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AbstractIn recent years more and more real-time applications run on multiprocessor or distributed sys-tems. In such systems, a task may execute sequentially on many di�erent processors. Such a taskcan be viewed as a linear chain of subtasks, each of which represents a segment of the task thatexecutes on one of those processors. The response time of the task is measured from the releaseof its �rst subtask to the completion of its last subtask and is called the end-to-end responsetime. A task is schedulable if its end-to-end response time is never greater than the speci�edend-to-end relative deadline.This thesis deals with the problem of scheduling periodic tasks to meet their end-to-enddeadlines. Speci�cally, the thesis focuses on �xed-priority scheduling algorithms, where eachsubtask is assigned a �xed priority and is scheduled preemptively. According to this approach,three related problems need to be solved.Priority Assignment : How we assign the priorities to subtasks so that the systemschedulability can be maximized.Execution Synchronization : How we synchronize the releases of subtasks so thatthe precedence constraints among subtasks are satis�ed, and the system schedulabilityis optimized.Schedulability Analysis : Given a certain priority assignment and an execu-tion synchronization method, how we compute the worst-case end-to-end responsetime of each task, so that we can verify the schedulability of the task and hence theschedulability of the system.As solutions to these three problems, the thesis describes �ve synchronization protocols, sev-eral deadline-based priority assignment methods, and corresponding schedulability analysis al-iii



gorithms. These solutions form an integrated end-to-end scheduling framework for schedulingtasks with end-to-end deadlines and analyzing the schedulability of an end-to-end system.As an application of the framework, the thesis proposes an end-to-end scheduling basedapproach to the resource contention problem in distributed real-time systems. Simulation resultsshow that the end-to-end scheduling approach performs better in many cases than an existingapproach, known as the Multiprocessor Priority Ceiling Protocol. In the appendix, the thesisincludes an in-depth discussion of sporadic server algorithms.
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Chapter 1IntroductionA real-time system demands that its results be both logically correct and delivered on time. Afailure to obtain some result by a certain time may have disastrous e�ects. These real-timesystems are often called hard real-time systems. In a hard real-time system, multiple threadsexecute concurrently. This thesis describes a suite of scheduling techniques to arrange the orderand choose the time of execution for di�erent threads in a distributed real-time system. Italso describes a suite of schedulability analysis algorithms to determine whether every timingrequirement of the system is met when threads in the system are scheduled via these techniques.1.1 Background and MotivationThe multiple concurrent execution threads in a real-time system are often modeled as a set ofperiodic tasks [1]. In a single-processor system, a periodic task is an in�nite stream of executionrequests with the interval between any two consecutive requests being no shorter than the periodof the task. We call each request an instance of the task, and we say an instance of a task isreleased when one execution request of the task arrives. A task is strictly periodic if the intervalbetween the releases of every two consecutive instances is exactly equal to the period. Clearly, atask that is strictly periodic is a periodic task, but not vice versa. In a single-processor system,there is a ready queue to hold the released but not yet completed task instances. All the releasedtask instances compete for the system resources (e.g., the CPU), following the order decided bythe scheduler, which is an implementation of a certain scheduling algorithm.1



Priority-driven scheduling is an e�ective approach to scheduling periodic tasks on processors.According to priority-driven scheduling, every released but not completed task instance has apriority. At any time, the task instance with the highest priority executes. An executing taskinstance continues its execution until either it voluntarily gives up the processor (e.g., due to thecompletion of the execution) or a higher priority task instance preempts it.Among priority-driven scheduling schemes, �xed-priority scheduling has gained popularitydue to its simplicity of implementation, ease of schedulability analysis and predictable behaviorduring transient overload situations. According to �xed-priority scheduling, all the instances ofthe same task have the same priority. For this reason, we often say that we assign a priority toa task rather than to a task instance. This thesis focuses on �xed-priority scheduling.The response time of a task instance is the length of time from the instant when it is releasedto the instant when it completes. Oftentimes we use the \response time of a task" to mean theresponse time of an arbitrary instance of the task. Each task has a relative deadline, or simplydeadline, which speci�es the maximum allowed response time of the task. We say a task isschedulable if the response time of the task is no longer than its relative deadline, and a systemis schedulable if every task in the system is schedulable.In a hard real-time system, we need to ensure that every task is schedulable. For this purpose,we developed schedulability analysis algorithms. Such algorithms take the system parameters asinput (e.g., periods, priorities, maximal execution times, and relative deadlines of tasks) and re-port whether the system is schedulable. We say that a schedulability analysis algorithm is correctif every system that the algorithm �nds schedulable is indeed schedulable, and a schedulabil-ity analysis algorithm is optimal if it is correct and every system that the algorithm �nds notschedulable is indeed not schedulable. (By a system \indeed not schedulable", we mean thatwe can construct a valid schedule where at least one task instance misses its deadline.) Whenit is impossible to obtain an optimal schedulability analysis algorithm, it su�ces for us to havecorrect schedulability analysis algorithms.In recent years, more and more real-time applications run on multiprocessor or distributedsystems. The periodic task model needs to be extended accordingly to represent tasks in adistributed or multi-processor system. For example, in the system shown in Figure 1.1, theexecution of a monitoring task takes three steps: (1) sampling sensor data on a �eld processor,(2) sending the sampled data over the communication link and (3) displaying the data on the2
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Figure 1.1: An End-to-End Taskcentral control processor. If we model the communication link as a processor and the messagetransmission as a task on the processor, the three steps can be viewed as three subtasks of thewhole monitoring task. In this thesis, we focus our attention on tasks where each task consistsof a chain of subtasks executing on di�erent processors. Furthermore, each task is periodic inthe sense that its �rst subtask is periodic, i.e., the interval between two consecutive releases ofits �rst subtask is no shorter than the period of the task. After one instance of the �rst subtaskcompletes, a corresponding instance of the second subtask can be released, and so on. We referto the corresponding instances of all the subtasks of a task collectively as an instance of thetask. For example, suppose that we call the three subtasks in Figure 1.1 sample, transfer anddisplay. After one instance of subtask sample completes, the data that need to be transferred areready and we may release an instance of subtask transfer. Similarly when the data arrive at thecentral processor, we may release an instance of subtask display to process the data. The intervalbetween any two consecutive releases of subtask sample should be no shorter than the period.We note that the timing constraint of the task in Figure 1.1 is not speci�ed as a relativedeadline of subtask sample, transfer, or display. Rather, it is speci�ed as the maximum allowedinterval from the time when a new sample of sensor data is taken on the �eld processor until thedata is displayed on the central processor. In general, we call the time interval from the releaseof an instance of the �rst subtask until the completion of the corresponding instance of the lastsubtask the end-to-end response time of a task. The timing constraint for such a task is speci�edby an end-to-end relative deadline, or simply end-to-end deadline, which is the maximum allowed3



end-to-end response time of the task. We call a task that consists of a chain of subtasks andhas an end-to-end deadline an end-to-end task and a system that contains end-to-end tasks anend-to-end system. An end-to-end task is schedulable if its end-to-end response time is nevergreater than its end-to-end relative deadline, and the system is schedulable if every task in itis schedulable. This thesis deals with the end-to-end scheduling problem, i.e., how we scheduletasks with end-to-end deadlines in a distributed or multiprocessor real-time system so that theend-to-end system is schedulable.In the context of �xed-priority scheduling, a rich set of solutions exist for scheduling uni-processor real-time systems. There are several priority assignment methods that are optimal forvarious kinds of uniprocessor systems [1, 2, 3] and various schedulability analysis algorithms thatverify if a system of periodic tasks scheduled according to a �xed-priority algorithm is schedulable[1, 4, 5, 6, 7, 8]. However, none of this work is suitable to solve the end-to-end scheduling prob-lem. For example, according to the rate-monotonic priority assignment [1], all subtasks in a sameparent task have the same priority, which is inversely proportional to the period. By doing so, welose the freedom of assigning di�erent priorities to di�erent subtasks, and potentially decreasethe schedulability of the system. Another problem is that some subtasks may not be periodic in adistributed real-time system, while the schedulability analysis methods mentioned above requirethat every subtask to be periodic. Consider the task in Figure 1.1 for example. If we release aninstance of subtask transfer as soon as an instance of subtask sample �nishes, subtask transfer isnot periodic due to the possible varied response times of subtask sample. In this case, we eitherdevelop new scheduling analysis algorithms for this new situation or control the release of thesubtasks so that they �t the periodic task model and the existing algorithms are applicable.In general, three problems arise in �xed-priority, end-to-end scheduling.Priority Assignment : How we assign the priorities to subtasks so that the systemschedulability can be maximized.Execution Synchronization : How we synchronize the execution of subtasks sothat the precedence constraints are satis�ed and the system schedulability, as well asother performance concerns, are optimized.4



Schedulability Analysis : How we verify that a system of end-to-end tasks isschedulable, given a certain priority assignment method and execution synchroniza-tion method.Existing work on �xed-priority end-to-end scheduling either does not address these problemstogether or addresses them inadequately. For example, Tindell et al. [9, 10] discussed the priorityassignment problem in an end-to-end system, but they ignored the execution synchronization andschedulability analysis problems. Kao et al. [11, 12] studied the end-to-end scheduling problemin soft real-time systems, where the possibility of a task missing deadlines is minimized butallowed. Consequently, the schedulability of a system is expressed by a statistical value ratherthan a true/false assertion. Bettati addressed all three problems in his Ph.D. dissertation [13].He proposed a solution for the execution synchronization problem, together with schedulabilityanalysis algorithms, but full exploration of these problems is left open in his thesis. This thesisaddresses these open problems and develops an end-to-end scheduling framework that gives anintegrated, analytical and comprehensive treatment of all three problems.1.2 Summary of ContributionsThe foundation of the end-to-end scheduling framework described here is a simple but 
exibleend-to-end system model. In a distributed or multiprocessor system, the processors can beconnected through a communication network, dedicated communication links or shared-memoryarchitecture. Instead of dealing with each speci�c application and system architecture in anad hoc manner, we deal with abstract tasks and processors and leave communication issues tobe addressed separately. This not only broadens the application of the end-to-end schedulingframework, but also leads to a better understanding of the end-to-end scheduling problem.A new formulation of the end-to-end scheduling problem is the second contribution of thisthesis. Based on the end-to-end system model, three distinct but closely related problems areidenti�ed, namely, priority assignment, execution synchronization and schedulability analysis. Aswe brie
y mentioned before, the approaches for uniprocessor real-time systems are not suitable forthe end-to-end systems. Previous research work on �xed-priority end-to-end scheduling typicallydoes not address and solve the end-to-end scheduling problem adequately. This thesis proposesan integrated framework to de�ne and solve the end-to-end scheduling problem.5



Solutions to the three individual problems mentioned previously are the building blocks of theend-to-end scheduling framework. We demonstrate that in the context of end-to-end schedulingthe priority assignment problem is \NP-hard". We then propose several heuristic assignmentmethods. We present �ve synchronization protocols that govern the release and the execution ofsubtasks, including the one proposed by Bettati [13], as solutions to the execution synchronizationproblem. Several schedulability analysis algorithms are developed for end-to-end systems thatuse di�erent priority assignment methods and di�erent synchronization protocols. With thesebuilding blocks, the end-to-end scheduling framework o�ers a rich set of choices for scheduling adistributed or multiprocessor real-time system that �ts the end-to-end system model.The end-to-end scheduling framework also provides a solution to the resource contentionproblem in a distributed or multiprocessor real-time system. During its execution on a localprocessor, a task may need to access a resource that is on a remote processor. Resource contentionarises when multiple tasks need to have exclusive access to the same resource, and therefore theexecution of these tasks can be delayed. To be able to verify the schedulability of such a system,we must control the access to the shared resources and bound the delay that each task canexperience. In this thesis we propose an end-to-end scheduling based approach to the resourcecontention problem. Compared with the existing solution, known as the Multiprocessor PriorityCeiling Protocol (MPCP) [14], the end-to-end scheduling approach is more 
exible and yieldsbetter performance in most cases.1.3 Organization of the ThesisIn Chapter 2, we provide an overview of the related work. The work presented in this thesisis closely related to the real-time scheduling theory for uniprocessor systems and existing workon �xed-priority end-to-end scheduling. Speci�cally, the schedulability analysis algorithms inthis thesis owe their fundamental techniques to those for uniprocessor systems. The end-to-endscheduling approach to the resource contention problem builds on the Priority Ceiling Protocol(PCP) [15] and the Stack Based Protocol (SBP) [16] for a uniprocessor system, and is relatedto the MPCP for a distributed or multiprocessor system. This thesis is also related to classicalscheduling theory in that the end-to-end system model is a periodic version of the job-shop modelstudied in the classical scheduling theory. 6



In Chapter 3, we formally present the end-to-end system model. The model is simple enoughto allow the analysis of timing properties and yet 
exible enough to model most real-time ap-plications and system architectures. We formulate the three problems in the end-to-end schedul-ing, namely the priority assignment problem, the execution synchronization problem, and theschedulability analysis problem, based on this model.We discuss the execution synchronization problem and the schedulability analysis problem inChapters 4 and 5, and leave the discussion of the priority assignment problem to Chapter 6. InChapter 4, we present �ve synchronization protocols as solutions to the execution synchronizationproblem. Two performance issues of the synchronization protocols, the algorithm complexity andthe run-time overhead, are also addressed.For each synchronization protocol, we develop schedulability analysis algorithms that can beused to determine whether an end-to-end system using the speci�c synchronization protocol isschedulable. In general, the veri�cation of the schedulability of a system is achieved by boundingthe worst-case end-to-end response time of a task and comparing the bound with the end-to-enddeadline of the task. We present these algorithms in Chapter 5.In Chapter 6, we demonstrate that the priority assignment problem is NP-hard. We proceedto present several deadline-based heuristic assignment methods. Related work on the priorityassignment is discussed in Chapter 6.Given such a rich set of solutions to the end-to-end scheduling problem, it is necessary forus to understand the strengths and weaknesses of each solution to each individual problem. InChapter 7, we describe a series of experiments that were done to evaluate the performance ofdi�erent end-to-end scheduling algorithms.In Chapter 8, we address the resource contention problem in a distributed system. We �rstpoint out some of the weaknesses of the MPCP, and then introduce the end-to-end schedulingapproach towards the same problem. Simulation was conducted to compare the performance ofthe end-to-end scheduling approach with the MPCP approach. Simulation results show that inmany cases the end-to-end scheduling approach has better performance.In Chapter 9, we list a few future directions for the study of end-to-end scheduling, includingscheduling with relaxed precedence constraints among subtasks, hybrid end-to-end scheduling anddynamic-priority end-to-end scheduling. An in-depth discussion of the Sporadic Server algorithms7



is attached to the thesis as Appendix A. These algorithms are pertinent to the implementationof one of the synchronization protocols.
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Chapter 2Related WorkThe related work to this thesis can be roughly classi�ed into four areas:1. real-time scheduling theory,2. resource access protocols in real-time systems,3. real-time communications, and4. classical scheduling theory.Among these four areas, this thesis is most directly related to real-time scheduling theory andresource access protocols. It is closely related to real-time communication, and more remotelyrelated to classical scheduling theory. This chapter gives an overview of existing work in theseareas.2.1 Real-Time Scheduling TheoriesMany real-time scheduling theories have been developed in the last twenty years. With a few ex-ceptions, existing theories are on uniprocessor systems. In many cases, approaches and solutionsin end-to-end scheduling presented in this thesis are extensions to or based on existing real-timescheduling algorithms. This is especially true for the solutions of the priority assignment problemand the schedulability analysis problem. 9



2.1.1 Uniprocessor Scheduling TheoriesTwo related problems arise on �xed-priority scheduling of periodic tasks in a uniprocessor system:priority assignment and schedulability analysis. In their classic paper [1], Liu and Laylandproposed the rate-monotonic priority assignment for tasks with relative deadlines equal to theirperiods. They proved that the rate-monotonic assignment is optimal among all �xed-priorityassignments in the sense that if such a system is not schedulable according to the rate-monotonicassignment, no other �xed-priority assignment can make it schedulable. The schedulability canbe veri�ed by comparing the sum of the total utilization factor of the tasks with a single utilizationbound. Leung and Whithead [2] looked into the cases where tasks may have arbitrary relativedeadlines. They proposed deadline-monotonic priority assignment, which is an optimal priorityassignment among �xed-priority assignments as long as the relative deadlines are shorter thantheir respective periods. For tasks with relative deadlines longer than their periods, both the rate-monotonic assignment and deadline-monotonic assignment are not optimal. Audsley [3] deviseda pseudo-polynomial algorithm that �nds a feasible priority assignment if one exists.On schedulability analysis, Joseph and Pandya [4] proposed an algorithm to compute theresponse time of a task instance which is released at the same time as the instances of all othertasks. This response time is the worst-case response time of the task if it is no greater thanthe period. Lehoczky [5] proposed a su�cient and necessary test to verify the schedulability oftasks if the relative deadline of the task is no greater than its period. For tasks whose responsetimes and relative deadlines are longer than the periods, Lehoczky [6] formulated the conceptof an i-level busy period to analyze the worst-case behavior of a task. The busy period analysismethod was further extended by Audsley et al. [7, 8, 17] to account for bursty activities, variousblocking times, and release jitters.2.1.2 End-to-End Scheduling TheoriesWe have not seen much work on �xed-priority scheduling of periodic tasks with end-to-enddeadlines. A common approach to this problem is to decompose an end-to-end system into aset of uniprocessor systems [18] and then apply some existing real-time scheduling algorithmsfor uniprocessor systems. By doing so, an integrated end-to-end scheduling framework is notneeded. However, two issues are not addressed. The �rst issue is how subtasks in the same task10



communicate and synchronize with each other. Loose synchronization between two adjacentsubtasks, such as in the producer/consumer style, is sometimes assumed. The other issue is howto guarantee that tasks meet their end-to-end deadlines, especially when adjacent subtasks areloosely synchronized. The existing answers to this question are generally pessimistic.Various aspects of the end-to-end scheduling problems have been examined by people indi�erent contexts. For example, Tindell et al. [19] attempted to compute upper bounds on theend-to-end response times when the Direct Synchronization protocol is used (This protocol willbe de�ned in Chapter 4.). However, the interference of instances of the same subtask is ignoredin Tindell's work, and the result in [19] is not correct. Our approach, presented in Chapter 5,takes this factor into account, and yields correct results. Tindell et al. [19] studied the priorityassignment problem in a distributed system where tasks have end-to-end deadlines. Garcia andHarbour [10] proposed a re�ned solution to a similar problem. This work complements our workon heuristic priority assignment methods.Bettati [13] studied the problem of scheduling a set of tasks with arbitrary release timesand end-to-end deadlines in a 
ow-shop system. He then extended this work to the schedul-ing of periodic 
ow-shop tasks. His Phase Modi�cation technique is incorporated as one of thesynchronization protocols in this thesis. In this thesis, the task model is extended to periodicjob-shop tasks. In addition to the Phase Modi�cation synchronization protocol, we present fouradditional protocols. We improve the schedulability analysis algorithms for the Phase Modi�c-ation protocol and develop new ones for the new protocols. The priority assignment problemis also addressed in this thesis, and two heuristic priority assignment methods, which are moresuitable for end-to-end systems according to our simulation results, are proposed.2.2 Resource Access Control ProtocolsWe apply the end-to-end scheduling framework to solve the resource contention problem in adistributed or multiprocessor real-time system. This is closely related to previous work on theresource contention problem in a uniprocessor system or a multiprocessor system.In a real-time system, the exclusive access to a resource is typically achieved by semaphore-like operations. Sha [15] and Rajkumar [20] have shown that careless use of semaphores can leadto unpredictable timing behavior in a real-time system and a resource access control protocol11



is needed to keep the blocking times of tasks bounded. Moreover, the blocking times of taskscan be easily taken into account in the schedulability analysis. For a uniprocessor system, Shaet al. [15] developed the Priority Ceiling Protocol (PCP). According to the PCP, the blockingtime that each task instance can experience is no more than the duration of one critical sectionof a lower-priority task. Baker [16] developed the Stack Based Protocol (SBP) which gives thesame upper bound on the blocking time of each task as with the PCP. In addition, the SBP isapplicable to both �xed-priority scheduling and dynamic-priority scheduling.In a distributed system, Rajkumar et al. [21] looked at the case where tasks execute locallyon their host processors but need to access resources on remote processors. They extended thePCP to the Multiprocessor Priority Ceiling Protocol (MPCP) and developed a way to computean upper bound on the blocking time of each task. However, the performance of the MPCP issometimes poor.Bettati recognized that the problem addressed by the MPCP can be solved by an end-to-end scheduling based approach [13], but did not explore this direction of research further. Inthis thesis, we pursue a full exploration of the end-to-end scheduling approach to the resourcecontention problem and compare the performance of the end-to-end scheduling approach and theMPCP approach.2.3 Real-Time CommunicationDue to the recent development in multi-media applications and communication networks, thereis an increasing amount of research e�ort on real-time communications. This thesis is relatedto the work on scheduling message transmissions in packet-switching or cell-switching networks,such as ATM networks. The transmitted messages are from real-time sources, such as videoconferencing and MPEG movies. They are continuous and satisfy certain burstiness constraints.The design objectives of the network often include (1) a bounded end-to-end delay on a messagedelivery, (2) a bounded bu�er size at each switch or hop, and sometimes (3) a small end-to-enddelay jitter. To achieve these objectives, real-time scheduling techniques, such as prioritizedmessages and rate-based scheduling, are used to schedule the messages at each switch.A service discipline refers to a message scheduling scheme used to switch the packets or cells.Zhang and Ferrari [22] divided service disciplines into two categories,work-conserving disciplines,12



which never allow an outgoing link to idle when there are messages waiting to be sent on the link,and non-work-conserving disciplines, which may allow outgoing links to be idle in the presenceof waiting messages. Rene [23, 24] proposed a rate-controlled service discipline by using a (�; �)-regulator. This work-conserving scheme yields good performance in terms of the end-to-enddelay and the bu�er size. Many similar schemes have been proposed, including Delay Earliest-Due-Date (Delay-EDD) [25, 26, 27], Virtual Clock [28], Fair Queuing [29], and GeneralizedProcessor Sharing [30, 31]. On the other side, non-work-conserving disciplines include JitterEarliest-Due-Date (Jitter-EDD) [32], Stop-and-Go [33], Hierarchical Round Robin (HRR) [34],and Rate-Controlled Static Priority (RCSP) [22].In most of the above-mentioned schemes, each message stream is assumed to satisfy certainburstiness constraints, such as the (�; �) burstiness constraint1 and the leaky bucket constraint,when it enters the network. In cases where applications are ill-behaved, a (�; �)-regulator can beused to enforce the burstiness constraint. At each switch, we either try to preserve the originalburstiness patterns, such as in non-work-conserving disciplines, or keep the burstiness of data
ow under control, such as in (�; �)-regulator and HRR schemes.Overlaps exist between the message scheduling problem and the end-to-end task schedulingproblem. For example, in both studies, a common objective is to obtain a bounded end-to-end delay. Not surprisingly, we see that many solutions to these problems are similar in spirit,especially on the execution synchronization problem in the end-to-end task scheduling. Forexample, one conclusion drawn in this thesis is that a system has a better schedulability if therelease of subtasks is controlled. This conclusion corresponds to the observation in real-timecommunications that the rate-controlled discipline yields shorter overall end-to-end delays thanthe uncontrolled version.Despite the commonalities, many fundamental di�erences between these two areas exist,and these di�erences prevent the solutions to one problem from being directly applicable to theother. In a modern packet-switching network, the message scheduling is performed on-the-
yand implemented in hardware. The scheduling scheme must be simple and straightforward. Thesituation is much better in task scheduling, where the task execution times are generally much1A message stream satis�es (�; �) constraint if and only if for any time interval with duration of d, the totalamount of messages that need to be transmitted is less than � + �d.13



larger than the scheduling overhead. Consequently, it is possible to implement more complicatedscheduling algorithms which may not be suitable for real-time communication networks.Another di�erence between the two areas is that the precedence constraints between subtasksin an end-to-end task is by nature di�erent from the precedence constraints of a message travers-ing through a series of switches. In message transmission, when the �rst packet of a message issent from switch A to switch B, switch B can immediately forward the packet to switch C. Inthe case of an end-to-end task, however, the �rst subtask has to complete entirely on the �rstprocessor before the second subtask can start on the second processor. As a result, round-robin-based schemes, which are e�ective in message transmission scheduling, can lead to quite longend-to-end response times of end-to-end tasks.2.4 Classical Scheduling TheoryA rich set of scheduling theories has been developed in the context of operations research. In thiscontext, the problem is how to schedule a set of jobs on a set of machines, and the goal of schedul-ing is to maximize the productivity. An excellent survey was done by Lawler et al. [35], whoclassi�ed the problems and provided an overview of the known solutions. Many topics are alsocovered in [36] by Blazewicz. Xu and Parnas [37] gave insights on how classical scheduling the-ories can be used to solve real-time scheduling problems. Recently, Stankovic et al. [38] pointedout some implications of classical scheduling theories in the design of real-time systems. Never-theless, classical scheduling theories are in general not directly applicable to real-time schedulingdue to di�erent assumptions.Almost all work on classical scheduling assumes a static workload where there are a �nitenumber of tasks and the task parameters are known a priori. Each task has only one instance.Oftentimes, all tasks have the same release times. Consequently, the resultant schedule has a�nite length. In contrast, the workload in a real-time application typically consists of a set ofperiodic or sporadic tasks, and the schedule lasts forever. It may be argued that a periodic taskset can be transformed to a static set of tasks by con�ning our attention to the task instancesin a hyper-period, an interval whose duration is equal to the least common multiple of all theperiods. After this transformation, it becomes possible to apply classical scheduling theories tothe transformed task set. Two issues still need to be addressed. First, a periodic task may14



not be released periodically, and thus a de�nite transformation is impossible. Secondly, evenif this transformation is possible, we need to consider Graham's anomalies [39] when trying todetermine whether every task instance will meet its deadline. Because the task instances havevariable execution times, examining the schedule where each task has its maximum executiontime may not be su�cient to draw a conclusion about the schedulability of tasks. The generalproblem of predicting the completion times of task instances in the presence of anomalies hasnot been solved [40].The end-to-end scheduling problem studied in this thesis resembles the classical job-shopscheduling problem. In the job-shop model, each task needs to execute on a set of processors in acertain order, and each task may require a di�erent order. A similar but more restricted model,called the 
ow-shopmodel, where all tasks have the same orders, was studied and extended to end-to-end real-time scheduling by Bettati [13]. Like many other works in classical scheduling, e�ortson job-shop scheduling problems have concentrated on minimizing the length of the schedule for astatic workload. Johnson [41] provided an algorithm to �nd a minimum length schedule for a 
ow-shop system with two processors in O(n logn) time. A simple extension provided by Jackson [42]yields a solution to the 2-processor job-shop scheduling problem with the same time complexity.Hefetz and Adiri [43] provided an algorithm for computing a minimum length schedule for atwo-processor job-shop system with unit-length tasks in linear time. Brucker solved the similarproblem of 2-processor unit-time job-shop scheduling to minimize the maximum lateness [44, 45].However, the problems of scheduling of any non-trivial job-shops with more than two processorsare NP-hard [46, 47, 48]. To the best of our knowledge, there is no algorithm that produces zerounit penalty schedules for a job-shop system, where a zero unit penalty schedule ensures thatevery task meets its deadline.
15



Chapter 3System ModelIn this chapter, we formally describe the end-to-end system model that serves as the basis ofour work. We also discuss several modeling techniques that map real-world applications tothe end-to-end system model, to show the 
exibility and usefulness of the model. Through asimple example, we then illustrate and de�ne the three problems in end-to-end scheduling, namelythe priority assignment problem, the execution synchronization problem and the schedulabilityanalysis problem.3.1 AssumptionsA task in a distributed real-time system is called an end-to-end task if it consists of a chain ofsubtasks and has an end-to-end deadline. We call a real-time system an end-to-end system ifit consists of more than one processor and a set of end-to-end tasks. The following list furtherexplains the notion of an end-to-end task and end-to-end system, as well as other aspects of anend-to-end system.1. The system consists of a set fPig of processors and a set fTig of tasks.2. Each task Ti consists of a chain of ni subtasks, Ti;1, Ti;2, : : :, Ti;ni . Ti is referred to as theparent task to its subtasks, and subtasks are referred to as sibling subtasks to each other ifthey have the same parent task. 16



3. Each request for execution of a subtask is called an instance of that subtask and thecorresponding instances of all subtasks are collectively called an instance of their parenttask.4. Subtask Ti;j is a predecessor (successor) of subtask Ti;k if j < k (j > k), and Ti;j isthe immediate predecessor (immediate successor) of Ti;k if they are also adjacent (i.e.,jj � kj = 1). Similarly, if Ti;j(m) denotes the mth instance of Ti;j , Ti;j(m) is a predecessor(successor) of Ti;k(m) if j < k (j > k), and Ti;j(m) is the immediate predecessor (immediatesuccessor) of Ti;k(m) if Ti;j and Ti;k are also adjacent. An instance of a later subtask Ti;jfor j > 1 cannot be released until its immediate predecessor completes.5. Each task Ti is a periodic task with period pi, meaning that the �rst subtask Ti;1 is aperiodic subtask with the period pi. A subtask that is later in the subtask chain may ormay not be released periodically, depending on the particular synchronization protocol usedin the system. For the sake of convenience, we still say that every subtask has a period pi;jwhich is equal to the period pi of its parent task.6. The release time of the �rst instance of Ti;1 is the phase fi of task Ti.7. If an instance of Ti;j is released before the previous instances of Ti;j complete, there aremultiple instances of Ti;j in the ready queue. In this case, all instances of Ti;j are scheduledon the FIFO basis, i.e., an instance of Ti;j cannot start to execute before the previousinstances of Ti;j complete.8. Each task Ti has a relative end-to-end deadline Di. In other words, for each instance ofTi;1 released at time t, the corresponding instance of Ti;ni must complete by time (t+Di).Otherwise, we say that this instance of the task misses the deadline.9. Each subtask Ti;j has a maximum execution time �i;j , meaning that the execution time ofeach of its instances is no greater than �i;j .10. Subtasks are statically assigned to processors.11. Each subtask has a �xed priority �i;j , i.e., all instances of the subtask have the same priority.A preemptive, �xed-priority scheduling algorithm governs the execution of subtasks. Inother words, when an instance of a subtask is released, it is put in a ready queue. At any17
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Figure 3.1: An End-to-End Systemtime, the scheduler chooses to execute the subtask instance with the highest priority fromthe ready queue. The current executing subtask instance executes to completion, unless itis preempted by a newly-released subtask instance with a higher priority.Figure 3.1 shows a simple end-to-end system. There are four processors and three tasks inthe system. (Each circle represents a processor, and each box in a circle represents a subtaskthat executes on the processor represented by the circle.) Task T1 has only one subtask, whichis the trivial case. Task T2 has four subtasks; they execute in turn on processor P4, P2, P1 andP3. Task T3 executes on processor P3 �rst, then on P4 and then back to P3 again. We call atask, such as T3, a recurrent end-to-end task because it executes on the same processor morethan once, or, equivalently, it has more than one subtask on the same processor.We do not explicitly prohibit two or more adjacent subtasks from being on the same processor.The schedulability analysis algorithms, which will be described in Chapter 5, remain correct whensuch a situation arises. In practice, we can hardly �nd a reason for doing so. Adjacent subtaskson the same processor can always be treated as one, and performance will be better. Harbour et18



al. [49] studied the case, in which subtasks with di�erent �xed priorities executing on a singleprocessor, and developed schedulability analysis algorithms for bounding the task response times.In the previous list of assumptions, we deliberately avoided issues on resource contention.It is possible, however, to take resource contention into account in this model. If the resourcecontention is among the subtasks on the same processor, the PCP or SBP can be used to controlaccess to the resources. The maximum blocking time that a subtask instance can experienceis bounded, and the blocking time can be counted into the schedulability analysis algorithms toobtain correct timing bounds. If the contended resource is a global resource, i.e., it is accessed bysubtasks on di�erent processors, Chapter 8 presents a solution to this problem. Until Chapter 8,we ignore the resource contention problem.The system model makes no assumptions about the communication overhead. Obviously, theoverhead may not be negligible in practice. The model can take it into account in several ways.First of all, any implementation of a communication link must guarantee a maximum delay in amessage delivery in order to obtain a bound on the end-to-end response time of a task. Providedthat this is true, the following examples show how to capture communication overhead withinthe model.Prioritized Bus In the case when the communication link is a prioritized bus, such as CAN[50], each message has a �xed priority. Processors that want to send messages compete for thebus by putting the priorities of the messages on the bus, and the processor with highest messagepriority gains the control over the bus. A higher priority message may experience some blockingtime when it is ready to be sent while a lower priority message is being sent at that time.Such a communication link can be modeled as a \link" processor, and the transmission of eachmessage is modeled as a \message" subtask on the \link" processor. The maximum executiontime of a \message" subtask is equal to the maximum time needed to deliver the message whenit is transmitted alone. The blocking time of the \message" subtask is equal to the maximumdelay it can experience due to non-preemptive segments in lower priority messages. Therefore,such a system �ts the end-to-end system model described in the earlier sections, and we need notconsider the communication cost separately. For example, if the communication link in Figure 1.1is a prioritized bus, the system can be modeled as an end-to-end system with three processors,as shown in Figure 3.2. 19
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central processorFigure 3.2: Mapping a Prioritized Bus to a \Link" ProcessorDedicated Links In many embedded control systems, dedicated links are used to connectprocessors. Interference exists only among messages that are sent from the same processor, whilethere is no interference among messages sent from di�erent processors. Two cases can be furtheridenti�ed. In some implementations, a message transmission needs the intervention of the CPU,such as in polling or synchronized message sending. In this case, subtasks do not relinquishthe CPU during message transmission. Consequently, the communication link can be treatedas a local, shared resource, and sending a message is a critical section in the sender subtask.The communication cost can thus be treated as the duration of the critical section and can beincorporated as part of the execution time for the purpose of schedulability analysis. In the othercase, sending messages does not need the intervention of the CPU, such as message transmissionscontrolled by a DMA controller. In this case, the maximum time needed to transmit a message,including the possible blocking time experienced by the sender, can be added into the blockingtime of the sender subtask. After such care is taken, our schedulability analysis algorithms willremain correct.Other Cases In the case of networks, such as FDDI [51], where the maximum delay of eachmessage transmission is bounded but the networks are neither prioritized buses nor dedicatedlinks, we again model the communication link as a \link" processor and the message transmissionsas the subtasks on the \link" processor. The only di�erence with respect to our end-to-end systemmodel is that the \link" processor uses a scheduling algorithm di�erent from a �xed-priorityscheduling algorithm. This presents a new problem, called hybrid end-to-end scheduling, wherea mixture of di�erent scheduling paradigms are used on di�erent processors. A thorough studyof this problem is beyond the scope of this thesis. In Chapter 9, we will discuss brie
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In general, in a �xed-priority end-to-end system, assigning priorities to subtasks so thatthe system is schedulable is called the priority assignment problem. We say that a priorityassignment is feasible if according to the assignment the system is schedulable. (A more precisede�nition of feasible priority assignment can be found in Chapter 6.) Solutions to the priorityassignment problem are priority assignment methods, where an optimal method always �nds afeasible priority assignment if such an assignment exists, and a good heuristic method is morelikely to yield feasible assignments than a random assignment. In Chapter 6 we will see thatthe priority assignment problem is in fact a family of sub-problems which are not likely to havee�cient optimal solutions. We will present several heuristic methods there.Execution Synchronization The second problem in end-to-end scheduling is concerned withthe releases of subtask instances which are not of the �rst subtask in a chain. Consider subtaskT2;2 in Figure 3.3 for example. When an instance of T2;1 completes, we can release a correspond-ing instance of T2;2 on P2 immediately. However, we are not obligated to do so. In fact, we maywant to intentionally delay the release of the corresponding instance of T2;2 if by doing so we canimprove the schedulability of the system.Figure 3.4 shows the �rst 10 time units in the schedules on P1 and P2 if we release an instanceof T2;2 immediately after the corresponding instance of T2;1 completes. Each dotted arrow in the�gure represents a synchronization signal sent from P1 to P2, indicating that an instance of T2;1has just completed. Upon receipt of this signal, an instance of T2;2 is released immediately. Inthe schedule, we let the phase of T3 be 4 and the phases of all other tasks be 0. We notice thatT3 misses its deadline at time 10 because the �rst instance of T3;1 is preempted twice by T2;2.This situation happens because the completion time of subtask T2;1 is not periodic, either dueto interference of T1;1 or due to the fact that the actual execution time can be shorter than themaximum execution time. Since an instance of T2;2 is released immediately after the completionof the corresponding instance of T2;1, two instances of T2;2 may be released within a 6-time-unitinterval, as shown in Figure 3.4, causing T3;1 to miss its deadline. In contrast, if instances of T2;2were released periodically at the period of 6, T3;1 surely would never miss any deadline becauseT2;2 and T3;1 have the same periods and their total utilization is less than 1.One way to improve the schedulability of T3 is to always release an instance of T2;2 4 timeunits after the release of the corresponding instance of T2;1. It is always feasible for us to do so,22
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Schedulability Analysis Once we have assigned the priorities to subtasks and chosen anappropriate synchronization protocol, the next question is whether every instance of each taskwill meet its deadline. Earlier, we determined the schedulability of tasks in Figure 3.3 in anad hoc fashion. This is possible only because the system is small and tasks are simple. Weneed a general, systematic method to determine the system schedulability. This is the thirdproblem in the end-to-end scheduling, namely the schedulability analysis problem, which entailsverifying the schedulability of an end-to-end system for a given priority assignment and a givensynchronization protocol that is used to schedule the system.To solve this problem, we need schedulability analysis algorithms. We may need di�erentschedulability analysis algorithms for di�erent synchronization protocols because the protocolsyield di�erent timing behavior of a system, as we have demonstrated by the simple exampleabove. Oftentimes, the schedulability analysis algorithm is not optimal in the sense that it doesnot give a necessary and su�cient condition for schedulability. In other words, the algorithmmayreport that the system is not schedulable when it actually is. For this reason, another importantissue in schedulability analysis is how to re�ne and improve the algorithms to yield more accuratepredication about the system schedulability.Relation Among the Three Problems We have identi�ed and illustrated the three prob-lems in end-to-end scheduling. These problems are closely related. For example, given a priorityassignment alone, we cannot assert that a system is schedulable without knowing the synchron-ization protocol used in the system, and vice versa. Even if a system using a particular priorityassignment and a particular synchronization protocol is indeed schedulable, we cannot tell it fromsystems which are indeed not schedulable if the best existing schedulability analysis algorithmreports that the system is not schedulable. From this perspective, the performance of a priorityassignment method and a synchronization protocol is with respect to the best schedulability ana-lysis algorithm, not with respect to the actual system schedulability they yield. In the followingthree chapters, we will address these three problems in detail. Due to the logical dependencybetween these three problems, we will discuss the execution synchronization and schedulabilityanalysis problems �rst and the priority assignment problem last. In our discussion on the exe-cution synchronization and schedulability analysis, we will assume that a certain �xed priorityassignment is given for the system. 24



Chapter 4Synchronization Protocols4.1 IntroductionIn this chapter, we describe �ve synchronization protocols that govern the release of subtasksand control the execution of subtasks. A valid protocol must satisfy two necessary conditions.1. The precedence constraints among subtasks in the same taskmust be satis�ed. No protocolsshould release an instance of a subtask before the corresponding instance of its predecessorhas completed.2. The synchronization protocol must render itself to schedulability analysis. In other words,we must be able to bound the end-to-end response times of tasks in a system using theprotocol. For easy reference in later discussion, we abbreviate the end-to-end responsetimes as the EER times.We use the following criteria to measure the performance of each valid protocol.Bounds on Task EER Times : When the best schedulability analysis algorithm for a syn-chronization protocol can yield �nite upper bounds on task EER times, we refer to thebounds as the bounds yielded by the synchronization protocol. For a hard real-time sys-tem, we prefer synchronization protocols to yield small bounds on task EER times.Average EER Times : In many applications, we want the average EER times to be as shortas possible while in other applications we see no advantage if a task �nishes earlier thanthe worst case. 25



Complexity : A more complex algorithm is more di�cult to implement, and oftentimes incursa greater run-time overhead.Run-Time Overhead : The overhead includes the number of interrupts and the number ofcontext switches associated with each subtask instance. Ideally these numbers should bebounded and small for each subtask instance.Output Jitter : For an individual task, the output jitter is the di�erence between the worst-case EER time (or the upper bound on the EER time) and the best-case EER time (or thelower bound on the EER time). The smaller the di�erence, the smoother the output. Largeoutput jitter often leads a large amount of bu�ering space required to hold the intermediateand �nal results computed by the subtasks.It is impossible to optimize a synchronization protocol with respect to all these performancemeasures simultaneously. For example, given a �xed worst-case EER time, a smaller averageEER time can imply a larger output jitter. Consequently, no protocol is superior to another withrespect to all the above performance measures. Our study intends to reveal the strengths andthe weaknesses of the protocols.4.2 The Synchronization ProtocolsIn the following description of each protocol, we discuss the complexity of the algorithm andthe run-time overhead while leaving other performance issues to Chapter 7. For the run-timeoverhead, we include the number of context switches and the number of interrupts associated witheach subtask instance. Interrupts are further classi�ed into timer interrupts and synchronizationinterrupts. A timer interrupt happens at each time instant set by the scheduler. A synchronizationinterrupt happens when an instance of a subtask completes, and a synchronization signal is sentto notify the scheduler on the processor where the immediate successor of the subtask executes.By assumption, each instance of the �rst subtask in each task is triggered by a timer interrupt1.For example, suppose a task Ti has two subtasks, Ti;1 and Ti;2, on two processors P1 and P2.A timer interrupt happens periodically with the interval equal to pi on P1. In response to each1In practice, the instance of the �rst subtask might be triggered by an external event. As far as cost isconcerned, the overhead is the same as a timer interrupt.26



interrupt, the scheduler on P1 releases an instance of Ti;1 and puts it in the ready queue forexecution. After an instance of Ti;1 completes, depending on the synchronization protocol, thescheduler on P1 immediately or sometime later sends a synchronization signal to the scheduleron P2. A synchronization signal causes a synchronization interrupt on P2. Upon receipt of thesynchronization signal, the scheduler on P2 may release an instance of Ti;2 immediately or later,depending on the synchronization protocol used.4.2.1 Direct Synchronization (DS) ProtocolRecall that in the previous chapter we discussed a simple way to control the release of subtasks,i.e., an instance of a subtask is released as soon as its immediate predecessor completes. Wecall this protocol the Direct Synchronization Protocol, or simply the DS protocol. One way toimplement this protocol is as follows. When an instance of a subtask completes, the scheduler ofthe subtask sends a synchronization signal to the scheduler on the processor where the immediatesuccessor of the subtask executes. Upon receipt of this synchronization signal, the scheduleron the later processor releases one instance of the successor subtask and puts it in the readyqueue. As mentioned earlier, each instance of the �rst subtask in a task is released upon a timerinterrupt.This protocol is obviously easy to implement. Each subtask instance incurs the cost of oneinterrupt. Due to the nature of priority-driven scheduling, one subtask instance preempts at mostone other subtask instance with a lower priority. Therefore, each subtask instance involves anoverhead of at most two context switches.Despite the simple implementation and low overhead, there are two problems associated withthe DS protocol, making it a poor choice for a hard real-time system. As we have seen in theexample in the previous chapter, the DS protocol may yield longer worst-case EER times andcause tasks to miss their deadlines. As a matter of fact, we will show in the next chapter that theupper bound on the EER time of a task yielded by the DS protocol is always greater than or equalto the upper bound yielded by other protocols. The second problem is that the schedulabilityanalysis of a system using the DS protocol is very complicated. In fact, we may not obtain�nite upper bounds on the task EER times for some systems using the DS protocol. Theseshortcomings motivated us to design new protocols presented in the rest of this section.27
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Figure 4.1: Illustration of the Phase Modi�cation Protocol4.2.2 Phase Modi�cation (PM) ProtocolThe Phase Modi�cation protocol was proposed by Bettati [13] to schedule periodic 
ow-shoptasks. The Phase Modi�cation protocol, or the PM protocol, requires that we �rst bound theworst-case response time of each subtask Ti;j. Let Ri;j denote an upper bound on the responsetime of Ti;j . If the phase of Ti is fi, then according to the PM protocol we adjust the phase fi;jof each subtask Ti;j to be fi +Pj�1k=1Ri;k, and at run-time we release each subtask periodicallyaccording to its adjusted phase and the period of its parent task. This is illustrated in Figure 4.1.Each shaded box represents the execution time of the corresponding subtask instance, and theshaded box plus the adjacent white box represents the response time of the corresponding subtaskinstance. We see from the absence of the synchronization signals that an instance of Ti;2 is releasedindependent of the completion time of the corresponding instance of Ti;1. Instead, it is releasedaccording to the adjusted phase and the period of Ti. It is easy to verify that whenever an instanceof a subtask is released, the immediate predecessor of the subtask instance has completed, (i.e.,the precedence constraints are satis�ed,) provided that Ti;1 is strictly periodic and the boundRi;j is a correct upper bound on the response time of Ti;j .From the above description, we can see the PM protocol is tightly intertwined with theschedulability analysis algorithm. They are mutually dependent. To schedule an end-to-endsystem using the PM protocol, we �rst use the schedulability analysis algorithm to obtain upperbounds on the response times of subtasks. We then adjust the phases of subtasks and schedulethem according to the adjusted phases. On the other hand, as will become clear in Chapter 5,28
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shortcoming of the PM protocol limits its application to a smaller set of end-to-end systemswhere the �rst subtasks of all tasks are strictly periodic.The third problem arises if a subtask occasionally overruns. In this case, the precedenceconstraint between the subtask and its immediate successor can be violated, due to the samereason mentioned above.All these problems root from the same fact, i.e., the lack of explicit synchronization betweenthe completion of a subtask instance and the release of its immediate successor in the PM protocol.In many situations it is not su�cient to rely solely on timing bounds and timer interrupts.This observation leads us to a modi�ed version of the PM protocol, called the Modi�ed PhaseModi�cation protocol, or the MPM protocol, which overcomes these problems at a slightly highercost.4.2.3 Modi�ed Phase Modi�cation (MPM) ProtocolAccording to the MPM protocol, when a subtask instance completes, the scheduler checks if theresponse time of the instance is less than the upper bound on its response time. Suppose thatthe response time of subtask Ti;j is upper-bounded by Ri;j. According to the MPM protocol,if the completion time of an instance of Ti;j released at time t is earlier than t + Ri;j , a timerinterrupt is set to t + Ri;j. When the timer interrupt is due, a synchronization signal is sent tothe processor where subtask Ti;j+1 executes. On the other hand, if the completion time of thisinstance is greater than or equal to t +Ri;j , a synchronization signal is sent immediately to theprocessor where Ti;j+1 executes. In either case, upon receipt of the signal, the scheduler of Ti;j+1releases an instance of Ti;j+1 immediately and puts it into the ready queue.Figure 4.4 illustrates the MPM protocol when it is applied to task Ti in Figure 4.1. A dot-ted arrow represents the sending of a synchronization signal, and the line with double arrowsrepresents the duration from the completion of a subtask instance until the sending of a corres-ponding synchronization signal. Although the schedule in Figure 4.4 is identical to the one inFigure 4.1, the underlying mechanism to achieve this schedule is totally di�erent. For example,in Figure 4.1, the release time of the �rst instance of Ti;2 is solely dependent on the phase of Ti;2,while in Figure 4.4 it depends on when the synchronization signal from processor P1 is received.The following lemma states the relation between the PM and MPM protocols.31
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received and does not depend on the local clock. It does not matter if the clocks aresynchronized or not.The response time of a subtask instance exceeds the upper bound : This situation canhappen when subtasks occasionally overrun, the system experiences a transient overload,or the schedulability analysis is incorrect. Although this may cause some schedulabilityproblem, the precedence order between the overrun subtask and its successor is preservedgracefully.The �rst subtask of each task is not strictly periodic : Again, the precedence order amongsubtasks is preserved. Furthermore, we can verify that the minimum inter-arrival time ofa subtask Ti;j for j > 1 is greater than or equal to pi as well.Interrupts have overhead : In most cases, there are two interrupts associated with eachsubtask instance. One is the timer interrupt for completing before the worst-case completiontime, and the other is the synchronization interrupt. By contrast, only one interrupt costis associated with each subtask instance according to the PM protocol. If the overhead ofinterrupt cannot be ignored, the additional cost of using the MPM protocol instead of thePM protocol will eventually lead to longer EER times of tasks.Even though the MPM protocol overcomes some problems of the PM protocol, two aspectsof these protocols can still be problematic. First, the PM and MPM protocols depend on aschedulability analysis algorithm to compute the bounds on the response times of subtasks inorder to schedule the subtasks properly. Consequently, whenever the work load changes, e.g.,when a task is added to the system, the upper bounds on the subtask response times may change,and accordingly the schedulers must adjust the phases of the subtasks in the case of the PMprotocol or the intervals for setting timer interrupts in the case of the MPM protocol. In otherwords, the PM and MPM protocols are not easily adaptable to workload changes. Secondly,according to the PM and MPM protocols, the EER time of task Ti is at least Pni�1l=1 Ri;l, whichis close to the worst-case EER time, i.e., Pnil=1Ri;l. Therefore, we expect that the average EERtime of a task is very close to the worst-case EER time as well. If shorter average EER times aredesired, such as in many interactive applications, the performance of the PM and MPM protocolsmay be unacceptable in terms of average EER times.33



4.2.4 Release Guard (RG) ProtocolThe motivation behind the Release Guard protocol, or the RG protocol, is to yield the same upperbounds on task EER times as the PM and MPM protocols but overcomes the two shortcomingsof these protocols. The idea in the RG protocol is to release instances of each subtask such thatthe interval between any two consecutive releases is no shorter than the period of the subtask. Bydoing so, we can treat each subtask as a periodic subtask in schedulability analysis and obtainthe same tight upper bounds on the response times of subtasks and eventually the same upperbounds on task EER times as the PM and MPM protocols. To yield shorter average EER timesof tasks, the RG protocol allows the scheduler to release a subtask instance at the earliest possibletime while still ensures that the previous constraint on the inter-release times is satis�ed.To describe the RG protocol, we introduce a variable gi;j called the release guard, for everysubtask Ti;j . At time t, the release guard of a subtask speci�es the earliest possible time instantwhen the next instance of the subtask can be released. We say that a time instant t is a processoridle point, or simply an idle point, if all subtask instances that are released before t have completedby t. The scheduler of Ti;j maintains its release guard gi;j and updates the release guard accordingto the following rules.1. gi;j is initially equal to 0.2. When an instance of subtask Ti;j is released, update the gi;j to the current time plus theperiod pi of Ti;j.3. Update gi;j to the current time if the current time is a processor idle point on the processorwhere Ti;j executes.The rule to release an instance of a subtask which is not the �rst subtask becomes very simple:Release an instance of Ti;j at the time equal to gi;j or when the immediate predecessorof the instance completes, whichever is later.By Rule (2) alone, the inter-release time of any two consecutive instances of a subtask cannever be smaller than its period. Rule (3) allows us to reset the release guards to a possiblyearlier time instant. The only system parameters that the RG protocol needs to know are taskperiods, which makes the RG protocol easily adaptable to workload changes.34
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4.2.5 Sporadic Server (SS) ProtocolThe sporadic server was initially proposed by Sprunt et al. [52] to handle sporadic requestsin a periodic environment. From the schedulability analysis point of view, a sporadic server isjust another periodic task with its own period and execution time. At run-time, however, theexecution of the sporadic server may exhibit no periodicity. Instead, its execution depends onthe arrivals of the sporadic requests and a set of rules regarding its eligibility for execution at anytime instant. The original sporadic server algorithm proposed in [52] is not correct. In AppendixA, we give an example to illustrate the mistake in the original algorithm. A closer look at thismistake reveals that the idea of the sporadic server encompasses a family of algorithms which aredi�erentiated by their complexity and aggressiveness in competing for the processor. A detaileddescription of this family of sporadic server algorithms is included in Appendix A.The sporadic server algorithms can be used for the end-to-end scheduling of periodic tasks.The resultant protocol is called the Sporadic Server protocol or the SS protocol. According tothe SS protocol, we use a sporadic server to execute each subtask Ti;j. The period of the serverfor subtask Ti;j is equal to the period of Ti, and the server execution time is equal to �i;j (or �+i;j).Unlike the PM, MPM or RG protocols, the SS protocol does not control the releases of subtasks.Instead, it controls the execution of a subtask, namely, it determines when to execute a subtaskinstance and for how long. Whenever a subtask instance completes, its immediate successor isreleased right away. The instance executes whenever its own sporadic server is scheduled.Because the sporadic servers can be treated as periodic tasks in schedulability analysis, wewill obtain the same upper bounds on the response times of subtasks and the same upper boundson task EER times as the PM, MPM and RG protocols. In addition, the SS protocol will yieldshorter average EER times than the RG protocol for more \urgent" tasks2 because the executiontime of a subtask instance is often smaller than the maximum execution time, and the sporadicserver can reclaim some of the \unused quota" to serve the next instance of the same subtask.According to the description given in Appendix A, the sporadic server algorithms are fairlycomplicated. For the purpose of implementing the SS protocol, it is possible to simplify the2Since a task has many subtasks and each subtask has its own priority, we cannot say one task has higherpriority than another anymore. However, according to the priority assignment methods proposed in this thesis,subtasks with shorter periods are generally assigned higher priorities. Loosely speaking, more \urgent" tasks aretasks with shorter periods. 36



algorithms because each server only serves one subtask. (For example, we do not need a queueto hold the sporadic requests.) In fact, we may totally eliminate the sporadic servers in imple-mentation. For each subtask, its scheduler only needs to maintain a budget account and updatethe account according to the budget replenishment rules used in the sporadic server algorithms.An subtask instance is eligible to execute only if its budget account is non-zero. Nevertheless,the simpli�ed implementation is still signi�cantly more complex than the previous protocols.The execution of a subtask instance can be suspended before the instance completes. Thissituation happens when its server has no more execution budget. The execution is resumed whenthe budget is replenished (through a timer interrupt). Theoretically, the number of suspensionsand resumptions can be arbitrarily large for a subtask instance. This implies that the numberof context switches and interrupts associated with a subtask instance can be unbounded as well.This shortcoming, plus its complexity, make the SS protocol less appealing when it is comparedwith the previous protocols, especially the RG protocol.4.3 Complexity and Run-Time OverheadThis section summarizes the various issues related to the implementation and run-time overheadof the synchronization protocols discussed in the previous section. Table 4.1 lists the comparisonof the �ve protocols with respect to the algorithm complexity, number of context switches andnumber of interrupts associated with each subtask instance.Protocol Complexity # of context switches # of interruptsDirect Synchronization simple 2 1Phase Modi�cation intermediate 2 1Modi�ed Phase Modi�cation intermediate 2 2Release Guard intermediate 2 2Sporadic Server complex unbounded unboundedTable 4.1: Comparison of Protocols with Respect to Complexity and OverheadAs for complexity, the DS protocol requires the least extra support (synchronization interrupt)from the operating system and is clearly the simplest. The PM protocol needs only timer interruptsupport, but it requires synchronized clocks on di�erent processors. The MPM and RG protocols37



require both synchronization interrupt and timer interrupt support. Furthermore, the PM andMPM protocols rely on the results of schedulability analysis, which makes them not suitable forsystems where tasks are frequently deleted and added. For these reasons, the PM, MPM andRG protocols are classi�ed as \intermediate" in terms of their complexity. The SS protocol isthe most complicated due to the complexity of the Sporadic Server algorithms.As for the number of context switches associated with each subtask instance, it is bounded by2 for the DS, PM, MPM and RG protocols. The number follows directly from the following ruleswhich \charge" the context switch cost to appropriate subtask instances. A context switch canoccur in two cases: (1) a subtask instance is released and it has higher priority than the currentlyexecuting one; or (2) the currently executing subtask instance completes. In the �rst case, wecharge the context switch cost to the preempting subtask instance, and in the second case wecharge the cost to the completed subtask instance. By doing so, we �nd that every context switchcost is charged to some subtask instance, and obviously no subtask instance is charged more thantwice. If the context switch overhead is not negligible in practice, we simply add the overhead oftwo context switches to the maximum execution time of each subtask, and we can then performthe schedulability analysis as if the context switch overhead is zero.In the case of the SS protocol, an instance can be switched out due to the server runningout of time budget. Theoretically, there can be an unbounded number of context switches forany single subtask instance. Consequently, in schedulability analysis we will have di�culty incomputing the context switch overhead if the overhead is not negligible.As for the number of interrupts associated with each subtask instance, it is equal to one forthe DS protocol because the release of each subtask instance is triggered by a synchronizationinterrupt (except the release of the �rst subtask, which is triggered by a timer interrupt or anexternal event). According to the PM protocol, the release of each subtask is controlled by thetimer, and each instance requires one timer interrupt. For the MPM and RG protocols, eachsubtask instance is associated with no more than two interrupts, one for the timer interrupt andone for the synchronization interrupt. For the similar reason discussed in the previous paragraph,each subtask instance in SS protocol can have an unbounded number of interrupts.38



4.4 Execution ControlWe say a subtask instance is available for release when its immediate predecessor has completed,and it is ready to execute after it is released. A synchronization protocol is said to have executioncontrol if a subtask instance can be intentionally withheld from release when it is available forrelease or it can be withheld from execution after it is released. In other words, the protocolis not greedy. On the other hand, a greedy synchronization protocol does not have executioncontrol: it never allows the delay in releasing or executing a subtask instance.Clearly, only the DS protocol is greedy and does not have execution control. The PM protocolreleases subtask instances depending on the clock rather than the completion of the immediatepredecessors of subtask instances. Delay in releasing a subtask instance happens when its imme-diate predecessor completes earlier than its release time. According to the MPM or RG protocol,we need to check conditions other than the completion of its immediate predecessor to release asubtask instance, and an intentional delay in releasing a subtask instance can happen. Accordingto the SS protocol, the release of a subtask instance is never delayed. However, the executionof a subtask instance may be suspended before it completes. Consequently, the SS protocolis a synchronization protocol with execution control. Figure 4.6 shows the classi�cation. InChapter 5, we will see that similar schedulability analysis methods can be used for the protocolswith execution control.
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Chapter 5Schedulability AnalysisIn this chapter, we focus on schedulability analysis algorithms for the synchronization protocolsproposed in Chapter 4. In most cases, to verify the schedulability of each task and hence theschedulability of a system, we bound the end-to-end response (EER) time of each task andcompare the bound with the end-to-end relative deadline of the task.We �rst present the schedulability analysis algorithms for the Phase Modi�cation (PM) andModi�ed Phase Modi�cation (MPM) protocols. These protocols are the easiest to analyze be-cause according to these protocols subtasks �t in the periodic task model. We then present thealgorithms for the Release Guard (RG) and Sporadic Server (SS) protocols. These algorithms arelargely the same as the algorithms for the PM and MPM protocols. The similarity between theseschedulability analysis algorithms is not a coincidence. As protocols with execution control, thePM, MPM, SS and RG protocols are designed to ensure that the behavior of each subtask is noworse than a periodic subtask, and one schedulability analysis algorithm for periodic systems canbe applied to all of them. On the other hand, the Direct Synchronization (DS) protocol does nothave execution control and is much more di�cult to analyze. In the second half of this chapter,we present an algorithm that bounds the EER times of tasks in a system using the DS protocol.All these algorithms are based on a technique called busy period analysis, which was �rstproposed by Lehoczky [5, 6] and later extended by Audsley [7], Tindell [8, 19, 53], and Burns [17].Before we present the schedulability analysis algorithms, we introduce the notation used in thebusy period analysis and describe this technique under the context of the end-to-end scheduling.40
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0 DFigure 5.2: A �i;j-Level Busy Periodbusy period within which Ti;j(m) executes starts from time zero. In the �gure, ri;j(m) is therelease time of Ti;j(m), and Ci;j(m) is the completion time of Ti;j(m).To compute the completion time Ci;j(m), we need to analyze time demand generated by manyother subtask instances, especially those which must be scheduled ahead of Ti;j(m). We say apiece of time demand is generated at time t on a processor if an instance of a subtask is released(and ready for execution) at time t on the processor. The amount of the time demand is equalto the execution time of the instance, and the priority level of the time demand is equal to thepriority of the subtask. The time demand function with respect to Ti;j(m), denoted by W (t),is the total amount of time demand generated in interval [0; t) (t � Ci;j(m)) by Ti;j(m) andsubtask instances that are released before t and must be scheduled before Ti;j(m). Time demandfunction W (t) has two attributes:1 (1) at any time t after time zero and before the completiontime Ci;j(m), the total time demand W (t) is strictly larger than the time supply t; and (2) at thecompletion time Ci;j(m), the time demand W (Ci;j(m)) is equal to the time supply Ci;j(m). Putinto mathematic equations, these two attributes can be expressed as follows.W (t) > t; for 0 < t < Ci;j(m)W (Ci;j(m)) = Ci;j(m)Combining these two, we can express Ci;j(m) asCi;j(m) = minft > 0 j t = W (t)g (5.1)which implies that the completion time Ci;j(m) is the earliest time instance when the time demandis met by the time supply.1Please note that these two attributes only hold when the �i;j -level busy period starts from time 0. It maynot hold otherwise. 42



If we know the time demand function W (t), we can use an iterative process to obtain asolution for Ci;j(m). We let S0 = W (0+), where 0+ stands for a time instant immediate aftertime 0, and Sk = W (Sk�1) for k = 1; 2; : : :. If Ti;j(m) completes, Ci;j(m) is �nite, and the seriesSk converges to Ci;j(m). The response time of Ti;j(m) can thus be computed.In general, we may not know ri;j and W (t) exactly. However, we may know an upper boundon the time demand that can be generated by Ti;j and other subtask instances which can delaythe completion of Ti;j(m). In other words, we may know a function W 0(t) which is such thatW 0(t) � W (t) for 0 < t < Ci;j(m). Let C 0i;j(m) = minft > 0jt = W 0(t)g. It is easy to verifythat C0i;j(m) � Ci;j(m), i.e., C0i;j(m) is an upper bound on the completion time of Ti;j(m). If wealso know a lower bound on ri;j(m), we can compute an upper bound on the response time ofTi;j(m). In the rest of this chapter, we will always work with the upper-boundW 0(t) and C0i;j(m)in a busy period analysis. For the sake of convenience, we will say a time demand function W (t)while we mean its upper bound function W 0(t), and we may say the completion time Ci;j(m)while we mean an upper bound C0i;j(m) on the completion time obtained from W 0(t).The above method can be easily modi�ed to compute the duration of a �i;j-level busy periodas well. We de�ne the time demand function with respect to a �i;j-level busy period, denotedby W (t) as well, to be the total amount of the time demand with priority level higher than orequal to �i;j generated in interval [0; t) in a �i;j-level busy period starting from time zero. Theduration of this busy period isDi;j = minft > 0jt = W (t)gIf W (t) is an upper bound of the total amount of time demand rather than the actual amount oftime demand, the solution for Di;j is an upper bound on the duration of the busy period.5.2 Schedulability Analysis for the PM and MPM ProtocolsFor the purpose of schedulability analysis, we assume that clocks on di�erent processors aresynchronized, subtasks do not over-run, and the overhead for interrupts and context switches arenegligible. The behavior of the PM protocol is thus identical to that of the MPM protocol. Thealgorithms presented here are applicable to both protocols.43



From Figure 4.1, a natural bound on the EER time of a task is the sum of the bounds onthe response times of individual subtasks on the chain. Therefore we will �rst concentrate onbounding the response times of individual subtasks.5.2.1 Algorithm SA/PMAccording to the PM and MPM protocols, subtasks �t in the periodic task model. In the caseof the PM protocol, subtasks are strictly periodic. In the case of the MPM protocol, the inter-release time between any two consecutive instances of a subtask is no shorter than the period.Thus, according to both the PM and MPM protocols, we have a set of periodic subtasks on eachprocessor.In this thesis, we assume that the response time of a subtask may be longer than its period,unless stated otherwise. Given a set of periodic subtasks on each processor, the busy periodanalysis [6] can be readily applied to obtain an upper bound on the response time of eachsubtask. In [6], Lehoczky presented an analysis algorithm as a su�cient condition. Below wedescribe his algorithm in consistency with the busy period analysis method presented in theprevious section.In the following discussion, we focus on Ti;j , the subtaskwhose response time is to be bounded.We follow the following four steps to obtain a bound on the response time of Ti;j in an end-to-endsystem.1. Bound the duration of an arbitrary �i;j-level busy period.2. Bound the number of instances of Ti;j in a �i;j-level busy period.3. For each possible instance of Ti;j in a �i;j-level busy period, we obtain an upper bound onits response time.4. We take maximum of the bounds on the response times obtained in Step 3 as the boundon the response time of Ti;j .Let Hi;j denote the set of subtasks, excluding Ti;j , that (1) are on the same processor as Ti;jand (2) have priorities higher than or equal to Ti;j. Obviously, only the instances of subtasksin Hi;j [ fTi;jg can execute in a �i;j -level busy period. The time demand function W (t) withrespect to a �i;j-level busy period is the total amount of time demand generated by instances of44



subtasks in Hi;j [ fTi;jg during the interval [0; t). Given the fact that all subtasks are periodic,the time demand function W (t) can be bounded from above byXTk;l2Hi;j[fTi;jg� tpk � �k;lAccording to the busy period analysis presented in the previous section, an upper bound Di;j onthe duration of a �i;j-level busy period can be computed by the following equation :Di;j = min8<:t > 0 j t = XTk;l2Hi;j[fTi;jg � tpk � �k;l9=; (5.2)The iterative process described before can be applied to obtain the value ofDi;j. A transformationshows that Di;j has a �nite value if PTk;l2Hi;j[fTi;jg �k;l=pk is no greater than 1.Given the upper bound Di;j on the duration of any �i;j-level busy period, we can determinean upper bound Mi;j on the number of instances of Ti;j in a �i;j -level busy period. This is dueto the fact that Ti;j is periodic.Mi;j = �Di;jpi � (5.3)The time demand function with respect to the mth instance Ti;j(m) (1 � m � Mi;j) in a�i;j -level busy period is bounded from above bym�i;j + XTk;l2Hi;j � tpk � �k;lThus, according to the time demand analysis, an upper bound Ci;j(m) on the completion timeof Ti;j(m) can be computed byCi;j(m) = min8<:t > 0 j x = m�i;j + XTk;l2Hi;j � tpk � �k;l9=; (5.4)Ci;j(m) has a solution if PTk;l2Hi;j �k;l=pk is less than 1, which is the same condition for theexistence of an upper bound on a �i;j-level busy period. The iterative process described in theprevious section can be applied to obtain the solution.A lower bound of the release time of Ti;j(m) is (m� 1)pi. Hence an upper bound Ri;j(m) onthe response time of Ti;j(m) is given byRi;j(m) = Ci;j(m)� (m� 1)pi (5.5)Again, every instance of Ti;j must be released and completed in a �i;j-level busy period. Itsresponse time is upper-bounded by Ri;j(m) if it is the mth instance of Ti;j released in that busy45



Ti;j host pi �i;j �i;j Ri;jT1;1 P1 70 26 70 26T2;2 P1 100 62 100 118T2;1 P2 100 50 100 50Table 5.1: Subtask Parameters of an End-to-End Systemperiod. Hence the maximum of Ri;j(m)'s (1 � m �Mi;j) must be a correct upper bound on theresponse time of any instance of Ti;j and, therefore, an upper bound on the response time of Ti;j .Once we obtain upper bounds on the response times of subtasks, we can sum up the boundson the response times of all its subtasks to obtain an upper bound Ri on the end-to-end responsetime of a task. We call the algorithm based on the above steps Algorithm SA/PM, standing forthe schedulability analysis algorithm for the PM protocol. Figure 5.3 lists the pseudo-code ofAlgorithm SA/PM.As an example, let us look at an end-to-end system containing two tasks.2 The subtaskparameters are listed in Table 5.1, together with the bounds on the response times of subtaskscomputed by Algorithm SA/PM. Take subtask T2;2 for example. By Eq.(5.2), we obtain anupper bound on the duration of a �2;2-level busy period, which is 696. Hence there can be up to7 instances of T2;2 released and completed in a �2;2-level busy period. It turns out that the 5thinstance in the busy period has the largest upper bound on its response time, which is 118. Theupper bound on the response time of T2;2 is thus 118. The bounds on the EER times of T1 andT2 are 26 and 168, respectively.5.2.2 An Improvement of Algorithm SA/PMAn end-to-end task is said to be recurrent if it has two or more subtasks on a same processorand these subtasks are not adjacent. Under the following two additional conditions, we are ableto obtain tighter bounds on task EER times by using an improved algorithm, called AlgorithmSA/IPM, rather than by using Algorithm SA/PM.� Some tasks are recurrent.� The relative deadline of each task is shorter than or equal to its period.2This example is extracted and modi�ed from an example in [6] by Lehoczky.46



Algorithm SA/PMInput : Subtask set fTi;jg and the subtask parameters.Output : For each task Ti, the bound Ri on its end-to-end response time.Algorithm :1. For each subtask Ti;j,(a) Compute an upper bound Di;j on the duration of a �i;j-level busy period byDi;j = min8<:t > 0 j t = XTk;l2Hi;j[fTi;jg� tpk� �k;l9=;(b) Compute an upper bound Mi;j on the number of instances of Ti;j in a �i;j-level busyperiod byMi;j = �Di;jpi �(c) For m = 1; 2; : : :;Mi;j,i. Compute an upper bound Ci;j(m) on the completion time of the mth instance of Ti;jin the busy period byCi;j(m) = min8<:t > 0 j t = m�i;j + XTk;l2Hi;j � tpk� �k;l9=;ii. Compute an upper bound Ri;j(m) on the response time of the mth instance of Ti;jin the busy period byRi;j(m) = Ci;j(m) � (m � 1)pi(d) Compute the bound Ri;j on the response time of Ti;j byRi;j = maxfRi;j(m)g; for m = 1; 2; : : :;Mi;j2. For each task Ti, compute the bound on the end-to-end response time byRi = niXj=1Ri;jFigure 5.3: Pseudo-Code of Algorithm SA/PM47



An ExampleAs an example, Figure 5.4 shows a system that satis�es these conditions. The system has twotasks. Task T1 has four subtasks, and it is recurrent. Task T2 has only one subtask. Their relativedeadlines are equal to their periods. The subtask parameters are listed in Table 5.2. Columnlabeled as �i;j lists the priorities of subtasks. The smaller the number, the higher the priority.
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Figure 5.4: A Simple Recurrent End-to-End SystemTi;j host pi;j �i;j �i;jT1;1 P1 15 3 3T1;3 P1 15 4 1T2;1 P1 8 2 5T1;2 P2 15 3 3T1;4 P2 15 3 3Table 5.2: Subtask Parameters for the Example in Figure 5.4Suppose that we want to bound the EER time of T2, i.e., the response time of T2;1. Byapplying Algorithm SA/PM, we �nd that the bound on the response time of T2;1 is 9, and hencethe bound on the EER time of T2 is 9. Consequently, we cannot guarantee that T2 will alwaysmeet its deadline because its relative deadline is 8.An instance of T2;1 can have a response time of 9 time units only if it is preempted by bothT1;1 and T1;3. However, we observe that the phase of T1;1 is f1, and the phase of T1;3 is f1 + 6.It is impossible for any instance of T2;1 to be preempted by both T1;1 and T1;3. The worst-caseresponse time T2;1 never exceeds 6 time units, and T2 is schedulable.48



In the previous example, we know exactly the phases of T1;1 and T1;3, and it is possible forus to bound together their interference to the execution of T2;1 and obtain a tighter bound on theresponse time of T2;1. In general, however, we may not be fortunate enough to know the adjustedphases of all interfering subtasks when we want to bound the response time of Ti;j . Nevertheless,it is safe for us to assume that other tasks are schedulable when we bound the response timeof Ti;j for the following reason. If at the end of the schedulability analysis all tasks are foundschedulable, any upper bound on the response time of a subtask Ti;j based on this assumption isindeed correct. Otherwise, the upper bound on the response time of Ti;j may not be correct. Inthe latter case, we will �nd some task not schedulable and hence the system not schedulable. Inother words, as far as system schedulability is concerned, we reach the same conclusion that thesystem is not schedulable, no matter if the upper bound on the response time of Ti;j is indeedcorrect. In subsequent discussion, we will assume that all tasks other than Ti are schedulablewhen we bound the response time of a subtask of Ti.We now describe a general method that computes a tighter upper bound on the response timeof a subtask Ti;j , which is the core step in Algorithm SA/IPM. Let us take subtask T2;1 as anexample. Assuming that T1 is schedulable, the phases of T1;1 and T1;3 must be adjusted suchthat f1;1 < f1;3 < f1;1 + pi. Thus an instance of T1;1 and an instance of T1;3 cannot be releasedat the same time. Suppose an instance of T2;1 is released at the same time as an instance of T1;1.Let this time be t0. At time 3 after t0, the instance of T1;1 completes, and the correspondinginstance of T1;3 will not be released earlier than time 6 after t0 because it must wait for at least3 time units for the corresponding instance of T1;2 to execute and complete on P2. Consequentlythe instance of T2;1 released at time t0 gets a chance to execute and completes 5 time units later.On the other hand, suppose that an instance of T2;1 is released at the same time as an instance ofT1;3 at time t0. At time 4 after t0, the instance of T1;3 completes, and the corresponding instanceof T1;4 may start to execute on P2. If T1 is schedulable, the corresponding instance of T1;4 shouldcomplete before the next instance of T1;1 is released on P1. In other words, the next instance ofT1;1 will not be released before time t0 + 7, which is the earliest possible completion time of theinstance of T1;4. Consequently the instance of T2;1 released at time t0 can execute and completeat time t0+ 6. It is easy to verify that under any other situation, the response time of T2;1 neverexceeds 6 time units. As a result, we can guarantee that T2 is schedulable.49



Algorithm SA/IPMThe above example shows us that if we explore the dependency relationship among sibling sub-tasks, we may obtain a tighter upper bound on the response time of a subtask of another taskon the same processor. This is the idea behind our �rst improvement of Algorithm SA/PM.To explore the dependency relationship among sibling subtasks, we bound the total timedemand that can be generated by these subtasks as a whole. For this purpose, we introducethe interference function M i;jk (t) of a task Tk with respect to a subtask Ti;j . M i;jk (t) gives themaximum amount of �i;j-level time demand generated by subtasks of Tk during the interval[t0; t0 + t) in a �i;j-level busy period starting from time t0. Given the interference function ofevery task Tk with respect to Ti;j , we can bound the response time of Ti;j. The time demandfunction W (t) at time t0 + t with respect to a �i;j-level busy period starting from time t0 can beexpressed asW (t) = � tpi�+XTk M i;jk (t)and the time demand function W (t) with respect to the mth instance of Ti;j in this �i;j-levelbusy period can be expressed asW (t) = m�i;j +XTk M i;jk (t)We can modify Algorithm SA/PM according to these new time demand functions.Since we focus on tasks with relative deadlines shorter than their periods, we can take ashort-cut by only bounding the response time of the �rst instance of Ti;j in a �i;j-level busyperiod [1]. If the bound is smaller than the relative deadline, which is no greater than the periodof Ti;j , and all other tasks are schedulable, the bound is correct. If the bound is greater thanthe period of Ti;j, we know the bound may not be correct. However, the correct bound is surelygreater than the period of Ti;j , and we cannot guarantee that Ti will be schedulable. We thusdraw the correct conclusion about the schedulability of the system in both cases.As a result, we compute an upper bound Ci;j(1) on the completion time only for the �rstinstance of Ti;j in a �i;j-level busy period.Ci;j(1) = min8<:t > 0 j t = �i;j +XTk M i;jk (t)9=; (5.6)50



Algorithm SA/IPMInput : Subtask set fTi;jg and subtask parameters.Output : The bound Ri on the end-to-end response time of each task Ti.Algorithm :1. For each subtask Ti;jFor each task Tk (k 6= i)compute the interference function M i;jk (t).2. For each subtask Ti;j,determine the upper bound Ri;j on the response time of the �rst instance of Ti;j ina �i;j-level busy period byRi;j = min(t > 0 j t = �i;j +XTk M i;jk (t))3. For each task Ti, compute the bound on the EER time byRi = niXj=1Ri;jFigure 5.5: Pseudo-Code of Algorithm SA/IPMSince Ti;j(1) is released inside the �i;j-level busy period, Ci;j(1) is also an upper bound onthe response time. Eq.(5.6) forms the base of our improved schedulability analysis algorithm,Algorithm SA/IPM. Its pseudo-code is listed in Figure 5.5.Compute the Interference FunctionsSo far, we have not discussed how to compute an interference function. To see how, let us lookback at the example in Figure 5.4 and try to compute the interference function M2;11 (t). Weidentify that two subtasks, T1;1 and T1;3, in T1 can generate �2;1-level time demand on P1. Ifan instance of T1;1 is released at time 0, the corresponding instance of T1;3 cannot be releasedbefore time 6, as we discussed earlier. The combined time demand from both T1;1 and T1;3 canbe bounded from above by the staircase functions in Figure 5.6(a). On the other hand, if an51
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Algorithm SA/IPM/IF1Input : 1. Subtask Ti;j .2. Task Tk (k 6= i).Output : M i;jk (t)Algorithm :1. For every Tk;l in Hi;j(a) Set the phase fk;l of Tk;l equal to 0.(b) Set fk;1 equal to fk;nk + �k;nk , if l 6= 1.(c) Set fk;m equal to fk;m�1 + �k;m�1 if m 6= l and m 6= 1.(d) Compute the total time demandM i;jk;l (t) generated during the interval [0; t) by all subtasksof Tk that are in Hi;j, according to the above speci�ed phases.2. Return maxfM i;jk;l (t)g for all Tk;l in Hi;j as the interference function M i;jk (t).Figure 5.7: Pseudo-Code of Algorithm SA/IPM/IF1maxf0;M2;11;1(t� t0)g, which is smaller than or equal toM2;11;1 (t). On the other hand, if an instanceof T1;3 is released at time t0 in the busy period and it is the �rst subtask instance of T1 releasedin the busy period, the amount of time demand at time t from T1 as a whole is no more thanmaxf0;M2;11;3(t � t0)g, which is smaller than or equal to M2;11;3 (t). In either case, the total timedemand from T1 is no greater than M2;11 (t) = maxfM2;11;1 (t);M2;11;3g. In general, an interferencefunction M i;jk (t) (k 6= i) can be computed by Algorithm SA/IPM/IF1, whose pseudo-code islisted in Figure 5.7.We now describe how to compute the interference function M i;ji (t) of a parent task to itssubtask Ti;j, or more accurately speaking, the interference from the sibling subtasks of Ti;j. In[13], Bettati argued that if Ti is schedulable, no instances of sibling subtasks of Ti;j can bereleased in the interval between the release and completion of an instance of Ti;j. Consequently,there is no interference among sibling subtasks, and the interference function of Ti with respect53
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Ti;j can thus be computed byM i;ji (t) = XTi;k2Hi;j � tpi� �i;k (5.7)Although correct, such a simple treatment can lead to pessimistic upper bounds on the responsetimes of subtasks. For example, if we use Eq.(5.7) to compute the interference functions of T1 toits subtasks in Figure 5.4, the upper bounds on the response times of T1;1, T1;2 and T1;4 are 7,6, and 6 respectively, which are clearly greater than the actual worst-case response times. Howwe can improve the schedulability algorithm further by computing tighter interference functionsof a parent task to its subtasks is an open question.Relation between Algorithm SA/PM and Algorithm SA/IPMThe time demand function in Algorithm SA/PM, which is with respect to the mth subtaskinstance Ti;j(m) in a �i;j -level busy period, can be expressed in terms of interference functionsas well. Speci�cally, we can express the time demand function W (t) by m�i;j +PTk M i;jk (t) andeach interference function M i;jk (t) (k 6= i) byXTk;l2Hi;j � tpk � �k;lIn this way, Algorithm SA/PM can be viewed as a special case of Algorithm SA/IPM wherethe interference function is computed according to the above expression. (Here, we ignore thefact that Algorithm SA/IPM only computes an upper bound for the �rst instance of Ti;j in a�i;j -level busy period.) Because the interference function used in Algorithm SA/IPM is tighterthan the one used in Algorithm SA/PM, Algorithm SA/IPM computes a tighter upper bound onthe response time of the �rst instance of Ti;j in a �i;j -level busy period than Algorithm SA/PM.As we have discussed before, for a system where the relative deadlines of tasks are shorter than orequal to their respective periods, we only need an upper bound on the response time of the �rstinstance of every subtask Ti;j to verify the schedulability of the system. As a result, AlgorithmSA/PM may predict a system to be not schedulable while Algorithm SA/IPM may predict itschedulable. 55
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Figure 5.9: An Example to Illustrate the Second Improvement of Algorithm SA/PM5.2.3 A Further Improvement of Algorithm SA/PMGiven that tasks may be recurrent and have relative deadlines shorter than or equal to theirperiods, we can further improve Algorithm SA/PM by a tighter interference function. Let Li;jbe the set of subtasks that execute on the same processor as Ti;j and have priorities lower thanTi;j . If a task Tk has a subtask in Li;j , the interference function of Tk with respect to Ti;j canbe smaller than the one computed by Algorithm SA/IPM/IF1. To illustrate, let us look at thetask T1 depicted in Figure 5.9. T1 has nine subtasks, among which T1;1, T1;3, T1;5, T1;7, and T1;9execute on the same processor as T2;1. T1;3 and T1;9 have higher priorities than T2;1, but T1;1,T1;5 and T1;7 have lower priorities than T2;1. In the picture, the subtasks of T1 that execute onthe same processor as Ti;j are denoted as the solid line segments, and the other subtasks of T1are denoted by dashed line segments. The length of each line segment represents the maximumexecution time of its corresponding subtask, and the higher a line segment is drawn in the picture,the higher the priority of the corresponding subtask. The period and the relative deadline of T1is 50.If we use Algorithm SA/IPM/IF1 to compute the interference functionM2;11 (t), we obtain thetime demand function M2;11;3 (t) depicted in Figure 5.10(a) and time demand function M2;11;9 (t) de-picted in Figure 5.10(b). The interference function M2;11 (t) = maxfM2;11;3 (t);M2;11;9(t)g is depictedin Figure 5.10(c). However, because T1 has three subtasks T1;1, T1;5 and T1;7 in L2;1, the actualtime demand that T1 can generate in a �2;1-level busy period is much less than the interferencefunction given in Figure 5.10(c). 56
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To see why, we suppose that an instance of T1;3 is released and completed in a �2;1-level busyperiod. The corresponding instance of T1;5 is released sometime later and must be completedafter the busy period because T1;5 has a lower priority than �2;1. According to the PM protocol,the corresponding instances of the successors of T1;5, including T1;9, must be released after this�2;1-level busy period ends. In this case, the total time demand generated by task T1 is no morethan the maximum execution time of T1;3, which is 3 time units.On the other hand, suppose an instance of T1;9 is released and completed in a �2;1-level busyperiod. By the assumption that T1 is schedulable, the next instance of T1;1 must be released laterthan the completion of the instance of T1;9 and complete after the busy period ends. Accordingto the PM protocol, the next instance of T1;3 must be released after the busy period ends as well.In this case, we see that the total time demand generated by T1 is no more than the maximumexecution time of T1;9, which is 2 time units. Overall, we can conclude that the time demand thatT1 can generate in a �2;1-level busy period is no more than 3 time units, much less than whatthe interference function in Figure 5.10(c) gives.To take into account the e�ect of subtasks Tk;l in Li;j , we devise Algorithm SA/IPM/IF2to compute the interference function of Tk with respect to Ti;j . The pseudo-code of AlgorithmSA/IPM/IF2 is listed in Figure 5.11. The structure of Algorithm SA/IPM remains the same,except now Algorithm SA/IPM/IF2 is used to compute the interference function instead of Al-gorithm SA/IPM/IF1. In the rest of this thesis, by Algorithm SA/IPM, we will mean AlgorithmSA/IPM that uses AlgorithmSA/IPM/IF2 to compute the interference functions, unless speci�edotherwise.5.3 Schedulability Analysis for the RG ProtocolAccording to the RG protocol, an instance of a subtask is released when its immediate predecessorcompletes or when the time is equal to its release guard, whichever is later. There are three rulesregarding how to update the value of a release guard, listed in Section 4.2.4. In this section, weshow that Algorithm SA/PM presented in the previous section can be applied to a system usingthe RG protocol to obtain bounds on task EER times. We �rst establish the following lemma.Lemma 2 In an end-to-end system using the RG protocol, the response time of a subtask isupper-bounded by the bound computed by Algorithm SA/PM.58



Algorithm SA/IPM/IF2Input : 1. Subtask Ti;j .2. Task Tk (k 6= i)Output : The interference function M i;jk (t) of Tk with respect to Ti;jAlgorithm :1. For every Tk;l in Hi;j(a) Set the phase fk;l of Tk;l equal to 0.(b) If l 6= 1, set fk;1 equal to fk;nk + �k;nk.(c) Set fk;m equal to fk;m�1 + �k;m�1 if m 6= l and m 6= 1.(d) According to the above phase adjustment, let t0 be the release time of the �rst instanceof some Tk;l in Li;j if Tk has subtasks in Li;j. Otherwise let t0 be 1.(e) M i;jk;l (t) is equal to the time demand generated by all the subtasks of Tk that are in Hi;jduring the time interval [0; t) for 0 � t � t0; M i;jk;l (t) is equal to M i;jk;l (t0) for t > t0.2. Return maxfM i;jk;l (t)g for all Tk;l's in Hi;j as the interference function M i;jk (t).Figure 5.11: Pseudo-Code of Algorithm SA/IPM/IF2
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Proof :In a �i;j-level busy period, there is no processor idle point. Rule (3) regarding how to updatethe value of a release guard at a processor idle point is not applicable. By Rule (1) and (2) alone,the inter-release time of every subtask on the processor where Ti;j executes is no less than theperiod of the subtask. As a result, dt=pue�u;v is an upper bound on the time demand that anysubtask Tu;v in Hi;j [ fTi;jg can generate during an interval [t0; t0+ t) in a �i;j-level busy periodstarting from time t0. According to the busy period analysis, we will obtain the same bound onthe response time of Ti;j as Algorithm SA/PM. 2
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We now consider the case when j > 1. Let Ti;j(m) denote the mth instance of Ti;j inan arbitrary schedule. Let ri;j(m) denote the release time of Ti;j(m) and Ci;j(m) denote thecompletion time of Ti;j(m). To prove the lemma, we need to demonstrate thatCi;j(m)�ri;1(m) �Pjk=1Ri;k for j = 2; 3; : : : ; ni and m = 1; 2; : : :. In order to do so, it su�ces to prove ri;j(m) �ri;1(m)+Pj�1k=1Ri;k, because Ci;j(m)�Ri;j � ri;j(m). We will prove this by an induction on m,the instance index of a subtask instance Ti;j(m).Induction basis : The �rst instance Ti;j(1) of each subtask Ti;j (j > 1) is released as soonas Ti;j�1(1) completes because gi;j is initially set to 0 and delay due to gi;j never occurs.Therefore, the IEER time of Ti;j(1) is equal to the sum of response times of itself and allits predecessor. In other words, the IEER time is no greater than Pjk=1Ri;k.Induction hypothesis : Suppose that ri;j(m� 1) � ri;1(m� 1) +Pj�1k=1Ri;k (m � 1).Induction : We now try to establish that ri;j(m) � ri;1(m)+Pj�1k=1Ri;k. According to the RGprotocol, the release time of a subtask instance Ti;j(m) for j > 1 and m > 1 is when itsimmediate predecessor completes or when its release guard is due, whichever is later. ByRules (2) and (3) for updating the release guard, we haveri;j(m) � maxfCi;j�1(m); ri;j(m� 1) + pig� maxfri;j�1(m) +Ri;j�1; ri;j(m� 1) + pigBy the induction hypothesis, we have ri;j(m� 1) � ri;1(m� 1) +Pj�1k=1Ri;k. Because Ti;1is a periodic subtask, we have ri;1(m � 1) + pi � ri;1(m). The above inequality can thenbe written asri;j(m) � max8<:ri;j�1(m) +Ri;j�1; ri;1(m) + j�1Xk=1Ri;k9=;We can expand the above inequality recursively and obtain ri;j(m) � ri;1(m) +Pj�1k=1Ri;k.By induction, we know that this inequality holds for m = 1; 2; : : :. Therefore, we concludethat the lemma is correct when j > 1. 2Theorem 1 The task EER times in an end-to-end system using the RG protocol can be boundedby Algorithm SA/PM. 61



Proof :The EER time of a task is equal to the IEER time of its last subtask. The theorem thus followsLemma 2 and Lemma 3. 2Unfortunately, the improvement to Algorithm SA/PM, Algorithm SA/IPM, is not applicableto a system using the RG protocol. Take the system in Figure 5.4 for example. According tothe PM or MPM protocol, the lengths of the interval between the completion time of an instanceof T1;1 and the release time of the corresponding instance of T1;3 and the interval between thecompletion time of an instance of T1;3 and the release time of the next instance of T1;1 are atleast 2 time units due to the adjusted phases of the subtasks. This gives a chance for an instanceof T2;1 to execute and complete. We hence obtain a tighter bound on the response time of T2;1.According to the RG protocol, however, we do not have a guaranteed minimum length. Forexample, if subtask instance T1;1(1) and T2;1(1) are released at time 0 and every subtask instancehas the maximum execution time except that T1;2(1) has the execution time of 1 time unit, theinterval between the completion time of T1;1(1) and the release time of T1;3(1) becomes 1 timeunit. As a consequence, T2;1(1) will be preempted by both T1;1(1) and T1;3(1), resulting in aresponse time of 9 time units and causing the �rst instance of T2 to miss its deadline.5.4 Schedulability Analysis for the SS ProtocolThe task behavior in a system using the SS protocol is much more complicated than in a systemusing other protocols. According to the PM, MPM, and RG protocols, only the releases ofsubtasks are controlled. Once a subtask instance is released, it executes to completion accordingto its own �xed priority. In other words, these synchronization protocols only govern the releasebut not the execution of a subtask instance. According to the SS protocol, however, a subtaskinstance is released as soon as its immediate predecessor completes, but its execution can besuspended at any point if the server runs out its budget. In a sense, the SS protocol governs theexecution rather than the release of a subtask instance.To simplify our discussion, let us �rst consider the case where every subtask instance hasthe maximum execution time. It can be easily shown that in this case the amount of budgetreplenished every time is always equal to the server execution time, i.e., there is no partialreplenishment. This further implies that at any time the server either has just enough budget to62



execute a whole number of waiting subtask instances to completion or does not have any budgetat all. In this case, we argue that the schedule obtained by the SS protocol is exactly the same asthe schedule obtained by RG protocol. Rather than proving this statement, we list the one-to-onemapping between events in these two protocols in Table 5.4. This mapping gives an intuitiveexplanation of why this argument is true.Events in the RG protocol Events in the SS protocolTi;j(m) is released as soon as Ti;j(m) is released.Ti;j�1(m) completes, and its server has enough budget to complete it.Ti;j�1(m) completes, but Ti;j(m) is released, but itsTi;j(m) is not released. server does not have budget for itTi;j(m) is released when the budget of the server of Ti;j gets replenished,the current time is gi;j . and the server now has enough budget for Ti;j(m).Table 5.4: One-to-One Mapping of Events in the RG Protocol and the SS ProtocolSince we have the same schedules for both the SS protocol and the RG protocol under theassumption that every subtask instance has the maximum execution time, obviously AlgorithmSA/PM is equally applicable to bound the EER times of tasks in the SS protocol. For thesimilar reasons as we discussed for the RG protocol, the improved version of Algorithm SA/PM,Algorithm SA/IPM, is not applicable to the SS protocol either.In general, the assumption that every subtask instance has the maximum execution time isnot true. However, Algorithm SA/PM remains applicable to the SS protocol even after theassumption is removed. If subtask instances have execution times shorter than their maximumexecution times, they may not use up all of the budget, and some later instances of the samesubtask may get served earlier than they get served otherwise. Subtasks getting served earliershould shorten the overall EER times of their parent tasks. Due to the property of sporadicservers, doing so does not hurt the response times of other subtasks.5.5 Schedulability Analysis for the DS ProtocolIn a system that uses the DS protocol, the time demand analysis for periodic task systems [1, 5, 6]cannot be used directly to obtain a bound on the response time of each subtask. Several instances63
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We therefore take a di�erent approach to bounding the EER times of tasks in a system usingthe DS protocol. We bound the IEER times of subtasks instead of the response times of subtasks,and, naturally, the bound on the IEER time of the last subtask is the bound on the EER time ofthe parent task.5.5.2 Overall Structure of Algorithm SA/DSAlgorithm SA/DS uses the above described strategy to bound the task EER times in a systemusing the DS protocol. Figure 5.15 shows its structure. The input to Algorithm SA/DS consistsof the parameters of a set of end-to-end periodic tasks, fTig, and the output is a set fRig ofcorrect upper bounds on the task EER times. According to Algorithm SA/DS, we �rst obtain aninitial upper bound Vi;j on the IEER time for each subtask Ti;j. This initial bound may be toooptimistic, i.e., the bound may be incorrect because it can be smaller than the actual worst-caseIEER time of the subtask. We then feed both the parameters of the tasks and the initial boundsto Algorithm IEERT, which computes a set fV 0i;jg of new upper bounds on subtask IEER times.If all the new bounds are equal to their corresponding bounds provided at input, the bound Vi;nion the IEER time of the last subtask of each task is the (correct) upper bound Ri on the task EERtime obtained by Algorithm SA/DS. Otherwise, we set Vi;j to be equal to V 0i;j for every subtask,use the new input and apply Algorithm IEERT again. We repeat this iterative process until allthe new bounds are equal to their corresponding input bounds. In the following subsections we�rst describe Algorithm IEERT and then prove that the bounds obtained by Algorithm SA/DSare correct upper bounds on task IEER times when the iteration terminates. Lastly, we addressthe termination issue of Algorithm SA/DS and relate our work to existing work.5.5.3 Algorithm IEERTAlgorithm IEERT takes as input the parameters of a set of end-to-end periodic tasks in thesystem and upper bounds on the IEER times of subtasks. The algorithm computes a set of newupper bounds on the IEER times of subtasks as the output. In the following discussion, we focuson subtask Ti;j , the target subtask, whose IEER time is to be bounded.The key technique used in Algorithm IEERT is the busy period analysis discussed earlierin this chapter. Similar to Algorithm SA/PM, we �rst derive a bound Di;j on the duration ofa �i;j-level busy period. Suppose a �i;j -level busy period starts at time t0. Let Hi;j denote the66
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Figure 5.15: The Flow Control Diagram of Algorithm SA/DSset of subtasks, excluding Ti;j , that are on the same processor as Ti;j and have priorities higherthan or equal to Ti;j . The time demand function W (t) with respect to the busy period is equalto the sum of the amount of time demand generated by every subtask in Hi;j [ fTi;jg duringinterval [t0; t0+ t). During the interval, the amount of time demand generated by a subtask Tu;vin Hi;j [ fTi;jg cannot exceed the product of the number of instances of Tu;v released in theinterval and the maximum execution time �u;v of Tu;v. Unlike Algorithm SA/PM, however, thenumber of Tu;v that are released in interval [t0; t0 + t) cannot be easily bounded because Tu;vmay not be released periodically due to the clumping e�ect.To bound the number of instances of Tu;v (in Hi;j [ fTi;jg) that can be released during theinterval [t0; t0+ t) in a �i;j-level busy period starting from time t0, we examine Figure 5.16 whichillustrates the releases of instances of Tu;v in the interval, as well as the corresponding instancesof the predecessors of Tu;v. In the �gure, rx;y(z) indicates the release time of subtask instanceTx;y(z). Suppose there are k instances of Tu;v released in interval [t0; t0+t). Let Tu;v(1) (Tu;v(k))denote the �rst (last) instance of Tu;v released in the busy period. Tu;1(1) (Tu;1(k)) denotes theinstance of the �rst subtask Tu;1 corresponding to Tu;v(1) (Tu;v(k)). Obviously the number ofinstances of Tu;v in the busy period is equal to the number of instances of Tu;1 released in interval[ru;1(1); ru;1(k)]. Since subtask Tu;1 is a periodic subtask, we can bound the number of instancesof Tu;1 released in interval [ru;1(1); ru;1(k)] if we can bound the duration of the interval. Fromthe �gure, we can derive an upper bound on the duration of interval [rk;1(1); ru;1(k)] as follows.ru;1(k)� ru;1(1) < ((t0 + t)� t0) + (ru;v(1)� ru;1(1))67
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We now try to obtain a bound on the IEER time of an arbitrary instance of Ti;j . Since anyinstance of Ti;j must be released and completed in a �i;j-level busy period, let this arbitraryinstance Ti;j(m) be the mth (1 � m �Mi;j) instance of Ti;j released in the busy period. By ananalysis similar to the one described in the previous paragraph, the time demand function withrespect to Ti;j(m) is bounded from above bym�i;j + XTu;v2Hi;j � t + Vu;v�1pu � �u;vAccording to the time demand analysis, t0 + Ci;j(m) is an upper bound on the completion timeof Ti;j(m) where t0 is the time when the busy period starts and Ci;j(m) is given byCi;j(m) = min8<:t > 0 j t = m�i;j + XTu;v2Hi;j � t + Vu;v�1pu � �u;v9=; (5.10)This equation has a solution for Ci;j(m) if PTu;v2Hi;j �u;v=pu is less than 1. A lower bound forthe release time of Ti;1(m) is t0�Vi;j�1+ (m� 1)pi. Thus an upper bound Vi;j(m) on the IEERtime of Ti;j(m) can be computed byVi;j(m) = Ci;j(m) + Vi;j�1 � (m� 1)pi (5.11)Since Vi;j(m) is an upper bound on the IEER time of the mth instance of Ti;j in any �i;j-levelbusy period, the maximum of Vi;j(m) for m = 1; 2; : : : ;Mi;j must be an upper bound on theIEER time of Ti;j in general. This is the new bound V 0i;j computed by Algorithm IEERT. Thepseudo-code of the Algorithm IEERT is listed in Figure 5.17. From the above analysis, we cansee that the correctness of V 0i;j depends on the correctness of the input bounds. As long as all theinput bounds are correct, the output bounds computed by Algorithm IEERT are correct.5.5.4 Algorithm SA/DSLet V = fVi;jg, T = fTi;jg, and IEERT (T;V) denote the set R0 (fR0i;jg) of new upper boundsobtained by Algorithm IEERT, i.e., R0 = IEERT (T;R). Figure 5.18 lists the pseudo-code ofAlgorithm SA/DS. In the initialization step, we use the sum of the maximum execution times ofTi;j and its predecessors as an initial estimate of the bound on the IEER time of Ti;j . Obviously,this estimate may be overly optimistic. After the iteration terminates, the bound on the IEERtime of Ti;ni computed during the last iteration is the bound on the EER time of Ti.69



Algorithm IEERTInput : 1. A set fTig of end-to-end periodic tasks.2. A set fVi;jg of bounds on the IEER times of subtasks.Output : A set fV 0i;jg of new bounds on the IEER times of subtasks.Algorithm :For each subtask Ti;j1. Compute an upper bound Di;j on the duration of a �i;j-level busy periodDi;j = min8<:t > 0 j t = XTu;v2Hi;j[fTi;jg� t+ Vu;v�1pu � �u;v9=;2. Compute an upper bound Mi;j on the number of instances of Ti;j in a �i;j-level busy periodMi;j = �Di;j + Vi;j�1pi �3. For m = 1 to Mi;j do(a) Compute Ci;j(m) by solving the following equation.Ci;j(m) = min8<:t > 0 j t = m�i;j + XTu;v2Hi;j � t + Vu;v�1pu � �u;v9=;(b) Compute an upper bound Vi;j(m) on the IEER time of the mth instance in a �i;j-levelbusy periodVi;j(m) = Ci;j(m) + Vi;j�1 � (m � 1)pi4. Compute the new bound V 0i;j byV 0i;j = maxfVi;j(m)g; for 1 � m � MFigure 5.17: Pseudo-Code of Algorithm IEERT70



Algorithm SA/DSInput : Task set T.Output : The set R of upper bounds on the EER times of tasks.Algorithm :1. For each subtask Ti;j,V 0i;j = jXm=1 �i;mVi;j = 02. Repeat until (Vi;j = V 0i;j for every subtask Ti;j)(a) V = V0.(b) V0 = IEERT (T;V).3. For each task Ti, Ri = Vi;ni .Figure 5.18: Pseudo-Code of Algorithm SA/DS
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Theorem 2 states an important attribute of Algorithm IEERT, which can be applied directlyto prove that Algorithm SA/DS is correct. The proof of this theorem makes use of the followinglemma.Lemma 4 Suppose that a subtask instance Ti;j(m) completes at time t. If the IEER time ofevery subtask instance Tu;v(w) that completes before t is no greater than some Xu;v > 0, thenthe IEER time of Ti;j(m) is no greater than X 0i;j, where X0 = IEERT (T;X).Proof:The correctness of Lemma 4 follows from the busy period analysis presented in the previoussections. 2Theorem 2 Let X = fXi;jg be a set of positive numbers, where there is a one-to-one mappingbetween Xi;j and Ti;j. If X = IEERT (T;X), then Xi;j is a correct upper bound on the IEERtime of Ti;j.Proof:Suppose that the system starts to run at time origin (t = 0). We prove the theorem by aninduction over all the subtask instances in an arbitrary schedule in the order of their completiontimes.Induction basis : Starting from time 0, the �rst completed subtask instance in the systemmust be the �rst instance of the �rst subtask of a task. Let this subtask instance be Ti;1(1).Suppose that Ti;1(1) completes at time t0. Obviously on the processor where Ti;1 executes,Ti;1(1) has the highest priority among all subtask instances that are released before time t0.The response time of Ti;1(1) is then equal to its execution time which is less than or equalto �i;1. On the other hand, the condition of the theorem that X = IEERT (T;X) allowsus to say that Xi;j must be greater than or equal to �i;j for every subtask Ti;j. Therefore,the response time of Ti;1(1), or the IEER time of Ti;1(1) in this case, must be less than orequal to Xi;1.Induction hypothesis : The IEER time of every subtask instance Tu;v(w) that completesbefore time t is no longer than the corresponding Xu;v.72



Induction : Suppose an arbitrary subtask instance Ti;j(m), which is not the �rst completedsubtask instance in the system, completes at time t. According to Lemma 4, the IEER timeof Ti;j(m) is no greater than X 0i;j , where X0 = IEERT (T;X). By the condition speci�edin the theorem, we have X0 = X. Thus the IEER time of Ti;j(m) is no greater than Xi;j .By induction, the IEER time of every subtask instance in this schedule is no greater thanXi;j . 2Corollary 1 When Algorithm SA/DS terminates, it yields correct upper bounds on task EERtimes.5.5.5 Termination of Algorithm SA/DSUnfortunately, Algorithm SA/DS does not always terminate, as shown by an example in Fig-ure 5.19. In this example, there are 6 processors and 2 tasks. The period of each task is 3 timeunits, and the maximum execution time of each subtask is 1 time unit. On each processor thesubtask whose corresponding box is drawn higher in the processor circle has a higher priority.
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4. Due to the fact that V1;3, V1;4 and V1;5 have values 3 units larger than their respectiveinitial values, V2;1, V2;2 and V2;3 will increase by at least 1 time unit compared with theirinitial value in the next iteration step. (See Step 3(a) in Algorithm IEERT.)5. Similar to Step 3, we see that, at most 5 iterations after step 4, V2;3, V2;4, and V2;5 willincrease by at least 3 time units compared with their initial values, due to the propagationof increases of V2;1, V2;2 and V2;3. In the next iteration, V1;1, V1;2 and V1;3 will be furtherincreased by at least 1 time unit. This essentially put us back to the similar situation aswhen we started from step 2.From the above description, we can see that the iteration in Algorithm SA/DS essentially formsa positive feedback loop. As a consequence, the bounds on subtask IEER times never converge.In practice, we are not interested in a bound which can be arbitrarily large. In particular, whentasks have relative deadlines, we are not interested in the bounds anymore once we know thatthe bounds are larger than the deadlines. In this case, we can set up an additional terminationcondition for Algorithm SA/DS so that it terminates either when a solution is obtained or whenthe bounds exceed the relative deadlines.5.5.6 Relation with Previous WorkTindell et al. proposed a solution in [19] for a very similar problem. In their approach, theirregular release times are called release jitters, and the extra interference to a target subtaskcaused by release jitters is counted in their extended busy period analysis method [7, 8]. Therelease jitters are propagated along the subtask chains. The response time of each subtask is thusbounded and the bound on the EER time of each task is simply the sum of the bounds on theresponse times of all its subtasks.However, although the release jitters of the interfering subtasks (i.e., subtasks that are in Hi;j)are correctly taken into account in their approach, release jitters of the target subtask are nottaken into account. Tindell et al. assumed that the target subtask is periodic [8]. This is onlytrue for the �rst subtask in each end-to-end task. When a target subtask (Ti;j) is not the �rstsubtask, Ti;j itself has release jitter. In an extreme case, several instances of Ti;j may be releasedclosely together in time, and the worst-case response time of Ti;j is longer than the one when Ti;jis periodic, which is obtained by the method in [8]. Since the approach proposed in [19] uses the74



method in [8] to obtain an upper bound on the response time of a subtask, we expect that ingeneral Tindell's approach will not yield correct upper bounds on the end-to-end response timesof tasks.5.6 SummaryIn a system using a synchronization protocol with execution control, (e.g., one of the PM, MPM,SS, and RG protocols), the IEER time of subtask Ti;j can be bounded by the sum of the boundson the response times of Ti;j and its predecessors. An induction over the second index of Ti;j canshow that the bound on IEER time of Ti;j yielded by protocols with execution control is smallerthan or equal to the bound yielded by the DS protocol, which does not have execution control.This implies that the bound on the EER time of a task yielded by any of the protocols withexecution control is also smaller than or equal to the bound yielded by the DS protocol. Smallerbounds on the EER times imply a better schedulability of the system. This fact motivated us todevise protocols with execution control.For all protocols with execution control, Algorithm SA/PM can be applied to obtain thebounds on the EER times of tasks. Additionally, if the relative end-to-end deadlines are no longerthan the periods, Algorithm SA/IPM, which is an improvement of Algorithm SA/PM, can beapplied to obtained tighter bounds for systems using the PM and MPM protocols. AlgorithmSA/DS bounds the EER times of tasks in a system using the DS protocol.
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Chapter 6Priority AssignmentIn the previous two chapters, we assumed that we are given priorities for all subtasks. In thischapter we look into the priority assignment problem. We �rst show that the priority assignmentproblem is in fact a family of sub-problems, and unfortunately these problems are all NP-hard.Several heuristic methods are described, including some existing ones.6.1 Priority Assignment ProblemWe say that a priority assignment is feasible if the resultant system is schedulable. Loosely speak-ing, the priority assignment problem is to �nd a feasible priority assignment for a given system.Because the schedulability of an end-to-end system also depends on the synchronization protocolused in the system, a priority assignment may be feasible for a system using the PM protocol butnot for the same system using the DS protocol. Consequently the priority assignment problembranches into several sub-problems corresponding to all existing synchronization protocols. Inother words, each sub-problem corresponding to a speci�c synchronization protocol is to �nd afeasible priority assignment for a given system using the particular synchronization protocol.To complicate the matter further, an end-to-end system may be indeed schedulable with agiven priority assignment but cannot be veri�ed schedulable by any existing schedulability ana-lysis algorithm, because schedulability analysis algorithms are in general not optimal. In practice,if a system cannot be veri�ed schedulable by any existing schedulability analysis algorithm, wereally do not have any other e�ective means to determine whether it is schedulable. (Exhaustivesimulation is in general not feasible for all but the smallest systems because the solution space is76



usually too huge to search.) For this reason, we are only interested in �nding a feasible priorityassignment whose feasibility can be veri�ed by existing schedulability analysis algorithms. Inthe rest of this chapter, when we say a feasible priority assignment, we speci�cally mean anassignment whose feasibility can be veri�ed by some existing schedulability analysis algorithm.In summary, the priority assignment problem is a family of subproblems, where each sub-problem is: Given an end-to-end system using a speci�c synchronization protocol, �nd a priorityassignment which can be veri�ed feasible by an existing schedulability analysis algorithm. Sincethere exist several synchronization protocols and at least one schedulability analysis algorithmfor each protocol, there are many such subproblems. Unfortunately, Theorem 3 states that allthese subproblems for di�erent synchronization protocols and schedulability analysis algorithmsproposed in this thesis are NP-hard.Theorem 3 Every subproblem of the priority assignment problem for the case of any synchron-ization protocol and schedulability analysis algorithm proposed in this thesis is NP-hard.Proof :We prove this theorem by reducing a SET-PARTITION problem [54] to a priority assignmentproblem.1 The SET-PARTITION problem can be stated as follows: for a given set fSig ofnumbers, partition them into two subsets such that sums of the numbers in both subsets areequal. We �rst transform a SET-PARTITION problem to a priority assignment problem by apolynomial algorithm. We then illustrate that a SET-PARTITION problem has a solution if andonly if the corresponding priority assignment subproblem has a solution as well.Given a set fSig of n numbers, we construct an end-to-end system with n processors. Thereare two identical tasks in the system, T1 and T2. Each task has n subtasks. The jth subtask ineach task executes on processor Pj and has a maximum execution time Si. Let S = PSi. Theperiods of both tasks are 4S, and relative deadlines of both tasks are 1:5S.Suppose that there exists a solution for the SET-PARTITION problem. Let A be one of thesubset of numbers. We have PSj2A Si = S=2. On each processor Pi, if Si 2 A, then we assignT1;i a higher priority than T2;i. Otherwise, we assign T1;i a lower priority than T2;i. It is easyto verify that according to every synchronization protocol and applicable schedulability analysisalgorithm proposed in this thesis, we obtain the same upper bound on the EER time of T1, which1This proof was inspired by a similar proof given by Bettati in [13].77



is S+PSi2fSig�A Si, and the same upper bound on the EER time of T2, which is S+PSi2A Si.Given that PSj2A Si = S=2, both bounds are equal 1:5S, and both tasks will be schedulable.The priority assignment is thus a feasible assignment.On the other hand, suppose that we obtain a feasible priority assignment with respect toa synchronization protocol and a speci�c schedulability analysis algorithm. On each processor,the two subtasks cannot have the same priority because, otherwise, the sum of the bounds onthe EER times of both tasks would exceed 3S, implying that they cannot both be guaranteedschedulable. We let Si belong to set A if and only if subtask T2;i has a higher priority than T1;ion processor T1;i. Similar to the above case, we havePSj2ASi = S=2. Thus we obtain a solutionfor the SET-PARTITION problem.We see that there exists a solution for a SET-PARTITION problem if and only if therealso exists a solution for a corresponding priority assignment subproblem. Since the trans-formation between these two problems is polynomial time, there exists a polynomial solutionfor each priority assignment subproblem if and only there exists a polynomial solution for theSET-PARTITION problem. Since the SET-PARTITION problem is proven NP-hard, each sub-problem in the priority assignment problem is thus NP-hard. 26.2 Heuristic Priority Assignment MethodsSince no e�cient optimal algorithms have been found for any NP-hard problem and exhaustivesolutions are impractical for all but extremely small systems, we focus now on heuristic solutionsto the priority assignment problem. Heuristic priority assignment methods can be classi�ed intothree categories: rate-based methods, deadline-based methods, and optimization-based methods.Rate-Based MethodsThe rate-monotonic (RM) priority assignment for single-processor systems can be straightfor-wardly applied to end-to-end systems. We assign every subtask a priority inversely proportionalto the period of its parent task. Obviously, this assignment is not optimal. As a matter of fact,as we will see in Chapter 7, the performance of this assignment is in general inferior to otherheuristic methods. 78



Deadline-based methodsKao and Garcia-Molina [11] studied the deadline-based priority assignment in the context of asoft real-time system. According to the deadline-based method, we assign a relative deadline toeach subtask and then assign to a subtask a priority inversely proportional to its relative deadline.A shorter relative deadline implies a higher priority. We compute the relative deadline of eachsubtask only for the purpose of assigning priority. It is all right for an instance of a subtask tomiss the computed relative deadline, as long as the end-to-end deadline of its parent task is met.Di�erence priority assignment methods compute the relative deadlines in di�erent ways. Beloware several examples.Global-deadline-monotonic (GDM) assignment : The global deadline of asubtask Ti;j in task Ti, denoted by GDi;j, is the relative deadline of Ti, i.e., GDi;j =Di.E�ective-deadline-monotonic (EDM) assignment: The e�ective deadline(EDi;j) of a subtask Ti;j is de�ned as follows:EDi;j = Di � niXk=j+1 �i;kIn other words, the e�ective deadline of a subtask Ti;j is equal to its global deadlineminus the total execution time of the successors of Ti;j .Proportional-deadline-monotonic (PDM) assignment: The proportional dead-line (PDi;j) of a subtask Ti;j is obtained by dividing the relative deadline of its parenttask Ti among its subtasks proportionally to their execution times. In other words,PDi;j = �i;j�i Diwhere �i is the total maximum execution time of task Ti.Normalized-proportional-deadline-monotonic (NPDM) assignment : Thisassignment is similar to the PDM assignment except that the processor utilizationis taken into account. In the PDM assignment, if two sibling subtasks have equalexecution times, they have equal proportional deadlines. In the NPDM assignment,however, if a subtask executes on a more heavily utilized processor than the other, it isassigned a relatively longer deadline. We use �1; �2; : : : ; �ni to denote the utilization79



Ti;j host pi;j �i;j GDi;j EDi;j PDi;j NPDi;jT1;1 P1 80 30 80 80 80 80T2;1 P1 100 50 100 75 66.7 82.4T2;2 P2 100 25 100 100 33.3 17.6T3;1 P2 40 5 40 40 40 40Table 6.1: Subtasks with Calculated Relative Deadlinesfactors of processors where Ti;1; Ti;2; : : : ; Ti;ni execute. Let � = Pnik=1 �i;k�k . Thenormalized proportional relative deadline NPDi;j of Ti;j is given byNPDi;j = �i;j�jPnik=1 �i;k�kDiBased on the normalized proportional deadlines, priorities are assigned to subtasksin a deadline-monotonic manner.As an example, the left half of Table 6.1 shows the subtask parameters of a simple end-to-endsystem. The relative deadline of each task is equal to its period. The right half of the table showsthe global deadline, e�ective deadline, proportional deadline and normalized proportional deadlineof each subtask. For this particular system, we see that each deadline-based priority assignmentmethod leads to a di�erent priority assignment. In this example, the EDM assignment and thePDM assignment are feasible assignments for all synchronization protocols and schedulabilityanalysis algorithms while the other two assignments are not feasible.Optimization-Based MethodsIn recent years, we have seen several research e�orts on the priority assignment problem in anend-to-end system. Tindell et al. [9] used the simulated annealing technique to �nd a feasiblepriority assignment and a feasible load partition at the same time. An improved algorithm,in terms of e�ciency and the likelihood of �nding a feasible solution, was proposed by Garciaand Harbour [10]. Their algorithm is called Algorithm HOPA. Both approaches start with arandom priority assignment or a priority assignment according to a basic assignment method,and then continually adjust the assignment until a feasible solution is found. A certain criterionis used in directing the adjustment of priorities. A good criterion more likely leads to a feasible80



solution than a bad one. The performance of optimization-based methods is in general betterthan rate-based or deadline-based methods although they run at higher costs.6.3 Local Assignment Methods vs. Global Assignment MethodsAll heuristic priority assignment methods can be classi�ed along another dimension: local as-signment methods vs. global assignment methods. A local assignment method assigns a priorityto a subtask based solely on the information of the subtask and its parent task, including theexecution times and the period. A global assignment method, on the other hand, requires in-formation of other tasks in the system. Clearly, the RM, GDM, EDM and PDM assignmentsare local assignment methods, and the NPDM assignment and optimization-based methods areglobal assignment methods.One advantage of local assignment methods is that the priorities of existing subtasks need notchange when a task is added or removed. In other words, they are more adaptive to workloadchange than global assignment methods. Another advantage of local assignment methods comefrom the simplicity in computing priorities. Because the priority of a subtask is only dependenton the parameters of the subtask and its parent task and the computation is simple, it is possibleto determine the priorities of subtasks by an on-line algorithm, i.e., when a task is added tothe system. By contrast, for global assignment methods, it is more appropriate to compute thepriorities o�-line due to the complexity in the computation and dependency on the global systeminformation.The disadvantage of local assignment methods is their performance. In general, we expectthat global assignment methods will lead to better system schedulability because they take thewhole system into consideration when assigning priorities.6.4 SummaryWe have shown that in the context of the end-to-end scheduling, the priority assignment problemis NP-hard. Heuristic methods are thus developed. These methods can be classi�ed into threecategories: rate-based method, deadline-based methods and optimization-based methods. Theperformance of deadline-based methods were studied by Kao and Garcia-Molina [11] in thecontext of soft real-time scheduling. In Chapter 7, we will compare their performance in the81



context of end-to-end scheduling. In [10], Garcia and Harbour provided some insight into theperformance of optimization-based methods.
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Chapter 7Performance of End-to-End SchedulingAlgorithmsFrom the previous three chapters, we see that end-to-end scheduling is a family of schedulingalgorithms. We described four deadline-based heuristic methods to assign priorities to subtasks.In fact we can devise a �fth \meta-method" by simply trying all four methods and looking forone which makes a system schedulable. We also have �ve choices to synchronize the execution ofsubtasks on di�erent processors. They require di�erent system support and yield di�erent per-formance. For each synchronization protocol, we developed a schedulability analysis algorithm.In the case of the PM and MPM protocol, we have an improved but restricted version of theschedulability analysis algorithm, in addition to the basic one.Hereafter, when we say an end-to-end scheduling algorithm, we mean a combination of a pri-ority assignment method, a synchronization protocol and the schedulability analysis algorithm forthe synchronization protocol. For example, if a system is scheduled according to an end-to-endscheduling algorithm that consists of the PDM priority assignment method, the PM synchroniza-tion protocol and Algorithm SA/IPM, then we assign the subtask priorities according to the PDMmethod, synchronize the execution of subtasks according to the PM protocol, and analyze theschedulability according to Algorithm SA/IPM. Hence, there are many di�erent combinations,i.e., many end-to-end scheduling algorithms proposed in this thesis.It is necessary for us to understand the strength and weakness of these scheduling algorithms.Some of the performance issues have already been discussed in previous chapters. These issues83



are the complexity and run-time overhead of synchronization protocols, qualitative comparisonof di�erent synchronization protocols, qualitative comparison of Algorithm SA/DS and SA/PM,etc.. In this chapter, we focus on quantitative comparisons of these protocols and algorithms.Speci�cally, we performed four experiments for this purpose.Experiment I : Comparison of the deadline-based priority assignment methods.Experiment II : Comparison of Algorithm SA/DS and Algorithm SA/PM.Experiment III : Comparison of Algorithm SA/PM and Algorithm SA/IPM.Experiment IV : Comparison of average task EER times yielded by di�erent synchronizationprotocols.We describe below the work generation, performance criteria and the experiment results for eachof these experiments.7.1 Experiment I - Deadline-Based Priority Assignment Meth-odsIn Chapter 6, we gave an example of an end-to-end system, whose parameters are listed inTable 6.1. For this example, we see that the EDM method and the PDM method yield feasiblesolutions while others do not. In general, we can always devise a pathological example for whichone particular assignment yields a feasible solution, and others do not. We want to understandhow well they perform relative to each other in general.In practice, a system designer should try all deadline-based methods till a feasible solutionis found because these methods are quick to apply. This is the idea behind the �fth method weintroduce in this simulation, the meta-method. We will give a precise de�nition of the meta-method later.7.1.1 Workload GenerationThrough preliminary testing, we found that the relative performance of di�erent priority assign-ment methods is stable and insensitive to changes of many system parameters. Consequently,when generating a synthetic system, we �xed these system parameters and randomized others84



to obtain representative samples. Speci�cally, the parameters that are kept invariant are thenumber of processors and the number of tasks. In our experiment, each system has 4 processorsand 12 tasks. We �rst generated the period for each task, which is exponentially distributedbetween 100 and 10000. The number of subtasks in each task is randomly distributed between1 and 8. Subtasks are randomly assigned to processors as long as two consecutive subtasks ina same task are not assigned to the same processor. The processor utilization is randomly dis-tributed between 0.5 and 0.8. On each processor, all the subtasks randomly divide the processorutilization. Speci�cally, to determine the utilizations of individual subtasks on a processor, wegenerated a random number between 0.001 and 1 for each subtask and called it the utilizationfactor of the subtask. We then divided the utilization factor of each subtask by the sum of theutilization factors of all subtasks on the same processor and obtained the normalized utilizationfactor of the subtask. The utilization of a subtask is the product of the processor utilization andits normalized utilization factor. The execution time of each subtask is simply its utilizationmultiplied by the period of its parent task.We focused our attention on systems in which the relative deadline of every task is a constantfactor of its period, and the constant factors of all tasks are the same. For such a system, thepriority assignment yielded by all deadline-based methods is independent of the actual value ofthe constant factor. Therefore we do not need to specify the exact value of this constant factor.Moreover, the RM method and the GDM method produce the same priority assignment for anygiven system. Hence, the performance of the GDM method presented in the rest of this sectionrepresents the performance of the RM method as well.7.1.2 Performance CriteriaWhen the relative deadlines of tasks are a constant factor of their respective periods, an importantvalue to indicate the schedulability of a task is the ratio between the upper bound on its EERtime and its period. We call this ratio the schedulability index of the task. The worst-caseschedulability index of a system is equal to the maximum of the schedulability indices of all tasks,and the average schedulability index is the average of the schedulability indices of all tasks.The worst-case schedulability index of a system indicates the most \stringent" timing con-straint that the system can satisfy. For example, a worst-case schedulability index of 1.5 indicatesthat the system is schedulable as long as the relative deadline for each task in the system is no85



shorter than 1.5 times of its period. Suppose that when we change the priority assignment forthis system, we reduce its worst-case schedulability index from 1.5 to 1. The system can thenbe schedulable even if we set the relative deadline for every task to be equal to its period. Bycomparing the worst-case schedulability indices yielded by di�erent priority assignment meth-ods for each system generated in our experiment, we compare the relative performance of thesemethods. A smaller index indicates a better performance.On the other hand, the average schedulability index of a system is an indication of theschedulability of tasks other than the most \troubled" one in the system. A system having arelatively high worst-case schedulability index but with a relatively low average schedulabilityindex indicates that a few tasks in the system are causing the \trouble" while most of the tasksare �ne.In the simulation, we introduce a new priority assignment method, the meta-method. Fora given system, we assign subtask priorities according to all the four deadline-based priorityassignment methods and perform schedulability analysis. In the end, we choose the assignmentthat yields the smallest worst-case schedulability index of the system. Obviously, the meta-method should always be used to achieve better schedulability when the priorities are assignedo�-line. In the experiment, we included the simulation results for the meta-method so that wecould measure how well a particular assignment method performs by comparing its performancewith the performance of the meta-method.7.1.3 Simulation ResultsIn the simulation, we used a synchronization protocol with execution control and applied Al-gorithm SA/PM to analyze the schedulability of the system. We chose Algorithm SA/PM be-cause it has two merits that other schedulability analysis algorithms do not have: AlgorithmSA/PM always terminates while Algorithm SA/DS may not, and Algorithm SA/IPM requiresthe relative deadlines of tasks to be no longer than their periods while Algorithm SA/PM doesnot have this restriction. These attributes make Algorithm SA/PM an ideal choice for Experi-ment I. We found that the results obtained according to other algorithms are similar to the oneswe present here.We generated 1000 systems according to the method described earlier. Table 7.1 lists theaverage of the worst-case schedulability indices and the average schedulability indices over these86



systems for each of the four deadline-based priority assignment methods and the meta-method.In terms of the worst-case schedulability index, the PDM and NPDM methods are much betterthan the other two deadline-based methods. In fact, for every system tested in the experiment,the worst-case schedulability indices yielded by the PDM and NPDM methods are always smallerthan those yielded by the GDM and EDM methods. The di�erence between the PDM and NPDMmethods are negligibly small. As a consequence, the performance of the meta-method is entirelydetermined by these two methods.GDM EDM PDM NPDM meta-methodworst-case index 2.495 2.005 1.514 1.51 1.494average index 0.9793 0.8762 0.9437 0.9478 0.9432Table 7.1: Schedulability Indices Yielded by Di�erent Priority Assignment MethodsWe notice that the EDM method yields noticeably smaller average schedulability indices thanother methods. A closer look reveals that in a system where the EDM method is used, taskswith shorter periods are strongly favored and thus have much smaller schedulability indices.As a consequence, the average schedulability index of the system is small as well. The samesituation occurs when the subtask priorities are assigned according to the GDMmethod. However,according to the GDM method, sibling subtasks have the same priorities. The bounds on theresponse times of the subtasks are negatively a�ected when sibling subtasks happen to be on thesame processor. The net e�ect is that the bound on the end-to-end response time of a task ismuch longer than the one produced by the EDM method. As a result, the average schedulabilityindices yielded by the GDM method are no smaller than other methods.7.2 Experiment II - Algorithm SA/DS vs. Algorithm SA/PMIn Chapter 5, we demonstrated that the bound yielded by Algorithm DS is always greater than orequal to the bound yielded by Algorithm SA/PM for the same task in a system. The purpose ofthis experiment is to determine (1) under what conditions the performance of Algorithm SA/DSis close to the performance to Algorithm SA/PM; (2) under what conditions Algorithm SA/DShas much worse performance than Algorithm SA/PM; and (3) under what conditions SA/DS islikely not to terminate. 87



7.2.1 Workload GenerationThe di�erence in performance between Algorithm SA/DS and SA/PM depends mostly on twosystem parameters: the processor utilization and the number of subtasks in each task. To simplifythe analysis, we let every processor have the same utilization and every task have the samenumber of subtasks. Each con�guration, denoted by a pair (�; �), is a unique combination of thenumber of subtasks in each task and the processor utilization. For example, con�guration (5,60)represents systems where each task has 5 subtasks and the utilization of each processor is 60%.In the con�gurations evaluated, the number of subtasks in each task ranges from 1 to 8 and theutilization of each processor is 50%, 60%, 70%, 80%, or 90%. Consequently, we have a total of28 con�gurations.For each con�guration (�; �), we generated 1000 systems in a way similar to Experiment I.The only di�erence is that, instead of a random number of subtasks in each task and a randomprocessor utilization on each processor, each task has � subtasks and each processor has autilization of � when the system is generated according to the con�guration (�; �).7.2.2 Performance CriteriaAs we saw in Chapter 5, Algorithm SA/DS may not terminate for certain systems. Given a�nite amount of time, however, we cannot tell if Algorithm SA/DS is failing to terminate or ifit will terminate with very large upper bounds for a system. For practical purposes, we say thatAlgorithm SA/DS fails for a system if the worst-case schedulability index is greater than 100.Such a situation can be detected when Algorithm SA/DS fails to �nd an upper bound on the EERtime of a task which is no greater than 100 times the period of the task. We measure the likelihoodfor Algorithm SA/DS to fail by the failure rate. The failure rate of a speci�c con�guration isthe total number of systems for which Algorithm SA/DS fails divided by the total number ofsystems generated according to the con�guration. The failure rate is an approximate indicationof the likelihood that Algorithm SA/DS will not terminate.For systems where Algorithm SA/DS can obtain upper bounds on task EER times, we use theworst-case schedulability index ratio, or simply index ratio, to measure the relative performanceof Algorithm SA/DS and SA/PM. Speci�cally, the index ratio of a system is the worst-caseschedulability index of the system computed according to Algorithm SA/DS divided by the88



worst-case schedulability index of the system computed according to Algorithm SA/PM. Theindex ratio is always greater than or equal to 1. We de�ne the index ratio of a con�guration tobe the average index ratio of all systems generated according to this con�guration.7.2.3 Simulation ResultsTable 7.2 lists the failure rates for all the con�gurations we simulated. Each entry in the �rstcolumn gives the processor utilization for the con�gurations in the corresponding row. Each entryin the �rst row gives the number of subtasks in a task. We notice that the failure rates are zerosfor most con�gurations, indicating that Algorithm SA/DS is very likely to terminate for a systemgenerated according to these con�gurations. However, for con�gurations at the bottom-right ofthe table, the failure rates are greater than 0.1, indicating that there is a good chance for AlgorithmSA/DS to fail for systems generated according to one of these con�gurations. Con�guration (8,80%) is an extreme case, where Algorithm SA/DS failed for 90% of the time. Overall, AlgorithmSA/DS rarely fails for systems with low processor utilizations or short subtask chains, while itcan fail for systems with high processor utilizations and long subtask chains.2 3 4 5 6 7 850% 0 0 0 0 0 0 060% 0 0 0 0 0 0.04 0.02870% 0 0 0 0 0.019 0.121 0.36980% 0 0 0.005 0.074 0.31 0.683 0.9Table 7.2: Failure Rates for Algorithm SA/DSTable 7.3 lists the index ratios of the systems for which Algorithm SA/DS does not fail. Weobserve that when the length of subtask chains approaches 7 and 8 and the processor utilizationapproaches 70% and 80%, the index ratio becomes larger than 2, making the DS protocol muchless desirable for systems having these characteristics. In the case of con�guration (8, 80%), theindex ratio is 17.05. It is very unlikely for a system with this con�guration to be schedulableaccording to the DS protocol. 89



2 3 4 5 6 7 850% 1.014 1.032 1.068 1.149 1.26 1.49 1.84860% 1.034 1.183 1.327 1.575 1.933 2.613 3.76870% 1.129 1.364 1.692 2.364 3.652 6.425 9.17480% 1.211 1.692 2.55 5.196 8.403 12.67 17.05Table 7.3: Worst-Case Schedulability Index Ratios of Algorithm SA/DS over Algorithm SA/PM7.3 Experiment III - Algorithm SA/PM vs. Algorithm SA/IPMAlgorithm SA/IPM is an improved version of Algorithm SA/PM. It takes advantage of recurrenttasks but is applicable only when tasks have relative end-to-end deadlines shorter than theirrespective periods. We studied the performance di�erence between these two algorithms anddescribe the results in this section.7.3.1 Workload GenerationDi�erent from the previous experiments, we need to generate workloadswith recurrent end-to-endtasks in this experiment. We used the recurrence degree of a task as a control parameter, wherethe recurrence degree of a task is the maximum number of its subtasks that execute on a sameprocessor. If a task Ti has a recurrence degree of 3, it means that Ti has 3 subtasks executing onthe same processor. We let the system still have 4 processors and 12 tasks. However, we assigned3 tasks to each processor, called their host processor. If the recurrence degree is n, we generated2n subtasks for each task Ti. We let all odd-numbered subtasks execute on the host processorof Ti and the even-numbered subtasks execute randomly on the other three processors. By doingthis, we can guarantee that every task in the system has the same recurrence degree.The other control parameter is the processor utilization. Again, every processor was giventhe same utilization. Similar to the previous experiments, we used a pair of control parameters tospecify a particular con�guration. If an end-to-end system is generated according to con�guration(�; �), every processor has a utilization of � and every task has a recurrence degree of �. In theexperiment, we vary the processor utilization from 0.3 to 0.8 at 0.1 increments. (We will soonsee why we included low processor utilizations, such as 0.3, in this experiment.) The recurrencedegree is between 2 and 8. We thus have 42 con�gurations.90



The other system parameters were generated in a similar way as in Experiment I, i.e., the taskperiods are exponentially distributed between 100 and 10000 and subtasks on the same processorrandomly divide the processor utilization. Since Algorithm SA/IPM requires that tasks haverelative deadlines shorter than or equal to their periods, we let the relative deadline of every taskbe equal to its period in this experiment.7.3.2 Performance CriteriaWe generated 1000 systems according to each con�guration. The success rate is the percentage ofsystems generated according to a con�guration that was found schedulable according to AlgorithmSA/IPM. A low success rate of a con�guration indicates that Algorithm SA/IPM is not suitablefor systems with that con�guration.For systems that are schedulable according to Algorithm SA/IPM, we also applied AlgorithmSA/PM to analyze their schedulability. Similar to the previous experiments, we used the worst-case schedulability index ratio to measure the relative performance of these two algorithms: Theindex ratio of a system is the worst-case schedulability index computed by Algorithm SA/PMdivided by the one computed by Algorithm SA/IPM. Clearly, the index ratio is always greaterthan 1. Similarly, the worst-case schedulability index ratio of a con�guration is the average of theindex ratios of all systems that are generated according to the con�guration and are schedulableaccording to Algorithm SA/IPM. In addition to the worst-case schedulability index ratios, wealso use average schedulability index ratios to measure the improvement achieved by AlgorithmSA/IPM for the overall system. The de�nition of the average schedulability index ratio is similarto the one of the worst-case schedulability index ratio.7.3.3 Simulation ResultsTable 7.4 lists the success rates of Algorithm SA/IPM. Each entry in the �rst row gives therecurrence degree while each entry in the �rst column gives the processor utilization. We noticethat very few systems with a recurrence degree above 4 can be schedulable according to AlgorithmSA/IPM, unless the processor utilization drops to 0.3. This indicates that, for schedulabilityconcerns, the relative deadline of a task being no greater than the period is a stringent requirementfor systems with a non-trivial recurrence degree. This conclusion is not surprising. To see why,let us suppose that every task has its relative deadline equal to its period and has a recurrence91



2 3 4 5 6 7 80.3 100 100 100 96.5 67.9 21.5 2.40.4 100 98.9 69.7 10 0 0 00.5 98.7 49.3 0.8 0 0 0 00.6 63.7 0.4 0 0 0 0 00.7 1.3 0 0 0 0 0 00.8 0 0 0 0 0 0 0Table 7.4: Success Rates for Algorithm SA/IPMdegree of �. Every subtask in a task should have a response time roughly within a factor of1=2� of the period of the task in order for the task to be schedulable. This requirement is ratherdemanding and brings down the usable processor utilization in order satisfy it. Lehoczky foundsimilar phenomena in [6]. For example, in his study, if tasks have deadlines equal to 1/4 of theirperiods, the schedulable utilization bound drops to 25%.For con�gurations with nonzero success rates, we list the worst-case schedulability index ra-tios in Table 7.5 and the average schedulability index ratios in Table 7.6. Algorithm SA/IPMis more e�ective for con�gurations with large recurrence degrees. Nevertheless, the overall per-formance di�erence between Algorithm SA/IPM and Algorithm SA/PM is small. Most of thetime, improvement is within 1% in terms of scheduling index. When the worst-case schedulabilityindices approach one, i.e., when systems becomes di�cult to schedule, such a small improvementmay result in a more obvious increase in the success rate. We will see such an e�ect of thisimprovement in the next chapter.7.4 Experiment IV - Average Task EER TimesThe purpose of Experiment IV is to study the average task EER times achievable by di�erentsynchronization protocols. In Chapter 4, we introduced �ve synchronization protocols, the DirectSynchronization (DS), Phase Modi�cation (PM), Modi�ed Phase Modi�cation (MPM), SporadicServer (SS), and Release Guard (RG) protocols. As we have discussed there, the PM and MPMprotocols yield the same schedule under the ideal situation, which is the case in our simulation.92



2 3 4 5 6 7 80.3 1.000 1.001 1.005 1.011 1.019 1.026 1.0420.4 1.001 1.001 1.005 1.014 na na na0.5 1.001 1.002 1.008 na na na na0.6 1.001 1 na na na na na0.7 1.001 na na na na na na0.8 na na na na na na naTable 7.5: Worst-Case Schedulability Index Ratios of Algorithm SA/PM over AlgorithmSA/IPM
2 3 4 5 6 7 80.3 1.001 1.003 1.009 1.017 1.027 1.036 1.0470.4 1.001 1.003 1.009 1.017 na na na0.5 1.001 1.003 1.008 na na na na0.6 1.002 1.003 na na na na na0.7 1.002 na na na na na na0.8 na na na na na na naTable 7.6: Average Schedulability Index Ratios of Algorithm SA/PM over Algorithm SA/IPM93



Thus we only need to compare the performance of the PM protocol with others. We also did notevaluate the SS protocol for the following reasons.1. The original sporadic server algorithm proposed in [52] contains a mistake. In Appendix A,we point out the mistake and give the corrections. We also illustrate that the idea ofa sporadic server encompasses a family of algorithms. However, it is not clear whichimplementation is the most e�cient one. Choosing a less e�cient implementation of thesporadic server algorithm in this experiment may result in less representative �gures andcauses unfair comparison against the SS protocol.2. According to the SS protocol, a task instance may have an unbounded number of contextswitches due to budget consumption and replenishment. This attribute makes the SSprotocol undesirable for a hard real-time system in practice.3. In our simulation, the task execution time is not variable, and the run-time overhead causedby each protocol is not counted either. Thus the RG and SS protocol will yield the sameschedule for any system. It su�ces to consider only the performance of the RG protocol.As a result, in this experiment, we compared the average task EER times yielded by the DS,PM, and RG protocols.7.4.1 Workload GenerationLike Experiment II, we found that the relative performance primarily depends on the processorutilization and the number of subtasks in each task. Consequently, we generated the workload inthe same way as in Experiment II. In other words, we also had 28 con�gurations and generated1000 systems for each con�guration. Additionally, for each task we generated a phase which israndomly distributed between 0 and the task period.7.4.2 Performance CriterionHere, we use the PM/DS ratio to measure the di�erence in performance between the PM andDS protocol. For each task, the PM/DS ratio is the average EER time of the task when thePM protocol is used over the average EER time of the task when DS protocol is used. For eachsystem, the PM/DS ratio is the average PM/DS ratio of all tasks in the system, and for each94



con�guration the PM/DS ratio is the average PM/DS ratio of all systems generated accordingto the con�guration. A higher PM/DS ratio (> 1) indicates that the PM protocol yields a longeraverage task EER time than the DS protocol. Similarly, we also use the PM/RG ratios andRG/DS ratios to compare the performance of the corresponding two protocols.7.4.3 Simulation ResultsFor each system generated in the experiment, we �rst assigned priorities to subtasks accordingto the PDM method. In the previous sections, we saw that the performance of the PDM andNPDM methods are better than other methods. Since each processor has the same utilization inthis experiment, the PDM method and the NPDM method are equivalent. We then simulatedthe actual run of the system according to the task periods, task phases, subtask execution times,the assigned priorities and each of three synchronization protocols. Each simulated run wasterminated when every task in the system had at least 1000 instances released and completed.The average EER time of a task is the average of the EER times of all its instances completedduring the simulated run. Based on the average EER times of tasks, we computed the PM/DSratio, RG/DS ratio, and PM/RG ratio for each task, each system, and each con�guration. ThePM/DS, RG/DS ratios as functions of con�gurations are plotted in Figures 7.1 and 7.2. The90% con�dence intervals are negligibly small for all con�gurations.
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4Figure 7.2: The RG/DS Ratioswhen the utilization of each processor goes up. This is because with low processor utilizationsthere are many idle intervals in the schedules caused when the releases of subtasks are postponedaccording to the PM protocol. Therefore the average EER times are much larger than thoseyielded by the DS protocol with no such delays. The PM/DS ratio increases as the number ofsubtasks in each task increases. For con�gurations with 5 or more subtasks in each task, thevalues of the ratio are all greater than 2, indicating that for these kinds of con�gurations, theaverage EER times of tasks synchronized according to the PM protocol are more than twice thanwhen tasks are synchronized according to the DS protocol. For con�gurations with 8 subtasksin each task, the ratio is around 3 or 4.The RG/DS ratio varies mostly from 1 to 2 for all con�gurations, indicating that the perform-ance of the RG protocol in terms of the average task EER time is close to the performance of theDS protocol. As shown in Figure 7.2 the RG/DS ratio increases when the processor utilizationincreases. When the processor utilization is high and the processors are busy almost all thetime, the releases of subtasks according to the RG protocol become almost periodic. The delaysin releasing subtasks caused by release guards can lead to longer average EER times. Overall,however, we see that the RG protocol performs much better than the PM protocol with respect tothe average task EER times. This is further con�rmed by the PM/RG ratio shown in Figure 7.3;the ratio is consistently higher than 1. For con�gurations with 6, 7 or 8 subtasks in each task,the PM/RG ratio even reaches 2 or 3. 96
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4Figure 7.3: The PM/RG Ratios7.5 SummaryIn this chapter, we described four experiments and presented the experiment results. Theseexperiments systematically compare the performance of all aspects of end-to-end scheduling al-gorithms proposed in this thesis. In Experiment I, we compared the performance of the fourdeadline-based priority assignment methods. According to the experiment result, the PDM andNPDM methods are superior to the other two methods. However, when priority assignment isdone o�-line or when run-time overhead is not a serious consideration, a system designer shouldtry all four methods and choose the assignment which gives the smallest worst-case schedulabilityindex, i.e., the meta-method.Experiment II is a study on the performance of Algorithm SA/PM and SA/DS. Since Al-gorithm SA/PM is applicable to all synchronization protocols with execution control, in thisexperiment we essentially studied the relative performance in terms of system schedulability ofthe DS protocol and other protocols. The results show that the DS protocol has an acceptableperformance when the processor utilization is low or tasks have short chains. Since the DS pro-tocol has a low overhead and is simple to implement, it is an attractive choice for this kind ofsystems. However, when the processor utilization is high and tasks have long chains, the DSprotocol yields poor performance and even fails to provide a solution when Algorithm SA/DSfails to terminate.In Experiment III we saw that requiring tasks to have short relative deadlines (e.g., beingshorter than their respective periods) is a stringent requirement for systems with a non-trivialrecurrence degree. This requirement leads to low schedulable processor utilizations. When this97



requirement is satis�ed, the performance of Algorithm SA/IPM is slightly better than AlgorithmSA/PM.In Experiment IV, we studied the impact of di�erent synchronization protocols to the averagetask EER times. As we expected, the DS protocol yields the shortest average task EER times,while the PM and MPM protocols yield the longest ones. The performance of the RG protocolis fairly close to the DS protocol in most cases.In conclusion, the PDM and NPDM methods have better performance among deadline-basedpriority assignment methods. The RG protocol delivers satisfactory performance with respect toboth the worst-case EER times and the average EER times of tasks. Under some circumstances,other protocols may be more suitable than the RG protocol. As an example, if a system haslow processor utilizations and tasks have short subtask chains, the DS protocol can be a betterchoice because it is simpler and yields shorter average EER times of tasks. As another example,if every task has a relative deadline no longer than its period, we may choose the PM or MPMprotocol because they allow us to use Algorithm SA/IPM for better system schedulability.
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Chapter 8End-to-End Scheduling Approach tothe Resource Contention ProblemIn the previous chapters, we presented an integrated end-to-end scheduling framework, whichencompasses three problems: priority assignment, execution synchronization and schedulabilityanalysis. Solutions to these problems form the building blocks of the framework. If an end-to-endsystem �ts the system model described in Chapter 3, we can apply the framework to schedulesuch a system and analyze its schedulability. In this chapter, we investigate the application ofthis framework to the resource contention problem in a multi-processor real-time system. Thesystem model assumed in the resource contention problem is formulated by Rajkumar et al.[21]and is di�erent from the end-to-end system model that we assumed in the previous chapters. InRajkumar's model, the multiprocessor system can be viewed as a collection of single-processorsystems. Each task has a host (local) processor and has a local relative deadline. The complicationarises from the fact that a task may request a resource which is on a di�erent processor from itshost processor. Scheduling and schedulability analysis of tasks in such a system become morecomplicated than the case of single-processor systems.In this chapter, we �rst lay out the background on the resource contention problem, followedby a formal description of the system model used in this chapter. We then introduce the Multi-processor Priority Ceiling Protocol (MPCP), the only known solution to the resource contentionproblem in a multi-processor environment. We will also point out a couple of mistakes in theoriginal MPCP and propose a few straightforward improvements over the original MPCP. Sec-99



tion 8.4 presents in detail the end-to-end scheduling approach to the same problem addressedby the MPCP. Finally, we conclude this chapter by comparing the performance of these twoapproaches.8.1 BackgroundSemaphore-like operations are typically used to control the access to a shared resource by tasks inorder to guaranteemutually-exclusive accesses to critical sections. Sha et al. [15] have shown thatcareless use of semaphore operations can cause uncontrolled priority inversion, which occurs whena high-priority task is blocked by some low-priority tasks for an unpredictable amount of time.On a single-processor system, we refer to the total length of time during which a task is blockedby lower-priority tasks due to resource contention as its blocking time. To ensure predictability,it is imperative to keep the blocking time of each task bounded from above [20]. Several e�ectivesolutions have been proposed for single-processor systems; two well-known examples are thePriority Ceiling Protocol (PCP) [15] and the Stack Based Protocol (SBP) [16]. By using eitherone of the protocols, the blocking time of each task is guaranteed to be no more than the durationof one critical section of some other tasks.In multiprocessor or distributed systems, concurrency and distribution complicate the re-source contention problem. A task Ti can be blocked not only by local tasks on the sameprocessor but also by remote tasks that need the same resources that Ti needs as well. Accord-ingly, in a multiprocessor or distributed system the blocking time of a task includes the timewhen the task is blocked by both local lower-priority tasks and remote tasks. Rajkumar et al.[21] extended the PCP for single-processor systems to multiprocessor systems and provided asolution for this problem. The extended protocol is known as the Multiprocessor Priority CeilingProtocol (MPCP). According to the MPCP, the blocking time of a task due to both local resourcecontention and global resource contention is bounded, and the schedulability of the system canbe determined by applying a schedulability analysis method for single-processor systems [1, 5]on each individual processor. 100



8.2 System ModelIn Rajkumar's system model, every resource and every task has a host processor. (In [21], thehost processor of a global resource is called a synchronization processor of the global resource.)Later in this chapter, when we say a task Ti (or a resource Ri ) is on a processor Pj , we meanthat Pj is the host processor of task Ti (or resource Ri). According to the MPCP, resources areclassi�ed into two categories, local resources and global resources. A local resource is needed onlyby tasks on its host processor. A global resource is needed by tasks on processors di�erent fromits host processor. Relative to a task, a global resource is a remote global resource, or simply aremote resource, if the task and the resource are on di�erent processors. A global resource is alocal global resource to a task if they are on the same host processor.Figure 8.1 gives an illustrative example. This example is referred to as Example 1 later on inthis chapter. In this example, there are two processors, P1 and P2, and two resources, Printer(PR) and Database (DB). The host processor of PR is P1; the host processor of DB is P2. T1and T2 are on P1. The host processor of T3 and T4 is P2. The resource access relations aredenoted by dotted arrows in the �gure. Since PR is accessed only by T1 and T2 which are on itshost processor, PR is a local resource. DB is accessed by T1 and T4. Since T1 is on a di�erentprocessor from the host processor of DB, DB is a global resource. Speci�cally, DB is a remoteglobal resource to T1 and a local global resource to T4.
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Figure 8.1: The Simple System in Example 1101



A resource can only be accessed from its host processor. When a task requests a remoteglobal resource, the execution thread of the task is suspended on the host processor of thetask, and another execution thread is initiated on the host processor of the global resource onbehalf of the task. According to the MPCP, the execution thread on the host processor of theglobal resource is called a global critical section (GCS) server [21]. The GCS server accesses theresource according to the given resource access protocol. Once the GCS server completes on thehost processor of the global resource, it terminates and sends back the results; its correspondingtask resumes the execution on its host processor. Figure 8.2 illustrates this situation for task T1in Example 1. The migration of the execution thread is depicted by the dashed lines in the �gure.The execution of T1 is suspended when it requests DB; GCS1 starts execution and accesses DBon behalf of T1 on P2, following the guidance of the given resource access protocol on P2. WhenGCS1 completes, it returns the result to T1, and T1 resumes execution on P1.
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Figure 8.2: The GCS Server of T1 in Example 1According to the MPCP, a similar scenario happens even when a task requests a local globalresource. The only di�erence is that both the task and the GCS server execute on the sameprocessor. As we shall see in the next section, the task and its GCS server have di�erentpriorities. Figure 8.3 illustrates the scenario when task T4 accesses the local global resource DBin Example 1. Later, we will see that the classi�cation of resources and the notion of GCS serversare only relevant to the MPCP. Such a distinction is not necessary in the end-to-end schedulingapproach, 102
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Figure 8.3: The GCS Server of T4 in Example 1According to the MPCP, resource accesses within a task must be properly nested. Further-more the resources accessed in one nested critical section must reside on the same processor. Inother words, accesses to resources on di�erent processors cannot be nested within each other.Hereafter, by a critical section, we mean the outermost of a group of properly nested criticalsections.Additionally, we make the following assumptions about other aspects of the system.1. Each task Ti is a periodic task, with period pi and maximum execution time �i.2. The relative deadline Di of each task Ti is no longer than its period.3. Tasks are scheduled on a �xed-priority basis.Assumption 2 is a restriction of the MPCP. As we will see, this assumption is not necessary inthe end-to-end scheduling approach.8.3 MPCP ApproachIf a system �ts the system model described in the previous section, we say it is an MPCPsystem. The MPCP itself, as a resource access protocol, only speci�es the assignment of theGCS server priorities, the protocol for tasks and GCS servers to access shared resources, andthe computation of upper bounds on task blocking times. To schedule an MPCP system andanalyze its schedulability, we need additionally to specify the task priority assignment and the103



schedulability analysis algorithm. Later, we use \the MPCP" in a strict sense to mean theresource access protocol itself. We use the term, the MPCP approach, to refer to the overallapproach that uses the MPCP to solve the resource contention problem in an MPCP system. Aswe just suggested, the MPCP approach consists of three important parts: (1) priority assignmentto both tasks and GCS servers, (2) the resource access protocol, which dictates when a resourceaccess is granted and yields a way to compute upper bounds on blocking times of tasks, and(3) schedulability analysis of the system. We describe the three parts in detail in the followingsubsections.8.3.1 Priority AssignmentAccording to the MPCP, each task is assigned a �xed priority. The optimum priority assignmentmethod for an MPCP system is deadline-monotonic assignment, i.e., the priority of a task isinversely proportional to its relative deadline [2]. In the rest of this chapter, we assume deadline-monotonic priority assignment for tasks in an MPCP system.According to the MPCP, each global critical section of a task, accessing either local globalresources or remote resources, corresponds to a GCS server. The GCS servers have �xed prior-ities as well. Priorities for GCS servers are such that (1) all GCS servers have higher prioritiesthan normal tasks; and (2) if task T1 has a priority higher than (equal to) task T2, the GCSservers of T1 have priorities higher than (equal to ) those of T2. Assuming that a smaller (ormore negative) number represents a higher priority, a practical scheme of assigning GCS serverpriorities is to give the GCS server of task Ti the priority �i � �̂, where �i is the priority of Tiand �̂ (�̂ > 0) is the lowest priority of all tasks.As an Example, suppose that the task parameters of Example 1 are as shown in Table 8.1.There are two GCS servers in the system, GCS1 for T1 and GCS4 for T4. According to thedeadline-monotonic priority assignment, the priority of a task can be set equal to its relativedeadline. The task priorities are listed in Table 8.2. The priorities of GCS servers can becomputed according the above mentioned method, which are also listed in the table.8.3.2 Upper Bounds of Blocking TimesOn each processor in an MPCP system, GCS servers contend for global resources on behalf oftheir corresponding tasks. From this point of view, tasks on each processor only contend for local104



Ti host pi Di �i SegmentsT1 P1 15 15 5 1 2(DB) 1 1(PR)T2 P1 20 20 4 2 1(PR) 1T3 P2 2 2 1 1T4 P2 20 20 5 1 1(DB) 3Table 8.1: Task Parameters of the System in Example 1Ti host Di �iT1 P1 15 15T2 P2 20 20T3 P2 2 2T4 P2 20 20GCS1 P2 na -5GCS4 P2 na 0Table 8.2: Task and GCS Server Priorities in Example 1resources. A resource access control protocol for single-processor systems, such as the PCP [15]or the SBP [16], is used to control their accesses to the resources. As a consequence of usingsuch a resource access control protocol, we can bound the blocking time that a GCS server canexperience due to global resource contention or that a task can experience due to local resourcecontention. Suppose task Ti has ngi global critical sections. Let GCSi;j (1 � j � ngi ) denote thejth GCS server of Ti. We use blk(Ti) (or blk(GCSi;j)) to denote the blocking time computedaccording to the PCP or SBP for Ti (orGCSi;j). According to the MPCP, the total blockingtime (Bi) that a task can experience is the sum of �ve factors.Local blocking time (LBi) The local blocking time of a task is the blocking time a task canexperience due to local resource contentions. It is given byLBi = blk(Ti)� (ngi + 1) (8.1)Global blocking time (GBi) The global blocking time of a task is the blocking time that theGCS servers of the task experience when the servers access the global resources. It is given105



by GBi = ngiXj=1 blk(GCSi;j) (8.2)Remote waiting time (RWi) When a GCS server (GCSi;j) of a task (Ti) is ready to executeon the host processor of the global resource that Ti needs to access, some GCS serversof other tasks with higher priorities may periodically preempt the execution of GCSi;j.If a GCS server GCSu;v is such a periodically preempting server, its interference to theexecution of GCSi;j is counted in the schedulability analysis if task Tu is on the sameprocessor as task Ti. Otherwise the interference from GCSu;v should be counted as theremote waiting time. Let GPi denote the set of processors on which Ti needs to accessglobal resources, RHi denote the set of remote higher-priority tasks, i.e., the set of tasksthat have priorities higher than or equal to Ti and are on di�erent host processors from thehost processor of Ti. Let CSk(Pj) denote the sum of the durations of all the global criticalsections of Tk that execute on Pj . The remote waiting time of a task can then be expressedas RWi = XPj2GPi0@ XTk2RHi � pipk �CSk(Pj)1A (8.3)Deferred blocking time (DFi) Let LHi denote the set of local higher-priority tasks, i.e., tasksthat have priorities higher than or equal to Ti and are on the same processor as Ti. Becausea task in LHi may suspend itself during its access to a global resource and resume itsexecution later, it delays the completion of Ti further than if the task in LHi were strictlyperiodic. The extra amount of interference is counted as the deferred blocking time of Ti.Let �k denote the remaining execution time of Tk after it �nishes the �rst access to a globalresource. If the response time of a task is never longer than the task period, the deferredblocking time of a task can be computed byDFi = XTk2LHi �k (8.4)GCS server blocking time (GCSBi) This factor accounts for the inference from all the GCSservers that execute on the same processor as task Ti. Let Host(Ti) denote the hostprocessor of Ti and Dura(gcs) denote the duration of a GCS server gcs. The GCS server106



blocking time can be computed byGCSBi = XGCSj;k is on Host(Ti)& pipj 'Dura(GCSj;k) (8.5)The total blocking time Bi that task Ti can experience is the sum of above �ve factors.Bi = LBi + GBi +RWi +DBi +GCSBi (8.6)The deferred blocking time is termed di�erently in [21]. In [21], for any task Ti and any taskTk 2 LHi, the extra interference from Tk due to execution suspension/resumption is minf�k ; Ikg,where Ik is the maximum amount of time that Tk suspends itself. However, the de�nition andthe computation of Ik are not given in the original paper, and the justi�cation is not given fortaking the minimum of these two items. In this chapter, we only take �k as the amount of extrainterference from Tk.The computation of the deferred blocking time depends on the condition that the responsetime of a task is never longer than the period. If a task is veri�ed to be schedulable, this conditionis e�ectively satis�ed because of the assumption that the relative deadline of a task is no longerthan its period.As an example, Table 8.3 lists the blocking times, as well as individual break down factors,of tasks in Example 1. Interested readers can verify the results by following the formula givenabove. Ti host Bi LBi GBi RWi DBi GCSBiT1 P1 3 2 1 0 0 0T2 P1 2 0 0 0 2 0T3 P2 3 0 0 0 0 3T4 P2 9 0 0 4 0 5Table 8.3: Blocking Times of Tasks in Example 18.3.3 Schedulability AnalysisThe schedulability analysis of the MPCP approach is based on the single-processor schedulabilityanalysis, which can be the utilization bound analysis [1] or the more accurate time demand107



analysis [5, 17]. According to the time demand analysis, the upper bound Ri on the responsetime of Ti can be obtained from the following equation.Ri = min8<:t > 0jt = �i +Bi + XTj2LHi & tpj ' �j9=; (8.7)It is easy to verify that there exists a solution for Ri if the total utilization of tasks in LHi isless than 1, i.e.,PTj2LHi(�j=pj) < 1. As we have discussed in Chapter 5, an iterative procedurecan be applied to compute the solution for Ri. The schedulability of a task can be veri�ed bycomparing the upper bound with its relative deadline, and the schedulability of the system canbe veri�ed by verifying the schedulability of every task in the system.The above method for computing the upper bound on the response time of a task gives thecorrect answer if the upper bound is less than the period. It may give a wrong answer if theupper bound is greater than the period [6]. For the purpose of verifying the schedulability ofa task, however, we obtain the same conclusion as if we would with the correct upper bound,because this incorrect upper bound is greater than the period of the task and hence the relativedeadline of the task. Therefore we do not need to modify the above method for the purpose ofschedulability analysis.Under the column Ri, Table 8.4 gives the upper bounds on the response times of tasksaccording to the time demand analysis. For task T3 and T4, the bounds are greater than thecorresponding task periods. The bounds may not be correct, but the conclusion about theschedulability of T3 and T4 is still right, i.e., we cannot guarantee that T3 and T4 are schedulable.Ti host pi �i Bi Di Ri schedulabilityT1 P1 15 5 3 15 8 yesT2 P1 20 4 2 20 11 yesT3 P2 2 1 3 2 4 noT4 P2 20 5 9 20 28 noTable 8.4: The Bounds on the Response Times of Tasks in Example 1 According to the MPCP8.3.4 Corrections of the MPCPDespite the careful analysis by the authors, there still exist some errors in bounding task blockingtimes. Table 8.5 lists the parameters of tasks in our second example, Example 2. Resource R108



is on processor P2, and it is a global resource. According to the MPCP, the blocking times andbounds on the response times of tasks are given in Table 8.6. All tasks are schedulable accordingto the result of the schedulability analysis.Ti host phase pi Di �i SegmentsT1 P1 0 10 10 5T2 P1 0 13 13 4 1 2 (R) 1T3 P2 6 25 25 20Table 8.5: Task Parameters in Example 2Ti LBi GBi RWi DBi GCSBi Bi Ri schedulabilityT1 0 0 0 0 0 0 5 yesT2 0 0 0 0 0 0 9 yesT3 0 0 0 0 4 4 24 yesTable 8.6: The Upper Bounds on the Blocking Times and Response Times of Tasks in Example 2However, it is easy to verify that the �rst instance of T3 misses its deadline at time 31, asshown in Figure 8.4. Clearly, something is wrong in the schedulability analysis. In particular,the GCS server blocking time of T3 is 4, which according to Eq.(8.5) includes the interference oftwo instances of GCS2. In the schedule, however, the �rst instance of T3 is preempted by threeinstances of GCS2 and, hence, misses the deadline. Therefore the calculation of GCS serverblocking time is not correct. According to Eq.(8.5), the number of instances of a GCS serverGCSj that can delay the completion of a task Ti is determined by dpi=pje. This formula wouldbe correct if GCSj were a periodic task. However, the execution of GCSj is jittery, due tothe varying completion times of its preceding task segments. Therefore, the Eq.(8.5) must bemodi�ed to count this jittery e�ect of a GCS server. Assuming that the response time of everytask is no longer than the period, the following equation corrects the mistake.GCSBi = XGCSj;k2GCS(Host(Ti))& pipj + 1'Dura(GCSj;k) (8.8)109



For the same reason, when computing the remote waiting factor, we should also add one moreinstance of the interfering servers into the remote waiting time.RWi = XPj2GPi0@ XTk2RHi � pipk + 1�CSk(Pj)1A (8.9)
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Figure 8.4: The Schedule of the System in Example 2Taking into account the corrections, we compute the blocking times again for the tasks inExample 1. The new blocking times are listed in Table 8.7, which are obviously larger than thosein Table 8.3. Ti host Bi LBi GBi RWi DBi GCSBiT1 P1 3 2 1 0 0 0T2 P1 2 0 0 0 2 0T3 P2 6 0 0 0 0 6T4 P2 14 0 0 6 0 8Table 8.7: Blocking Times of Tasks in Example 1 According to the Corrected MPCP8.3.5 Improvement to the MPCPThere are many ways to tighten the upper bounds on blocking times of tasks under the MPCP.Here we only discuss a couple of improvements that are obvious and have relatively signi�cantimpact on the performance of the MPCP.In Table 8.7 the interference of GCS1 to T4 is counted twice, as in the remote waiting timeand the GCS server blocking time. To eliminate the double counting, we can exclude from the110



remote waiting time the interference of GCS servers that access local global resources. Eq.(8.9)can thus be written asRWi = XPj2GPi�fHost(Ti)g0@ XTk2RHi � pipk + 1�CSk(Pj)1A (8.10)Two other straightforward improvements are related to the GCS server blocking time.1. If a task accesses local global resources, its own GCS servers execute on its own hostprocessor. The blocking times from its own GCS servers should not be counted into theGCS server blocking time of the task.2. If a task Th in LHi accesses a local global resource, Th has a GCS server on the localprocessor. The interference from this GCS server of Th should not be counted in theGCS server blocking time of Ti, because this amount of interference is counted in theschedulability analysis as a higher-priority task Th executing on the same processor.Based on these two rules, we can modify Eq.(8.8) correspondingly. Table 8.8 lists the blockingtimes of tasks in Example 1 computed by the improved formula. We notice that the blockingtime of T4 is reduced from 14 time units in Table 8.7 to 6 time units.Ti host Bi LBi GBi RWi DBi GCSBiT1 P1 3 2 1 0 0 0T2 P1 2 0 0 0 2 0T3 P2 6 0 0 0 0 6T4 P2 6 0 0 0 0 6Table 8.8: Blocking Times of Tasks in Example 1 According to the Improved MPCPIn later discussion, we will refer to the formula introduced in [21] as the original formula ofcomputing task blocking times, the formula described in Section 8.3.4 as the corrected formulaof computing task blocking times, and the formula described in this subsection as the improvedformula of computing task blocking times. In most cases, however, such a distinction is notnecessary, and we simply use \the MPCP" without specifying a speci�c version of the formulaof computing task blocking times. 111



8.4 End-to-End Scheduling ApproachIf a task in an MPCP system accesses a remote global resource, it can be naturally viewed asan end-to-end task. The GCS server accessing the remote global resource is a subtask executingon the host processor of the global resource, and the other segments of the task may form othersubtasks that execute on the host processor of the task. For example, task T1 in Example 1, whichaccesses the remote global resource DB, can be viewed as an end-to-end task with 3 subtasks,as shown in Figure 8.5. Its GCS server GCS1 in the MPCP approach is a subtask T1;2 executingon the host processor P2 of DB, and the other segments of T1 form two other subtasks, T1;1and T1;3, executing on the host processor P1 of T1. The other tasks in Example 1 do not accessremote global resources, and each of them can be viewed as a trivial case of an end-to-end taskwith only one subtask.
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Figure 8.5: An End-to-End View of the System in Example 1Viewing an MPCP system as an end-to-end system has several advantages. The �rst advant-age is that all resource contention becomes local. In such an end-to-end system, a set of subtasksexecute on each processor that require no remote resources. Therefore, we can use the PCP orSBP to control their accesses to the local resources and keep their blocking times bounded.Another advantage is that we can use the rich set of end-to-end scheduling algorithms, de-scribed in the previous chapters, to schedule the subtasks and have more 
exible control over thescheduling of such a system. For example, according to the MPCP approach, all the segments ofa task that do not access global resources have the same priority. According to the end-to-endscheduling approach, however, subtasks in the same task may have di�erent priorities, depending112



on the particular priority assignment method used in the system. The other 
exibility introducedin the end-to-end scheduling approach is the control over the releases of subtasks. We can chooseone of the synchronization protocols described in Chapter 4 to govern the release of subtasks andsynchronize the execution of them.In general, according to the end-to-end scheduling approach, the solution to the resourcecontention problem in a distributed or multiprocessor real-time system consists of four steps:Step 1 : Map the given MPCP system to an end-to-end system.Step 2 : Assign priorities to subtasks, and �nd the upper bound on the blocking time of eachsubtask according to the PCP or SBP.Step 3 : Choose a synchronization protocol.Step 4 : Analyze the schedulability of each task and the system.8.4.1 Mapping an MPCP System to an End-to-End SystemWe use the following rules to map a task in an MPCP system to a task in an end-to-end system.1. For each task Ti, each outermost global critical section that accesses one or more remoteglobal resources is a subtask. This subtask executes on the host processor of the remoteglobal resource(s).2. Among the remaining segments of Ti, each contiguous group of segments is a subtask thatexecutes on the host processor of Ti.The end-to-end scheduling algorithms does not prevent two consecutive subtasks from ex-ecuting on the same processor. Theoretically, we could map a local critical section or a localglobal critical section into a subtask. However, it is better to combine contiguous segments intoa single subtask. As a result, in the end-to-end scheduling approach, accesses to a local globalresource is treated in the same way as accesses to a local resource. In contrast, in the MPCPapproach, accesses to a local global resource are treated in a way similar to accesses to a remoteglobal resource.Let us look at the system in Example 1 again. The parameters of subtasks after the mappingprocess are listed in Table 8.9. The second segment in T1 needs to access a remote global resource113



DB, and therefore it is mapped as a subtask T1;2 by itself, executing on P2. The �rst segment inT1 forms a subtask T1;1, and the other two segments form another one T1;3. Both of them executeon P1. We notice that T1;3 actually contains two segments, including one local critical section.In the case of T4, although it accesses the global resource DB, all three segments still form asingle subtask T4;1, because the global resource is a local global resource.Ti proc pi;j �i;j segmentsT1;1 P1 15 1 1T1;3 P1 15 2 1 1(PR)T2;1 P1 20 4 2 1(PR) 1T1;2 P2 15 2 2(DB)T3;1 P2 2 1 1T4;1 P2 20 5 1 1(DB) 3Table 8.9: Subtask Parameters of the System in Example 18.4.2 Priority Assignment and Execution SynchronizationIn Chapter 6, we have proposed several deadline-based priority assignment methods. They canbe readily applied here. Table 8.10 lists the global deadlines, e�ective deadlines, proportionaldeadlines and normalized proportional deadlines of subtasks in Example 1. In order to computethe normalized proportional deadlines of subtasks, we �rst compute the utilization factors of P1and P2. They are 0.4 and 0.88 respectively.Task Proc Period �i;j GDi;j EDi;j PDi;j NPDi;jT1;1 P1 15 1 15 11 3 2.0T1;3 P1 15 2 15 15 6 4.1T2;1 P1 20 4 20 20 20 20T1;2 P2 15 2 15 13 6 8.9T3;1 P2 2 1 2 2 2 2T4;1 P2 20 5 20 20 20 20Table 8.10: Di�erent Deadlines for Subtasks in Example 1114



Hereafter, we assume that the PDM assignment is used for the system in Example 1. Giventhe priorities assigned according to the PDM method, the blocking time of each subtask can bebounded according to the PCP or SBP. The maximum blocking times of subtasks in Example 1are listed in Table 8.11. Task Proc PDi;j �i;j Bi;jT1;1 P1 3 3 0T1;3 P1 6 6 1T2;1 P1 20 20 0T1;2 P2 6 6 1T3;1 P2 2 2 0T4;1 P2 20 20 0Table 8.11: Di�erent Deadlines for Subtasks in Example 1We can choose to use any one of the synchronization protocols described in Chapter 4. Thedecision usually depends on the constraints of the system.8.4.3 Schedulability AnalysisDepending on the synchronization protocol we choose, we apply an appropriate schedulabilityanalysis algorithm described in Chapter 5 to analyze the schedulability of the system. Here, whenwe perform the schedulability analysis, we need to take the blocking time of each subtask intoaccount. To do so, we just add the blocking time of Ti;j to the appropriate time demand functionwith respect to an instance of Ti;j or with respect to a �i;j-level busy period. Let Bi;j denote themaximum blocking time that a subtask Ti;j can experience. The above-mentioned modi�cationto the time demand function is correct because Bi;j is viewed as the maximum amount of timedemand that can be generated by some subtask with priority lower than �i;j in a �i;j-level busyperiod.Take Algorithm SA/PM for example. The time demand function W (t) with respect to a�i;j -level busy period, counting the blocking time Bi;j , becomesBi;j + XTk;l2Hi;j[fTi;jg� tpk � �k;l 115



and the upper bound on the duration of the busy period is accordingly given byDi;j = min8<:t > 0 j t = Bi;j + XTk;l2Hi;j+fTi;jg� tpk � �k;l9=;instead of Eq.(5.2). Similar changes can be made for other time demand functions.As an example, we apply Algorithm SA/DS, SA/PM and SA/IPM to the system in Example 1and obtain the same upper bounds on task EER times. The upper bounds are listed in Table 8.12.We see that every task is schedulable and the system is schedulable.Ti host Di Ri schedulabilityT1 P1 15 11 yesT2 P1 20 7 yesT3 P2 2 1 yesT4 P2 20 14 yesTable 8.12: Upper Bounds on Task EER Times in Example 18.5 Performance ComparisonWe see that the system in Example 1 is not schedulable according to the MPCP but schedulableaccording to the end-to-end scheduling approach. We can also construct systems which areschedulable according to the MPCP approach but not schedulable according to the end-to-endscheduling approach. This motivates us to study the performance of these two approaches. Tocompare their performance, we generated a set of synthetic systems with shared resources andscheduled these systems according to these two approaches. In this section, we �rst discussthe workload generation, followed by the criteria we use to evaluate the performance of the twoapproaches, which in turn is followed by the simulation results.8.5.1 Workload GenerationIn order to reveal the strength and weakness of the MPCP approach and the end-to-end schedulingapproach, we generated synthetic systems in a controlled fashion. As �xed parameters, eachsystem has �ve processors, and each processor has �ve tasks. Task periods are exponentiallydistributed between 10000 and 100000. We chose these numbers because they represent real-life116



applications to a certain extent on one hand. On the other hand, these numbers are small enoughto keep the simulation practical. We found that varying these numbers made little impact on therelative performance of both approaches and hence did not a�ect the conclusions we draw fromthe simulation.Other parameters of each generated system are speci�ed by a con�guration. Each con�gur-ation is a 4-tuple (�; �cs; �; �), where � is the utilization on each processor, �cs is the numberof critical sections in each task, � is the method to determine the duration of each critical sec-tion and � is the critical section duration factor, or CSD factor, which we will explain later.For simplicity, we let every processor have the same utilization and let tasks on each processorevenly divide the processor utilization. In other words, the utilization of each task is �=5, andthe execution time of task is equal to �=5 times the task period. We also let every task have thesame number �cs of critical sections.The method to determine the duration of a critical section can be either the �xed duration(�xed) method or the variable duration (variable) method. In the case of the variable durationmethod, the duration of a critical section is proportional to the execution time of the task, andCSD factor � speci�es the fraction of the duration over the task execution time. A real-lifeexample might be a critical section which accesses the printer resource; the length of time whenthe task uses the printer is proportional to the execution time of the task. In the case of �xedduration method, the duration of a critical section is not proportional to the execution time ofthe task. Instead, it is a �xed amount of time, and CSD factor � speci�es the fraction of theduration over the minimum possible task execution time. If the processor utilization is �, theminimum possible task execution time is 10000�=5, and the �xed duration is 1000 � � � �=5. Anexample of a �xed critical section might be an exclusive access to a database. When a task hasmore than one critical section, we randomly distribute them over the task execution time, as longas no two critical sections overlap with each other.The last issue is to determine which resource each critical section accesses. We assign aresource to each processor and associate each critical section randomly with a resource in thesystem. A resource can be a local resource if all the tasks that need to access it happen to be onthe same host processor as the resource, but more than likely resources are global resources.In our simulation, we let the processor utilization be 0.5, 0.6, 0.7 and 0.8, the number ofcritical sections in each task be 1, 2, : : : , 6, and the CSD factor be 0.01, 0.02, : : : , 0.08. Since117



we have two di�erent methods to generate the duration of a critical section, we thus have a totalof 384 con�gurations. For each con�guration, the number of systems generated depends on theperformance criteria, which we will explain in the next section.Let us look at an example. Suppose a system is generated according to the con�guration(0:5; 4; variable; 0:02). In the system, there are �ve processors, on each of which there are oneresource and �ve tasks. The processor utilization of each processor is 0.5, and the utilization foreach task is 0.1. The task periods are distributed according to an exponential probability densityfunction which is truncated within the range [10000,100000], and the execution time of a task isone-tenth of its period. Each task has four critical sections, each of which accesses a resourcechosen at random and has a duration equal to 2% of the task execution time.8.5.2 Performance CriteriaFor each generated system, we �rst veri�ed its schedulability according to the MPCP approach,using both the corrected formula and the improved formula of computing the task blocking times.Obviously, if a system is schedulable by using the corrected formula, it is also schedulable byusing the improved formula. We say a system is schedulable according to the MPCP approach ifit is veri�ed schedulable by using the improved formula of computing task blocking times.For the end-to-end scheduling approach, we �rst assign subtask priorities according to thePDM method or the NPDM method, because in general the PDM and NPDM methods havebetter performance than other methods. Among the three schedulability analysis algorithms inthe end-to-end scheduling approach, Algorithm SA/IPM gives the best prediction on systemschedulability. (We notice that Algorithm SA/IPM is applicable here because the relative dead-lines of tasks are no longer than the respective periods and many tasks are recurrent.) If asystem is schedulable according to the Algorithm SA/DS it must be schedulable according toAlgorithm SA/PM, and if a system is schedulable according to Algorithm SA/PM it must beschedulable according to Algorithm SA/IPM. We say a system is schedulable according to theend-to-end scheduling approach if it uses the PDM or NPDM priority assignment method and isschedulable according to Algorithm SA/IPM. To compare the overall performance of the MPCPapproach and the end-to-end scheduling approach, it su�ces for us to verify the schedulabilityof a system according to Algorithm SA/IPM alone. For other performance comparison, as we118



will see later, we also verify the schedulability of a system according to Algorithm SA/DS andAlgorithm SA/PM.For a given set of synthetic systems, a good performance indicator of a certain approach is thesuccess rate of the approach, which is the percentage of systems predicted schedulable according tothe approach over all the systems which are indeed schedulable according to an optimal approach.However, we do not know such an optimal algorithm and hence do not know which system isindeed schedulable. Consequently, we cannot obtain an absolute success rate. For this reason,we approximate the success rate of an approach by the number of systems schedulable accordingto this approach over the total number of valid systems, where a valid system is one that isschedulable according to either the MPCP approach or the end-to-end scheduling approach. Theapproximate success rates tell us how well these two approaches perform relative to each other.In later discussion, by success rates, we mean the approximate success rates.In order to gain statistical signi�cance, we kept generating systems according to a speci�edcon�guration till the number of valid systems reached 1000. For a con�guration, the valid rate isthe number of valid systems over the total number of systems generated. When the valid rate istoo low (such as in the case of con�gurations with high utilization, many critical sections in eachtask and long critical section durations) the time required to generate the su�cient large numbervalid system becomes too long to be practical. We dropped the simulation for con�gurationswhose valid rates are below 4% and marked such con�gurations as invalid con�gurations. Allother con�gurations are marked as valid con�gurations.For some con�gurations, the valid rate is 1, and the success rates of both the MPCP ap-proach and the end-to-end scheduling approach are 100%. This indicates that systems generatedaccording to these con�gurations are very easy to schedule. The performance indicators tell littleabout the performance di�erence between these two approaches. We mark these con�gurationsas non-e�ective con�gurations. In later discussion, we focus on con�gurations which are bothvalid and e�ective.8.5.3 Overall Performance ComparisonTable 8.13(a) lists the success rates of the MPCP approach and the end-to-end scheduling ap-proach when the processor utilization is 0.5 and the duration of each critical section is determinedaccording to the �xed duration method. Each entry in the �rst row lists the CSD factor and each119



entry in the �rst column indicates the number of critical sections in each task. Table 8.13(b)lists the success rates under the similar situation except that the duration of each critical sectionis determined according to the variable duration method. In the table, an entry marked \{/{"indicates the corresponding con�guration is not e�ective, and an entry marked \xx/xx" indicatesthe corresponding con�guration is not valid. All other entries correspond to valid and e�ectivecon�gurations. Inside each of such entries, the number before \/" is the success rate (in per-centage) of the MPCP approach, and the number after \/" is the success rate of the end-to-endscheduling approach.# of CS 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.081 {/{ {/{ {/{ {/{ {/{ {/{ {/{ {/{2 {/{ {/{ {/{ {/{ 99/100 99/100 96/100 93/1003 {/{ 99/100 98/100 93/100 85/100 71/ 99 53/ 99 39/1004 100/ 90 96/ 87 88/ 86 74/ 82 54/ 85 32/ 86 17/ 90 6/ 965 99/ 42 97/ 36 91/ 30 84/ 28 xx/xx xx/xx xx/xx xx/xx6 100/ 5 100/ 2 100/ 1 xx/xx xx/xx xx/xx xx/xx xx/xx(a)# of CS 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.081 {/{ {/{ {/{ {/{ 99/100 98/100 97/100 96/1002 {/{ 98/100 91/100 75/100 49/ 99 22/100 4/100 1/1003 98/ 99 79/ 96 37/ 92 6/ 97 0/100 0/100 xx/xx xx/xx4 91/ 77 60/ 56 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx5 97/ 14 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx6 100/ 0 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx(b)Table 8.13: The Success Rates When the Processor Utilization is 0.5If for a particular con�guration there is less than 10% di�erence in success rates of the MPCPapproach and the end-to-end approach, we say the two approaches have similar performance. Inboth tables, each valid and e�ective con�guration falls into three categories, (1) where bothapproaches have similar performance (the neutral zone), (2) where the MPCP approach has120



better performance (the MPCP zone), and (3) where the end-to-end scheduling approach hasbetter performance (the EE zone). Clearly, the con�gurations in the MPCP zone cluster aroundleft-bottom corner. They have large numbers of critical sections in each task and small CSDfactors. On the other hand, con�gurations in the EE zone cluster around upper right corner, andthey have small numbers of critical sections in each task and large CSD factors. This indicates thatwhen each task has a large number of (global) critical sections, the MPCP approach is favored,and when the duration of each critical section is long, the end-to-end scheduling approach isfavored.To see the reason for the di�erence in the performance, let us examine how the systemschedulability is veri�ed according to either of the two approaches. According to the end-to-endscheduling approach, speci�cally Algorithm SA/PM and SA/IPM, the schedulability of a systemis veri�ed by comparing the upper bound on the end-to-end response time of each task with itsrelative deadline, and the upper bound of each task is equal to the sum of upper bounds on theresponse times of all its subtasks. When bounding the response time of a subtask Ti;j , we countthe worst-case interference from other tasks (subtasks) to Ti;j. When we bound the response timeof a sibling subtask Ti;k which is on the same processor as Ti;j , part of the worst-case interferencecounted for Ti;j may be counted again. In reality, such an interference may never occur to bothTi;j and Ti;k during the execution of a single Ti instance. For example, suppose that subtask T1;1,T1;3 and T2;1 are on the same processor and T2;1 has the highest priority and a longer period.When bounding the response time of T1;1 and T1;3 according to Algorithm SA/PM, we countthe execution time of T2;1 as part of the interference to them in each case. However, since theperiod of T2;1 is longer than the period of T1, for one instance of T1, we know that T1;1 and T1;3cannot both be preempted by T2;1 when the end-to-end response time of T1 is no longer than itsperiod. Yet in the upper bound on the end-to-end response time of T1, the execution time of T2;1is counted twice. A similar situation happens when Algorithm SA/IPM is used. Unfortunately,for the PM and RG protocols to work correctly, this repetitive counting cannot be eliminated.When a task has a large number of global critical sections, this problem becomes more serious.On the other hand, since the schedulability analysis in the MPCP approach is based on theschedulability analysis for single-processor systems, the repetitive counting problem does notexist. This is why the MPCP approach is favored when each task has a large number of criticalsections. However, complicated blocking situationsmake the bounds on task blocking times rather121



pessimistic under the MPCP approach. When the duration of critical sections becomes longer,this problem is \magni�ed," and eventually makes the end-to-end approach more favorable undersuch situations.In Table 8.14, 8.15 and 8.16, we list the success rates of the MPCP approach and the end-to-end scheduling approach when the processor utilization is 0.6, 0.7, and 0.8 respectively. Thesystems are more di�cult to schedule when the utilization goes up. We notice that althougha similar partition of three di�erent zones is still visible, valid con�gurations gradually shiftto those with a small number of critical sections in each task, where the end-to-end schedulingapproach is favored. As a consequence, among the valid con�gurations in these tables, the successrates of the MPCP approach become worse compared with those of the end-to-end schedulingapproach. However, from these numbers alone, we cannot draw the conclusion that the end-to-end scheduling approach is better when the processor utilization is high, because we do notknow how long the critical section is in reality. It is conceivable that if we create some newcon�gurations with higher processor utilization and large number of critical sections in each taskbut very short critical section durations, the MPCP approach may perform better than the end-to-end scheduling approach. In this sense, this study only reveals the shape of the performancecurve and gives insight to the performance di�erence. How much actual di�erence between theperformance of these two approaches depends on exactly where the system sits in the curve interms of the four system parameters. We will return to this issue again in Section 8.5.7.8.5.4 Improvement to the MPCPIn our simulation, we veri�ed the schedulability of each system according to the MPCP approachusing both the corrected formula and the improved formula of computing task blocking times.We can determine how much improvement in performance we achieve by the improved formula.We de�ne the average success rate of using a particular formula of the MPCP to be the averageof the success rates for all valid and e�ective con�gurations. Table 8.17 lists the two averagesuccess rates of using the corrected formula and the improved formula. We see on average a 27%increase on the average success rate of the improved formula over the corrected formula.122



# of CS 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.081 95/100 96/100 95/100 93/100 91/100 91/100 88/100 85/1002 81/ 99 73/100 58/100 48/100 36/100 26/100 17/100 11/1003 67/ 86 48/ 89 28/ 93 13/ 97 4/ 99 1/100 0/100 0/1004 86/ 29 70/ 42 32/ 72 xx/xx xx/xx xx/xx xx/xx xx/xx5 100/ 1 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx6 100/ 0 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx(a)# of CS 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.081 95/100 89/100 84/100 75/100 62/100 49/100 36/100 24/1002 63/100 33/ 99 7/100 1/100 0/100 0/100 0/100 0/1003 40/ 88 3/ 98 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx4 73/ 30 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx5 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx6 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx(b)Table 8.14: The Success Rates When the Processor Utilization is 0.6
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# of CS 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.081 31/100 25/100 21/100 20/100 17/100 14/100 9/100 8/1002 8/ 97 4/ 98 1/100 1/100 0/100 0/100 0/100 0/1003 18/ 84 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx4 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx5 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx6 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx(a)# of CS 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.081 26/100 14/100 8/100 4/100 1/100 1/100 0/100 0/1002 2/100 0/100 0/100 xx/xx xx/xx xx/xx xx/xx xx/xx3 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx4 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx5 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx6 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx(b)Table 8.15: The Success Rates When the Processor Utilization is 0.7
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# of CS 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.081 0/100 0/100 0/100 0/100 0/100 0/100 0/100 0/1002 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx3 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx4 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx5 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx6 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx(a)# of CS 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.081 0/100 0/100 0/100 0/100 0/100 0/100 0/100 0/1002 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx3 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx4 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx5 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx6 xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx xx/xx(b)Table 8.16: The Success Rates When the Processor Utilization is 0.8the corrected formula the improved formulathe average success rate 0.34 0.43Table 8.17: The Average Success Rates of the Fixed MPCP and the Improved MPCP125



8.5.5 Performance of End-to-End Scheduling AlgorithmsIt is educational to study the performance of di�erent end-to-end scheduling algorithms. Sincein each generated system, each processor has the same processor utilization,1 the PDM andNPDM priority assignment methods give the same priority to each subtask and hence have thesame performance. This allows us to focus on the performance di�erence of Algorithm SA/DS,SA/PM and SA/IPM. Table 8.18 lists the average success rates of these three algorithms for allvalid and e�ective con�gurations. Compared with Algorithm SA/PM and SA/IPM, AlgorithmSA/DS does not yield satisfactory performance. However, it is meaningful to include the DSprotocol and Algorithm SA/DS in the end-to-end scheduling approach, as we will see shortly.Algorithm SA/DS Algorithm SA/PM Algorithm SA/IPMthe average success rate 0.36 0.86 0.90Table 8.18: The Average Success Rates of Algorithms SA/DS, SA/PM and SA/IPMIn Chapter 7, we saw a tiny reduction ( 0.2%) in schedulability index of Algorithm SA/IPMover Algorithm SA/PM. Here we see that the tiny reduction in schedulability index translates toan increase of about 4% in the success rate of Algorithm SA/IPM over Algorithm SA/PM.The average success rate of Algorithm SA/IPM is essentially the average success rate ofthe end-to-end scheduling approach. Similarly, the average success rate of the MPCP with theimproved formula of computing task blocking times is the average success rate of the MPCPapproach. By comparing these two numbers, we see that the end-to-end scheduling approach ismore e�ective to schedule the systems generated in our simulation.8.5.6 The MPCP Approach vs. the DS Synchronization ProtocolAmong the end-to-end scheduling algorithms, the DS protocol and Algorithm SA/DS deserve spe-cial attention. Like the MPCP approach, the DS protocol does not require any special schedulingsupport, such as those required by the PM and RG protocol. Both of them employ straight-forward �xed priority scheduling. From the scheduling point of view, the MPCP approach canbe viewed as a special case of the end-to-end scheduling approach using the DS protocol. Thedi�erence is that it has its own priority assignment method and its own schedulability analysis1Due to remote resource accesses, each processor may have slightly di�erent processor utilizations.126



algorithm. As a matter of fact, since the DS protocol does not assume any particular priorityassignment, we can apply Algorithm SA/DS to analyze the schedulability of an MPCP system.However, we do not expect that this application will yield better performance than the currentschedulability analysis algorithm used in the MPCP approach.Since the underlying scheduling techniques are virtually the same for both the MPCP approachand the DS protocol, a system designer can easily switch from the MPCP approach to the end-to-end scheduling approach using the DS protocol, by adjusting the priorities of subtasks (or thepriorities of task segments in the context of an MPCP system). Therefore, a practical approachfor a system designer is to try both the MPCP approach and the end-to-end scheduling approachusing the DS protocol (combined with either the PDM or NPDM assignment). Table 8.19 liststhe average success rates for Algorithm SA/DS, the MPCP approach and the combined approach.We see the obvious increase in the success rate of the combined approach over either the MPCPapproach or the end-to-end scheduling approach using the DS protocol, indicating that combinedapproach is a valid and e�ective choice.Algorithm SA/DS the MPCP the combined approachthe average success rate 0.36 0.43 0.55Table 8.19: The Average Success Rates of the MPCP Approach, Algorithm SA/DS and theCombined Approach8.5.7 Overall Performance with a Mixed WorkloadIn section 8.5.3, we have studied the performance of the MPCP approach and the end-to-endscheduling approach with respect to controlled workload. In each synthetic system, we let everyprocessor have the same processor utilization, the same number of tasks, and every task has thesame number of critical sections whose duration is a �xed length of time or a �xed fraction ofthe execution time of the task. We can thus study the performance of these two approacheswith respect to di�erent parameters. However, the system parameters can never be so uniformin reality. The schedulability of a system is the result of a complicated interaction between thesystem parameters. The performance results for controlled workload may give us some idea howthese two approaches perform for a mixed workload, where system parameters are randomized,127



but it will not provide the whole picture. In this section, we study their performance when thesystem parameters are randomized.Similar to the method used in the previous experiment in Section 8.5.3, the workload weregenerated according to con�gurations, each of which is a doublet, (�̂cs; �̂). Systems were generatedin the way described in Section 8.5.3, except for the following di�erences:1. The processor utilization is randomly distributed between 0.5 and 0.7.2. The number of critical sections in each task is randomly distributed between 1 and �̂cs.3. The duration of each critical section is randomly determined according to the �xed durationmethod or the variable duration method.4. The CSD factor is randomly distributed between 0.01 and �̂.In the simulation, we let �̂cs be 1, 2, : : : , 8, and �̂ be 0.01, 0.02, : : : , 0.06. Thus we have 48con�gurations. For con�gurations with larger �̂cs and �̂, the system parameters generated aremore randomized and the systems are more di�cult to schedule.For each con�guration, we kept generating systems until we have obtained 1000 valid systemsor the valid rate becomes below 4%. Table 8.20 lists the success rates of the MPCP approachand the end-to-end scheduling approach for all con�gurations.# of CS 0.01-0.01 0.01-0.02 0.01-0.03 0.01-0.04 0.01-0.05 0.01-0.06 0.01-0.07 0.01-0.081-1 80/100 77/100 76/100 74/100 70/100 69/100 66/100 65/1001-2 66/100 62/ 99 58/100 55/ 99 45/100 42/100 35/100 31/1001-3 58/ 96 49/ 98 39/ 97 34/ 98 25/ 99 20/ 99 17/100 12/1001-4 58/ 88 44/ 93 35/ 94 27/ 95 19/ 98 15/ 98 9/ 99 6/ 991-5 56/ 78 44/ 85 35/ 87 22/ 93 15/ 96 10/ 98 7/ 99 4/ 981-6 67/ 59 53/ 69 37/ 79 27/ 83 17/ 91 xx/xx xx/xx xx/xxTable 8.20: Success Rates of the MPCP Approach and the End-to-End Scheduling Approachfor Mixed WorkloadIn the table, we notice that the end-to-end scheduling approach consistently performs muchbetter than the MPCP approach, except for one con�guration. Each con�guration in mixedworkload corresponds to several con�gurations in controlled workload. Compared with the tables128



presented in Section 8.5.3, it is easy to verify that the success rate of the end-to-end schedulingapproach for a con�guration in mixed workload is better than the the average of the success ratesfor the corresponding con�gurations in the controlled workload. This indicates that for a mixedworkload the end-to-end scheduling approach is more resilient to negative factors than the MPCPapproach.8.6 SummaryIn this chapter, we introduced the MPCP, an existing solution to the resource contention prob-lem in a multi-processor or distributed real-time system. We also pointed out two mistakes inthe original formula of computing task blocking times in the MPCP and proposed a couple ofstraightforward improvements. We then described the end-to-end scheduling based approach tothe same problem. We showed that the end-to-end scheduling algorithms we proposed earlierin this thesis can be applied to solve this problem. Simulation was performed to compare theperformance of these two approaches.From the simulation results, we see that the end-to-end scheduling approach is more suitablefor systems where tasks have long critical sections, and the MPCP approach performs better forsystems where each task has many critical sections. Overall, the end-to-end scheduling approachperforms better for the systems we tested in this chapter.Compared with the MPCP approach, the end-to-end scheduling approach is more 
exible.It allows sibling subtasks to have di�erent priorities and di�erent protocols to release subtasksand synchronize the execution of subtasks. The system designer can choose one which �ts theapplication best.Another advantage of the end-to-end scheduling approach is that the relative deadlines of tasksdo not have to be shorter than or equal to their periods, except when the PM or MPM protocoland Algorithm SA/IPM are used. This makes the end-to-end scheduling approach applicable tomore applications.We can extend the system model in this chapter to a general end-to-end system model, whereeach task is a chain of subtasks, and we still allow each subtask to access any resource in thesystem. In this extended model, the end-to-end scheduling approach can be extended accordingly.The mapping process will transform an end-to-end system with global resource contention to129



another (more re�ned) end-to-end system with only local resource contention among subtaskson the same processor. The schedulability analysis is applicable as before. In this general case,the MPCP approach cannot be applied because its schedulability analysis algorithm is based onsingle-processor schedulability analysis.
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Chapter 9Future Research DirectionsIn this thesis, we have presented an integrated, uni�ed framework of �xed-priority end-to-endscheduling. By no means is the work on the end-to-end scheduling complete. The future workinvolves extending the system model, removing certain constraints and dealing with practicalsituations. In this chapter, we discuss the future work along these three lines.9.1 General Subtask Precedence ConstraintsThroughout the thesis, we assume that the precedence constraint among subtasks of a sameparent task is linear, and in many cases we suggest that no two adjacent subtasks should executeon the same processor. In practice, these assumptions may not be true. We now discuss whatimpact it has when these assumptions are removed and how the algorithms presented in thisthesis can be modi�ed to deal with these general cases.9.1.1 Multiple Adjacent Subtasks Execute on the Same ProcessorThe end-to-end scheduling algorithms proposed in this thesis do not prohibit adjacent subtasksfrom executing on the same processor. However, the performance will not be satisfactory. Forexample, suppose that task T1 has two subtasks, T1;1 and T1;2, on processor P1. Task T2 has onesubtask T2;1 also on P1. T1 and T2 has the same period, but subtask T2;1 has a higher prioritythan T1;1 and T1;2. According to the end-to-end scheduling algorithms, the bound on the end-to-end response time of T1 is equal to �1;1 + �1;2 + 2� �2;1 (assuming that the period of T1 andT2 is far greater than �1;1 + �1;2 + 2� �2;1). Obviously, this bound is pessimistic because in one131



period T2;1 cannot preempt both T1;1 and T1;2. If we use the DS protocol, the actual worst-caseend-to-end response time of T1 is no more than �1;1 + �1;2 + �2;1. The reason that end-to-endscheduling algorithms do not yield a satisfactory upper bound in this case is that the subtasksof T1 are treated separately by the the schedulability analysis algorithms. The interference fromsubtask T2;1 is counted into the upper bounds of both T1;1 and T1;2, and is then counted multipletimes in the �nal upper bound on the end-to-end response time of T1.In general, when adjacent subtasks in a task execute on the same processor, we refer to allthe subtasks as a subtask group of the parent task. The model used in earlier chapters can beviewed as a special case where each subtask group has only one subtask. We �rst argue thatthe DS protocol should be used for synchronizing the execution of subtasks within a subtaskgroup. The DS protocol has a low overhead because the synchronization signal is sent withinthe processor and can be easily achieved by a semaphore operation. In addition, if we use anappropriate schedulability analysis algorithm, we will obtain a tighter bound on the responsetime of the whole subtask group.Harbour et al. [49] proposed a schedulability analysis algorithm for such a case. In theirmodel, a single-processor system has a set of periodic tasks, each of which is a chain of subtaskswhich may have di�erent priorities. The DS protocol is used to synchronize the execution ofsubtasks. The algorithm computes an upper bound on the response time of each task. The boundis much tighter than the bound computed by Algorithm SA/DS, because Harbour's algorithmtreats each task as a whole rather than a collection of individual subtasks.Harbour's algorithm can be readily used in our new situation where adjacent subtasks executeon the same processor. It can be used to compute upper bounds on the response times of subtaskgroups, if each subtask group is released periodically. This calls for the synchronization protocolswith execution control to synchronize the execution among subtask groups. The PM, MPM andRG protocols can serve for this purpose, while the SS protocol cannot because subtasks in asubtask group have di�erent priorities and cannot be handled by a single sporadic server. Forexample, if we use the RG protocol to synchronize the execution among subtask groups, wehave a released guard for each subtask group. The release guard controls the release of the �rstsubtask in the subtask group. Inside the subtask group, we use the DS protocol to synchronizethe execution of subtasks. We thus control the release of subtasks hierarchically at two levels.Details of this approach need to be further explored more thoroughly.132
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priorities should be assigned in this case is also a challenging problem. The PDM and NPDMmethods cannot be readily applied here anymore.The most complicated case is when adjacent subtasks execute on the same processor and theprecedence graph is a DAG. It is not clear what approach may be e�ective and how applicablethe solutions to the previous two cases can be in this case.9.2 Hybrid End-to-End SchedulingIn this thesis, we assume that �xed priority scheduling of subtasks is used on very processor.In addition, certain scheduling support (such as timer interrupts, synchronization signals, and ascheduler on each processor) is assumed to be available, While these assumptions generally holdfor scheduling tasks on CPU's, they may not hold when processors model networks. The FDDInetwork is a good example. Suppose that a real-time system consists of several computers whichare connected through an FDDI network. The network can be modeled as a processor, so that thewhole system �ts the end-to-end system model. However, a �xed priority scheduling algorithmcannot be used on this \network" processor. Furthermore, the underlying scheduling support,such as timer interrupts, release guard variables, and etc., does not exist on the \network"processor either. Nevertheless, since timing guarantee can be provided by the FDDI network[51], the whole system can be used to schedule tasks with end-to-end deadlines. In general, wecall scheduling of such a system, where di�erent scheduling paradigms may be used on di�erentprocessors, the hybrid end-to-end scheduling.Some end-to-end scheduling algorithms proposed in this thesis can be extended and applied tohybrid end-to-end scheduling. In the previous example with the FDDI network, many schedulingalgorithms in this thesis can be modi�ed and become applicable. For example, suppose thatwe want to implement the Release Guard protocol. We �rst store the release guard for each\message" subtask on the \network" processor on the CPU where the sender of the messageexecutes. The scheduling of a \message" subtask becomes naturally the job of the schedulerwhich schedules the sender subtask. In the schedulability analysis, we can obtain an upperbound on the response time of a \message" subtask by the guarantee provided by the FDDInetwork and an upper bound on the response time of an CPU execution subtask by the busyperiod analysis. The sum of the upper bounds on the response time of all its subtasks is an upper134



bound on the end-to-end response time of a task. Many more issues on how to extend end-to-endscheduling algorithms and apply them to hybrid end-to-end scheduling need to be studied.9.3 End-to-End Scheduling with Dynamic PrioritiesIn this thesis, we assume that subtasks are scheduled on a �xed-priority basis. Fixed-priorityscheduling implies that every instance of a subtask has the same priority and the priority remains�xed from the release of a subtask instance till its completion. An alternative is to use a dynamic-priority scheduling algorithm where instances of a same subtask may have di�erent priorities andthe priority of a subtask instance may change during the course of its execution. (In practice, thesecond case of the dynamic-priority scheduling rarely happens because of the overhead of suchan algorithm.) The �rst case of the dynamic-priority scheduling, such as the Earliest DeadlineFirst (EDF) [1], is commonly used on a single-processor system.In a distributed real-time system, Kao et al. [11, 12] have studied various issues in the contextwhere tasks have soft (end-to-end) deadlines and are scheduled on a dynamic-priority basis.Many problems arise when tasks have hard end-to-end deadlines. Under certain circumstances,the scheduling of end-to-end tasks on a dynamic-priority basis can be simple, and the performanceis relatively satisfactory. For example, suppose that every task in a system has ni subtasks, andits end-to-end deadline is equal to ni times of the period. We can use one of the synchronizationprotocols with execution control to schedule such a system. Each subtask is assigned a localdeadline equal to the period of its parent task, and subtasks are scheduled on an EDF basis. Itis easy to verify that as long as the utilization on each processor is less 1, each subtask will meetits assigned local deadline, and hence each task will meet its end-to-end deadline. More generalcases of dynamic-priority, end-to-end scheduling need further investigation.
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Appendix ASporadic Server AlgorithmsThe notion of Sporadic Server was �rst introduced by Sprunt et al. [52, 56]. Like a periodictask, a sporadic server is speci�ed by its period and its (maximum) execution time. We say thata periodic task and a sporadic server have the same size if they have the same period and thesame execution time. A sporadic server can respond to sporadic requests as promptly as possiblewhile still \behaving" like a periodic task so that the schedulability analysis for periodic tasks canbe directly applied to a system with sporadic servers. This concept can lead to many di�erentimplementations, each of which we call a sporadic server algorithm. A sporadic server algorithmmust be correct, i.e., if a system with sporadic servers is veri�ed schedulable when servers aretreated as periodic tasks, then under no circumstances will a periodic task miss a deadline.In this appendix, we will focus on single-processor systems with periodic tasks and sporadicservers. We �rst show that the sporadic server algorithm proposed by Sprunt in [56] is not correct.A sporadic server implemented according to that algorithm is too aggressive in competing forthe processor, and lower priority tasks may miss their deadlines while they would not if theserver were indeed a periodic task with the same size. We then introduce the basic structure of asporadic server, which lays the ground for our further discussion. We proceed to illustrate that thesporadic server consists of a family of algorithms, which are di�erentiated by their aggressivenessin competing for the processor. Four algorithms are presented here, each of which has di�erentcomplexity, overhead, and has di�erent aggressiveness in competing for the processor.136



A.1 BackgroundOne common way to control the behavior of sporadic servers is to have an execution time budget,or budget, for each server. A sporadic request can be served only when the server has (nonzero)budget. The budget gets consumed when the server serves requests and gets replenished at sometime later. The following two rules regarding budget replenishment are copied from [56].1. (a) If the server has execution time available, the replenishment time, RT , is set whenpriority level P becomes active. (b) If, on the other hand, the server capacity has beenexhausted, then RT cannot be set until the SS's capacity becomes greater than zero and Pis active. In either case, the value of RT is set equal to the current time plus the period ofthe SS.2. The amount of execution time to be replenished can be determined when either (a) thepriority level of the SS, namely P , becomes idle or (b) when the SS's available executiontime has been exhausted. The amount to be replenished at RT is equal to the amount ofserver execution time consumed since the last time at which the status of P changed fromidle to active.In the description, priority level P is said to be active at time t if and only if time t is within aP -level busy period, a notion we discussed in Chapter 5. Otherwise, the priority level P is saidto be idle.To show that a sporadic server implemented this way has worse interference to lower prioritytasks than a periodic task with the same size, and therefore is not correct, we consider a simplesystem containing three tasks. T1 is a periodic task; it has the highest priority. Ts is a sporadicserver, and it has the second-highest priority. T2 is a periodic task with the lowest priority. Theirperiods are 3, 4, and 8 respectively. Their execution time (budget) are 1, 1 and 3 respectively.If Ts were a periodic task, the schedule of the �rst 8 time units is shown in Figure A.1, assumingthat all tasks have zero phases. From the �gure, we can see that task T2 is schedulable.In Figure A.1 time 0 is a critical instant for task T2. If Ts is implemented according to acorrect sporadic server algorithm, we can conclude that T2 must be schedulable. This is not truewith the implementation proposed by Sprunt et al. in [56]. A schedule of the system is shownin Figure A.2, where Ts is implemented according to the rules described above. In this �gure,137
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Figure A.2: A Schedule of the Example System1. At time 0, Ts has the full budget and priority level P becomes active. Thus rule 1(a) issatis�ed.1 The next replenishment time is set to time 4.1If this argument is not convincing, we can let T2 be released at time 0� " for some very small " > 0, so thatthe condition of rule 1(a) is satis�ed exactly. 138



2. At time 1:5, the priority level P becomes idle, and hence we can decide the amount ofexecution time to be replenished for the next replenishment. The amount is equal to theexecution time consumed by Ts from time 0 to time 1.5, which is equal to 0.5 time unit.3. At time 3, Ts still has a budget of 0.5 time unit, and the priority level P becomes active.Again, rule 1(a) is satis�ed. Hence a second replenishment time is set to time 7.4. At time 4, the budget of Ts is replenished to 1 time unit. Therefore Ts is able to serve thesecond sporadic request till time 5, when it runs out of budget.5. At time 5, since Ts runs out of budget and the priority level P becomes idle, both rule2(a) and 2(b) are satis�ed. We determine the amount of budget to be replenished for thereplenishment at time 7, which is equal to 1 time unit.6. At time 6, although priority level P becomes active, Ts does not have any available budget.Therefore no rule is satis�ed.7. At time 7, the execution budget of Ts is replenished by 1 time unit and Ts can serve thesecond sporadic request till time 8.8. At time 8, task T2 misses its deadline, since it still has 0.5 time unit to execute.From this example, we see clearly that the sporadic server algorithm proposed in [56] is notcorrect. The replenishment rules in this algorithm are too \greedy."A.2 The Structure of a Sporadic ServerAgain, like a periodic task, each sporadic server has a period s Period, an execution times ExecTime, and a �xed priority s Priority. A correct implementation of a sporadic serverallows us to analyze the system schedulability by treating the sporadic server as a periodic taskwith the same parameters. By convention, the pre�x s indicates that the variable is a statevariable of a sporadic server. If the following letter is a capital letter, then the state variable is\public," a term borrowed from C++ language which implies that the scheduler or other entityin the system can query this state variable. On the other hand, if the following letter is not acapital letter, then the state variable is \private," meaning that only the sporadic server itself139



is aware of its existence. Later on, when we introduce event handlers (functions) of a sporadicserver, we follow the same convention.A sporadic server has a request queue that holds sporadic requests it will handle. For now,we assume that when a request arrives, we know the exact amount of execution time the requestneeds. Later on, we will extend our algorithms to the general case where the execution time isnot known when the request arrives. As a consequence of this assumption, we know the totalamount of execution time needed by all outstanding requests in the request queue at any time.Let s Req denote this amount. A sporadic server also has a budget, which is the maximumamount of time it can execute without causing \troubles" to other tasks. Let s Budget denotethe budget at the current time. The scheduling rules of a sporadic server are straightforward.1. When s Req and s Budget are both greater than 0, the sporadic server is put in the readyqueue and competes for the processor according to its priority s Priority.2. After a sporadic server executes for � time units, both s Req and s Budget are decrementedby � time units.3. Whenever s Req or s Budget becomes 0, the sporadic server is removed from the readyqueue.In this appendix, we assume that the scheduler enforces these rules.Clearly, to be able to treat a sporadic server as a periodic task in the schedulability analysis,we need to adjust s Budget wisely so that the interference of the sporadic server to a lower-priority task is no worse than an equivalent periodic task. The adjustment of s Budget, and ingeneral the change of any state variable of a sporadic server, are done through event handlers orfunctions of the sporadic server, which are invoked by the scheduler when certain events happen.A sporadic server typically includes the following functions. It is possible that a speci�c algorithmmay not implement all the functions, and it is also possible that the algorithm may implementadditional functions. We will mention the additional functions when such a situation arises.s RequestArrive(amount) : When a sporadic request arrives, the scheduler noti�es the sporadicserver by calling this function. The argument amount is the amount of execution time therequest needs. 140



s ReplenishBudget(amount) : By calling this function, the scheduler noti�es the sporadicserver that it should increase its budget by amount time units at the current time.s RequestF inished() : The scheduler calls this function to notify the sporadic server that s Reqbecomes 0.s NoBudget() : The scheduler calls this function to notify the sporadic server that s Budgetbecomes 0.In order to implement these functions properly, the sporadic server requests services fromthe scheduler as well. We describe these services in the form of functions. The most importantfunction provided by the scheduler is sched RequestReplenishment(t; a), which is called whena sporadic server needs to schedule a budget replenishment with amount a at time t. The otherservice provided the scheduler is sched CurrentT ime(), which returns the current time. Forconvenience, we use CurrTime as an alias of this function. Some sporadic server algorithmsmay request additional service from the scheduler. We will mention them when such a situationoccurs.A.3 Algorithm SS1In this section and the next two sections, we will describe three sporadic server algorithms. Allthree algorithms assume that the computation time is known when a request arrives. The di�er-ence comes from di�erent implementation of the event handlers and thus di�erent aggressivenessin competing for the processor.One way to ensure that a sporadic server can be treated as a periodic task is to let thesporadic server mimic the behavior of a periodic task. For a periodic task, the inter-release timebetween two consecutive instances is no shorter than the task period, and the execution timeof each instance is no greater than the maximum execution time of the task. In the case of asporadic server, its being put in the ready queue (when both s Req and s Budget are greaterthan 0) is equivalent to the release of an instance of a periodic task. The server being removedfrom the ready queue (when s Budget = 0 or s Req = 0) is equivalent to the completion of antask instance. To mimic the behavior of a periodic task, we need to ensure that a sporadic serveris not put in the ready queue more frequently than speci�ed by its period and that each time141



the server executes it never executes longer than its maximum execution time. Assuming that asporadic server initially has the full budget equal to its execution time, the following two rulesmake a sporadic server satisfy the above requirement.� When a server is put in the ready queue, we schedule a budget replenishment at the currenttime plus the period of the server.� When a server is removed from the ready queue, we discard all remaining budget, i.e., weset s Budget = 0.Algorithm SS1 is based on the idea described in the previous paragraph. The pseudo-code ofits event handlers are listed in Figure A.3 in C style. In addition to the event handlers discussedin the previous section, we also include s Init(), which is invoked only once when the systemstarts up. It initializes the state variables of a sporadic server.According to Algorithm SS1, the schedule of the previous simple system for the same requestlist used in Figure A.2 is shown in Figure A.4. Obviously, task T2 meets its deadline.1. At time 0, the �rst request arrives, and s RequestArrive(0:5) is called. A budget replenish-mentwith amount equal to 1 is scheduled at time 4 by calling sched RequestReplenishment(4; 1).s Req becomes 0.5.2. At time 1.5, the �rst request is completed; s RequestF inished() is called. The budgets Budget drops to 0.3. At time 4, request (4; 2) arrives, and the �rst replenishment is due. Two functions of theserver are invoked, and they can be invoked in any order. As a net e�ect of these twofunction calls, a budget replenishment of 1 time unit is scheduled at time 8, s Req = 2,and s Budget = 1. By the scheduling rules of a sporadic server, the server is put in theready queue and starts to compete for the processor again.4. At time 5, the budget runs out, and the server is removed from the ready queue. The serverdoes nothing.5. At time 7.5, the �rst instance of task T2 �nishes in time. The processor becomes idle.6. At time 8, the second replenishment is due, s Budget becomes 1, and the server continuesto serve the second request. 142



1. s_Init() :s_Budget = s_ExecTime;s_Req = 0;2. s_RequestArrive(amount) :if (s_Req==0 && s_Budget >0)// the server will be put in the ready queuesched_RequestReplenishment(CurrTime + s_Period, s_ExecTime);s_Req = s_Req + amount;3. s_ReplenishBudget(amount) :s_Budget = s_Budget + amount;if (s_Req > 0 && s_Budget==0)// the server will be put in the ready queuesched_RequestReplenishment(CurrTime + s_Period, s_ExecTime);4. s_RequestFinished() :// the server is removed from the ready queues_Budget = 0;Figure A.3: The Pseudo-Code of Event Handlers in Algorithm SS1
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Figure A.4: The Schedule of the Simple System According to Algorithm SS1143



If a sporadic server is implemented according to Algorithm SS1, we see that the intervalbetween any two budget replenishments is no shorter than s Period, and the amount of timereplenished is equal to s ExecTime. This limits the execution capability of a sporadic server tobe equal to a periodic task with the same size and the same priority. The only visible di�erencebetween a sporadic server implemented this way and a periodic task with the same size is whenthe response time of an instance of the periodic task is longer than the period, multiple instancesof the periodic task can appear in the ready queue. In the case of a sporadic server, the serverkeeps accumulating the budget, through function s ReplenishBudget(amount), instead of havingmultiple instances. The net interference to another periodic task with a lower priority is the samein both cases.One obvious shortcoming of Algorithm SS1 is that it drops the budget to zero after one requestis served. The unused budget could be used to improve the response time of later requests. Forexample, if the request list is [(0; 0:5); (2; 0:5); (4; 2)] for the simple system, the completion timeof the second request will be 4.5, as shown in Figure A.5. When the second request arrives attime 2, the server cannot start to execute because the server has no budget. However, the server\deserves" 1 time unit in its �rst period while it only uses 0.5 time unit. It should be �ne forthe server to serve the second request for another 0.5 time unit at time 2, and hence completesthe request at time 2.5 - much sooner than time 4.5 shown in Figure A.5. On the other hand, wecannot simply remove function s RequestF inished() in Algorithm SS1, because the algorithmmay not be correct if we do so. For example, suppose that we remove s RequestF inished()in Algorithm SS1 and change the phase of T2 to time 2. We �nd that the �rst instance of T2will miss its deadline. Other cares need to be taken if we want to preserve the unused budgetin a sporadic server. This motivates us to investigate the second version of the sporadic serveralgorithm, Algorithm SS2.A.4 Algorithm SS2Unlike Algorithm SS1 where we let a sporadic server to mimic the behavior of a periodic task,the idea behind Algorithm SS2 is to control the time demand generated by a sporadic server suchthat it is no more than the time demand generated by a periodic task with the same size. Wecan thus safely treat a sporadic server as a periodic task in the busy period analysis.144
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1. s_Init()s_Req = 0;s_Budget = s_ExecTime;2. s_RequestArrive(amount)if (s_Budget - s_Req >0){ demand = min{amount, s_Budget - s_Req};sched_RequestReplenishment(CurrTime + s_Period, demand);}s_Req = s_Req + amount;3. s_ReplenishBudget(amount)if (s_Req - s_Budget > 0){ demand = min{amount, s_Req - s_Budget};sched_RequestReplenishment(CurrTime + s_Period, demand);}s_Budget = s_Budget + amount;Figure A.6: The Pseudo-Code of Event Handlers in Algorithm SS2a sporadic server implemented this way can be treated as a periodic task in the schedulabilityanalysis.The pseudo-code of Algorithm SS2 is listed in Figure A.6, which implements the idea wediscussed in the previous paragraph. Notice that in Algorithm SS2 we do not provide the functions RequestF inished(), where the unused budget is dropped in Algorithm SS1.Figure A.7 shows the schedule of the simple system, where the server is implemented accordingto Algorithm SS2 and the request list is [(0; 0:5); (2; 0:5); (4; 2)]. We notice that the second requestcompletes by time 2.5, much earlier than 4.5 obtained in Figure A.5. In the schedule, two piecesof time demand are generated by the sporadic server at time 0 and time 2, each of which has 0.5time unit. As a consequence, two budget replenishments are set at time 4 and time 6, which inturn trigger the generation of another two pieces of time demand. So on and so forth.146
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is greater. In other words, the free budget is equal to maxf0; s Budget� s Reqg. We de�ne thehistory of the free budget of a sporadic server as a free budget function, s fb(t), which returnsthe amount of the free budget the server has at time t for t � CurrTime. Take Figure A.8(a)for example. Suppose that the current time is time 4. The current �s-level busy period startsfrom time 3. By de�nition, we have s fb[3; 4) = 0:5, where s fb[3; 4) = 0:5 is a short notionfor s bf(t) = 0:5 for t 2 [3; 4). s fb(4) is increased to 1 at time 4, due to the �rst budgetreplenishment. The free budget function is a non-decreasing staircase function.Based on the free budget function, we can set the budget replenishments in the following way.Suppose that a �s-level busy period starts from time 0, and a request with a time units arrivesat the current time. If t1 is the �rst time instant in [0; CurrTime) such that s fb(t1) is greaterthan 0, then we declare that a piece of time demand is generated at time t1 with the amountequal to minfs fb(t1); ag. Let d = minfs fb(t1); ag. A budget replenishment with d time unitsis scheduled at time t1 + s Period. Since d time units of the free budget are used at time t1,the value of s fb(t) for t1 � t � CurrTime should decrease by d correspondingly. Similarly, therequest amount a decreases by d time units as well. If a is still greater than zero, we search forthe next time instant t2 where s fb(t2) (t1 < t2 � CurrTime) is greater than 0, and repeat theabove process again.To facilitate the description of Algorithm SS3, we de�ne a set of operations on the free budgetfunction of a sporadic server. Two of them, s fb(t) and s fbFirstNonZeroPoint(), are queriesthat do not change the function itself, while other operations may change the free budget function.Figure A.9 de�nes these operations. For operations that change the free budget function, we usef(t) to denote the free budget function before the mutation and f 0(t) to denote the one after themutation.Figure A.10 lists the pseudo-code of Algorithm SS3. We de�ne the priority level of the systemto be equal to the priority of the current executing task or to an arbitrary small value if thereis no task currently executing. In Algorithm SS3, we introduce a new service function providedby the scheduler,sched SystemPriority(), which returns the current priority level of the system.One additional event handler of the sporadic server is also added, s BusyPeriodStarts(). Thisfunction is called by the scheduler when the system priority is changed from one below s Priorityto a priority that is higher than or equal to s Priority.149



s fb(t) :return the free budget at time t.s fbFirstNonZeroPoint() :return minftjf(t) > 0g.s fbInit() :f 0(t) = 0 for all t.s fbIncrease(time; amount) :f 0(t) = f(t) for t < time, and f 0(t) = f(t) + amount for t � time.s fbDecrease(time; amount) :f 0(t) = f(t) for t < time, and f 0(t) = f(t)� amount for t � time.s fbCollapse(time) :f 0(t) = 0 for t < time, and f 0(t) = f(t) for t � time.Figure A.9: Description of Operations on the Free Budget Function
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1. s_Init() :s_Req = 0; s_Budget = s_ExecTime;s_fbInit(); s_fbIncrease(CurrTime,s_ExecTime);2. s_RequestArrive(amount) :s_Req = s_Req + amount;if (sched_SystemPriority() < s_Priority) // a possible startings_fbCollapse(CurrTime); // point of a busy periodfor (; amount > 0 && s_fb(CurrTime) > 0; ){ t = s_fbFirstNonZeroPoint();assert ( t <= CurrTime );demand = min{s_fb(t), amount};if (t + s_Period < CurrTime){ s_fbIncrease(t + s_Period, demand); s_Budget = s_Budget + demand; }elsesched_RequestReplenishment(t + s_Period, demand);s_fbDecrease(t,demand);amount -= demand;}3. s_ReplenishBudget(amount) :if ( s_Req > s_Budget ){ demand = min{amount, s_Req - s_Budget};sched_RequestReplenishment(CurrTime + s_Period, demand);amount1 = amount - demand;}s_fbIncrease(CurrTime,amount1);s_Budget = s_Budget + amount;4. s_BusyPeriodStart() :s_fbCollapse(CurrTime);Figure A.10: The Pseudo-Code of Algorithm SS3151



As an example, suppose that the sporadic server is implemented according to Algorithm SS3in Figure A.8(a).1. At time 3, the system priority changes from �2 to �1, and s BusyPeriodStart() is called.As a result, time 3 becomes the �rst non-zero point in the free budget function, ands fb(3) = 0:5.2. At time 4, a replenishment with 0.5 time unit is due, and s ReplenishBudget(0:5) is called.s fb(4) is increased to 1, while s fb[3; 4) = 0:5.3. At time 4, the second request with 2 time units arrives, and s RequestArrive(2) is called.We �rst �nd that time 3 is the �rst non-zero point in the free budget function, and declarethat a piece of time demand is generated at time 3 with amount equal to minfs fb(3); 2g=0:5. A budget replenishment is scheduled at time 7 with 0.5 time unit. We then decreases fb(t) by 0.5 for t 2 [3; 4], and time 4 becomes the �rst non-zero point in the free budgetfunction. Since we still have 1.5 time units of \undeclared" request, we repeat the aboveprocess and eventually schedule another budget replenishment with 0.5 time unit at time8.As a result, we will observe the same schedule shown in Figure A.8(b). In the above descrip-tion, there are two events that happen at time 4, and the server handles the replenishment �rst.The result will be the same if the server handles the request arrival �rst.A.6 Scheduling Sporadic Requests with Unknown Execution Times(Algorithm SS4)In the previous discussion, we assume that we know how much execution time a sporadic requestneeds. In practice, this may not be possible. In this section, we extend the previous sporadicserver algorithms to deal with this case. In fact, the extended versions produce exactly the sameschedules as the corresponding original sporadic algorithms. Thus the extended versions aregeneralizations of the previous sporadic server algorithms.Since we do not know the request size, the sporadic server structure discussed in Section A.2needs to be modi�ed accordingly. We do not have s Req in a sporadic server. Instead, we use a152



Boolean variable, s ReqF lag, to indicate whether there is any outstanding request in the requestqueue. As a result, a server is put in the ready queue when s ReqF lag is true and s Budgetis greater than 0. When a sporadic server executes, the scheduler decreases s Budget basedon how much time the sporadic server has executed and set s ReqF lag false when there is nooutstanding request in the server's request queue. The server is removed from the ready queueif the budget s Budget is 0 or the request 
ag s ReqF lag becomes false. The event handlers RequestArrive(amount) also needs to be changed to s RequestArrive() with no arguments.Given this modi�cation, we now examine the three algorithms we presented earlier. In thecase of Algorithm SS1, we notice that we do not really need the execution time of a request, exceptwhen we accumulate the total amount of outstanding requests in s ReqestArrive(amount). Thisaccumulation is not necessary anymore according to the modi�ed scheduling rules of a sporadicserver. On two other occasions when we refer to s Req in Algorithm SS1, we simply check ifs Req is 0. This can be replaced by checking if the variable s ReqF lag is false. Thus AlgorithmSS1 needs little change to deal with requests with an unknown computation amount.We now examine Algorithm SS2 and SS3. It is non-trivial to extend either of them. We onlyfocus on extending Algorithm SS3 and call the new extended version Algorithm SS4.According to Algorithm SS3, when a request arrives or when a budget replenishment isdue, a piece of time demand may be generated. Relying on the free budget function, we canmove the time instant when a piece of time demand is generated to an earlier time instant, bytreating every request arriving within a �s-level busy period as if it arrives at the beginning ofthe busy period. Since we do not know the request size, we do not know the exact amount of thepiece of time demand generated by the server. Thus the server cannot schedule a future budgetreplenishment on these two occasions as it does in Algorithm SS3. However, the amount of timedemand generated is known or partially known only when all outstanding requests are processedor the budget runs out. These are the two occasions when a sporadic server can schedule a futurebudget replenishment according to Algorithm SS4.Figure A.11 lists the pseudo-code of Algorithm SS4. In event handler s RequestArrive(), wesimply set the request 
ag to the truth value. In s ReplenishBudget(amount), we do a simpleaccounting of the free budget and the total budget. If a server runs out of budget, the totalamount of time executed by the server from the beginning of the busy period till the current timeis equal to s fb(CurrTime). This is the total amount of time demand the server generated so153



far in the current �s-level busy period. Relying on the free budget function, we can properly setthe replenishments in a similar way as we did in Algorithm SS3. Similarly, when all requestsin a server are completed, the total amount of time demand generated from the beginning ofthe current �s-level busy period is s fb(CurrTime)� s Budget, and we can replenish the sameamount of time to the budget properly based on the free budget function. As a matter of fact, thecode for these two functions are identical, and we put them together in Figure A.11. Interestedreaders can apply Algorithm SS4 to the previous example with respect to di�erent request lists.The resultant schedules will be identical to the ones according to Algorithm SS3.A.7 DiscussionComplexity and Overhead of Sporadic Server AlgorithmsThe complexity of a sporadic server algorithm can be measured by examining the code of itsevent handlers. In the case of Algorithm SS1 and SS2, we have O(1) memory space and O(1)computation time for each event handler. Algorithm SS3 and SS4 are more complicated, becausethey not only have iterations in event handlers but also manipulate complex data, the free budgetfunction. Overall Algorithm SS3 and SS4 are more complex than the other two algorithms.In addition to the algorithmic complexity, the overhead of a sporadic server algorithm alsodepends on how many event handlers are there and how often they are invoked. Algorithm SS1has 4 event handlers; Algorithm SS2 has 3; Algorithm SS3 has 4; and Algorithm SS4 has 6event handlers. In general, s BusyPeriodStart() is invoked much more often than other eventhandlers. Thus, the overhead by the algorithms that use s BusyPeriodStart(), i.e., AlgorithmSS3 and Algorithm SS4, is expected to be much higher than the other algorithms. Overall, weobserve an increasing complexity and overhead in the order of Algorithm SS1, SS2, SS3 and SS4.As our discussion suggests, the performance of these algorithms is expected to increase in thesame order.Processor Idle PointIn Chapter 4, we de�ne that a time instant t is a processor idle point if all task instances thatare released by time t have completed by time t. For the similar reason we gave for the ReleaseGuard protocol, we can reset the budget of a sporadic server to a full budget at a processor idle154



1. initialization :s_Req = 0; s_Budget = s_ExecTime;s_fbInit(); s_fbIncrease(CurrTime,s_ExecTime);2. s_RequestArrive() :s_ReqFlag = true;3. s_ReplenishBudget(amount) :s_fbIncrease(CurrTime,amount);s_Budget = s_Budget + amount;4-5. s_NoBudget(), s_RequestFinished() :demand = s_fb(CurrTime) - s_Budget;for (; demand > 0 ; ){ t = s_fbFirstNonZeroPoint();d = min{demand, s_fb(t)};if (t+s_Period < CurrTime){ s_Budget = s_Budget + d; s_fbIncrease(t+s_Period,d); }elsesched_RequestReplenishment(t+s_Period,d);demand = demand - d;s_fbDecrease(t,d);}6. s_BusyPeriodStart() :s_fbCollapse(CurrTime);Figure A.11: The Pseudo-Code of Algorithm SS4155



point. Hence a sporadic server can achieve a better performance. For example, in Figure A.4,time 7.5 is an idle point. We can reset the server budget to 1, and the second request cancomplete 0.5 time unit earlier.Multiple Sporadic Servers in a SystemUnlike slack stealing algorithms [57], which exploit the capacity of the system, sporadic serveralgorithms exploit the capacity of a periodic task to serve sporadic requests. As a consequence,multiple sporadic servers can co-exist in the same system without interference. Certain desirableattributes of sporadic servers still hold in this case. For example, if there are su�cient outstandingrequests for every sporadic server, each sporadic server will execute for no less amount of timethan a periodic task with the same size. When analyzing the schedulability of a periodic taskwhose priority is lower than multiple sporadic servers, we can treat all the servers as periodictasks.One potential usage of multiple sporadic servers is to hierarchically schedule multiple real-time applications and provide timing protection between them. We notice that the requests canbe scheduled in an arbitrary order inside a sporadic server. Thus if a real-time system runsmultiple real-time applications, each application can be \served" by a sporadic server. In asense, applications partition the CPU resource based on the �xed-priority periodic task model.Inside each application, di�erent scheduling algorithms can be used to schedule its own tasks.Timing protection between applications is achieved naturally by sporadic server algorithms.
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