike a balance between the memory requirements of di�erentprocesses. The solution is to keep each process's working set of pages in the main memory[155]. Most of the time, the process only needs these pages. When a process tries to accessa page that is not in main memory, a page fault traps to the operating system, and the pageis brought in.Memorymanagement in multiprocessors has an additional dimension, just like scheduling.The question is not only if a page is in memory or swapped out, but also in which memorymodule it is placed. Signi�cant work has been done in the context of NUMA architectureson the automatic migration of pages from one memory to another, so as to improve localityof reference [74, 66, 502, 351]. Of course, this issue is not relevant for distributed memorymachines, where the page must be collocated with the thread that accesses it, or for UMAshared-memory machines, where all memory is equally accessible.Regrettably, the interaction of memory management with scheduling in parallel systemshas received only scant attention [452, 88, 396, 106, 515, 448, 447, 397, 550]. This interactionhas great importance. Systems that use non-preemptive partitioning typically do not provideany virtual memory or paging, because they cannot a�ord the overhead of idling a PEwhile waiting for a page fault to be serviced [452, 515, 256]. All the memory is dedicatedto a single application at a time, and the application is explicitly required to �t into theavailable memory. In systems that provide dynamic partitioning, this can be as small as thememory associated with a single PE. If memory is shared, the systemmust know the memoryrequirements of di�erent jobs in advance so as not to overcommit memory [323]. Note thatas load increases, jobs may be allocated smaller and smaller partitions, in an attempt toservice more jobs at once. But this increases the residence time of the jobs, and thereforeincreases the memory pressure as well [448].While memory availability is indeed growing at an amazing rate, so are processor speedsand user requirements. Therefore requiring jobs to �t into available memory forces users totake memory availability into account when designing programs, and might limit the compu-tations that can be performed [536]27. Providing virtual memory is increasingly recognizedas a necessity [532].Systems that use preemption, on the other hand, cannot a�ord not to support memorymanagement as well. When PEs are shared among a number of jobs, so is the memory. Themore jobs there are, the harder it is to satisfy their memory requirements at once. However,it should be noted that space slicing also reduces the memory available to each job, andactually time slicing allows more 
exibility in the allocation, because memory allocation isdecoupled from PE allocation (Fig. 26).27Interestingly, memory availability has also been proposed as the metric for scaling the problem size whenanalyzing speedup bounds [618, 559]. 89
Unified Patents IPR Exhibit 1009 - Page 93



P P P P P P P P

Job A Job B Job C

Job A

Job B

Job C
P P P P P PP PFigure 26: With space slicing, processor allocation dictates memory allocation due to the\vertical" partitioning (top). With gang scheduling, memory is partitioned \horizontally",so memory allocation is decoupled from processor allocation (bottom).Memory management in time slicing systems is based on the distinction between short-term scheduling and long-term scheduling: long term scheduling is involved in deciding whichjobs will have some memory allocated to them, and which will be swapped out altogether.Short term scheduling is involved in the decision as to which threads will run at a giveninstant, out of the threads belonging to the memory-resident jobs. Swapping is preferrableto demand paging, because the paging activity on the di�erent PEs may be uncorrelated,and thus cause synchronization problems [607, 88]. While swapping is a basic feature in mostuniprocessor systems (e.g. Unix [36, sect. 6.1 and 9.1]), very little work has been done inthis respect in the context of parallel systems [16, 550, 88, 396]. One notable idea, however,is that the residence time of jobs be proportional to their memory footprint [16, 203, 516].This places an upper bound on the relative overhead of moving the job's state from memoryto disk and back.To summarize, in both cases the problem with memory management is how to avoidstalling PEs when waiting for memory faults to be serviced. An interesting alternativeapproach to this question is to perform double bu�ering in memory [583]. This assumesthat each job can �t into half of the available memory. Successive jobs use the two halfsalternatively. As each job runs using one half of the memory, the other half is used �rst too�oad the results of the previous job, and then to preload the code and input for the nextjob. This saves the startup costs for new jobs by overlapping them with computation ofother jobs.Finally, it has also been suggested that the problem is too complex for a general solution,so it should be left to the users. Speci�cally, given that physical memory is scarce, theapplication itself should be responsible for its optimal management. The mechanisms to doso are control over what pages of virtual memory will be cached or replaced, and facilities90
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to acquire additional frames of physical memory for bounded durations [256].Interaction with the architecture and hardware supportArchitectural features can have a decisive impact on how the machine is shared amongmultiple users. For example, a dedicated machine (or partition) is obviously needed forSIMD architectures because of the single instruction decoding unit that controls all the PEs[531]. It is simply not possible to share a SIMD machine by using independent time-slicingon di�erent PEs. Current implementations either use only space-slicing, as in the PASMprototype [535, 534], or gang scheduling, as on the Connection Machine CM-2 [582, 299].As another example, a shared memory is required for the implementation of a shared globalqueue of ready threads.A more subtle e�ect of the architecture exists in various instances of hardware support forspecial operations, or lack thereof. We already mentioned the issue of hardware support forvirtual memory. Time slicing puts more strain on memory, because it is shared by a numberof applications. If there is not enough memory to go around, virtual memory and pagingare needed. The problem is that not all parallel systems support paging or have enoughlocal disks for swap space; the lack of support might preclude the use of time-slicing. Pagingalso implies asynchronous delays, which undermines the bene�ts of one-to-one mapping andgang scheduling [607]. When a page fault occurs in a gang-scheduling system, it is necessaryto deschedule a whole set of threads, not just a single one [550]. However, this only makessense if the multi-context-switch overhead is smaller than the page-fault service time [88].On the other hand, some architectural features make sharing easy. A case in point isarchitectures with multiple hardware contexts and switching on every instruction cycle, likeHEP [297, 321], Tera [18, 16], and Alewife [3]. These architectures provide real processorsharing in hardware: in e�ect, the whole machine is time-shared by all jobs. The operatingsystem just has to map threads to PEs.The multi-context-switching operation that is needed to implement gang scheduling isan example of an operation that is unique to parallel systems, and may require substantialhardware support. The main problem is that the context switching operation has to besynchronized across a set of PEs. In particular, it is highly desirable that the time duringwhich they are not running the designated set of threads in parallel be very short relativeto the scheduling time quantum. But due to clock drifts and communication latencies, itis not realistic to expect standard interprocessor communication mechanisms to meet thisrequirement. This is why most systems that implement gang scheduling use a broadcastinterrupt to initiate a multi-context-switch [356, 198, 550].In some architectures, getting all the PEs to do a context switch at the same time isnot enough. The reason is that the state of a user's computation is not con�ned to thePEs: some of it may be in transit in the network. This should also be saved during a multi-context-switch. Again, special hardware support is required. For example, the design of theConnection Machine CM-5 includes a special feature to 
ush the network upon a context91
Unified Patents IPR Exhibit 1009 - Page 95



switch [356]. Of course, it is also necessary to restart these communication operations whenthe application is scheduled again [365].When considering the di�culty in implementing a multi-context switch, it is interestingto note that it is a subset of the work required to implement checkpointing and rollback [365].This is an important observation, because checkpointing and rollback often play a crucialrole in fault tolerance schemes. In essence, checkpointing records a snapshot of the programstate, and rollback restarts execution from a previous snapshot. Multi-context-switching isactually somewhat simpler: it freezes the execution state without creating a copy of it, andthen restarts it later. Thus implementing checkpointing and recovery implies an ability toimplement multi-context-switching, with the added bene�t of possible relocation.Ease of ImplementationAnother consideration distinguishing between di�erent scheduling schemes is the ease oftheir implementation. The easiest to implement is partitioning: once the PEs are allocatedthe operating system need do nothing more. Indeed, a number of commercial systems havefollowed this approach. A close second is the use of local queues, or perhaps a shared globalqueue; this approach borrows heavily from experience with uniprocessor systems.Hybrid approaches like gang scheduling are harder to implement, as shown above. Table1 bares testimony to this fact: while not a statistically valid sample, it shows that thereare many more systems that use either time-slicing or space-slicing, but not both. However,it it encouraging that some important commercial systems such as Mach, the ConnectionMachine CM-5, the Meiko CS-2, and the Intel Paragon also support a hybrid approach.7 Case Studies and Example SystemsWhile it is possible to make many contradicting statements about the superiority of onescheduling scheme over another, many of them do not apply to real-life situations. Realsystems often have to cater to many masters. Some want peak performance for long,computationally-intensive jobs. Others want fast interactive response times. A third groupinsists it needs exclusive use of the machine so as to run benchmarks with no interferencewhatsoever. Finally, administrators tend to place the greatest emphasis on resource uti-lization. Therefore real systems sometimes end up supplying di�erent levels of service todi�erent jobs, and using di�erent mechanisms at once. This section presents some casestudies of such systems. Some are management systems developed at national labs and su-percomputing centers, and others are components of commercial o�erings from vendors ofspeci�c parallel machines.We start with the simplest form of systems, those used to queue batch jobs for laterexecution. Then we turn to systems that serve jobs of multiple types at the same time.92
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Figure 27: The place of NQS in a system.7.1 Batch Queueing SystemsA basic distinction is between batch and interactive (or \direct") jobs. Batch jobs mayexplicitly be delayed by the system, and executed whenever it is convenient. This allows thesystem to optimize the running job mix, by choosing jobs judiciously from the queue.A number of batch queueing systems have been designed [211]. One of the �rst wasNQS, whose interface has become a de-facto industry standard, while the implementationmay be di�erent on each machine. Recently other systems have also been proposed, mainlyto allow added 
exibility for individual installations. Systems designed mainly for networksof workstations, such as DQS and LSF, are mentioned below in Section 7.3.7.1.1 The Network Queueing System (NQS)The Network Queueing System (NQS) was developed at NASA Ames research Center tohelp support e�cient use of their Cray 2 and Cray Y-MP multiprocessor supercomputers[323]. It has since been adopted by many installations, as well as by the vendors of variousparallel machines.NQS is essentially a batch scheduling facility. E�cient batch scheduling depends ongetting a good job mix, so that the requirements of di�erent jobs complement each otherand promote e�cient utilization of all available resources. On the Cray multiprocessors,NQS attempts to optimize the use of two resources: memory and CPU time. Submitted jobsmust state limits on their CPU and memory usage. Jobs are classi�ed according to theselimits, and each class has a separate queue. The scheduler then picks jobs from the di�erentqueues to create the desired mix. Jobs that exceed their time limit are killed.As supercomputers typically have proprietary operating systems, it is impossible to con-trol the scheduling on the target machine directly. Therefore NQS is implemented as a setof scripts that control the load that is placed on the machine. In other words, users submit93
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time number of nodeslimit 16 32 64 12820 minutes q16s q32s q64s q128s1 hour q16m q32m q64m q128m3 hours q16l q32l q64l q128lTable 4: Example of NQS queues used on the 128-node iPSC/860 system at NASA Ames[195].jobs to NQS, which bu�ers the requests in its queues; NQS then submits selected jobs to themachine so as to create the desired job mix. For Cray multiprocessors, the goal is to haveslightly less than two batch jobs per processor on average, such that their combined memoryrequirements do not result in swapping. Two are needed to allow the processor to overlapcomputation with possible I/O operations. By keeping the load at less than two on averagesome resources are left free for interactive users that bypass the NQS system (Fig. 27).NQS was originally designed for throughput-oriented computation with sequential jobs.It has since been extended to support parallel programs as well, on distributed memoryarchitectures. In fact, versions of NQS are provided by most vendors of parallel supercom-puters. The common approach is to simply add a speci�cation of PE requirements. Again,multiple classes are created, each with di�erent limits on the number of PEs used and onthe runtime. An example is given in Table 4, where there are 4 possible partition sizes and3 time limits, leading to a total of 12 queues. The batch scheduler then uses the limits toidentify jobs that can run side by side using space slicing. In addition, certain queues can beenabled or disabled at di�erent times, so as to provide better support for di�erent workloads.For example, only queues q16s, q16m, q32s, and q32m from Table 4 are enabled during primetime, e�ectively limiting jobs to 32 PEs and 1 hour. Any larger jobs that are submitted arequeued until the other queues become active at night.Implementations of NQS often provide support for other aspects of job classi�cation aswell. For example, separate queues can be created for high and low priority jobs, and fordi�erent levels of additional resources, such as on-line disk space and memory. This leads to acombinatorical explosion of queues, and makes it harder for users to choose the appropriateone (see e.g. Table 5). Moreover, e�cient scheduling depends on exact classi�cation ofjobs, which translates to more burden on users. Nevertheless, NQS has been successful inboosting the utilization of many parallel machines, and is a de-facto standard in Unix-basedsupercomputing environments. It is the basis for the POSIX 1003.15 standard.7.1.2 The Portable Batch System (PBS)Recently, however, the limitations of NQS are becoming apparent. The major limitation isthe lack of control available to system administrators for tuning and special services | allthey can do is to con�gure di�erent queues with di�erent priorities and resource limits. Thishas prompted work on more general scheduling infrastructures, where elaborate scheduling94
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time number of nodeslimit 1 4 8 16 32 64 128 25615 min q4t1 hour q4s q8s q16s q32s q64sqf8s qf16s qf32s4 hours q32m q64m q128m q256mqf32m qf64m qf128m qf256m12 hours q1l q32l q64l q128lqf32l qf64l qf128l qf256lqstandbyqfstandbyTable 5: Example of NQS queues used on the 416-node Paragon at San-Diego Supercom-puting Center [606]. Queues with `f' indicate use of nodes with 32 MB of memory, whilethe others use nodes with only 16 MB. The standby queues have lower priority, and are alsocharged at a lower rate.policies can be expressed. An example is the Portable Batch System (PBS), also developedat NASA Ames [262].PBS structures job control functions using four types of processes. The job server is thefocus of the system: it maintains the jobs in various queues, and interfaces to the hosts. Eachhost has a machine orienter miniserver (MOM) process that handles the actual executionand monitoring of jobs on that host. Each host also has a resource monitor process to gatherresource usage information. The scheduling policy is handled by a fourth external processthat has access to all the systems knowledge regarding resources, running jobs, and queuedjobs. This process makes the decisions, and instructs the job server (and through it, theMOMs) to carry them out.As an example, a policy that can be implemented with this infrastructure and cannotbe implemented in NQS was devised for the SP2 machine at NASA Ames [262]. Specialfeatures in this policy include1. Time is divided into multiple shifts, which are di�erent during weekdays and weekends.This allows bu�er zones at the beginning and end of prime time (NQS only supportsprime and non-prime time).2. Job limits change dynamically based on load conditions. Thus during prime time 32-node jobs can run for up to 4 hours if at least 32 additional nodes are free. Jobs usingthe last 32 nodes are limited to 10 minutes.3. Jobs are not started if they might not complete before the end of their shift.95
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7.2 Catering for Many MastersThe scheduling mechanisms described in Sections 3 through 5 are typically based on a certainpreconception of how jobs behave and what services they need. For example, a central queueis designed to serve jobs composed of largely independent threads, dynamic partitioningassumes malleable jobs, and so on. But in a real system the workload is usually very diverse.Applications may be programmed in di�erent styles and have di�erent characteristics, andjobs may have di�erent priorities. A real scheduler has to take these di�erences into account.Most large scale distributed memory machines deal with this problem by creating severalpartitions, each with di�erent attributes. Such systems are described in Section 7.2.1. Amore innovative approach is to gang schedule the di�erent jobs using di�erent schedulingcharacteristics. Such a system was developed at Lawrence Livermore National Lab, and isnow available for Cray T3D machines; it is described in Section 7.2.2.7.2.1 Partitions with Di�erent AttributesAt the highest level, most systems employ two types of partitions: a login partition and acompute partition. The login partition serves as an internal host: when users log onto themachine, their shell process runs on one of the PEs in the login partition. These PEs canalso be used for small serial jobs, such as editing and compilation. Only large parallel jobsare executed on the compute partition.In some cases, additional distinctions are made. The compute partition may be sub-divided into a number of smaller partitions, that have di�erent characteristics. In manycases, this is used to support di�erent types of jobs. For example, one subpartition may bededicated to small and short jobs, so as to insure reasonable response time, while another isused for large batch jobs, in the interest of utilization. In addition, other partition types canbe de�ned. In many cases, and I/O partition is used. This includes I/O nodes, that serve asan internal parallel �le server [202], and gateway nodes, that interface to external networksand high-speed channels such as HiPPI. In very large machines, a partition of spare nodesresponsible for availability and fault tolerance can be used [391].While the central concepts used in all machines are very similar, the details vary. Thefollowing subsections describe some speci�c examples.The IBM SP2The IBM SP2 is a distributed-memorymulticomputer based on a multistage network [5, 553].The nodes are RS/6000 workstations. A number of models are available, based on tradi-tional multi-chip module implementations or on PowerPC microprocessors. Furthermore,the packaging may be in \thin" nodes, \wide" nodes, or \high" nodes. Wide nodes occupythe full width of the rack, and contain more space for memory and peripherals; they aremeant to be used as servers or as compute nodes for extremely demanding applications.Thin nodes occupy half the space and can contain less memory and peripherals. High nodes96
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are 8-processor SMP nodes based on the PowerPC chip. All nodes run the AIX operatingsystem (IBM's version of Unix).The nodes of an SP2 system can be con�gured by the system administrator into a numberof partitions for di�erent uses. These include the interactive login partition, server partitions(e.g. I/O nodes for a parallel �le system [131]), a batch serial partition, and one or moreparallel partitions for running parallel jobs.Scheduling of batch parallel jobs is handled by LoadLeveler, which is based on Condor[373]. This system was originaly designed to run background serial processes using idlecycles in a network of workstations. It uses daemons on the system nodes to collect loadinformation and to control the placement and execution of processes. This infrastructure isalso useful for a parallel environment.In order to schedule parallel jobs, LoadLeveler has been augmented with an externalscheduler module, which is based on the EASY scheduler developed at Argonne NationalLab for their 128-node IBM SP1 system [368, 538]. EASY (Extensible Argonne SchedulingsYstem) uses a back�lling algorithm to move small jobs ahead in the queue, provided theydo not delay the �rst job in the queue (see Section 3.2.3). However, this algorithm is notmandatory, and installations can tailor the scheduling policy to their liking. This is basedon the fact that the scheduler is an external module, and can easily be replaced or modi�ed.The interface between LoadLeveler and the external scheduler allows the scheduler to obtaininformation about the current status of all nodes in the system, and about the job queue. Thescheduler uses this information to decide what job to run, and on which nodes. LoadLevelerthen performs the actual loading and execution of the job.The Intel ParagonThe Intel Paragon is a distributed-memory multicomputer with a 2D mesh topology. Eachnode has two Intel i860 processors: one for computation, and the other acting as a com-munication co-processor28. Con�gurations with up to a few thousand nodes have been in-stalled. This represents a second-generation machine, after the �rst-generation hypercubes(the iPSC, iPSC/2, and iPSC/860), and based on considerable experience with the Touch-stone Delta prototype [400]. Processors used by applications run the OSF/1 Mach-basedmicrokernel with a Unix server [634], while the message-passing coprocessor runs code thatimplements the NX/2 message passing protocols [461]. User applications running on thecompute processor are linked with NX/2 libraries that invoke the other processor.The Paragon provides a generous and 
exible partitioning scheme. A hierarchical struc-ture of partitions is maintained, rather like a hierarchical �le system [288]. The analogy isextended to protection mechanisms: partitions have owners, and support read, write, andexecute permissions for the owner, the owner's group, and other users. Read permissionallows one to list subpartitions and jobs running in the partition, write permission allows28A 3-processor MP node was introduced later, with the option to use all three for computing rather thandedicating one to messaging. The Intel/Sandia TeraFLOP machine, which is based on the Paragon, usesnodes with four Pentium Pro processors [391]. 97
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the creation of subpartitions, and execute permission allows the execution of jobs in thepartition. The root partition, called `.' (dot), contains all the nodes in the system. By con-vention, there are always at least two subpartitions: .service is used to login, edit, compile,and launch jobs. The system automatically maps each new process to the least loaded nodein this partition. .compute is used to execute parallel jobs. In addition, I/O nodes are oftengrouped into an I/O partition.In addition to protection modes, partitions also have speci�c scheduling characteristics.There are three options:� Standard| normal Unix time slicing is used to share the node among all the processesthat are mapped to it. This is used in the service partition.� Gang scheduling | this allows coarse-grain time sharing with coordinated schedulingof the whole application. The time quantum used is also a property of the partition,and can be as large as 24 hours (the default is 10 minutes). It is called the rollinquantum, invoking the image of rolling applications into and out of main memory.Gang scheduling is done recursively following the partition structure. For each parti-tion, the entities in it (jobs and subpartitions) are examined. Those that do not overlapany other entity are scheduled for a rollin quantum. For entities that do overlap, thosewhich are tied for the highest priority are scheduled one after the other, each for onerollin quantum. The priority of subpartitions is based on the priority of the subpar-tition itself and the priority of the jobs in it. Context switching is initiated by theallocator (the resource manager), using Unix signals. A job can have more than oneprocess on each node, and if so, they all run using the Unix timesharing. Thereforethe system actually supports family scheduling in our terminology.� Space slicing | the partition is tiled and no overlap is allowed (except that jobs mayoverlap unactive subpartitions, that is subpartitions that do not have any active jobsin them). Jobs are then executed to completion.If a job executes in a partition that uses time slicing, it is possible that a message will arriveat a node that is currently running an unrelated process. Such messages are neverthelesshandled by the message passing processor, and received into the address space of the correct(non-executing) process [461].Batch scheduling is done by NQS. Special provisions are taken to accomodate di�erentnode types, e.g. with di�erent amounts of memory [606]. To do so, the nodes in the systemare divided into homogeneous node sets. Node sets are in turn grouped into node groups.NQS queues can be linked to these node groups, and this linkage can change as a functionof time of day and day of week. An example is given in Fig. 28.Each NQS queue is assigned a base priority. The priority of queued jobs depends on thebase priority and the queueing time. Whenever there are free nodes in the batch partition,NQS tries to pack the highest priority job onto the mesh. If a large job is queued for a longtime, its priority may rise high enough so that nodes will be left idle (rather than running a98
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Node sets:S1 32 MB nodesS2 small partition of 16 MB nodesS3 large partition of 16 MB nodesNQS queues and node groups:time nodequeue limit group usageq1 short p+np: S1 short jobs requiring large memoryq2 long np: S1 long jobs / large memory: only at nightq3 short p: S2,S3 short small jobs avoid large mem during daynp: S1,S2,S3 run anywhere at nightq4 long p: S2 long jobs with small mem and few processorsnp: S2,S3 run preferentially on S2q5 long p: S3 long jobs with small mem and many processorsnp: S1,S2,S3 run preferentially on S3Figure 28: Example of using node sets and node groups to map jobs on heterogeneous nodes(courtasy of Reagan Moore). p: prime time. np: non-prime time.smaller queued job) to ensure that it is eventually scheduled to run. The packing is basedon a modi�ed 2D buddy system algorithm, which allows buddies that are not powers of 2[606]. Moreover, jobs can be packed across buddies of di�erent sizes, and a best e�ort ismade at using contiguous buddies. A subpartition is created from the allocated nodes, andit is dedicated to the job. The job is then executed to completion, subject to the time limitof the NQS queue.The Meiko CS-2The Meiko Computing Surface CS-2 is a distributed-memory multicomputer, based onSPARC nodes with optional Fujitsu vector units. Standard SUN (or third party) S-Busperipherals are supported. The nodes are connected by a multistage network, which alsosupports broadcast and combining operations across ranges of contiguous nodes. Messagepassing is performed in user-space, with DMA from the network adapter.A CS-2 can be partitioned by the system administrator into disjoint partitions. Thesepartitions provide authorization domains, by being limited to certain user groups. Parti-tioning is completely 
exible, in the sense that partitions can have any size and include anycontiguous subset of the system's nodes. The partitions can be changed without re-bootingnodes.Each node of the CS-2 runs the Solaris operating system, which is a full Unix completewith virtual memory and local scheduling. However, the number and nature of the processeson each node depends on the type of the partition to which it belongs. Each partition runs99
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a parallel system program | the partition manager | which is responsible for startinguser jobs in the partition, and killing them in case of error (e.g. a segmentation violationin one process will also cause the rest of the parallel job, executing on other nodes, to beterminated). The partition manager is actually composed of a collection of daemons, one oneach node.The system software supports four possible types of partitions. The login partition isused for user logins, program development, and so on. Parallel jobs are run on one of theother three types. In the batch partition, jobs receive a subset of the nodes for their exclusiveuse, and scheduling is manages by NQS. In the time sharing and gang scheduling partitions,jobs share the nodes with each other. The di�erence is that in a gang Scheduling partitionthe context switching is coordinated across the nodes, while in a time sharing partition it isnot.7.2.2 The Lawrence Livermore Gang SchedulerLawrence Livermore National Lab initiated a large application-driven study of parallel com-puting in 1989, using a 126-node BBN TC2000 Butter
y machine. In 1993, this machine wasreplaced by a 256-node Cray T3D. A local gang scheduler was developed in order to bettersupport concurrent activity by users that wanted to use the machine in di�erent modes,for program development, production runs, and benchmarking [241]. Due to the di�erentcharacteristics of the two machines, the original version for the BBN was modi�ed whenported to the Cray.The BBN gang scheduler works by acquiring all the free processors from the system whenit is booted, and then managing their use by multiple users. Submitted jobs interact with thegang scheduler (via sockets) just before calling the user main entry point. Jobs are classi�edinto four classes [241]. The default class is \interactive". These jobs are gang-scheduled witha time quantum of 10 seconds. The time quantum can be adjusted in the range of 5 to 20seconds, in the interest of providing a fair share of the resources to di�erent users. Thususers that run multiple jobs concurrently will get a shorter quantum for each job.The second class is \production", or batch. Production jobs are only run when thereare no interactive jobs in the system, or when they can run alongside an interactive joband utilize processors that would otherwise be idle. If multiple production jobs are present,time-slicing is used to execute all of them, but the time quantum is set to 10 minutes toprevent thrashing due to page faults resulting from a context switch. Interactive jobs areautomatically demoted to production status if they execute for more than 50 time slices (i.e.500 seconds).The third program class is \benchmark". These are jobs that are executed for the purposeof accurate timing measurements, such as those required to generate speedup curves. Jobsin this class are guaranteed exclusive use of the machine, up to a certain time limit. Duringthe day, benchmark jobs preempt the currently running job and get the machine for up to 60seconds. During the night, the time limit is 2 hours. Programs running in other modes canalso request to run a short part in benchmark mode so as to perform timing measurements.100
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Wait Do-not-disturb ProcessorJob Class Priority Time Time Multiplier LimitInteractive 4 0 Sec 10 Sec 256Debug 4 300 Sec 1 Year 96Production 3 1 Hour 10 Sec 256Benchmark 2 1 Year 1 Year 64Standby 1 1 Year 3 Sec 256Table 6: Daytime scheduling parameters for di�erent job classes on the LLNL Cray T3D.The fourth and �nal class is \standby". These are jobs that run for free when there isnothing else to run on the machine. This class was not actually used, because accountingwas not an issue in the context of the study. All three other modes were used extensively,by a large community of real users.The multi-context-switching operations are implemented by signals that are sent fromthe gang scheduler to all the processes in each job. One signal is used to instruct processesto go to sleep when their time quantum is up, and another to instruct them to wake up whenthey are to be rescheduled. The local nX scheduler therefore always has only one process torun29 | the one chosen by the gang scheduler.Fine-grain gang scheduling as used on the BBN was not e�cient enough on the CrayT3D, so \gang-swapping" was used instead [203]. This was based on the job-swappingservice provided by the Cray operating system, which was not available on the Butter
y. Asswapping is itself a costly operation (swapping out and in again on the whole machine takesabout 8 minutes), its overhead has to be amortized by su�cient useful computation. Thisis done by using feedback scheduling and time quanta that depend on the partition size.The LLNL Cray gang scheduler keeps all the non-running jobs in a priority queue.Scheduling decisions are directed by a set of parameters (see Table 6)30. The prioritiesare used to decide which job to service next. If this job has been in the queue for more thanits wait time, an attempt to free PEs for it by preempting other jobs is made. However,such jobs are preempted only if their current quantum is already longer than their partitionsize times the do-not-disturb time multiplier. The 1 year wait time value indicates the jobwill only run if the PEs are idle; the 1 year time multiplier indicates the job will not bepreempted, but the number of nodes used by non-preemptable jobs is limited. Thus jobsare preempted selectively only when the PEs are needed to service another job with higherpriority, rather than using periodic preemption. In practice, it turned out that only about7% of the jobs were ever preempted.29Programs using Zipcode [537] could have more processes than one process on each PE, and then all theprocesses belonging to the same job would be enabled. This leads to family scheduling rather than gangscheduling.30Debug is a new, �fth class of jobs. 101
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7.2.3 The Tera MTAThe Tera Multi-Threaded Architecture (MTA) is a unique machine that departs from thecommon wisdom of utilizing o�-the-shelf components in order to bene�t from the massmarket of PC and workstations. Instead, Tera employs custom processors with 128 hardwarecontexts, allowing threads (called \instruction streams") to be switched on every instruction[18, 15]. This is used to tolerate the access latency to shared memory. The basic design isderived from the earlier HEP machine [540, 297, 321, 282]. The following descripion is basedon Alverson at al. [16].The 128 streams may belong to up to 16 protection domains, corresponding to jobs. Theset of streams belonging to a single protection domain is called a team. A job may havemultiple teams on di�erent processors, and this can change dynamically: new teams arecreated by a system call, and they retire if they have nothing to do. In addition, teams canacquire and release streams as needed. This is done by special hardware instructions anddoes not require operating system intervention.Scheduling is done at several levels. First, the memory scheduler determines which jobsto load into memory; the others are swapped out. From the set of memory resident jobs, theprocessor scheduler determines which jobs to load into processor protection domains. Onceloaded, stream scheduling is handled by the hardware at each instruction cycle.Tera also makes a distinction between large (batch) jobs and small (interactive) jobs.Memory is statically partitioned into two parts, dedicated to these two types of jobs, with aseparate memory scheduler handling the swapping in each one. The residence time of a jobin memory, before it is eligible for being swapped out again, is proportional to its memoryrequirement, so as to amortize the swapping overhead. This is rounded up to a power oftwo times some minimal interval, in the interest of easier packing. The time a job remainsswapped out is set according to its relative priority, when compared against competing jobs.Jobs are swapped one at a time, to make optimal use of the I/O bandwidth available forswapping, and reduce unutilized memory due to jobs that are only partially swapped in andtherefore cannot run.There are also two types of processor schedulers. One is a local processor scheduleron each processor, that handles single-team jobs. Such jobs are scheduled according toconventional Unix feedback mechanisms. The other is a system-wide scheduler for multi-team jobs, which gang schedules the teams on di�erent processors (called the PB scheduler).7.2.4 The Connection Machine CM-5The Connection Machine CM-5 from Thinking Machines Corp. is a distributed-memorymulticomputer based on SPARC nodes with optional additional vector units [572, 442]. Thenodes are connected by two networks: a data network with a 4-ary fat-tree topology, whichis implemented as a multistage network (Fig. 29), and a control network, con�gured as abinary tree that matches the data network's fat tree [356]. The data network is used for102
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in all-fall-downFigure 29: The CM-5 fat-tree data network is implemented as a multistage network [356].To 
ush it, router chips are put in \all-fall-down" mode.data transfer, while the control network can be used for special operations such as barriersynchronization, broadcast, and reduction. While no longer under production, the machineis interesting for its extensive support for gang scheduling.Resource sharing on the CM-5 is done by two means: partitioning and gang scheduling.Partitions are set up by the system administrator, and can be limited to a certain class ofjobs or a certain group of users. Each partition consists of one control processor and a set ofprocessing nodes. The processing nodes must be contiguous, and must match a subtree inthe tree structure of the networks, with a minimal size of 32 nodes. The relevant subtreesin the data and control networks are dedicated to the applications running in the partition.The partition boundaries are recorded in each node's network adapters when the partition iscreated. These boundaries are checked automatically when messages are sent, enabling user-mode access to the networks with no operating system overheads for protection. Partitionsare completely independent of each other, and activity in one does not have any e�ect on theothers. It is also possible to power down nodes in one partition without any consequencesfor programs running in other partitions.Partitions can be enabled for general interactive access or for access through NQS batchqueues. In interactive partitions, users log on to the control processor, and then run parallelapplications on the partition's nodes. It is also possible to access other partitions by normalUnix commands, e.g. rsh to another partition's control processor. Parallel applications arerepresented by a single Unix process on the control processor. Thus time slicing on thecontrol processor translates to gang scheduling on the processor nodes. The multi-context-switching needed to implement the gang scheduling is initiated by the partition's controlprocessor, which sends a broadcast interrupt to all the nodes via the control network. Thisnoti�es all the processing nodes of the impending switch, and puts the dedicated networkpartition in \all-fall-down" mode. In this mode, a one-to-one mapping exists between the103
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input ports and output ports of the router chips, so there is no contention31 (Fig. 29). Allmessages that are in transit are then routed to arbitrary nodes, and stored there as partof the application state [356]. When the application is re-scheduled, the stored messagesare injected into the network again to complete their transit. This ensures that jobs do notinterfere with each other even if they are sharing the same partition.Batch-mode partitions only allow the execution of one job at a time, with no time slicing.Thus all the partition's resources | and especially all its memory| are dedicated to that job.Batch execution is managed by NQS, with separate queues for jobs with di�erent resourcerequirements and possibly also for di�erent user groups [323]. Queues can be associated witha speci�c partition, or else they can execute jobs on the most suitable partition based on thepartition size and the job's requirements.User feedback indicates that a minimal partition size of 32 nodes is too big. For example,small installations with only 32 nodes cannot partition the machine at all. Installationswith 64 nodes can only create two equal partitions. This is signi�cant considering thatsmall installations are more common than large ones, and that a partition of 4 or 8 nodesis adequate for program development. The reaction to gang scheduling is mixed. On theone hand, users complain about lack of complete control over the machine, which preventsprecise performance measurements. On the other hand, they take interactive access to themachine for granted, without realizing that this would not be the case if the machine didnot provide gang scheduling.The distributed job manager (DJM)The distributed job manager (DJM) was developed at the Minnesota Supercomputing Centerbased on software from the University of California at Berkeley [404]. It has since beenincorporated in the CM-5 system software from Thinking Machines. DJM's functionality isa superset of NQS, by supporting both interactive and batch jobs. Actually DJM does notmake this distinction, except for the fact that jobs can be attached to a terminal or detached.When users submit jobs they must specify resource requirements, as they do with NQS. Itis also possible to dictate that a job run on a dedicated partition, i.e. with no time slicing.Jobs can be submitted from the user's workstation, so it is no longer necessary to log ontoa control processor. DJM then �nds the best partition based on the number of jobs and onmemory availability. If there is not enough memory, the job is queued.If a job exceeds its limits, it is not killed immediately. Rather, the system maintainsscores for both queued jobs and running jobs. The score for queued jobs increases with thetime it spends in the queue, while the score for a running job decreases when it exceeds itslimits. A running job is killed when a queued job has a higher score; the queued job is thenrun in its place.Systems with DJM do not preclude users from logging on to the control processors andlaunching jobs directly. Such jobs are called \foreign" in DJM terminology. DJM monitors31The mapping is actually a permutation that can be set by the operating system.104
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all the activity on the system, so it knows about foreign jobs. These jobs are allowed toexecute for a limited amount of time, so as to enable users to run short jobs without goingthrough the DJM queueing mechanism. However, if foreign jobs execute for too long, theyare killed by DJM.7.2.5 The Kendall Square Research KSR1The KSR1 provides a single address space model of computation [216]. Unlike traditionalshared-memory architectures, where data has a unique memory address and possibly somecached replicas, the KSR1 uses an ALLCACHE design with caches but no memory to backthem. Data is moved from one cache to another according to usage, so that it will alwaysbe close to where it is needed. The implementation is based on a hierarchy of caches withdirectories that keep track of the location of data and its sharing patterns. The KSR1 isscalable up to 1088 nodes (called \cells"), and uses custom-designed processors. Like theCM-5, this machine is no longer being produced.The allocation of processing power to a job can be done in either of two ways. One isa direct request to allocate a number of cells. This can be combined with a directive toexecute a certain program on those cells, and then the cells are released when the programterminates. If a program is not speci�ed, the cells are allocated to the user's login session,and can be used to execute multiple programs one after the other.The other approach is to use prede�ned processor sets, called \pset" [89]. Psets representa partitioning of the machine as de�ned by the system administrator. In principle, a pset caninclude any set of nodes, but better performance is obtained if psets match the hierarchicalcache structure. Users can then request that a job be executed on a speci�c pset. Threetypes of psets can be created. The �rst is an interactive pset. This is intended to provideinteractive response times, and is used for program development, editing, and the like. Thesecond is a dedicated pset, which is intended to provide the maximal speedup for a singlejob. The third is a pset with two jobs that both �t into the local caches. This is intendedto provide good throughput.The programmer view of parallelism is based on nested loops. The default is a staticpartitioning of the iteration space into separate threads, but self-scheduling is also possible.In any case, the number of threads on a pset can be larger than the number of cells. Thescheduling is done at two levels. First, there is a pset queue, which is used for load balancing.This is accessed at a coarse granularity, e.g. every couple of seconds. The second level is alocal queue on each cell, used for �ne-grain switching among the threads mapped to it.Feedback from user installations indicates that the pset approach is preferred over inde-pendent allocation for each job.7.3 Networks of WorkstationsIt is often observed that the idle cycles of workstations and personal computers in many largeinstitutions amount to huge computing capabilities. One study has found an average of 91%105
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of the resources are thus wasted [329], and another that 60{70% are wasted even at peak usagehours [29]. A number of systems have been designed to utilize this untapped power in orderto execute compute intensive parallel applications, including Condor [373, 473, 190, 472],which is the base technology for the IBM LoadLeveler, Piranha [231, 100], the distributedqueueing system (DQS) from the University of Florida [169], the Utopia system [636], whichwas commercialized under the name Load Sharing Facility (LSF), the Stealth scheduler [329],Amber [193], and Hector [493].The main challenge in these systems is to improve utilization without noticeable in-terference with the work of the workstation owner. This leads to two requirements: theidenti�cation of idle workstations, and the ability to give them up immediately when theowner returns32. Meeting these requirements is the main feature that distinguished the abovesystems from other systems that allow users to obliviously spawn o� processes to multiplehosts, such as PVM33 [560, 229]. In technical terms, these requirements translate into mon-itoring facilities and some way to cope with the changing availability of workstations. Thetwo main schemes that are used are process migration and using malleable jobs. Processmigration has the advantage of being transparent to users, at the price of a more compleximplementation. Using malleability is simpler, but the user is typically required to writecode that will handle the de-alloction of reclaimed workstations [100, 473].Naturally, the priority given to the workstations' owners implies interference with theperformance of the parallel programs being run in the background [315, 359]. The perfor-mance degradation becomes worse when more workstations are used and when the parallelapplication is more �ne-grained, because then there is an increased probability that one ofthe processes will be delayed, and that this delay will propagate to all the other processes.A partial solution is to run only one parallel job at a time, so as to avoid interference amongthe parallel jobs [31, 184, 183]. In addition, it is advisable to limit the degree of parallelismof the parallel jobs to about half the cluster size [29].A secondary issue that is usually ignored in the added load that the parallel jobs impose onthe communication network itself. It has been suggested that communication requirementsof applications be considered when scheduling them, and those that have large requirementsbe delayed if the network is already loaded [311].Finally, it should be noted that an alternative model is also possible: that the worksta-tions constitute a processor pool, with no constraints imposed by ownership [562, p. 193].This model is similar to a shared parallel machine, and simpli�es the issues of resourceallocation. It is used in the Amoeba system [418, 563].32These requirements can be relaxed to a certain degree by giving the owner higher priority for all theresources (CPU, memory pages, bu�er cache frames), rather than exclusive use of the workstation. Thisleads to the salvation of more resources [329, 31].33Recently, there has been work on adding load considerations to PVM too [102, 472, 440].106
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8 ConclusionsSummaryAs more users become interested in the use of parallel processing, there is increasing pressureto multiprogram parallel machines. This can be done in two dimensions: temporal, as inconventional time slicing, and spatial, by partitioning the machine and giving each user adistinct partition. These two modes can also be combined, e.g. by gang scheduling withinpartitions. A large variety of approaches has been implemented in di�erent systems. Thosethat were reviewed in this paper are summarized in Table 7.A key observation is that mechanisms for partitioning are largely orthogonal to mech-anisms for time slicing. It is therefore possible to use either type by itself, or combinemechanisms of both types. The most popular combinations are the following:Partitioning: only space slicing is used. This approach is typically used in distributedmemory machines, which dominate the domain of large-scale machines. It is wellsuited for batch processing, and can also be used for interactive work provided jobsare short and enough PEs are generally available.Global queue: all the PEs serve the same queue, which holds all the threads in the system.This approach is common in small-scale UMA shared memory systems, such as thosewith bus-connected processors.Gang scheduling: gangs of threads (typically all the threads in an application) are sched-uled simultaneously on distinct PEs. Time-slicing is used to share the PEs' resources,using synchronized multi-context-switching. This can be done across the whole ma-chine, or it can be combined with partitioning and done within the con�nes of a singlepartition.Two-level scheduling: a combination of partitioning to allocate PEs to each job, and timeslicing to run the job's threads on those PEs. The thread management is typically donein user space.The state of the artViews of the state of the art in scheduling on multiprogrammed parallel machines dependon who you ask. Especially troubling is the wide division between published academic workand practice in the �eld.Most research results from academia point to a strong belief in two-level scheduling withdynamic partitioning. This scheme is repeatedly shown to provide better response times andthroughput than competing schemes, due to four main features:� There is no loss of resources to fragmentation.107
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system description section referenceAlewife form MIT local queues using hardware contexts andswitching 4.1 [3, 4]Alfalfa load balancing by di�usion 4.1.2 [237]Amoeba PEs allocated singly 3.5 [418,563]AMPS hierarchical structure for balanced mapping 4.1.1 [306]APERM-2 hierarchical structure for balanced mapping 4.1.1 [269]Chagori on K2 fromZurich gang scheduling across whole machine 5.3 [550]CHoPP from Columbia variable partitioning by virtual hierarchy 3.3 [558]Chrysalis (BBNButter
y) independent PEs with local queues withinpartitions 4.1 [352]CM-2 from ThinkingMachines partitioning into quadrants, possible gangscheduling 3.2.1,5.3 [582,299]CM-5 from ThinkingMachines gang scheduling within partitions createdby buddy system 5.3,7.2.4 [355]Concentrix (AlliantFX/8) gang scheduling across whole machine 5.3 [567]Convex C2, C4 hardware self scheduling 3.5 [578,sect. 3.4]Cosmic Cube local queues 4.1 [513]Cray microtasking self scheduling from a global queue 4.2 [220]Cray T3D partitions of power-of-two PEs 3.2 [307]Cray T3E partitioninig, gang scheduling, and fairshare 5 [346]Crystal partitioning by users 3.3 [151]DASH global queue with locking 4.2 [357]DHC design fromJerusalem gang scheduling with 
exible groupingbased on buddy system 5.4,4.1.1 [197,199]DQT for RWC-1 gang scheduling with 
exible groupingbased on buddy system 5.4,4.1.1 [273]Dynix (Sequent Balance) global queue with locking 4.2 [570]EMBOS (Elxsi) local queues 4.1 [498,436]EMMA2 local queues 4.1 [26]Flagship local queues with hardware mappingcon�ned to partitions 4.1.1,3.2.1 [561,611]Table 7: Summary of the surveyed systems.108
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system description section referenceFujitsu AP1000 single job at a time, local queues withmessage-driven tasks 4.1 [275]Fujitsu VPP500 
exible partitioning 3.2.2 [407,592]Goodyear MPP dedicated [50, 470]Heidelberg Polyp distributed global queue with hardwarescheduling and 
exible partitioning 4.2,4.1.1 [386]Helios (transputers) local queues with hardware schedulingwithin partitions 4.1 [451,261]HEP from Denelcor local queues using hardware contexts andswitching 4.1 [539,297, 321]Hydra on C.mmp atCMU global queue with locking 4.2 [621,chap. 12]IBM GF11 dedicated [54, 342]IBM SP1, SP2 variable partitioning 3.2.2,7.2.1 [283]Illiac IV partitioning into quadrants 3.2.1 [45]IRIX on SGImultiprocessors global queue and gang scheduling 4.2,5.2J-machine from MIT hardware supported message queues act aslocal queues 4.1 [141,140]KSR1 system 
exible partitioning with interactive ordedicated use 7.2.5 [89]LLNL gang scheduler onBBN/Cray gang scheduling using matrix algorithm, forinteractive, batch, and benchmark jobs 5.4,7.2.2 [241,203]Mach from CMU family scheduling: global queue withlocking, within 
exible partitions 4.2 [65, 64]Mach on IBM RP3 family scheduling: global queue within
exible partitions; also local queues 4.3 [85]MAXI on Makbilanfrom Jerusalem global queue to distribute work, then localqueues; experimental gang scheduling usingmatrix algorithm 4.3,5.4 [194,527, 198]Medusa on CM� atCMU gang scheduling using matrix algorithm 5.4 [438]Meiko CS-2 
exible partitioning by administrator;batch, independent time slicing, or gangscheduling in partitions 7.2.1MICROS onMICRONET at SUNY variable partitioning by virtual hierarchy 3.3 [595,596]Table 7: continued.109
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system description section referenceMOOSE on hypercubesat Caltech local queues 4.1 [497]MOSIX from Jerusalem load balancing by random pairing 4.1.2 [44, 42]MuNet load balancing by di�usion 4.1.2 [254]nCUBE partitioning with buddy system, localqueues 3.2.1 [258]NETRA hierarchical structure for balanced mapping 4.1.1 [119]NQS batch queueing on partitioned systems 7.1.1,3.2.3 [323]NX/2 (iPSC/2) partitioning into subcubes, local queues 3.2.1,4.1 [460]Orion (on M3) family scheduling with pools of processors 4.2 [90]OSF/1 AD local Unix-like scheduling plus loadbalancing 4.1,4.1.2 [634]Paragon from Intel hierarchical partitioning with optional gangscheduling or space slicing 7.2.1 [288]PASM from Purdue partitioned multistage network 3.2.1 [584]PEACE onSUPRENUM local queues 4.1 [505,506]Plan 9 form AT&T PEs allocated singly 3.5 [462]Process Control fromStanford dynamic partitioning which may change atruntime to re
ect load 3.4 [581]Psyche on BBNButter
y from Rochester local queues, support for two-levelscheduling 4.1,4.4.2 [510]PUMA local queues 4.1 [613]Redi
ow load balancing by gradient method 4.1.2 [305]Scheduler activationsfrom Washington support for two-level scheduling 4.4.2 [20]SHARE for SP2 gang scheduling with 
exible groupingbased on buddy system 5.2,5.4 [217]SIMPLEX (nCUBE) local queues 4.1 [335]SpoC PEs allocated singly 3.5 [420]StarOS on Cm� at CMU local queues 4.1 [228,chap. 6]Symunix on NYUUltracomputer global queue based on fetch-and-add 4.2 [180,181]Sylvan kernel coprocessor for local scheduling 4.1 [91]Tera MTA local queues using hardware contexts andswitching 4.1,7.2.3 [18, 96]Table 7: continued.110
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system description section referenceTRAC from TexasAustin partitioned multistage network 3.2.1 [83, 372,chap. 7]Trillium (FPS T-seriestransputers) local queues with hardware scheduling 4.1 [92]Two-level scheduler fromWashington dynamic partitioning which may change atruntime to re
ect load 3.4 [633]Victor from IBMResearch variable partitioning by users 3.3 [523]VORX on HPC variable partitioning by users 3.3 [303]Warp systolic array dedicated [24]Xylem on Cedar atIllinois gang scheduling on PE clusters 5.3 [187,188]Table 7: �nished.� There is no overhead for context switching, except that for redistributing the PEs whenthe load changes. The second level of scheduling within the application is assumed torequire less overhead.� There is no waste of CPU cycles on busy waiting for synchronization, as threads canbe blocked inexpensively.� The degree of parallelism provided to each job is automatically decreased under loadconditions, leading to better e�ciency. This is often hidden from application program-mers by a user-level thread library.However, dynamic partitioning has its limitations. A major drawback is that as load in-creases, partitions become smaller and may not contain enough memory for the application'sdataset. Therefore the integration of dynamic partitioning with memorymanagement has tobe addressed. Another limitation is the restriction to programming environments that usethe workpile programming model, and have a runtime system that is closely integrated withthe system scheduler. Other programming models, such as the popular SPMD model, arenot supported. Even with a suitable environment, implementation considerations indicatethat two-level scheduling is mainly suitable for UMA shared-memory machines.Indeed, two-level scheduling with dynamic partitioning is not practiced outside of the aca-demic institutions that promote it. The large-scale parallel computing market is currentlydominated by distributed-memory machines, most of which support a message-passing pro-gramming model. Programmers invest signi�cant e�ort in structuring their applications soas to achieve high performance in this environment. The common wisdom is that perfor-mance is improved by programming for locality, and reducing communication requirements.In practice this implies distributing the dataset among the PEs, and grouping messages so111
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as to amortize startup costs. This style of programming is explicitly based on the notionthat the programmer owns the machine, and controls the use of resources. Language andcompiler design also follow this principle. In particular, little work is being done on how toadjust to changes in available resources, so as to accommodate competing jobs.When partitioning is used as the only means to share a machine, each partition doesindeed behave much like a dedicated machine. Current programming practices are thussupported, even if this comes at the expense of some fragmentation. The problem is thatas the number of users who want access to parallel machines grows, system administratorsdictate the use of smaller partitions, and at peak hours even these are not always obtain-able. The users lose twice: they cannot obtain enough resources to run really big productioncodes, and they also cannot get the continuous interactive access needed for program de-velopment and testing. This state of a�airs is increasingly leading to the conclusion thatsystem administrators need better scheduling tools for resource management.Obviously, there is no simple solution to the con
ict between users desire for a dedicatedsystem and system administrators need to manage limited resources. A promising compro-mise is to use gang scheduling. By time slicing whole jobs, gang scheduling provides theillusion of a dedicated (albeit slower) machine, just like time slicing on uniprocessors. Thiscan be used in a number of ways. In large installations, the parallel machine is typicallypartitioned into two or more partitions. Most of the machine is then used in batch mode, toexecute long production runs. At the same time, a small part of the machine is gang sched-uled and provides an interactive environment for program development and the executionof short jobs. The mechanisms used for gang scheduling can also be used to checkpoint andrestart batch jobs, allowing time-slicing of the batch partitions between jobs that take weeksor months and jobs that merely take a few hours. In small installations, gang schedulingcan be used to switch between the interactive workload and the batch workload. Thus batchjobs are automatically run on the whole machine at o� hours, but interactive jobs can alwaysreclaim it. While gang scheduling incurs some overhead, it can actually increase the overallutilization over partitioning, because of reduced fragmentation. Most vendors of parallelmachines either provide gang scheduling capabilities already, or have expressed an interestin doing so.Research directionsParallel operating systems have been widely neglected as a �eld of research, and imple-mentations have often been based on adaptations of uniprocessor or distributed systems.There is room for signi�cant improvements. Regarding the speci�c area of scheduling inmultiprogrammed systems, an obvious goal is to reconcile the di�erences between academiaand practice. To do so, it is instructive to ferret out the roots of the gap between the two.It seems that the problem lies in the milieu in which the work is done, and the resultingrequirements.Academic work is done in an environment that is forgiving on one hand while beingsevere on the other. It allows various idealistic assumptions to be made, even if they do112
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not match contemporary real-world constraints, as long as they are explicitly documented.But it requires results to be demonstrated unequivocally within the setting created by theseassumptions, using well de�ned and quanti�able metrics. This sometimes leads to an e�ectof looking for a lost coin under the street light, where known techniques are applied toanalyzable systems, with certain disregard to additional requirements that would make thesystem too hard to handle. The results are then postulated to hold in general, whereas inreality the additional requirements undermine the whole basis for the analysis.Rather than giving speci�c examples of work that might su�er from such circumstances,let us attempt to identify those aspects of scheduling in multiprogrammed parallel systemsthat would most bene�t from additional research. One such issue is that of requirements.Making intelligent scheduling decisions depends on the availability of information regardingthe workload. So far systems simply had to make do without such information, or elseusers had to supply it in the form of bounds on resource use. There are interesting researchopportunities in the area of automatic classi�cation of parallel jobs, and assessment of theirresource requirements [236, 164]. This should probably involve some cooperation betweenthe compiler and the runtime system. In addition, there is a dire need for information aboutstatistical properties of parallel workloads in general, e.g. the distribution of partition sizesthat are requested in a general-purpose multiprogrammed system. Such parameters can befound by analyzing traces from existing systems [195, 201, 617, 276, 606, 200]. Of course, careshould be taken not to interpret the results too broadly, as the workload on a given systemnecessarily re
ects the properties of the system, and cannot automatically be assumed toapply to other systems that provide other services.A long term research goal is to arrive at a holistic view of parallel operating systems, thatintegrates all the system services. Scheduling should not be addressed as an independentissue; rather, the interactions between scheduling, parallel I/O, and memory managementshould be acknowledged. For example, collective I/O operations can be integrated with gangscheduling to allow overlap between the computation of one job and the I/O of another.Memory availability can be used to di�erentiate between short-term scheduling and long-term scheduling, where whole jobs are swapped out to make space for others. These ideasare standard in uniprocessor systems, but are just beginning to migrate to parallel ones[16]. System integration also includes the cooperation between operating system, runtimesystem, and compiler. It is made di�cult by the requirement to maintain compatibility withprevious systems, some of which were designed under di�erent assumptions. Also, thereis the question of standardization in the interest of portability and interoperability amongsystem components from di�erent vendors [206].Finally, the human aspect of scheduling has been completely absent so far. User satisfac-tion is extremely important, because how the provided service is perceived may have moreimpact on what machines are bought and used than more objective measures of performance.Moreover, user attitudes should be used to guide scheduling policies. For example, it hasbeen shown that allocating equal resources to di�erent jobs results in overall low mean re-sponse times, that are relatively insensitive to various workload parameters. However, thisassumes that all jobs are equally important. In a real system, users typically have opinions113
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about what levels of service are (un)acceptable. These opinions are often correlated with re-source requirements: interactive jobs with low requirements call for prompt service, whereasextremely large jobs can tolerate some delays.Concluding remarksMultiprogramming in parallel systems is far from being a closed deal. While there is growingrecognition of the need for multiprogramming, there are still those who claim that parallelsupercomputers are too expensive to be used to support users directly, and they shouldbe dedicated to the execution of supercomputer class jobs. As for the implementation ofmultiprogramming, much progress has been made in recent years, but there is still much tobe done. An important observation is that it is hard to add multiprogramming to a systemthat was not designed with such use in mind. Multiprogramming support must be built intothe system design from the start, because it has considerable e�ect on many di�erent systemattributes. In some cases, multiprogramming can bene�t greatly from specialized hardwaresupport. As more systems are designed with explicit regard to multiprogramming, we canexpect performance to improve and objections to dwindle.AcknowledgementsThanks to Brent Gorda and Moe Jette for information about the LLNL gang scheduler, JimCownie for information about the Meiko CS-2, Joe Brandenburg, Reagan Moore, and AndyP��er for information about the Intel Paragon, G�erard Vichniac for information about theKSR1, and Chris Johnson for information about the Fujitsu AP1000.A TerminologyThe following list explains the terminology as it is used in this paper.Adaptive Partitioning | a partitioning scheme that sets the partition size allocated tonew jobs according to the load at the time of their arrival.A�nity Scheduling | re-scheduling a thread on the same PE it used before, based onthe assumption that some of its data might still be in the cache on that PE. Relevantfor systems that do not map threads to PEs.Blocking | when a thread relinquishes its PE because it must wait for some synchroniza-tion event (e.g. the arrival of a message).Chore | the unit of parallel work in an application, especially in the case where work isrepresented by an unordered workpile. Chores are typically executed to completion,without preemption. See also task and thread.114
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Coscheduling | A variant of gang scheduling that does not guarantee that all the threadswill always run simultaneously. This is based on the assumption that running a fractionof the threads is better than nothing.Dispatching | selecting the next thread to run from those that are ready and memory-resident. Relevant to time slicing systems.Dynamic Partitioning | a partitioning scheme that changes the partition size allocatedto jobs at runtime, to re
ect changes in job requirements and system load.Evolving Job | one that has di�erent requirements (re number of PEs) in di�erent phasesof the computation.Family Scheduling | A scheduling scheme that combines these features:1. Threads are grouped into families, typically all the threads in the job.2. Time slicing is used, with each family receiving a set of PEs for its exclusive useeach time.3. Each family has more threads than the number of PEs it gets to run on, sowhenever it is scheduled there is an additional level of internal time slicing amongthe threads of the family.Fixed Partitioning | the use of prede�ned partitions oblivious to job requirements andsystem load.Flexible Partitioning | when any subset of PEs can be grouped into a partition. Forexample, in hypercubes the partitions must form subcubes, so the partitioning is not
exible.Fragmentation | the situation where some PEs are left idle because of the partitioningmechanism. Internal fragmentation occurs when a partition contains more PEsthan the application requires (e.g. the next power of two). External fragmentationoccurs when a whole partition is left idle because the next queued job requires a largerpartition.Gang Scheduling | a scheduling scheme that combines these three features:1. Threads are grouped into gangs.2. All the threads in a gang are always scheduled to execute simultaneously ondistinct PEs, using a one-to-one mapping.3. Time slicing is used, with all the threads in a gang being preempted and resched-uled at the same time.Group Scheduling | a collective name for schemes that guarantee that a group of threadsrun simultaneously. Includes static partitioning and gang scheduling.115
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Global Queue | a ready queue shared by more than one PE. Implies that threads are notmapped to PEs.Hando� | when one thread yields the PE in favor of a speci�ed other thread.Job | the sum of executing entities that comprise a single application, as known to theoperating system. This typically means a set of threads running on di�erent PEs.Load Balancing | the activity of migrating threads from one PE to another so that theloads on the di�erent PEs will be equal. The term is also used to describe the goalof certain mapping schemes, even if migration is not used later to adjust to changingconditions. In either case, this is only relevant for systems that map threads to PEs.Load Sharing | a property of parallel systems whereby no PE will be idle if there are anyready threads in the system. This might apply to systems that keep ready threads ina global queue and do not map them to PEs, or to systems that map threads to PEsand migrate one thread at a time from loaded PEs to idle ones, rather than attemptingto balance the loads.Local Queue | a ready queue containing threads mapped to a speci�c PE.Malleable Job | one that can adjust to changes in the allocation of PEs at runtime.Mapping | the association of threads with PEs. Mapping at runtime should not beconfused with \the mapping problem", which is part of program development, andinvolves the decision of which PE will run which task in the program. This is onlyrelevant if the PEs are dedicated, their number is known in advance, and the programis represented as a task graph.Migration | relocating threads from one PE to another in the interest of load balancingor reducing fragmentation, in systems where threads are mapped to PEs.Moldable Job | one that allows the number of PEs used to be set when it is launched,but then the number must stay �xed.Multiprocessing | the use of multiple PEs for the same job. Synonymous to parallelprocessing.Multiprogramming | the concurrent execution of multiple jobs on the machine. Inparallel systems, this can be achieved by time slicing, space slicing, or a combinationof both.Multitasking | time slicing on a single PE. The threads mapped to this PE can belongto the same job or to di�erent jobs. 116
Unified Patents IPR Exhibit 1009 - Page 120



Multi-Context-Switch | the operation of switching from the execution of one job toanother, in a gang scheduling system.Partitioning | a synonym for space slicing. See also �xed partitioning, variablepartitioning, adaptive partitioning, and dynamic partitioning.PE (Processing Element) | generic name for a node in a parallel machine. This is theunit for allocating processing power. In multicomputers, a PE typically includes aCPU and local memory. In a multiprocessor, it might be just a CPU, typically with acache.Preemption | the de-scheduling of a thread (or job) in order to give its PE(s) to another.This is done without the tread's concent, as opposed to blocking.Priority Queue | a queue such that new items can be inserted anywhere in it, accordingto their priority relative to items already in the queue. Often implemented as a set ofqueues for the di�erent priorities.Process | an autonomous execution unit. In uniprocessors, a process is a job in execution.This includes a thread of control and its resources, or context. In some parallel systems,especially those based on Unix, \process" may be used as a synonym for thread, in thesense that multiple processes are written such that they communicate and cooperate.However, this is unknown to the operating system.Processor Allocation | allocating PEs for the exclusive use of a certain job.Ready Queue | a queue of threads that are ready to run.Rigid Job | one that requires a prede�ned number of PEs in order to run.Runtime System | part of a programming system that is linked with applications, andsupports the abstractions of the programming system at runtime.Single-Level Scheduling | scheduling schemes that combine the allocation of processingpower with the decision of which thread will use it.Space Sharing | a synonym for Space slicing. We prefer \space slicing", because \spacesharing" sounds as if the same space is being shared, whereas actually the machine isbeing partitioned into disjoint spatial pieces.Space Slicing | sharing of a parallel machine by partitioning it and allocating di�erentPEs to di�erent jobs.Static Partitioning | a collective name for partitioning schemes where partitions do notchange at runtime: �xed, variable, and adaptive partitioning.117
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Task | the unit of parallelism in an application, especially when the application is rep-resented as a graph of tasks with interdependencies. Tasks are typically executed tocompletion, without preemption. See also thread and chore. In the context of theMach system, task refers to an abstraction used for resource allocation, e.g. an addressspace.Task Graph | the representation of a parallel program as a directed graph, where nodesare basic blocks of code (tasks), and arcs represent data and control dependenciesamong them.Thread | the unit of parallelism in an application, especially in applications based oncontrol parallelism. In this context, \thread" is short for \thread of control" or \light-weight process". The state associated with a thread includes its program counter, CPUregisters, and call stack. Depending on the system, threads may execute to completionor else they may be preempted. See also task and chore.Time Sharing | a synonym for time slicing.Time Slicing | sharing of a PE or a set of PEs by context switching among a number ofjobs.Two-Level Scheduling | a collective name for schemes that decouple the allocation ofPEs from the decision of what parts of the program will be executed on each one.The �rst level, processor allocation, is done by the operating system at a low ratedetermined by the job submission rate. The second level, that of scheduling programparts on these PEs, is done by the language runtime system or the application itself.Variable Partitioning | a 
exible partitioning scheme that sets the partition size allo-cated to new jobs according to their requests.Workpile | an unordered collection of independent chores to be computed. The lack of aspeci�ed order distinguishes a workpile from a queue, which is ordered.Yielding | when a thread voluntarily relinquishes the PE it is running on.B The Thread ModelThe term \thread model" encompasses the characteristics of threads as perceived by theprogrammer. This includes the interfaces used to manipulate threads, and thus to expressparallelism. It also includes the performance implications of using threads in di�erent ways.The scheduling mechanism used in a system is often related to the thread model, as itcan have a great impact on performance. This appendix examines the various aspects ofthe thread model and their relationship to scheduling. The relevant aspects of the threadmodel are the abstraction provided by threads, including dynamic thread creation, thread118
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weight, the distinction between user threads and system threads, and synchronization amongthreads.Thread abstractionDi�erent parallel programming systems present very di�erent abstractions to the program-mer. One of the major distinctions separates those that use control parallelism from thosethat use data parallelism. With control parallelism, the programmer speci�es the exact se-quence of instructions performed by each thread, sometimes including constructs that spawnnew threads in the process [444]. With data parallelism there is a single logical thread ofcontrol, and the parallelism is implied by the fact that the data structures are distributedacross multiple PEs [268]. It is then the compiler's job to create the actual sequences ofinstructions (threads) that will execute on each PE.A third approach takes the view that the abstract computation is the driving force,not the control structure or the data distribution. For example, the computation can berepresented by a directed graph, where nodes are basic computations (usually called \tasks"in this context) and arcs denote dependencies. For example, such a graph may be built whenunfolding the interdependent iterations of a doacross loop. Alternatively, the computationcan be viewed as an uncoordinated workpile of chores to be done, e.g. the independentiterations of a doall loop, or evaluations injected into tuple space. The actual execution canbe carried out in either of two ways. One is by a set of \worker" threads, one on each PE[597, 17, 178]. Creating the worker threads and mapping the tasks or chores to them is thenthe responsibility of the runtime system. The other is to de�ne a set of virtual processorsat compile time, and map the units of work onto them statically [434]. At runtime, each ofthese virtual processors becomes a thread that executes on a PE.Dynamic thread creationIt is simple to deal with programs written in the SPMD style, with all threads created atthe outset and no changes thereafter. But many applications are structured as a sequenceof phases with di�erent degrees of parallelism. This translates into the use of a changingnumber of threads. It could be taken to imply that threads be created and destroyed onthe 
y. On the other hand, if thread creation is expensive, an implementation can choose toretain threads from one parallel phase to the next, even if they are not being used [444].An important aspect of dynamic thread creation is that it is a symptom of a deeperchange: a change in resource requirements. It is well known that load balancing improvesperformance when faced with a dynamically changing workload [483, 175]. This impliesthat, if PEs are allocated to jobs, the allocation should change in concert with changes inthe number of threads. This is exactly what dynamic partitioning does. On the other hand itis possible to avoid the re-partitioning problem by allocating processing power to individualthreads in the �rst place, rather than to jobs. This is done in systems that schedule threadsindependently. 119
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Dynamic thread creation is more problematic when some guarantees are made abouttheir execution, e.g. in gang scheduling systems that schedule all the threads simultaneously.In this context, it might be impossible to add threads because there is not enough room forthem, and deleting threads might leave PEs idle. Therefore it is typically not possible tochange the size of a gang after it was created. However, it is possible to create new gangs,that will not necessarily execute simultaneously with the previous ones.Thread weightThe issue of thread weight is perhaps the most widely debated. The options span con-ventional heavy-weight Unix processes, implementing light-weight threads in the operatingsystem kernel, or implementing them in a user-space thread package.Parallel versions of Unix have been quite popular, due to the popularity and availabilityof Unix itself (and especially the availability of source code). In these systems the unitof parallel execution is typically the Unix process, complete with a separate address space,signal-handling facilities, open �les, etc. Early examples include multiprocessor Unix systems[37], Symunix on the NYU Ultracomputer [182], and Dynix on the Sequent Balance [570].With the advent of parallel machines based on workstation technology in recent years, thisapproach has received a new push. For example, the Meiko CS-2, Intel Paragon, and IBMSP2 all run a full Unix system on each node.The problem with Unix processes is that the overhead in creating and destroying them issigni�cant. Therefore they cannot be used as the underlying technology for dynamic threadcreation. In the Mach system, the process abstraction was therefore divided into two parts:tasks34, which represent resource allocation, such as an address space and communicationcapabilities, and threads, which represent execution within the context of a task [482, 568,494]. Each thread belongs to a single task, but a task can have multiple threads that allshare its resources; the Unix process is equivalent to a task with a single thread. As threadsinclude less state, their manipulation is less expensive than that of a traditional Unix process.The forking of new tasks is also optimized, by using a copy-on-write mechanism to duplicatethe address space.Threads are not unique to Mach. The same abstractions are available in the OSF/1operating system, which is based on Mach [437, 634]. A similar notion of threads exists inTopaz [569], in PEACE [505, 506], in Panda [61], and in the Portable Common Runtimeinterface [612]. Variable-weight threads, where some of the resources are allocated per-threadrather then being shared, have also been proposed [27]. This is used in the plan 9 systemfrom AT&T Bell Labs. Finally, threads have been included in the IEEE POSIX standardand implemented in the DCE framework from OSF.Despite the relatively light weight of threads, their manipulation (including scheduling)still requires a trap to the operating system kernel. This in itself is a costly operation,because the kernel has to protect itself from potentially malicious programs, even if it is just34Note that \task" has a speci�c technical meaning in the context of Mach, which is totally di�erent fromother uses, such as to describe the nodes of a task graph.120
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switching two threads in the same address space [20]. In addition, even switching light-weightthreads requires the CPU's register contents to be stored and restored. This too is costly onmodern RISC processors with large register �les [22]. Therefore it has been suggested thatall thread manipulation should be done in user space, using two-level scheduling [20]. Analternative method for reducing the cost of thread scheduling is to use continuations wherepossible [166, 152]. With continuations, a blocking thread speci�es the context in which itshould be resumed, rather than requiring the current context to be stored.User threads vs. kernel threadsFrom a programmer's point of view, threads refer to an abstraction provided by the program-ming environment, not to any speci�c entity at the operating system level. The mapping be-tween the two depends on the language runtime system. With one-to-one mapping, the useris essentially using the threads supplied by the operating system directly (kernel threads).This has the advantage that all the kernel's thread-manipulation facilities are available, in-cluding suspending, resuming, priority control, and use of synchronization mechanisms. Ithas the disadvantage that all these services require a trap into supervisor mode, and aretherefore relatively costly.Alternatively, the language runtime system can multiplex multiple language-level threadsonto a smaller number of processes or kernel threads. This is called user threads, becauseall thread manipulation occurs in user space. It is the basis for two-level scheduling: theunderlying kernel threads are either each mapped onto a separate PE, or they are scheduledpreemptively by the operating system. In turn, these threads | sometimes referred to as\virtual PEs" | execute the user threads. Examples of thread packages based on thisapproach include Cthreads [130], Presto [59, 192], FastThreads [21, 20], WorkCrews [597],Chant [252], Distributed Filaments [218], the Portable Common Runtime [612], the DIAthread library [105], some implementations of Concurrent C [124, 224], and the XEROsystem [286]. It should be noted that this list is by no means complete; thread packages arenot considered to be great innovations, so they tend not to be published in the literature.User threads are more 
exible than kernel threads, because their functionality dependson code at the user level. In fact, multiple 
avors of threads may be supported concurrentlyon the same system [509]. The overhead of various operations, including scheduling, is muchlower than for kernel threads. The main drawback of user threads is that they are unknownto the kernel. For example, a user thread might perform an I/O operation. As far as theoperating system is concerned, it is the underlying kernel thread that performed the I/O,so that thread is blocked. If only that kernel thread was executing on its PE, that PEremains idle until the I/O operation completes. This reduces the parallelism in the programinappropriately, because there might be other user threads that are ready to run. It wouldbe better if only the user thread were blocked, and the kernel thread was left free to executeother user threads.Some alternatives to the conventional thread model have been proposed recently to copewith this problem. These include scheduler activations [20], �rst-class threads [390], and121
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