
MULTIPROCESSOR AND REAL-TIME
SCHEDULING

10.1 Multiprocessor Scheduling
Granularity
Granularity Example: Valve Game Software
Design Issues
Process Scheduling
Thread Scheduling

10.2 Real-Time Scheduling 
Background
Characteristics of Real-Time Operating Systems
Real-Time Scheduling
Deadline Scheduling
Rate Monotonic Scheduling
Priority Inversion

10.3 Linux Scheduling 
Real-Time Scheduling
Non-Real-Time Scheduling

10.4 Unix SVR4 Scheduling 

10.5 Windows Scheduling 
Process and Thread Priorities
Multiprocessor Scheduling

10.6 Summary

10.7 Recommended Reading

10.8 Key Terms, Review Questions, and Problems

452

CHAPTER

M10_STAL6329_06_SE_C10.QXD  2/21/08  9:33 PM  Page 452

10.1 / MULTIPROCESSOR SCHEDULING 453

This chapter continues our survey of process and thread scheduling. We begin with an
examination of issues raised by the availability of more than one processor.A number
of design issues are explored. This is followed by a look at the scheduling of processes
on a multiprocessor system. Then the somewhat different design considerations for
multiprocessor thread scheduling are examined.The second section of this chapter cov-
ers real-time scheduling. The section begins with a discussion of the characteristics of
real-time processes and then looks at the nature of the scheduling process. Two ap-
proaches to real-time scheduling, deadline scheduling and rate monotonic scheduling,
are examined.

10.1 MULTIPROCESSOR SCHEDULING

When a computer system contains more than a single processor, several new issues
are introduced into the design of the scheduling function. We begin with a brief
overview of multiprocessors and then look at the rather different considerations
when scheduling is done at the process level and the thread level.

We can classify multiprocessor systems as follows:

• Loosely coupled or distributed multiprocessor, or cluster: Consists of a collec-
tion of relatively autonomous systems, each processor having its own main
memory and I/O channels.We address this type of configuration in Chapter 16.

• Functionally specialized processors: An example is an I/O processor. In this
case, there is a master, general-purpose processor; specialized processors are
controlled by the master processor and provide services to it. Issues relating to
I/O processors are addressed in Chapter 11.

• Tightly coupled multiprocessing: Consists of a set of processors that share a
common main memory and are under the integrated control of an operating
system.

Our concern in this section is with the last category, and specifically with issues re-
lating to scheduling.

Granularity

A good way of characterizing multiprocessors and placing them in context with
other architectures is to consider the synchronization granularity, or frequency of
synchronization, between processes in a system. We can distinguish five categories
of parallelism that differ in the degree of granularity. These are summarized in
Table 10.1, which is adapted from [GEHR87] and [WOOD89].

Independent Parallelism With independent parallelism, there is no explicit
synchronization among processes. Each represents a separate, independent applica-
tion or job. A typical use of this type of parallelism is in a time-sharing system. Each
user is performing a particular application, such as word processing or using a
spreadsheet. The multiprocessor provides the same service as a multiprogrammed
uniprocessor. Because more than one processor is available, average response time
to the users will be less.
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It is possible to achieve a similar performance gain by providing each user with
a personal computer or workstation. If any files or information are to be shared,
then the individual systems must be hooked together into a distributed system sup-
ported by a network.This approach is examined in Chapter 16. On the other hand, a
single, multiprocessor shared system in many instances is more cost-effective than a
distributed system, allowing economies of scale in disks and other peripherals.

Coarse and Very Coarse-Grained Parallelism With coarse and very coarse-
grained parallelism, there is synchronization among processes, but at a very gross
level.This kind of situation is easily handled as a set of concurrent processes running
on a multiprogrammed uniprocessor and can be supported on a multiprocessor with
little or no change to user software.

A simple example of an application that can exploit the existence of a multi-
processor is given in [WOOD89]. The authors have developed a program that takes
a specification of files needing recompilation to rebuild a piece of software and de-
termines which of these compiles (usually all of them) can be run simultaneously.
The program then spawns one process for each parallel compile. The authors report
that the speedup on a multiprocessor actually exceeds what would be expected by
simply adding up the number of processors in use, due to synergies in the disk buffer
caches (a topic explored in Chapter 11) and sharing of compiler code, which is
loaded into memory only once.

In general, any collection of concurrent processes that need to communicate or
synchronize can benefit from the use of a multiprocessor architecture. In the case of
very infrequent interaction among processes, a distributed system can provide good
support. However, if the interaction is somewhat more frequent, then the overhead
of communication across the network may negate some of the potential speedup. In
that case, the multiprocessor organization provides the most effective support.

Medium-Grained Parallelism We saw in Chapter 4 that a single application can
be effectively implemented as a collection of threads within a single process. In this case,
the programmer must explicitly specify the potential parallelism of an application.Typ-
ically, there will need to be rather a high degree of coordination and interaction among
the threads of an application, leading to a medium-grain level of synchronization.

Table 10.1 Synchronization Granularity and Processes

Grain Size Description
Synchronization 

Interval (Instructions)

Fine Parallelism inherent in a single instruction stream. <20

Medium Parallel processing or multitasking within a single
application

20–200

Coarse Multiprocessing of concurrent processes in a multiprogram-
ming environment

200–2000

Very Coarse Distributed processing across network nodes to form a single
computing environment

2000–1M

Independent Multiple unrelated processes not applicable
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Whereas independent, very coarse, and coarse-grained parallelism can be sup-
ported on either a multiprogrammed uniprocessor or a multiprocessor with little or
no impact on the scheduling function, we need to reexamine scheduling when deal-
ing with the scheduling of threads. Because the various threads of an application
interact so frequently, scheduling decisions concerning one thread may affect the
performance of the entire application. We return to this issue later in this section.

Fine-Grained Parallelism Fine-grained parallelism represents a much more
complex use of parallelism than is found in the use of threads. Although much work
has been done on highly parallel applications, this is so far a specialized and frag-
mented area, with many different approaches.

Granularity Example:Valve Game Software

Valve is an entertainment and technology company that has developed a number of
popular games, as well as the Source engine, one of the most widely played game
engines available. Source is an animation engine used by Valve for its games and
licensed for other game developers.

In recent years,Valve has reprogrammed the Source engine software to use mul-
tithreading to exploit the power of multicore processor chips from Intel and AMD.
Multicore refers to the placement of multiple processors on a single chip, typically 2 or
4 processors. An SMP system can consist of a single chip or multiple chips, providing
extensive opportunity for parallel multithreaded execution.The revised Source engine
code provides more powerful support for Valve games such as Half Life 2.

From Valve’s perspective, threading granularity options are defined as follows
[HARR06]:

• Coarse threading: Individual modules, called systems, are assigned to individ-
ual processors. In the Source engine case, this would mean putting rendering
on one processor, AI (artificial intelligence) on another, physics on another,
and so on. This is straightforward. In essence, each major module is single
threaded and the principal coordination involves synchronizing all the threads
with a timeline thread.

• Fine-grained threading: Many similar or identical tasks are spread across mul-
tiple processors. For example, a loop that iterates over an array of data can be
split up into a number of smaller parallel loops in individual threads that can
be scheduled in parallel.

• Hybrid threading: This involves the selective use of fine-grain threading for
some systems and single threading for other systems.

Valve found that through coarse threading, it could achieve up to twice the
performance across two processors compared to executing on a single processor.
But this performance gain could only be achieved with contrived cases. For real-
world gameplay, the improvement was on the order of a factor of 1.2. Valve also
found that effective use of fine-grain threading was difficult. The time per work unit
can be variable, and managing the timeline of outcomes and consequences involved
complex programming.

Valve found that a hybrid threading approach was the most promising and
would scale the best as multiprocessors with eight or sixteen processors became

10.1 / MULTIPROCESSOR SCHEDULING 455

M10_STAL6329_06_SE_C10.QXD  2/21/08  9:33 PM  Page 455



456 CHAPTER 10 / MULTIPROCESSOR AND REAL-TIME SCHEDULING

available. Valve identified systems that operate very effectively being permanently
assigned to a single processor. An example is sound mixing, which has little user in-
teraction, is not constrained by the frame configuration of windows, and works on its
own set of data. Other modules, such as scene rendering, can be organized into a
number of threads so that the module can execute on a single processor but achieve
greater performance as it is spread out over more and more processors.

Figure 10.1 illustrates the thread structure for the rendering module. In this hi-
erarchical structure, higher-level threads spawn lower-level threads as needed. The
rendering module relies on a critical part of the Source engine, the world list, which
is a database representation of the visual elements in the game’s world. The first
task is to determine what are the areas of the world that need to be rendered. The
next task is to determine what objects are in the scene as viewed from multiple an-
gles. Then comes the processor-intensive work. The rendering module has to work
out the rendering of each object from multiple points of view, such as the player’s
view, the view of TV monitors, and the point of view of reflections in water.

Some of the key elements of the threading strategy for the rendering module
are listed in [LEON07] and include

• Construct scene rendering lists for multiple scenes in parallel (e.g., the world
and its reflection in water).

• Overlap graphics simulation.

Render

Skybox Main view

Scene list

For each object

Particles

Sim and draw

Bone setup

Draw

Character

Etc.

Monitor Etc.

Figure 10.1 Hybrid Threading for Rendering Module
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• Compute character bone transformations for all characters in all scenes in
parallel.

• Allow multiple threads to draw in parallel.

The designers found that simply locking key databases, such as the world list, for
a thread was too inefficient. Over 95% of the time, a thread is trying to read from a data
set, and only 5% of the time at most is spent in writing to a data set.Thus, a concurrency
mechanism based on the single-writer-multiple-readers model works effectively.

Design Issues

Scheduling on a multiprocessor involves three interrelated issues:

• The assignment of processes to processors
• The use of multiprogramming on individual processors
• The actual dispatching of a process

In looking at these three issues, it is important to keep in mind that the ap-
proach taken will depend, in general, on the degree of granularity of the applica-
tions and on the number of processors available.

Assignment of Processes to Processors If we assume that the architecture
of the multiprocessor is uniform, in the sense that no processor has a particular
physical advantage with respect to access to main memory or to I/O devices, then
the simplest scheduling approach is to treat the processors as a pooled resource and
assign processes to processors on demand. The question then arises as to whether
the assignment should be static or dynamic.

If a process is permanently assigned to one processor from activation until its
completion, then a dedicated short-term queue is maintained for each processor.An
advantage of this approach is that there may be less overhead in the scheduling
function, because the processor assignment is made once and for all.Also, the use of
dedicated processors allows a strategy known as group or gang scheduling, as dis-
cussed later.

A disadvantage of static assignment is that one processor can be idle, with an
empty queue, while another processor has a backlog. To prevent this situation, a
common queue can be used. All processes go into one global queue and are sched-
uled to any available processor. Thus, over the life of a process, the process may be
executed on different processors at different times. In a tightly coupled shared-
memory architecture, the context information for all processes will be available to
all processors, and therefore the cost of scheduling a process will be independent of
the identity of the processor on which it is scheduled. Yet another option is dynamic
load balancing, in which threads are moved for a queue for one processor to a queue
for another processor; Linux uses this approach.

Regardless of whether processes are dedicated to processors, some means is
needed to assign processes to processors.Two approaches have been used: master/slave
and peer. With a master/slave architecture, key kernel functions of the operating sys-
tem always run on a particular processor. The other processors may only execute user
programs.The master is responsible for scheduling jobs. Once a process is active, if the
slave needs service (e.g., an I/O call), it must send a request to the master and wait for
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the service to be performed. This approach is quite simple and requires little enhance-
ment to a uniprocessor multiprogramming operating system. Conflict resolution is sim-
plified because one processor has control of all memory and I/O resources. There are
two disadvantages to this approach: (1) A failure of the master brings down the whole
system, and (2) the master can become a performance bottleneck.

In a peer architecture, the kernel can execute on any processor, and each
processor does self-scheduling from the pool of available processes. This approach
complicates the operating system. The operating system must ensure that two
processors do not choose the same process and that the processes are not somehow
lost from the queue. Techniques must be employed to resolve and synchronize com-
peting claims to resources.

There is, of course, a spectrum of approaches between these two extremes.
One approach is to provide a subset of processors dedicated to kernel processing
instead of just one. Another approach is simply to manage the difference between
the needs of kernel processes and other processes on the basis of priority and exe-
cution history.

The Use of Multiprogramming on Individual Processors When each
process is statically assigned to a processor for the duration of its lifetime, a new
question arises: Should that processor be multiprogrammed? The reader’s first reac-
tion may be to wonder why the question needs to be asked; it would appear particu-
larly wasteful to tie up a processor with a single process when that process may
frequently be blocked waiting for I/O or because of concurrency/synchronization
considerations.

In the traditional multiprocessor, which is dealing with coarse-grained or inde-
pendent synchronization granularity (see Table 10.1), it is clear that each individual
processor should be able to switch among a number of processes to achieve high uti-
lization and therefore better performance. However, for medium-grained applications
running on a multiprocessor with many processors, the situation is less clear. When
many processors are available, it is no longer paramount that every single processor
be busy as much as possible. Rather, we are concerned to provide the best perfor-
mance, on average, for the applications. An application that consists of a number of
threads may run poorly unless all of its threads are available to run simultaneously.

Process Dispatching The final design issue related to multiprocessor schedul-
ing is the actual selection of a process to run. We have seen that, on a multipro-
grammed uniprocessor, the use of priorities or of sophisticated scheduling
algorithms based on past usage may improve performance over a simple-minded
first-come-first-served strategy. When we consider multiprocessors, these complexi-
ties may be unnecessary or even counterproductive, and a simpler approach may be
more effective with less overhead. In the case of thread scheduling, new issues come
into play that may be more important than priorities or execution histories. We ad-
dress each of these topics in turn.

Process Scheduling

In most traditional multiprocessor systems, processes are not dedicated to proces-
sors. Rather there is a single queue for all processors, or if some sort of priority
scheme is used, there are multiple queues based on priority, all feeding into the
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common pool of processors. In any case, we can view the system as being a multi-
server queuing architecture.

Consider the case of a dual-processor system in which each processor of the
dual-processor system has half the processing rate of a processor in the single-
processor system. [SAUE81] reports a queuing analysis that compares FCFS sched-
uling to round robin and to shortest remaining time. The study is concerned with
process service time, which measures the amount of processor time a process needs,
either for a total job or the amount of time needed each time the process is ready to
use the processor. In the case of round robin, it is assumed that the time quantum is
large compared to context-switching overhead and small compared to mean service
time. The results depend on the variability that is seen in service times. A common
measure of variability is the coefficient of variation, Cs.1 A value of Cs ! 0 corre-
sponds to the case where there is no variability: the service times of all processes are
equal. Increasing values of Cs correspond to increasing variability among the service
times.That is, the larger the value of Cs, the more widely do the values of the services
times vary. Values of Cs of 5 or more are not unusual for processor service time
distributions.

Figure 10.2a compares round-robin throughput to FCFS throughput as a func-
tion of Cs. Note that the difference in scheduling algorithms is much smaller in the
dual-processor case. With two processors, a single process with long service time is
much less disruptive in the FCFS case; other processes can use the other processor.
Similar results are shown in Figure 10.2b.

The study in [SAUE81] repeated this analysis under a number of assumptions
about degree of multiprogramming, mix of I/O-bound versus CPU-bound
processes, and the use of priorities. The general conclusion is that the specific sched-
uling discipline is much less important with two processors than with one. It should
be evident that this conclusion is even stronger as the number of processors in-
creases. Thus, a simple FCFS discipline or the use of FCFS within a static priority
scheme may suffice for a multiple-processor system.

Thread Scheduling

As we have seen, with threads, the concept of execution is separated from the rest of
the definition of a process. An application can be implemented as a set of threads,
which cooperate and execute concurrently in the same address space.

On a uniprocessor, threads can be used as a program structuring aid and to
overlap I/O with processing. Because of the minimal penalty in doing a thread
switch compared to a process switch, these benefits are realized with little cost.
However, the full power of threads becomes evident in a multiprocessor system. In
this environment, threads can be used to exploit true parallelism in an application. If
the various threads of an application are simultaneously run on separate processors,
dramatic gains in performance are possible. However, it can be shown that for applica-
tions that require significant interaction among threads (medium-grain parallelism),

1The value of Cs is calculated as σs/Ts, where σs is the standard deviation of service time and Ts is the
mean service time. For a further explanation of Cs, see the discussion in the Queuing Analysis document
at WilliamStallings.com/StudentSupport.html.
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small differences in thread management and scheduling can have a significant per-
formance impact [ANDE89].

Among the many proposals for multiprocessor thread scheduling and proces-
sor assignment, four general approaches stand out:

• Load sharing: Processes are not assigned to a particular processor. A global
queue of ready threads is maintained, and each processor, when idle, selects a
thread from the queue.The term load sharing is used to distinguish this strategy
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from load-balancing schemes in which work is allocated on a more permanent
basis (e.g., see [FEIT90a]).2

• Gang scheduling: A set of related threads is scheduled to run on a set of proces-
sors at the same time, on a one-to-one basis.

• Dedicated processor assignment: This is the opposite of the load-sharing
approach and provides implicit scheduling defined by the assignment of
threads to processors. Each program is allocated a number of processors equal
to the number of threads in the program, for the duration of the program exe-
cution. When the program terminates, the processors return to the general
pool for possible allocation to another program.

• Dynamic scheduling: The number of threads in a process can be altered dur-
ing the course of execution.

Load Sharing Load sharing is perhaps the simplest approach and the one that car-
ries over most directly from a uniprocessor environment. It has several advantages:

• The load is distributed evenly across the processors, assuring that no processor
is idle while work is available to do.

• No centralized scheduler is required; when a processor is available, the sched-
uling routine of the operating system is run on that processor to select the next
thread.

• The global queue can be organized and accessed using any of the schemes dis-
cussed in Chapter 9, including priority-based schemes and schemes that con-
sider execution history or anticipated processing demands.

[LEUT90] analyzes three different versions of load sharing:

• First come first served (FCFS): When a job arrives, each of its threads is placed
consecutively at the end of the shared queue.When a processor becomes idle, it
picks the next ready thread, which it executes until completion or blocking.

• Smallest number of threads first: The shared ready queue is organized as a pri-
ority queue, with highest priority given to threads from jobs with the smallest
number of unscheduled threads. Jobs of equal priority are ordered according
to which job arrives first. As with FCFS, a scheduled thread is run to comple-
tion or blocking.

• Preemptive smallest number of threads first: Highest priority is given to jobs
with the smallest number of unscheduled threads.An arriving job with a smaller
number of threads than an executing job will preempt threads belonging to
the scheduled job.

Using simulation models, the authors report that, over a wide range of job charac-
teristics, FCFS is superior to the other two policies in the preceding list. Further, the

2Some of the literature on this topic refers to this approach as self-scheduling, because each processor
schedules itself without regard to other processors. However, this term is also used in the literature to
refer to programs written in a language that allows the programmer to specify the scheduling (e.g., see
[FOST91]).
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authors find that some form of gang scheduling, discussed in the next subsection, is
generally superior to load sharing.

There are several disadvantages of load sharing:

• The central queue occupies a region of memory that must be accessed in a
manner that enforces mutual exclusion. Thus, it may become a bottleneck if
many processors look for work at the same time. When there is only a small
number of processors, this is unlikely to be a noticeable problem. However,
when the multiprocessor consists of dozens or even hundreds of processors,
the potential for bottleneck is real.

• Preempted threads are unlikely to resume execution on the same processor. If
each processor is equipped with a local cache, caching becomes less efficient.

• If all threads are treated as a common pool of threads, it is unlikely that all of
the threads of a program will gain access to processors at the same time. If a
high degree of coordination is required between the threads of a program, the
process switches involved may seriously compromise performance.

Despite the potential disadvantages, this is one of the most commonly used
schemes in current multiprocessors.

A refinement of the load-sharing technique is used in the Mach operating sys-
tem [BLAC90, WEND89]. The operating system maintains a local run queue for
each processor and a shared global run queue. The local run queue is used by
threads that have been temporarily bound to a specific processor. A processor ex-
amines the local run queue first to give bound threads absolute preference over un-
bound threads. As an example of the use of bound threads, one or more processors
could be dedicated to running processes that are part of the operating system. An-
other example is that the threads of a particular application could be distributed
among a number of processors; with the proper additional software, this provides
support for gang scheduling, discussed next.

Gang Scheduling The concept of scheduling a set of processes simultaneously
on a set of processors predates the use of threads. [JONE80] refers to the concept as
group scheduling and cites the following benefits:

• If closely related processes execute in parallel, synchronization blocking may
be reduced, less process switching may be necessary, and performance will
increase.

• Scheduling overhead may be reduced because a single decision affects a num-
ber of processors and processes at one time.

On the Cm* multiprocessor, the term coscheduling is used [GEHR87].
Coscheduling is based on the concept of scheduling a related set of tasks, called a
task force. The individual elements of a task force tend to be quite small and are
hence close to the idea of a thread.

The term gang scheduling has been applied to the simultaneous scheduling of
the threads that make up a single process [FEIT90b]. Gang scheduling is useful for
medium-grained to fine-grained parallel applications whose performance severely
degrades when any part of the application is not running while other parts are ready
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to run. It is also beneficial for any parallel application, even one that is not quite so
performance sensitive. The need for gang scheduling is widely recognized, and im-
plementations exist on a variety of multiprocessor operating systems.

One obvious way in which gang scheduling improves the performance of a single
application is that process switches are minimized. Suppose one thread of a process
is executing and reaches a point at which it must synchronize with another thread of
the same process. If that other thread is not running, but is in a ready queue, the first
thread is hung up until a process switch can be done on some other processor to
bring in the needed thread. In an application with tight coordination among threads,
such switches will dramatically reduce performance.The simultaneous scheduling of
cooperating threads can also save time in resource allocation. For example, multiple
gang-scheduled threads can access a file without the additional overhead of locking
during a seek, read/write operation.

The use of gang scheduling creates a requirement for processor allocation.
One possibility is the following. Suppose that we have N processors and M applica-
tions, each of which has N or fewer threads. Then each application could be given
1/M of the available time on the N processors, using time slicing. [FEIT90a] notes
that this strategy can be inefficient. Consider an example in which there are two ap-
plications, one with four threads and one with one thread. Using uniform time allo-
cation wastes 37.5% of the processing resource, because when the single-thread
application runs, three processors are left idle (see Figure 10.3). If there are several
one-thread applications, these could all be fit together to increase processor utiliza-
tion. If that option is not available, an alternative to uniform scheduling is schedul-
ing that is weighted by the number of threads. Thus, the four-thread application
could be given four-fifths of the time and the one-thread application given only one-
fifth of the time, reducing the processor waste to 15%.

Dedicated Processor Assignment An extreme form of gang scheduling, sug-
gested in [TUCK89], is to dedicate a group of processors to an application for the
duration of the application. That is, when an application is scheduled, each of its
threads is assigned a processor that remains dedicated to that thread until the appli-
cation runs to completion.

This approach would appear to be extremely wasteful of processor time. If a
thread of an application is blocked waiting for I/O or for synchronization with
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Figure 10.3 Example of Scheduling Groups with Four and One Threads [FEIT90b]
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another thread, then that thread’s processor remains idle: there is no multiprogram-
ming of processors. Two observations can be made in defense of this strategy:

1. In a highly parallel system, with tens or hundreds of processors, each of which
represents a small fraction of the cost of the system, processor utilization is no
longer so important as a metric for effectiveness or performance.

2. The total avoidance of process switching during the lifetime of a program
should result in a substantial speedup of that program.

Both [TUCK89] and [ZAHO90] report analyses that support statement 2.
Figure 10.4 shows the results of one experiment [TUCK89]. The authors ran two
applications simultaneously (executing concurrently), a matrix multiplication and
a fast Fourier transform (FFT) calculation, on a system with 16 processors. Each
application breaks its problem into a number of tasks, which are mapped onto the
threads executing that application. The programs are written in such a way as to
allow the number of threads to be used to vary. In essence, a number of tasks are
defined and queued by an application. Tasks are taken from the queue and
mapped onto the available threads by the application. If there are fewer threads
than tasks, then leftover tasks remain queued and are picked up by threads as they
complete their assigned tasks. Clearly, not all applications can be structured in this
way, but many numerical problems and some other applications can be dealt with
in this fashion.

Figure 10.4 shows the speedup for the applications as the number of threads
executing the tasks in each application is varied from 1 to 24. For example, we see
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Figure 10.4 Application Speedup as a Function of Number of Threads [TUCK89]
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that when both applications are started simultaneously with 24 threads each, the
speedup obtained, compared to using a single thread for each application, is 2.8 for
matrix multiplication and 2.4 for FFT. The figure shows that the performance of
both applications worsens considerably when the number of threads in each appli-
cation exceeds 8 and thus the total number of processes in the system exceeds the
number of processors. Furthermore, the larger the number of threads the worse the
performance gets, because there is a greater frequency of thread preemption and
rescheduling. This excessive preemption results in inefficiency from many sources,
including time spent waiting for a suspended thread to leave a critical section, time
wasted in process switching, and inefficient cache behavior.

The authors conclude that an effective strategy is to limit the number of active
threads to the number of processors in the system. If most of the applications are
either single thread or can use the task-queue structure, this will provide an effective
and reasonably efficient use of the processor resources.

Both dedicated processor assignment and gang scheduling attack the sched-
uling problem by addressing the issue of processor allocation. One can observe
that the processor allocation problem on a multiprocessor more closely resembles
the memory allocation problem on a uniprocessor than the scheduling problem on
a uniprocessor. The issue is how many processors to assign to a program at any
given time, which is analogous to how many page frames to assign to a given
process at any time. [GEHR87] proposes the term activity working set, analogous
to a virtual memory working set, as the minimum number of activities (threads)
that must be scheduled simultaneously on processors for the application to make
acceptable progress. As with memory management schemes, the failure to sched-
ule all of the elements of an activity working set can lead to processor thrashing.
This occurs when the scheduling of threads whose services are required induces
the descheduling of other threads whose services will soon be needed. Similarly,
processor fragmentation refers to a situation in which some processors are left
over when others are allocated, and the leftover processors are either insufficient
in number or unsuitably organized to support the requirements of waiting appli-
cations. Gang scheduling and dedicated processor allocation are meant to avoid
these problems.

Dynamic Scheduling For some applications, it is possible to provide lan-
guage and system tools that permit the number of threads in the process to be altered
dynamically. This would allow the operating system to adjust the load to improve
utilization.

[ZAHO90] proposes an approach in which both the operating system and the
application are involved in making scheduling decisions. The operating system is re-
sponsible for partitioning the processors among the jobs. Each job uses the proces-
sors currently in its partition to execute some subset of its runnable tasks by
mapping these tasks to threads. An appropriate decision about which subset to run,
as well as which thread to suspend when a process is preempted, is left to the indi-
vidual applications (perhaps through a set of run-time library routines). This ap-
proach may not be suitable for all applications. However, some applications could
default to a single thread while others could be programmed to take advantage of
this particular feature of the operating system.
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In this approach, the scheduling responsibility of the operating system is pri-
marily limited to processor allocation and proceeds according to the following pol-
icy. When a job requests one or more processors (either when the job arrives for the
first time or because its requirements change),

1. If there are idle processors, use them to satisfy the request.
2. Otherwise, if the job making the request is a new arrival, allocate it a single proces-

sor by taking one away from any job currently allocated more than one processor.
3. If any portion of the request cannot be satisfied, it remains outstanding until

either a processor becomes available for it or the job rescinds the request (e.g.,
if there is no longer a need for the extra processors).

Upon release of one or more processors (including job departure),

4. Scan the current queue of unsatisfied requests for processors. Assign a single
processor to each job in the list that currently has no processors (i.e., to all
waiting new arrivals).Then scan the list again, allocating the rest of the proces-
sors on an FCFS basis.

Analyses reported in [ZAHO90] and [MAJU88] suggest that for applications
that can take advantage of dynamic scheduling, this approach is superior to gang
scheduling or dedicated processor assignment. However, the overhead of this ap-
proach may negate this apparent performance advantage. Experience with actual
systems is needed to prove the worth of dynamic scheduling.

10.2 REAL-TIME SCHEDULING

Background

Real-time computing is becoming an increasingly important discipline. The operat-
ing system, and in particular the scheduler, is perhaps the most important compo-
nent of a real-time system. Examples of current applications of real-time systems
include control of laboratory experiments, process control in industrial plants,
robotics, air traffic control, telecommunications, and military command and control
systems. Next-generation systems will include the autonomous land rover, con-
trollers of robots with elastic joints, systems found in intelligent manufacturing, the
space station, and undersea exploration.

Real-time computing may be defined as that type of computing in which the cor-
rectness of the system depends not only on the logical result of the computation but
also on the time at which the results are produced.We can define a real-time system by
defining what is meant by a real-time process, or task.3 In general, in a real-time system,

3As usual, terminology poses a problem, because various words are used in the literature with varying
meanings. It is common for a particular process to operate under real-time constraints of a repetitive
nature. That is, the process lasts for a long time and, during that time, performs some repetitive function
in response to real-time events. Let us, for this section, refer to an individual function as a task. Thus, the
process can be viewed as progressing through a sequence of tasks. At any given time, the process is
engaged in a single task, and it is the process/task that must be scheduled.
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some of the tasks are real-time tasks, and these have a certain degree of urgency to
them. Such tasks are attempting to control or react to events that take place in the out-
side world. Because these events occur in “real time,” a real-time task must be able to
keep up with the events with which it is concerned.Thus, it is usually possible to associ-
ate a deadline with a particular task, where the deadline specifies either a start time or
a completion time. Such a task may be classified as hard or soft.A hard real-time task is
one that must meet its deadline; otherwise it will cause unacceptable damage or a fatal
error to the system. A soft real-time task has an associated deadline that is desirable
but not mandatory; it still makes sense to schedule and complete the task even if it has
passed its deadline.

Another characteristic of real-time tasks is whether they are periodic or aperi-
odic.An aperiodic task has a deadline by which it must finish or start, or it may have
a constraint on both start and finish time. In the case of a periodic task, the require-
ment may be stated as “once per period T” or “exactly T units apart.”

Characteristics of Real-Time Operating Systems

Real-time operating systems can be characterized as having unique requirements in
five general areas [MORG92]:

• Determinism
• Responsiveness
• User control
• Reliability
• Fail-soft operation

An operating system is deterministic to the extent that it performs operations
at fixed, predetermined times or within predetermined time intervals. When multi-
ple processes are competing for resources and processor time, no system will be
fully deterministic. In a real-time operating system, process requests for service are
dictated by external events and timings. The extent to which an operating system
can deterministically satisfy requests depends first on the speed with which it can re-
spond to interrupts and, second, on whether the system has sufficient capacity to
handle all requests within the required time.

One useful measure of the ability of an operating system to function deterministi-
cally is the maximum delay from the arrival of a high-priority device interrupt to when
servicing begins. In non-real-time operating systems, this delay may be in the range of
tens to hundreds of milliseconds, while in real-time operating systems that delay may
have an upper bound of anywhere from a few microseconds to a millisecond.

A related but distinct characteristic is responsiveness. Determinism is con-
cerned with how long an operating system delays before acknowledging an interrupt.
Responsiveness is concerned with how long, after acknowledgment, it takes an oper-
ating system to service the interrupt.Aspects of responsiveness include the following:

1. The amount of time required to initially handle the interrupt and begin execu-
tion of the interrupt service routine (ISR). If execution of the ISR requires a
process switch, then the delay will be longer than if the ISR can be executed
within the context of the current process.
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2. The amount of time required to perform the ISR.This generally is dependent on
the hardware platform.

3. The effect of interrupt nesting. If an ISR can be interrupted by the arrival of
another interrupt, then the service will be delayed.

Determinism and responsiveness together make up the response time to external
events. Response time requirements are critical for real-time systems, because such
systems must meet timing requirements imposed by individuals, devices, and data
flows external to the system.

User control is generally much broader in a real-time operating system than in
ordinary operating systems. In a typical non-real-time operating system, the user
either has no control over the scheduling function of the operating system or can only
provide broad guidance, such as grouping users into more than one priority class. In a
real-time system, however, it is essential to allow the user fine-grained control over
task priority.The user should be able to distinguish between hard and soft tasks and to
specify relative priorities within each class.A real-time system may also allow the user
to specify such characteristics as the use of paging or process swapping, what
processes must always be resident in main memory, what disk transfer algorithms are
to be used, what rights the processes in various priority bands have, and so on.

Reliability is typically far more important for real-time systems than non-real-
time systems. A transient failure in a non-real-time system may be solved by simply
rebooting the system. A processor failure in a multiprocessor non-real-time system
may result in a reduced level of service until the failed processor is repaired or re-
placed. But a real-time system is responding to and controlling events in real time.
Loss or degradation of performance may have catastrophic consequences, ranging
from financial loss to major equipment damage and even loss of life.

As in other areas the difference between a real-time and a non-real-time op-
erating system is one of degree. Even a real-time system must be designed to re-
spond to various failure modes. Fail-soft operation is a characteristic that refers to
the ability of a system to fail in such a way as to preserve as much capability and
data as possible. For example, a typical traditional UNIX system, when it detects a
corruption of data within the kernel, issues a failure message on the system console,
dumps the memory contents to disk for later failure analysis, and terminates execu-
tion of the system. In contrast, a real-time system will attempt either to correct the
problem or minimize its effects while continuing to run. Typically, the system noti-
fies a user or user process that it should attempt corrective action and then contin-
ues operation perhaps at a reduced level of service. In the event a shutdown is
necessary, an attempt is made to maintain file and data consistency.

An important aspect of fail-soft operation is referred to as stability. A real-
time system is stable if, in cases where it is impossible to meet all task deadlines, the
system will meet the deadlines of its most critical, highest-priority tasks, even if
some less critical task deadlines are not always met.

To meet the foregoing requirements, real-time operating systems typically in-
clude the following features [STAN89]:

• Fast process or thread switch
• Small size (with its associated minimal functionality)
• Ability to respond to external interrupts quickly
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• Multitasking with interprocess communication tools such as semaphores, signals,
and events

• Use of special sequential files that can accumulate data at a fast rate
• Preemptive scheduling based on priority
• Minimization of intervals during which interrupts are disabled
• Primitives to delay tasks for a fixed amount of time and to pause/resume tasks
• Special alarms and timeouts

The heart of a real-time system is the short-term task scheduler. In designing
such a scheduler, fairness and minimizing average response time are not paramount.
What is important is that all hard real-time tasks complete (or start) by their deadline
and that as many as possible soft real-time tasks also complete (or start) by their
deadline.

Most contemporary real-time operating systems are unable to deal directly
with deadlines. Instead, they are designed to be as responsive as possible to real-time
tasks so that, when a deadline approaches, a task can be quickly scheduled. From this
point of view, real-time applications typically require deterministic response times
in the several-millisecond to submillisecond span under a broad set of conditions;
leading-edge applications—in simulators for military aircraft, for example—often
have constraints in the range of 10 to 100 "s [ATLA89].

Figure 10.5 illustrates a spectrum of possibilities. In a preemptive scheduler
that uses simple round-robin scheduling, a real-time task would be added to the
ready queue to await its next time slice, as illustrated in Figure 10.5a. In this case,
the scheduling time will generally be unacceptable for real-time applications.
Alternatively, in a nonpreemptive scheduler, we could use a priority scheduling
mechanism, giving real-time tasks higher priority. In this case, a real-time task that
is ready would be scheduled as soon as the current process blocks or runs to com-
pletion (Figure 10.5b). This could lead to a delay of several seconds if a slow, low-
priority task were executing at a critical time. Again, this approach is not
acceptable. A more promising approach is to combine priorities with clock-based
interrupts. Preemption points occur at regular intervals. When a preemption point
occurs, the currently running task is preempted if a higher-priority task is waiting.
This would include the preemption of tasks that are part of the operating system
kernel. Such a delay may be on the order of several milliseconds (Figure 10.5c).
While this last approach may be adequate for some real-time applications, it will
not suffice for more demanding applications. In those cases, the approach that has
been taken is sometimes referred to as immediate preemption. In this case, the op-
erating system responds to an interrupt almost immediately, unless the system is in
a critical-code lockout section. Scheduling delays for a real-time task can then be
reduced to 100 "s or less.

Real-Time Scheduling

Real-time scheduling is one of the most active areas of research in computer sci-
ence. In this subsection, we provide an overview of the various approaches to real-
time scheduling and look at two popular classes of scheduling algorithms.

In a survey of real-time scheduling algorithms, [RAMA94] observes that the var-
ious scheduling approaches depend on (1) whether a system performs schedulability
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analysis; (2) if it does, whether it is done statically or dynamically; and (3) whether
the result of the analysis itself produces a schedule or plan according to which tasks
are dispatched at run time. Based on these considerations, the authors identify the
following classes of algorithms:

• Static table-driven approaches: These perform a static analysis of feasible
schedules of dispatching. The result of the analysis is a schedule that deter-
mines, at run time, when a task must begin execution.

• Static priority-driven preemptive approaches: Again, a static analysis is per-
formed, but no schedule is drawn up. Rather, the analysis is used to assign pri-
orities to tasks, so that a traditional priority-driven preemptive scheduler can
be used.

• Dynamic planning-based approaches: Feasibility is determined at run time
(dynamically) rather than offline prior to the start of execution (statically).An
arriving task is accepted for execution only if it is feasible to meet its time con-
straints. One of the results of the feasibility analysis is a schedule or plan that
is used to decide when to dispatch this task.

• Dynamic best effort approaches: No feasibility analysis is performed. The sys-
tem tries to meet all deadlines and aborts any started process whose deadline
is missed.

Static table-driven scheduling is applicable to tasks that are periodic. Input to the
analysis consists of the periodic arrival time, execution time, periodic ending deadline,
and relative priority of each task.The scheduler attempts to develop a schedule that en-
ables it to meet the requirements of all periodic tasks. This is a predictable approach
but one that is inflexible, because any change to any task requirements requires that
the schedule be redone. Earliest-deadline-first or other periodic deadline techniques
(discussed subsequently) are typical of this category of scheduling algorithms.

Static priority-driven preemptive scheduling makes use of the priority-driven
preemptive scheduling mechanism common to most non-real-time multiprogram-
ming systems. In a non-real-time system, a variety of factors might be used to deter-
mine priority. For example, in a time-sharing system, the priority of a process changes
depending on whether it is processor bound or I/O bound. In a real-time system, pri-
ority assignment is related to the time constraints associated with each task. One ex-
ample of this approach is the rate monotonic algorithm (discussed subsequently),
which assigns static priorities to tasks based on the length of their periods.

With dynamic planning-based scheduling, after a task arrives, but before its ex-
ecution begins, an attempt is made to create a schedule that contains the previously
scheduled tasks as well as the new arrival. If the new arrival can be scheduled in
such a way that its deadlines are satisfied and that no currently scheduled task
misses a deadline, then the schedule is revised to accommodate the new task.

Dynamic best effort scheduling is the approach used by many real-time sys-
tems that are currently commercially available. When a task arrives, the system
assigns a priority based on the characteristics of the task. Some form of deadline
scheduling, such as earliest-deadline scheduling, is typically used.Typically, the tasks
are aperiodic and so no static scheduling analysis is possible.With this type of sched-
uling, until a deadline arrives or until the task completes, we do not know whether a
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timing constraint will be met.This is the major disadvantage of this form of schedul-
ing. Its advantage is that it is easy to implement.

Deadline Scheduling

Most contemporary real-time operating systems are designed with the objective of
starting real-time tasks as rapidly as possible, and hence emphasize rapid interrupt
handling and task dispatching. In fact, this is not a particularly useful metric in eval-
uating real-time operating systems. Real-time applications are generally not con-
cerned with sheer speed but rather with completing (or starting) tasks at the most
valuable times, neither too early nor too late, despite dynamic resource demands
and conflicts, processing overloads, and hardware or software faults. It follows that
priorities provide a crude tool and do not capture the requirement of completion
(or initiation) at the most valuable time.

There have been a number of proposals for more powerful and appropriate
approaches to real-time task scheduling. All of these are based on having additional
information about each task. In its most general form, the following information
about each task might be used:

• Ready time: Time at which task becomes ready for execution. In the case of a
repetitive or periodic task, this is actually a sequence of times that is known in
advance. In the case of an aperiodic task, this time may be known in advance,
or the operating system may only be aware when the task is actually ready.

• Starting deadline: Time by which a task must begin.
• Completion deadline: Time by which task must be completed.The typical real-

time application will either have starting deadlines or completion deadlines,
but not both.

• Processing time: Time required to execute the task to completion. In some
cases, this is supplied. In others, the operating system measures an exponential
average (as defined in Chapter 9). For still other scheduling systems, this infor-
mation is not used.

• Resource requirements: Set of resources (other than the processor) required
by the task while it is executing.

• Priority: Measures relative importance of the task. Hard real-time tasks may
have an “absolute” priority, with the system failing if a deadline is missed. If
the system is to continue to run no matter what, then both hard and soft real-
time tasks may be assigned relative priorities as a guide to the scheduler.

• Subtask structure: A task may be decomposed into a mandatory subtask and
an optional subtask. Only the mandatory subtask possesses a hard deadline.

There are several dimensions to the real-time scheduling function when dead-
lines are taken into account: which task to schedule next, and what sort of preemp-
tion is allowed. It can be shown, for a given preemption strategy and using either
starting or completion deadlines, that a policy of scheduling the task with the earliest
deadline minimizes the fraction of tasks that miss their deadlines [BUTT99,
HONG89, PANW88]. This conclusion holds both for single-processor and multi-
processor configurations.
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The other critical design issue is that of preemption. When starting deadlines
are specified, then a nonpreemptive scheduler makes sense. In this case, it would be
the responsibility of the real-time task to block itself after completing the manda-
tory or critical portion of its execution, allowing other real-time starting deadlines to
be satisfied.This fits the pattern of Figure 10.5b. For a system with completion dead-
lines, a preemptive strategy (Figure 10.5c or d) is most appropriate. For example, if
task X is running and task Y is ready, there may be circumstances in which the only
way to allow both X and Y to meet their completion deadlines is to preempt X, exe-
cute Y to completion, and then resume X to completion.

As an example of scheduling periodic tasks with completion deadlines, con-
sider a system that collects and processes data from two sensors,A and B.The dead-
line for collecting data from sensor A must be met every 20 ms, and that for B every
50 ms. It takes 10 ms, including operating system overhead, to process each sample
of data from A and 25 ms to process each sample of data from B. Table 10.2 sum-
marizes the execution profile of the two tasks. Figure 10.6 compares three schedul-
ing techniques using the execution profile of Table 10.2.The first row of Figure 10.6
repeats the information in Table 10.2; the remaining three rows illustrate three
scheduling techniques.

The computer is capable of making a scheduling decision every 10 ms.4 Sup-
pose that, under these circumstances, we attempted to use a priority scheduling

Animation: Periodic
with Completion

Deadline

Table 10.2 Execution Profile of Two Periodic Tasks

Process Arrival Time Execution Time Ending Deadline

A(1) 0 10 20

A(2) 20 10 40

A(3) 40 10 60

A(4) 60 10 80

A(5) 80 10 100

• • • •
• • • •
• • • •

B(1) 0 25 50

B(2) 50 25 100

• • • •
• • • •
• • • •

4This need not be on a 10-ms boundary if more than 10 ms has elapsed since the last scheduling decision.
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scheme. The first two timing diagrams in Figure 10.6 show the result. If A has higher
priority, the first instance of task B is only given 20 ms of processing time, in two 10-ms
chunks, by the time its deadline is reached, and thus fails. If B is given higher priority,
then A will miss its first deadline. The final timing diagram shows the use of earliest-
deadline scheduling. At time t ! 0, both A1 and B1 arrive. Because A1 has the earli-
est deadline, it is scheduled first. When A1 completes, B1 is given the processor. At
t ! 20,A2 arrives. Because A2 has an earlier deadline than B1, B1 is interrupted so that
A2 can execute to completion. Then B1 is resumed at t ! 30. At t ! 40, A3 arrives.
However, B1 has an earlier ending deadline and is allowed to execute to completion
at t ! 45. A3 is then given the processor and finishes at t ! 55.

9070402010 30 50 60 80 1000 Time (ms)

B1 B2

A1 A2 A3 A4 A5Arrival times, execution
times, and deadlines
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A2
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B1
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A3 A4 A5A1 B1 A2 B1 B2 B2 B2

A1 A2 A3 A4 A5, B2B1
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A2 A3 A4
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using completion deadlines

B1

Figure 10.6 Scheduling of Periodic Real-Time Tasks with Completion Deadlines (based on
Table 10.2) 

Animation: Aperiodic
with Starting Deadline

In this example, by scheduling to give priority at any preemption point to the
task with the nearest deadline, all system requirements can be met. Because the
tasks are periodic and predictable, a static table-driven scheduling approach is used.
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Now consider a scheme for dealing with aperiodic tasks with starting dead-
lines. The top part of Figure 10.7 shows the arrival times and starting deadlines for
an example consisting of five tasks each of which has an execution time of 20 ms.
Table 10.3 summarizes the execution profile of the five tasks.

A straightforward scheme is to always schedule the ready task with the earli-
est deadline and let that task run to completion. When this approach is used in the
example of Figure 10.7, note that although task B requires immediate service, the
service is denied.This is the risk in dealing with aperiodic tasks, especially with start-
ing deadlines. A refinement of the policy will improve performance if deadlines can
be known in advance of the time that a task is ready. This policy, referred to as earli-
est deadline with unforced idle times, operates as follows:Always schedule the eligi-
ble task with the earliest deadline and let that task run to completion. An eligible
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Figure 10.7 Scheduling of Aperiodic Real-Time Tasks with Starting Deadlines 

Table 10.3 Execution Profile of Five Aperiodic Tasks

Process Arrival Time Execution Time Starting Deadline

A 10 20 110

B 20 20 20

C 40 20 50

D 50 20 90

E 60 20 70
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Figure 10.8 A Task Set with RMS [WARR91]

Animation: Rate
Monotonic Scheduling

task may not be ready, and this may result in the processor remaining idle even
though there are ready tasks. Note that in our example the system refrains from
scheduling task A even though that is the only ready task. The result is that, even
though the processor is not used to maximum efficiency, all scheduling requirements
are met. Finally, for comparison, the FCFS policy is shown. In this case, tasks B and
E do not meet their deadlines.

Rate Monotonic Scheduling

One of the more promising methods of resolving multitask scheduling conflicts for
periodic tasks is rate monotonic scheduling (RMS). The scheme was first proposed
in [LIU73] but has only recently gained popularity [BRIA99, SHA94]. RMS assigns
priorities to tasks on the basis of their periods.

For RMS, the highest-priority task is the one with the shortest period, the second
highest-priority task is the one with the second shortest period, and so on.When more
than one task is available for execution, the one with the shortest period is serviced
first. If we plot the priority of tasks as a function of their rate, the result is a monoton-
ically increasing function (Figure 10.8); hence the name, rate monotonic scheduling.

Figure 10.9 illustrates the relevant parameters for periodic tasks.The task’s pe-
riod, T, is the amount of time between the arrival of one instance of the task and the
arrival of the next instance of the task. A task’s rate (in Hertz) is simply the inverse
of its period (in seconds). For example, a task with a period of 50 ms occurs at a rate
of 20 Hz.Typically, the end of a task’s period is also the task’s hard deadline, although
some tasks may have earlier deadlines. The execution (or computation) time, C, is
the amount of processing time required for each occurrence of the task. It should be
clear that in a uniprocessor system, the execution time must be no greater than the
period (must have C T). If a periodic task is always run to completion; that is, if…
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no instance of the task is ever denied service because of insufficient resources, then
the utilization of the processor by this task is U ! C#T. For example, if a task has a
period of 80 ms and an execution time of 55 ms, its processor utilization is 55#80 !
0.6875.

One measure of the effectiveness of a periodic scheduling algorithm is
whether or not it guarantees that all hard deadlines are met. Suppose that we have n
tasks, each with a fixed period and execution time. Then for it to be possible to meet
all deadlines, the following inequality must hold:

(10.1)

The sum of the processor utilizations of the individual tasks cannot exceed a value of
1, which corresponds to total utilization of the processor. Equation (10.1) provides a
bound on the number of tasks that a perfect scheduling algorithm can successfully
schedule. For any particular algorithm, the bound may be lower. For RMS, it can be
shown that the following inequality holds:

(10.2)

Table 10.4 gives some values for this upper bound.As the number of tasks increases,
the scheduling bound converges to ln 2 ≈ 0.693.

C1

T1
+

C2

T2
+ . . . +

Cn

Tn
… n(21>n - 1)

C1

T1
+

C2

T2
+  . . . +

Cn

Tn
… 1

Processing ProcessingIdleP

Task P execution time C

Cycle 1

Task P period T

Cycle 2

Time

Figure 10.9 Periodic Task Timing Diagram 

Table 10.4 Value of the RMS Upper Bound

n n(21/n ! 1)

1 1.0
2 0.828
3 0.779
4 0.756
5 0.743
6 0.734
• •
• •
• •
q ln 2 ≈ 0.693
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As an example, consider the case of three periodic tasks, where Ui ! Ci/Ti:

• Task P1: C1 ! 20; T1 ! 100; U1 ! 0.2
• Task P2: C2 ! 40; T2 ! 150; U2 ! 0.267
• Task P3: C3 ! 100; T3 ! 350; U3 ! 0.286

The total utilization of these three tasks is 0.2 $ 0.267 $ 0.286 ! 0.753. The
upper bound for the schedulability of these three tasks using RMS is

Because the total utilization required for the three tasks is less than the upper
bound for RMS (0.753 % 0.779), we know that if RMS is used, all tasks will be suc-
cessfully scheduled.

It can also be shown that the upper bound of Equation (10.1) holds for earliest
deadline scheduling. Thus, it is possible to achieve greater overall processor utiliza-
tion and therefore accommodate more periodic tasks with earliest deadline schedul-
ing. Nevertheless, RMS has been widely adopted for use in industrial applications.
[SHA91] offers the following explanation:

1. The performance difference is small in practice. The upper bound of Equation
(10.2) is a conservative one and, in practice, utilization as high as 90% is often
achieved.

2. Most hard real-time systems also have soft real-time components, such as certain
noncritical displays and built-in self tests that can execute at lower priority levels
to absorb the processor time that is not used with RMS scheduling of hard real-
time tasks.

3. Stability is easier to achieve with RMS. When a system cannot meet all dead-
lines because of overload or transient errors, the deadlines of essential tasks
need to be guaranteed provided that this subset of tasks is schedulable. In a
static priority assignment approach, one only needs to ensure that essential
tasks have relatively high priorities. This can be done in RMS by structuring
essential tasks to have short periods or by modifying the RMS priorities to
account for essential tasks. With earliest deadline scheduling, a periodic task’s
priority changes from one period to another. This makes it more difficult to
ensure that essential tasks meet their deadlines.

Priority Inversion

Priority inversion is a phenomenon that can occur in any priority-based preemp-
tive scheduling scheme but is particularly relevant in the context of real-time
scheduling. The best-known instance of priority inversion involved the Mars
Pathfinder mission. This rover robot landed on Mars on July 4, 1997 and began
gathering and transmitting voluminous data back to Earth. But a few days into
the mission, the lander software began experiencing total system resets, each result-
ing in losses of data. After much effort by the Jet Propulsion Laboratory (JPL)
team that built the Pathfinder, the problem was traced to priority inversion
[JONE97].

C1

T1
+

C2

T2
+

C3

T3
… 3(21>3 - 1) = 0.779
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In any priority scheduling scheme, the system should always be executing the
task with the highest priority. Priority inversion occurs when circumstances within
the system force a higher-priority task to wait for a lower-priority task. A simple ex-
ample of priority inversion occurs if a lower-priority task has locked a resource
(such as a device or a binary semaphore) and a higher-priority task attempts to lock
that same resource. The higher-priority task will be put in a blocked state until the
resource is available. If the lower-priority task soon finishes with the resource and
releases it, the higher-priority task may quickly resume and it is possible that no
real-time constraints are violated.

A more serious condition is referred to as an unbounded priority inversion, in
which the duration of a priority inversion depends not only on the time required to
handle a shared resource, but also on the unpredictable actions of other unrelated
tasks as well. The priority inversion experienced in the Pathfinder software was un-
bounded and serves as a good example of the phenomenon. Our discussion follows
that of [TIME02]. The Pathfinder software included the following three tasks, in de-
creasing order of priority:

T1: Periodically checks the health of the spacecraft systems and software
T2: Processes image data
T3: Performs an occasional test on equipment status

After T1 executes, it reinitializes a timer to its maximum value. If this timer
ever expires, it is assumed that the integrity of the lander software has somehow
been compromised. The processor is halted, all devices are reset, the software is
completely reloaded, the spacecraft systems are tested, and the system starts over.
This recovery sequence does not complete until the next day.T1 and T3 share a com-
mon data structure, protected by a binary semaphore s. Figure 10.10a shows the
sequence that caused the priority inversion:

t1: T3 begins executing.
t2: T3 locks semaphore s and enters its critical section.
t3: T1, which has a higher priority than T3, preempts T3 and begins executing.
t4: T1 attempts to enter its critical section but is blocked because the sema-

phore is locked by T3; T3 resumes execution in its critical section.
t5: T2, which has a higher priority than T3, preempts T3 and begins executing.
t6: T2 is suspended for some reason unrelated to T1 and T3; T3 resumes.
t7: T3 leaves its critical section and unlocks the semaphore. T1 preempts T3,

locks the semaphore and enters its critical section.

In this set of circumstances, T1 must wait for both T3 and T2 to complete and fails to
reset the timer before it expires.

In practical systems, two alternative approaches are used to avoid unbounded
priority inversion: priority inheritance protocol and priority ceiling protocol.

The basic idea of priority inheritance is that a lower-priority task inherits the
priority of any higher-priority task pending on a resource they share. This priority
change takes place as soon as the higher-priority task blocks on the resource; it
should end when the resource is released by the lower-priority task. Figure 10.10b
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shows that priority inheritance resolves the problem of unbounded priority inver-
sion illustrated in Figure 10.10a. The relevant sequence of events is as follows:

t1: T3 begins executing.
t2: T3 locks semaphore s and enters its critical section.
t3: T1, which has a higher priority than T3, preempts T3 and begins executing.

T1

T2

T3

s locked

(a) Unbounded priority inversion

Preempted
by T1

Preempted
by T2

s unlocked

Time

Normal execution Execution in critical section

s locked
Blocked by T3

(attempt to lock s)

t1 t2 t3 t4 t5 t6 t7 t8

T1

T2

T3

s locked
by T3

(b) Use of priority inheritance

Preempted
by T1

s unlocked

s unlocked

s locked
by T1

Blocked by T3

(attempt to lock s)

t1 t2 t3 t4 t5 t6 t7

Figure 10.10 Priority Inversion
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t4: T1 attempts to enter its critical section but is blocked because the sema-
phore is locked by T3. T3 is immediately and temporarily assigned the same
priority as T1. T3 resumes execution in its critical section.

t5: T2 is ready to execute but, because T3 now has a higher priority, T2 is unable
to preempt T3.

t6: T3 leaves its critical section and unlocks the semaphore: its priority level is
downgraded to its previous default level. T1 preempts T3, locks the sema-
phore, and enters its critical section.

t7: T1 is suspended for some reason unrelated to T2, and T2 begins executing.

This was the approach taken to solving the Pathfinder problem.
In the priority ceiling approach, a priority is associated with each resource. The

priority assigned to a resource is one level higher than the priority of its highest-priority
user.The scheduler then dynamically assigns this priority to any task that accesses the
resource. Once the task finishes with the resource, its priority returns to normal.

10.3 LINUX SCHEDULING

For Linux 2.4 and earlier, Linux provided a real-time scheduling capability coupled
with a scheduler for non-real-time processes that made use of the traditional UNIX
scheduling algorithm described in Section 9.3. Linux 2.6 includes essentially the
same real-time scheduling capability as previous releases and a substantially revised
scheduler for non-real-time processes. We examine these two areas in turn.

Real-Time Scheduling

The three Linux scheduling classes are

• SCHED_FIFO: First-in-first-out real-time threads
• SCHED_RR: Round-robin real-time threads
• SCHED_OTHER: Other, non-real-time threads

Within each class, multiple priorities may be used, with priorities in the real-time
classes higher than the priorities for the SCHED_OTHER class.The default values are as
follows: Real-time priority classes range from 0 to 99 inclusively, and SCHED_OTHER
classes range from 100 to 139.A lower number equals a higher priority.

For FIFO threads, the following rules apply:

1. The system will not interrupt an executing FIFO thread except in the follow-
ing cases:
a. Another FIFO thread of higher priority becomes ready.
b. The executing FIFO thread becomes blocked waiting for an event, such as I/O.
c. The executing FIFO thread voluntarily gives up the processor following a

call to the primitive sched_yield.
2. When an executing FIFO thread is interrupted, it is placed in the queue associated

with its priority.
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3. When a FIFO thread becomes ready and if that thread has a higher priority
than the currently executing thread, then the currently executing thread is pre-
empted and the highest-priority ready FIFO thread is executed. If more than
one thread has that highest priority, the thread that has been waiting the
longest is chosen.

The SCHED_RR policy is similar to the SCHED_FIFO policy, except for the ad-
dition of a timeslice associated with each thread. When a SCHED_RR thread has ex-
ecuted for its timeslice, it is suspended and a real-time thread of equal or higher
priority is selected for running.

Figure 10.11 is an example that illustrates the distinction between FIFO and
RR scheduling. Assume a process has four threads with three relative priorities as-
signed as shown in Figure 10.11a. Assume that all waiting threads are ready to exe-
cute when the current thread waits or terminates and that no higher-priority thread is
awakened while a thread is executing. Figure 10.11b shows a flow in which all of the
threads are in the SCHED_FIFO class. Thread D executes until it waits or terminates.
Next, although threads B and C have the same priority, thread B starts because it has
been waiting longer than thread C. Thread B executes until it waits or terminates,
then thread C executes until it waits or terminates. Finally, thread A executes.

Figure 10.11c shows a sample flow if all of the threads are in the SCHED_RR
class. Thread D executes until it waits or terminates. Next, threads B and C are time
sliced, because they both have the same priority. Finally, thread A executes.

The final scheduling class is SCHED_OTHER. A thread in this class can only
execute if there are no real-time threads ready to execute.

Non-Real-Time Scheduling

The Linux 2.4 scheduler for the SCHED_OTHER class did not scale well with increas-
ing number of processors and increasing number of processes.The drawbacks of this
scheduler include the following:

• The Linux 2.4 scheduler uses a single runqueue for all processors in a symmet-
ric multiprocessing system (SMP). This means a task can be scheduled on any
processor, which can be good for load balancing but bad for memory caches.

Maximum

(a) Relative thread priorities (b) Flow with FIFO scheduling

D

D B C A
MiddleC

MiddleB

MinimumA

(c) Flow with RR scheduling

D B C B C A

Figure 10.11 Example of Linux Real-Time Scheduling
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For example, suppose a task executed on CPU-1, and its data were in that
processor’s cache. If the task got rescheduled to CPU-2, its data would need to
be invalidated in CPU-1 and brought into CPU-2.

• The Linux 2.4 scheduler uses a single runqueue lock. Thus, in an SMP system,
the act of choosing a task to execute locks out any other processor from ma-
nipulating the runqueues. The result is idle processors awaiting release of the
runqueue lock and decreased efficiency.

• Preemption is not possible in the Linux 2.4 scheduler; this means that a
lower-priority task can execute while a higher-priority task waited for it to
complete.

To correct these problems, Linux 2.6 uses a completely new priority scheduler
known as the O(1) scheduler.5 The scheduler is designed so that the time to select
the appropriate process and assign it to a processor is constant, regardless of the
load on the system or the number of processors.

The kernel maintains two scheduling data structure for each processor in the
system, of the following form (Figure 10.12):

struct prio_array {

int nr_active; /* number of tasks in this array*/

unsigned long bitmap[BITMAP_SIZE]; /* priority bitmap */

struct list_head queue[MAX_PRIO]; /* priority queues */

A separate queue is maintained for each priority level. The total number of
queues in the structure is MAX_PRIO, which has a default value of 140.The structure
also includes a bitmap array of sufficient size to provide one bit per priority level.
Thus, with 140 priority levels and 32-bit words, BITMAP_SIZE has a value of 5. This
creates a bitmap of 160 bits, of which 20 bits are ignored.The bitmap indicates which
queues are not empty. Finally, nr_active indicates the total number of tasks pre-
sent on all queues. Two structures are maintained: an active queues structure and an
expired queues structure.

Initially, both bitmaps are set to all zeroes and all queues are empty. As a
process becomes ready, it is assigned to the appropriate priority queue in the active
queues structure and is assigned the appropriate timeslice. If a task is preempted be-
fore it completes its timeslice, it is returned to an active queue. When a task com-
pletes its timeslice, it goes into the appropriate queue in the expired queues
structure and is assigned a new timeslice.All scheduling is done from among tasks in
the active queues structure. When the active queues structure is empty, a simple
pointer assignment results in a switch of the active and expired queues, and schedul-
ing continues.

Scheduling is simple and efficient. On a given processor, the scheduler picks
the highest-priority nonempty queue. If multiple tasks are in that queue, the tasks
are scheduled in round-robin fashion.

5The term O(1) is an example of the “big-O” notation, used for characterizing the time complexity of
algorithms. Appendix D explains this notation.
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Linux also includes a mechanism for moving tasks from the queue lists of
one processor to that of another. Periodically, the scheduler checks to see if there
is a substantial imbalance among the number of tasks assigned to each processor.
To balance the load, the schedule can transfer some tasks. The highest priority ac-
tive tasks are selected for transfer, because it is more important to distribute high-
priority tasks fairly.

Calculating Priorities and Timeslices Each non-real-time task is assigned
an initial priority in the range of 100 to 139, with a default of 120. This is the task’s
static priority and is specified by the user. As the task executes, a dynamic priority
is calculated as a function of the task’s static priority and its execution behavior.
The Linux scheduler is designed to favor I/O-bound tasks over processor-bound
tasks. This preference tends to provide good interactive response. The technique
used by Linux to determine the dynamic priority is to keep a running tab on how
much time a process sleeps (waiting for an event) versus how much time the
process runs. In essence, a task that spends most of its time sleeping is given a
higher priority.

Timeslices are assigned in the range of 10 ms to 200 ms. In general, higher-
priority tasks are assigned larger timeslices.

140-bit priority array for active queues

140-bit priority array for expired queues

Bit 0
(priority 0)

Highest-priority
nonempty

active queue

Bit 139
(priority 139)

Active queues:
140 queues by priority;
each queue contains ready
tasks for that priority

Expired queues:
140 queues by priority;
each queue contains ready
tasks with expired timeslices
for that priority

Figure 10.12 Linux Scheduling Data Structures for Each Processor
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Relationship to Real-Time Tasks Real-time tasks are handled in a different
manner from non-real-time tasks in the priority queues.The following considerations
apply:

1. All real-time tasks have only a static priority; no dynamic priority changes are
made.

2. SCHED_FIFO tasks do not have assigned timeslices. Such tasks are scheduled in
FIFO discipline. If a SHED_FIFO task is blocked, it returns to the same priority
queue in the active queue list when it becomes unblocked.

3. Although SCHED_RR tasks do have assigned timeslices, they also are never
moved to the expired queue list. When a SCHED_RR task exhaust its timeslice,
it is returned to its priority queue with the same timeslice value. Timeslice val-
ues are never changed.

The effect of these rules is that the switch between the active queue list and
the expired queue list only happens when there are no ready real-time tasks waiting
to execute.

10.4 UNIX SVR4 SCHEDULING

The scheduling algorithm used in UNIX SVR4 is a complete overhaul of the sched-
uling algorithm used in earlier UNIX systems (described in Section 9.3). The new
algorithm is designed to give highest preference to real-time processes, next-highest
preference to kernel-mode processes, and lowest preference to other user-mode
processes, referred to as time-shared processes.6

The two major modifications implemented in SVR4 are as follows:

1. The addition of a preemptable static priority scheduler and the introduction of
a set of 160 priority levels divided into three priority classes.

2. The insertion of preemption points. Because the basic kernel is not preemptive,
it can only be split into processing steps that must run to completion without in-
terruption. In between the processing steps, safe places known as preemption
points have been identified where the kernel can safely interrupt processing and
schedule a new process.A safe place is defined as a region of code where all ker-
nel data structures are either updated and consistent or locked via a semaphore.

Figure 10.13 illustrates the 160 priority levels defined in SVR4. Each process is
defined to belong to one of three priority classes and is assigned a priority level
within that class. The classes are as follows:

• Real time (159–100): Processes at these priority levels are guaranteed to be
selected to run before any kernel or time-sharing process. In addition, real-time
processes can make use of preemption points to preempt kernel processes and
user processes.

• Kernel (99–60): Processes at these priority levels are guaranteed to be selected
to run before any time-sharing process but must defer to real-time processes.

6Time-shared processes are the processes that correspond to users in a traditional time-sharing system.

10.4 / UNIX SVR4 SCHEDULING 485

M10_STAL6329_06_SE_C10.QXD  2/21/08  9:33 PM  Page 485



486 CHAPTER 10 / MULTIPROCESSOR AND REAL-TIME SCHEDULING

• Time-shared (59–0): The lowest-priority processes, intended for user applica-
tions other than real-time applications.

Figure 10.14 indicates how scheduling is implemented in SVR4. A dispatch
queue is associated with each priority level, and processes at a given priority level
are executed in round-robin fashion. A bit-map vector, dqactmap, contains one bit
for each priority level; the bit is set to one for any priority level with a nonempty
queue. Whenever a running process leaves the Running state, due to a block, times-
lice expiration, or preemption, the dispatcher checks dqactmap and dispatches a
ready process from the highest-priority nonempty queue. In addition, whenever a
defined preemption point is reached, the kernel checks a flag called kprunrun. If
set, this indicates that at least one real-time process is in the Ready state, and the
kernel preempts the current process if it is of lower priority than the highest-priority
real-time ready process.

Within the time-sharing class, the priority of a process is variable. The sched-
uler reduces the priority of a process each time it uses up a time quantum, and it
raises its priority if it blocks on an event or resource. The time quantum allocated to
a time-sharing process depends on its priority, ranging from 100 ms for priority 0 to
10 ms for priority 59. Each real-time process has a fixed priority and a fixed time
quantum.
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Figure 10.13 SVR4 Priority Classses

0 0111

159 012n

dqactmap

dispq

PP

P

P

P

P

P

P

Figure 10.14 SVR4 Dispatch Queues

M10_STAL6329_06_SE_C10.QXD  2/21/08  9:33 PM  Page 486

Windows Linux

O(1) scheduling, using per-CPU priority lists Linux added O(1) scheduling, using
per-CPU priority lists in version 2.6

Lower priority numbers represent lower
priority

As with other flavors of UNIX, lower
priority numbers represent higher priority

16 non-real-time priorities (0-15) 40 non-real-time priorities (100-139)

Highest priority runnable threads (almost)
always scheduled on the available processors

Linux runs highest priority non-real-time
processes unless they hit their quantum (i.e. are
CPU bound), in which case lower-priority
processes are allowed to run to the end of their
quantum

Applications can specify CPU affinities, and
subject to that constraint, scheduler picks an
ideal processor which it always tries to use for
better cache performance. But threads are
moved to other idle CPUs, or CPUs running
lower-priority threads

Priority inversion is managed by a crude
mechanism that gives a huge priority boost to
threads that have been starved for seconds

Letting lower-priority processes runs ahead of
high-priority threads that hit their quantum
avoids starvation and thus fixes cases of
priority inversion

Priorities for non-real-time threads
dynamically adjusted to give better
performance for foreground applications and
I/O. Priorities boost from the base and then
decay at quantum end

Periodically the scheduler rebalances the
assignment of processes to CPUs by moving
processes from the ready queues for busy
CPUs to underutilized CPUs
Rebalancing is based on system defined sched-
uling domains rather than process affinities (i.e.
to correspond to NUMA nodes)

NUMA aware NUMA aware

16 real-time priority levels (16-31) with priority
over non-real-time threads

99 real-time priority levels (1-99) with priority
over non-real-time processes

Real-time threads are scheduled round-robin Real-time processes can be scheduled either
round or FIFO, meaning they will not preempted
except by a higher priority real-time process

WINDOWS/LINUX COMPARISON—SCHEDULING

10.5 WINDOWS SCHEDULING

Windows is designed to be as responsive as possible to the needs of a single user in
a highly interactive environment or in the role of a server. Windows implements a
preemptive scheduler with a flexible system of priority levels that includes round-
robin scheduling within each level and, for some levels, dynamic priority variation
on the basis of their current thread activity. Threads are the unit of scheduling in
Windows rather than processes.
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Process and Thread Priorities

Priorities in Windows are organized into two bands, or classes: real time and vari-
able. Each of these bands consists of 16 priority levels. Threads requiring immediate
attention are in the real-time class, which includes functions such as communica-
tions and real-time tasks.

Overall, because Windows makes use of a priority-driven preemptive sched-
uler, threads with real-time priorities have precedence over other threads. On a
uniprocessor, when a thread becomes ready whose priority is higher than the cur-
rently executing thread, the lower-priority thread is preempted and the processor
given to the higher-priority thread.

Priorities are handled somewhat differently in the two classes (Figure 10.15).
In the real-time priority class, all threads have a fixed priority that never changes.
All of the active threads at a given priority level are in a round-robin queue. In the

Highest (31)

Lowest (16)

Highest (15)

Lowest (0)

Real-time
priority
classes

Variable
priority
classes

Figure 10.15 Windows Thread Dispatching Priorities
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variable priority class, a thread’s priority begins at some initial assigned value
and then may be temporarily boosted (raised) during the thread’s lifetime. There
is a FIFO queue at each priority level; a thread will change queues among the
variable priority classes as its own priority changes. However, a thread at priority
level 15 or below is never boosted to level 16 or any other level in the real-time
class.

The initial priority of a thread in the variable priority class is determined by two
quantities: process base priority and thread base priority. The process base priority is
an attribute of the process object, and can take on any value from 0 through 15. Each
thread object associated with a process object has a thread base priority attribute that
indicates the thread’s base priority relative to that of the process. The thread’s base
priority can be equal to that of its process or within two levels above or below that of
the process. So, for example, if a process has a base priority of 4 and one of its threads
has a base priority of -1, then the initial priority of that thread is 3.

Once a thread in the variable priority class has been activated, its actual prior-
ity, referred to as the thread’s current priority, may fluctuate within given bound-
aries. The current priority may never fall below the thread’s base priority and it may
never exceed 15. Figure 10.16 gives an example. The process object has a base prior-
ity attribute of 4. Each thread object associated with this process object must have
an initial priority of between 2 and 6. Suppose the base priority for thread is 4. Then
the current priority for that thread may fluctuate in the range from 4 through 15 de-
pending on what boosts it has been given. If a thread is interrupted to wait on an I/O
event, the Windows Kernel boosts its priority. If a boosted thread is interrupted be-
cause it has used up its current time quantum, the Kernel lowers its priority. Thus,
processor-bound threads tend toward lower priorities and I/O-bound threads tend
toward higher priorities. In the case of I/O-bound threads, the Kernel boosts the pri-
ority more for interactive waits (e.g., wait on keyboard or display) than for other

Base priority Normal

Below normal

Lowest

Above normal
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Process
priority
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Thread's dynamic
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Figure 10.16 Example of Windows Priority Relationship
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types of I/O (e.g., disk I/O). Thus, interactive threads tend to have the highest prior-
ities within the variable priority class.

Multiprocessor Scheduling

When Windows is run on a single processor, the highest-priority thread is always active
unless it is waiting on an event. If there is more than one thread that has the same high-
est priority, then the processor is shared, round robin, among all the threads at that pri-
ority level. In a multiprocessor system with N processors, the Kernel tries to give the N
processors to the N highest priority threads that are ready to run.The remaining, lower-
priority, threads must wait until the other threads block or have their priority decay.
Lower-priority threads may also have their priority boosted to 15 for a very short time
if they are being starved, solely to correct instances of priority inversion.

The foregoing scheduling discipline is affected by the processor affinity attribute
of a thread. If a thread is ready to execute but the only available processors are not in
its processor affinity set, then that thread is forced to wait, and the Kernel schedules
the next available thread.

10.6 SUMMARY

With a tightly coupled multiprocessor, multiple processors have access to the
same main memory. In this configuration, the scheduling structure is somewhat
more complex. For example, a given process may be assigned to the same processor
for its entire life or dispatched to any processor each time it enters the Running
state. Performance studies suggest that the differences among various scheduling
algorithms are less significant in a multiprocessor system.

A real-time process or task is one that is executed in connection with some
process or function or set of events external to the computer system and that must
meet one or more deadlines to interact effectively and correctly with the external en-
vironment.A real-time operating system is one that is capable of managing real-time
processes. In this context, the traditional criteria for a scheduling algorithm do not
apply. Rather, the key factor is the meeting of deadlines.Algorithms that rely heavily
on preemption and on reacting to relative deadlines are appropriate in this context.

10.7 RECOMMENDED READING

[WEND89] is an interesting discussion of approaches to multiprocessor scheduling.
A good treatment of real-time scheduling is contained in [LIU00]. The following
collections of papers all contain important articles on real-time operating systems
and scheduling: [KRIS94], [STAN93], [LEE93], and [TILB91]. [SHA90] provides a
good explanation of priority inversion, priority inheritance, and priority ceiling.
[ZEAD97] analyzes the performance of the SVR4 real-time scheduler. [LIND04]
provides an overview of the Linux 2.6 scheduler; [LOVE05] contains a more de-
tailed discussion.
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Problems
10.1 Consider a set of three periodic tasks with the execution profiles of Table 10.5. Develop

scheduling diagrams similar to those of Figure 10.6 for this set of tasks.

10.8 KEY TERMS, REVIEW QUESTIONS,AND PROBLEMS

Key Terms

KRIS94 Krishna, C., and Lee, Y., eds. “Special Issue on Real-Time Systems.” Proceedings
of the IEEE, January 1994.

LEE93 Lee, Y., and Krishna, C., eds. Readings in Real-Time Systems. Los Alamitos, CA:
IEEE Computer Society Press, 1993.

LIND04 Lindsley, R. “What’s New in the 2.6 Scheduler.” Linux Journal, March 2004.
LIU00 Liu, J. Real-Time Systems. Upper Saddle River, NJ: Prentice Hall, 2000.
LOVE05 Love, R. Linux Kernel Development. Waltham, MA: Novell Press, 2005.
SHA90 Sha, L.; Rajkumar, R.; and Lehoczky, J.“Priority Inheritance Protocols:An Approach

to Real-Time Synchronization.” IEEE Transactions on Computers, September 1990.
STAN93 Stankovic, J., and Ramamritham, K., eds. Advances in Real-Time Systems. Los

Alamitos, CA: IEEE Computer Society Press, 1993.
TILB91Tilborg, A., and Koob, G. eds. Foundations of Real-Time Computing: Scheduling

and Resource Management. Boston: Kluwer Academic Publishers, 1991.
WEND89 Wendorf, J.;Wendorf, R.; and Tokuda, H.“Scheduling Operating System Process-

ing on Small-Scale Microprocessors.” Proceedings, 22nd Annual Hawaii International
Conference on System Science, January 1989.

ZEAD97 Zeadally, S. “An Evaluation of the Real-Time Performance of SVR4.0 and
SVR4.2.” Operating Systems Review, January 1977.

aperiodic task
deadline scheduling
deterministic operating system
fail-soft operation
gang scheduling
granularity

hard real-time task
load sharing
periodic task
priority inversion
rate monotonic scheduling
real-time operating system

real-time scheduling
responsiveness
soft real-time task
thread scheduling
unbounded priority

inversion

Review Questions
10.1 List and briefly define five different categories of synchronization granularity.
10.2 List and briefly define four techniques for thread scheduling.
10.3 List and briefly define three versions of load sharing.
10.4 What is the difference between hard and soft real-time tasks?
10.5 What is the difference between periodic and aperiodic real-time tasks?
10.6 List and briefly define five general areas of requirements for a real-time operating

system.
10.7 List and briefly define four classes of real-time scheduling algorithms.
10.8 What items of information about a task might be useful in real-time scheduling?
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Table 10.5 Execution Profile for Problem 10.1

Process Arrival Time Execution Time Ending Deadline

A(1) 0 10 20

A(2) 20 10 40

• • • •
• • • •
• • • •

B(1) 0 10 50

B(2) 50 10 100

• • • •
• • • •
• • • •

C(1) 0 15 50

C(2) 50 15 100

• • • •
• • • •
• • • •

10.2 Consider a set of five aperiodic tasks with the execution profiles of Table 10.6.
Develop scheduling diagrams similar to those of Figure 10.7 for this set of tasks.

Table 10.6 Execution Profile for Problem 10.2

Process Arrival Time Execution Time Starting Deadline

A 10 20 100

B 20 20 30

C 40 20 60

D 50 20 80

E 60 20 70

10.3 Least laxity first (LLF) is a real-time scheduling algorithm for periodic tasks. Slack
time, or laxity, is the amount of time between when a task would complete if it started
now and its next deadline. This is the size of the available scheduling window. Laxity
can be expressed as

LLF assigns selects the task with the minimum laxity to execute next. If two or more
tasks have the same minimum laxity value, they are serviced on a FCFS basis.
a. Suppose a task currently has a laxity of t. By how long may the scheduler delay

starting this task and still meet its deadline?
b. Suppose a task currently has a laxity of 0. What does this mean?
c. What does it mean if a task has negative laxity?
d. Consider a set of three periodic tasks with the execution profiles of Table 10.7a.

Develop scheduling diagrams similar to those of Figure 10.5 for this set of tasks that
compare rate monotonic, earliest deadline first, and LLF. Assume preemption may
occur at 5-ms intervals. Comment on the results.

laxity = (deadline time) - (current time) - (processor time nedded)
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Table 10.7 Execution Profiles for Problems 10.3 through 10.6

(a) Light load

Task Period Execution Time

A 6 2

B 8 2

C 12 3

(b) Heavy load

Task Period Execution Time

A 6 2

B 8 5

C 12 3

10.4 Repeat Problem 10.3d for the execution profiles of Table 10.7b. Comment on the
results.

10.5 Maximum urgency first (MUF) is a real-time scheduling algorithm for periodic tasks.
Each task is assigned an urgency that is defined as a combination of two fixed priori-
ties and one dynamic priority. One of the fixed priorities, the criticality, has prece-
dence over the dynamic priority. Meanwhile, the dynamic priority has precedence
over the other fixed priority, called the user priority. The dynamic priority is inversely
proportional to the laxity of a task. MUF can be explained as follows. First, tasks are
ordered from shortest to longest period. Define the critical task set as the first N tasks
such that worst-case processor utilization does not exceed 100%. Among critical set
tasks that are ready, the scheduler selects the task with the least laxity. If no critical set
tasks are ready, the schedule chooses among the noncritical tasks the one with the
least laxity. Ties are broken through an optional user priority and then by FCFS. Re-
peat Problem 10.3d, adding MUF to the diagrams.Assume that user-defined priorities
are A highest, B next, C lowest. Comment on the results.

10.6 Repeat Problem 10.4, adding MUF to the diagrams. Comment on the results.
10.7 This problem demonstrates that, although Equation (10.2) for rate monotonic schedul-

ing is a sufficient condition for successful scheduling, it is not a necessary condition [that
is, sometimes successful scheduling is possible even if Equation (10.2) is not satisfied].
a. Consider a task set with the following independent periodic tasks:

• Task P1: C1 ! 20; T1 ! 100
• Task P2: C2 ! 30; T2 ! 145
Can these tasks be successfully scheduled using rate monotonic scheduling?

b. Now add the following task to the set:
• Task P3: C3 = 68; T3 = 150
Is Equation (10.2) satisfied?

c. Suppose that the first instance of the preceding three tasks arrives at time t ! 0.
Assume that the first deadline for each task is the following:

Using rate monotonic scheduling, will all three deadlines be met? What about dead-
lines for future repetitions of each task?

10.8 Draw a diagram similar to that of Figure 10.10b that shows the sequence events for
this same example using priority ceiling.

D1 = 100; D2 = 145; D3 = 150
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