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Part One

An operating systern acts as an intermediary between the user of a
computer and the computer hardware. The purpose of an operating
system is to provide an environment in which a user can execute
programs in a convenient and efficient manner.

An operating system is software that manages the computer hard-
ware. The hardware must provide appropriate mechanisms to ensure the
correct operation of the computer system and 1o prevent user programs
from interfering with the proper operation of the system.

Internally, operating systems vary greatly in their makeup, since they
are organized along many different lines. The design of a new operating
system is a major task. It is important that the goals of the system be well
defined before the design begins. These goals form the basis for choices
among various algorithms and strategies.

Because an operating systemis large and complex, it must be created
piece by piece. Each of these pieces should be a well delineated portion
of the system, with carefully defined inputs, outputs, and functions.

12
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An operating system is a program that manages the computer hardware. It
also provides a basis for application programs and acts as an intermediary
between the computer user and the computer hardware. An amazing aspect
of operating systems is how varied they are in accomplishing these tasks.
Mainframe operating systems are designed primarily to optimize utilization
of hardware. Personal computer (PC) operating systems support complex
games, business applications, and everything in between. Operating systems
for handheld computers are designed to provide an environment in which a
user can easily interface with the computer to execute programs. Thus, some
operating systems are designed to be convenient, others to be efficient, and others
some combination of the two.

Before we can explore the details of computer system operation, we need
to know something about system structure. We begin by discussing the basic
functions of system startup, I/0, and storage. We also describe the basic
computer architecture that makes it possible to write a functional operating
system.

Because an operating system is large and complex, it must be created
piece by piece. Each of these pieces should be a well-delineated portion of the
system, with carefully defined inputs, outputs, and functions. In this chapter we
provide a general overview of the major components of an operating system.

CHAPTER OBJECTIVES

* To provide a grand tour of the major operating systems componerits.
» To provide coverage of basic computer system organization.,

What Operating Systems Do

We begin our discussion by looking at the operating system’s role in the
overall computer system. A computer system can be divided roughly into
four components: the hardware, the operating system, the application programs,
and the users (Figure 1.1).

13
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° operatmg system &
e
job 2
| j:ob 3 N
- job 4
512M

Figure 1.7 Memory layout for a multiprogramming system.

non-multiprogrammed system, the CPU would sit idle. In a multiprogrammed
system, the operating system simply switches to, and executes, another job.
When that job needs to wait, the CPU is switched to another job, and so on.
Eventually, the first job finishes waiting and gets the CPU back. As long as at
least one job needs to execute, the CPU is never idle.

This idea is common in other life situations. A lawyer does not work for
only one client at a time, for example. While one case is waiting to go to trial
or have papers typed, the lawyer can work on another case. If he has enough
clients, the lawyer will never be idle for lack of work. (Idle lawyers tend to
become politicians, so there is a certain social value in keeping lawyers busy.)

Multiprogrammed systems provide an environment in which the various
system resources (for example, CPU, memory, and peripheral devices) are
utilized effectively, but they do not provide for user interaction with the
computer system. Time sharing (or multitasking) is a logical extension of
multiprogramming. In time-sharing systems, the CPU executes multiple jobs
by switching among them, but the switches occur so frequently that the users
can interact with each program while it is running.

Time sharing requires an interactive (or hands-on) computer system,
which provides direct communication between the user and the system. The
user gives instructions to the operating system or to a program directly, using a
input device such as a keyboard or a mouse, and waits for immediate results on
an output device. Accordingly, the response time should be short—typically
less than one second.

A time-shared operating system allows many users to share the computer
simultaneously. Since each action or command in a time-shared system tends
tobe short, only a little CPU time is needed for each user. As the system switches -
rapidly from one user to the next, each user is given the impression that the
entire computer system is dedicated to his use, even though it is being shared
among many users.

A time-shared operating system uses CPU scheduling and multiprogram-
ming to provide each user with a small portion of a time-shared computer.
Each user has at least one separate program in memory. A program loaded into

14
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memory and executing is called a process. When a process executes, it typically
executes for only a short time before it either finishes or needs to perform 1/0.
I/0 may be interactive; that is, output goes to a display for the user, and input
comes from a user keyboard, mouse, or other device. Since interactive 1/0
typically runs at “people speeds,” it may take a long time to complete. Input,
for example, may be bounded by the user’s typing speed; seven characters per
second is fast for people but incredibly slow for computers. Rather than let
the CPU sit idle as this interactive input takes place, the operating system will
rapidly switch the CPU to the program of some other user.

Time-sharing and multiprogramming require several jobs to be kept
simultaneously in memory. Since in general main memory is too small to
accommodate all jobs, the jobs are kept initially on the disk in the job pool.
This pool consists of all processes residing on disk awaiting allocation of main
memory. If several jobs are ready to be brought into memory, and if there is
not enough room for all of them, then the system must choose among them.
Making this decision is job scheduling, which is discussed in Chapter 5. When
the operating system selects a job from the job pool, it loads that job into
memory for execution. Having several programs in memory at the same time
requires some form of memory management, which is covered in Chapters 8
and 9. In addition, if several jobs are ready to run at the same time, the system
must choose among them. Making this decision is CPU scheduling, which is
discussed in Chapter 5. Finally, running multiple jobs concurrently requires
that their ability to affect one another be limited in all phases of the operating
system, including process scheduling, disk storage, and memory management.
These considerations are discussed throughout the text.

In a time-sharing system, the operating system must ensure reasonable
response time, which is sometimes accomplished through swapping, where
processes are swapped in and out of main memory to the disk. A more common
method for achieving this goal is virtual memory, a technique that allows
the execution of a process that is not completely in memory (Chapter 9).
The main advantage of the virtual-memory scheme is that it enables users
to run programs that are larger than actual physical memory. Further, it
abstracts main memory into a large, uniformarray of storage, separating logical
memory as viewed by the user from physical memory. This arrangement frees
programmers from concern over memory-storage limitations.

Time-sharing systems must also provide a file system (Chapters 10 and 11).
The file system resides on a collection of disks; hence, disk management must
be provided (Chapter 12). Also, time-sharing systems provide a mechanism for
protecting resources from inappropriate use (Chapter 14). To ensure orderly
execution, the system must provide mechanisms for job synchronization and
communication (Chapter 6), and it may ensure that jobs do not get stuck in a
deadlock, forever waiting for one another (Chapter 7).

Operating-System Operations

As mentioned earlier, modern operating systems are interrupt driven. If there
are no processes to execute, no 1/0 devices to service, and no users to whom
to respond, an operating system will sit quietly, waiting for something to
happen. Events are almost always signaled by the occurrence of an interrupt

15
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with possibly disastrous results. Recent versions of the Intel CPU, such as the
Pentium, do provide dual-mode operation. Accordingly, most contemporary
operating systems, such as Microsoft Windows 2000 and Windows XP, and
Linux and Solaris for x86 systems, take advantage of this feature and provide
greater protection for the operating system.

Once hardware protection is in place, errors violating modes are detected
by the hardware. These errors are normally handled by the operating system.
If a user program fails in some way—such as by making an attempt either
to execute an illegal instruction or to access memory that is not in the user’s
address space——then the hardware will trap to the operating system. The trap
transfers control through the interrupt vector to the operating system, just as
an interrupt does. When a program error occurs, the operating system must
terminate the program abnormally. This situation is handled by the same code
as is a user-requested abnormal termination. An appropriate error message is
given, and the memory of the program may be dumped. The memory dump
is usually written to a file so that the user or programmer can examine it and
perhaps correct it and restart the program.

1.5.2 Timer

We must ensure that the operating system maintains control over the CPU.
We must prevent a user program from getting stuck in an infinite loop or not
calling system services and never returning control to the operating system.
To accomplish this goal, we can use a timer. A timer can be set to interrupt
the computer after a specified period. The period may be fixed (for example,
1/60 second) or variable (for example, from 1 millisecond to 1 second). A
variable timer is generally implemented by a fixed-rate clock and a counter.
The operating system sets the counter. Every time the clock ticks, the counter
is decremented. When the counter reaches 0, an interrupt occurs. For instance,
a 10-bit counter with a 1-millisecond clock allows interrupts at intervals from
1 millisecond to 1,024 milliseconds, in steps of 1 millisecond.

Before turning over control to the user, the operating system ensures
that the timer is set to interrupt. If the timer interrupts, control transfers
automatically to the operating system, which may treat the interrupt as a fatal
error or may give the program more time. Clearly, instructions that modify the
content of the timer are privileged.

Thus, we can use the timer to prevent a user program from running too
long. A simple technique is to initialize a counter with the amount of time thata
program is allowed to run. A program with a 7-minute time limit, for example,
would have its counter initialized to 420. Every second, the timer interrupts
and the counter is decremented by 1. As long as the counter is positive, control
is returned to the user program. When the counter becomes negative, the
operating system terminates the program for exceeding the assigned time
limit.

Process Management

A program does nothing unless its instructions are executed by a CPU. A
program in execution, as mentioned, is a process. A time-shared user program
such as a compiler is a process. A word-processing program being run by an

16
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individual user on a PC is a process. A system task, such as sending eutput
to a printer, can also be a process (or at least part of one). For now, you can
consider a process to be a job or a time-shared program, but later you will learn
that the concept is more general. As we shall see in Chapter 3, it is possible
to provide system calls that allow processes to create subprocesses to execute
concurrently.

A process needs certain resources—including CPU time, memory, files,
and 1/0 devices—to accomplish its task. These resources are either given to
the process when it is created or allocated to it while it is running. In addition
to the various physical and logical resources that a process obtains when it is
created, various initialization data (input) may be passed along. For example,
consider a process whose function is to display the status of a file on the screen
of a terminal. The process will be given as an input the name of the file and will
execute the appropriate instructions and system calls to obtain and display
on the terminal the desired information. When the process terminates, the
operating system will reclaim any reusable resources.

We emphasize that a program by itself is not a process; a program s a passive
entity, such as the contents of a file stored on disk, whereas a process is an active
entity. A single-threaded process has one program counter specifying the next
instruction to execute. (Threads will be covered in Chapter 4.) The execution
of such a process must be sequential. The CPU executes one instruction of the
process after another, until the process completes. Further, at any time, one
instruction at most is executed on behalf of the process. Thus, although two
processes may be associated with the same program, they are nevertheless
considered two separate execution sequences. A multithreaded process has
multiple program counters, each pointing to the next instruction to execute for
a given thread.

A process is the unit of work in a system. Such a system consists of a
collection of processes, some of which are operating-system processes (those
that execute system code) and the rest of which are user processes (those that
execute user code). All these processes can potentially execute concurrently —
by multiplexing the CPU among them on a single CPU, for example.

The operating system is responsible for the following activities in connec-
tion with process management:

» (reating and deleting both user and system processes

Suspending and resuming processes

Providing mechanisms for process synchronization

Providing mechanisms for process communication

]

Providing mechanisms for deadlock handling

We discuss process-management techniques in Chapters 3 through 6.
Memory Management

As we discussed in Section 1.2.2, the main memory is central to the operation
of a modern computer system. Main memory is a large array of words or bytes,
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systems have a system call to return the current time and date. Other system
calls may return information about the system, such as the number of current
users, the version number of the operating system, the amount of free memory
or disk space, and so on.

In addition, the operating system keeps information about all its processes,
and system calls are used to access this information. Generally, calls are
also used to reset the process information (get process attributes and
set process attributes). In Section 3.1.3, we discuss what information is
normally kept.

2.4.5 Communication

There are two common models of interprocess communication: the message-
passing model and the shared-memory model. In the message-passing model,
the communicating processes exchange messages with one another to transfer
information. Messages can be exchanged between the processes either directly
or indirectly through a common mailbox. Before communication can take
place, a connection must be opened. The name of the other communicator
must be known, be it another process on the same system or a process on
another computer connected by a communications network. Each computer
in a network has a host name by which it is commonly known. A host also
has a network identifier, such as an IP address. Similarly, each process has
a process name, and this name is translated into an identifier by which the
operating system can refer to the process. Theget hostidandget processid
system calls do this translation. The identifiers are then passed to the general-
purpose open and close calls provided by the file system or to specific
open connection and close connection system calls, depending on the
system’s model of communication. The recipient process usually must give its
permission for communication to take place with an accept connection call.
Most processes that will be receiving connections are special-purpose daermons,
which are systems programs provided for that purpose. They execute a wait
for connectioncalland areawakened whena connectionis made. The source
of the communication, known as the client, and the receiving daemon, known as
a server, then exchange messages by using read message and write message
system calls. The close connection call terminates the communication.

In the shared-memory model, processes use shared memory create and
shared memory attach system calls to create and gain access to regions of
memory owned by other processes. Recall that, normally, the operating system
tries to prevent one process from accessing another process’s memory. Shared
memory requires that two or more processes agree to remove this restriction.
They can then exchange information by reading and writing data in the shared
areas. The form of the data and the location are determined by the processes and
are not under the operating system’s control. The processes are also responsible
for ensuring that they are not writing to the same location simultaneously. Such
mechanisms are discussed in Chapter 6. In Chapter 4, we look at a variation of
the process scheme—threads—in which memory is shared by default.

Both of the models just discussed are common in operating systems,
and most systems implement both. Message passing is useful for exchanging
smaller amounts of data, because no conflicts need be avoided. Itis also easier to
implement than is shared memory for intercomputer communication. Shared
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memory allows maximum speed and convenience of communication, since it
can be done at memory speeds when it takes place within a computer. Problems
exist, however, in the areas of protection and synchronization between the
processes sharing memory.

System Programs

Another aspect of a modern system is the collection of system programs. Recall
Figure 1.1, which depicted the logical computer hierarchy. At the lowest level is
hardware. Next is the operating system, then the system programs, and finally
the application programs. System programs provide a convenient environment
for program development and execution. Some of them are simply user
interfaces to system calls; others are considerably more complex. They can
be divided into these categories:

¢ File management. These programs create, delete, copy, rename, print,
dump, list, and generally manipulate files and directories.

¢ Status information. Some programs simply ask the system for the date,
time, amount of available memory or disk space, number of users, or
similar status information. Others are more complex, providing detailed
performance, logging, and debugging information. Typically, these pro-
grams format and print the output to the terminal or other output devices
or files or display it in a window of the GUL Some systems also support a
registry, which is used to store and retrieve configuration information.

e File modification. Several text editors may be available to create and
modify the content of files stored on disk or other storage devices. There
may also be special commands to search contents of files or perform
transformations of the text.

e Programming-language support. Compilers, assemblers, debuggers and
interpreters for common programming languages (such as C, C++, Java,
Visual Basic, and PERL) are often provided to the user with the operating
system.

¢ Program loading and execution. Once a program is assembled or com-
piled, it must be loaded into memory to be executed. The system may
provide absolute loaders, relocatable loaders, linkage editors, and overlay
loaders. Debugging systems for either higher-level languages or machine
language are needed as well.

e Communications. These programs provide the mechanism for creating
virtual connections among processes, users, and computer systems. They
allow users to send messages to one another’s screens, to browse web
pages, to send electronic-mail messages, to log in remotely, or to transfer. .
files from one machine to another.

In addition to systems programs, most operating systems are supplied
with programs that are useful in solving common problems or performing
common operations. Such programs include web browsers, word processors
and text formatters, spreadsheets, database systems, compilers, plotting and
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application environments
- -and.common services -

kernel
environment

Figure 2.14 The Mac OS X structure.

Virtual Machines

The layered approach described in Section 2.7.2 is taken to its logical conclusion
in the concept of a virtual machine. The fundamental idea behind a virtual
machine is to abstract the hardware of a single computer (the CPU, memory,
disk drives, network interface cards, and so forth) into several different
execution environments, thereby creating the illusion that each separate
execution environment is running its own private computer.

By using CPU scheduling (Chapter 5) and virtual-memory techniques
(Chapter 9), an operating system can create the illusion that a process has
its own processor with its own (virtual) memory. Normally, a process has
additional features, such as system calls and a file system, that are not provided
by the bare hardware. The virtual-machine approach does not provide any such
additional functionality but rather provides an interface that is identical to the
underlying bare hardware. Each process is provided with a (virtual) copy of
the underlying computer (Figure 2.15).

There are several reasons for creating a virtual machine, all of which
are fundamentally related to being able to share the same hardware yet run
several different execution environments (that is, different operating systems)
concurrently. We will explore the advantages of virtual machines in more detail
in Section 2.8.2. Throughout much of this section, we discuss the VM operating
system for IBM systems, as it provides a useful working example; furthermore
IBM pioneered the work in this area.

A major difficulty with the virtual-machine approach involves disk sys-
tems. Suppose that the physical machine has three disk drives but wants to
support seven virtual machines. Clearly, it cannot allocate a disk drive to
each virtual machine, because the virtual-machine software itself will need
substantial disk space to provide virtual memory and spooling. The solution
is to provide virtual disks—termed minidisks in IBM’s VM operating system -
—that are identical in all respects except size. The system implements each
minidisk by allocating as many tracks on the physical disks as the minidisk
needs. Obviously, the sum of the sizes of all minidisks must be smaller than
the size of the physical disk space available.

Users thus are given their own virtual machines. They can then run any of
the operating systems or software packages that are available on the underlying
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Part Two

Process
Management

A process can be thought of as a program in execution. A process will
need certain resources—such as CPU time, memory, files, and I/0 devices
—to accomplish its task. These resources are allocated to the process
either when it is created or while it is executing.

A process is the unit of work in most systems. Systems consist of
a collection of processes: Operating-system processes execute system
code, and user processes execute user code. All these processes may
execute concurrently.

Although traditionally a process contained only a single thread of
control as it ran, most modern operating systems now support processes
that have multiple threads.

The operating system is responsible for the following activities in
connection with process and thread management: the creation and
deletion of both user and system processes, the scheduling of processes;
and the provision of mechanisms for synchronization, communication,
and deadlock handling for processes.

21



Processes

3.1

Early computer systems allowed only one program to be executed at a
time. This program had complete control of the system and had access to
all the system'’s resources. In contrast, current-day computer systems allow
multiple programs to be loaded into memory and executed concurrently.
This evolution required firmer control and more compartmentalization of the
various programs; and these needs resulted in the notion of a process, which is
a program in execution. A process is the unit of work in a modern time-sharing
system.

The more complex the operating system is, the more it is expected to do on
behalf of its users. Although its main concern is the execution of user programs,
it also needs to take care of various system tasks that are better left outside the
kernel itself. A system therefore consists of a collection of processes: operating-
system processes executing system code and user processes executing user
code. Potentially, all these processes can execute concurrently, with the CPU (or
CPuUs) multiplexed among them. By switching the CPU between processes, the
operating system can make the computer more productive.

CHAPTER OBJECTIVES

¢ To introduce the notion of a process — a program in execution, which forms
the basis of all computation.

» To describe the various features of processes, including scheduling,
creation and termination, and communication.

¢ To describe communication in client—server systems.

Process Concept

A question that arises in discussing operating systems involves what to call all
the CPU activities. A batch system executes jobs, whereas a time-shared system
has user programs, or tasks. Even on a single-user system such as Microsoft
Windows, a user may be able to run several programs at one time: a word
processor, a web browser, and an e-mail package. Even if the user can execute
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Chapter 3 Processes
Interprocess Communication #

Processes executing concurrently in the operating system may be either
independent processes or cooperating processes. A process is independent
if it cannot affect or be affected by the other processes executing in the system.
Any process that does not share data with any other process is independent. A
process is cooperating if it can affect or be affected by the other processes
executing in the system. Clearly, any process that shares data with other
processes is a cooperating process.

There are several reasons for providing an environment that allows process
cooperation:

e Information sharing. Since several users may be interested in the same
piece of information (for instance, a shared file), we must provide an
environment to allow concurrent access to such information.

e Computation speedup. If we want a particular task to run faster, we must
break it into subtasks, each of which will be executing in parallel with the
others. Notice that such a speedup can be achieved only if the computer
has multiple processing elements (such as CPUs or 1/0 channels).

¢ Modularity. We may want to construct the system in a modular fashion,
dividing the system functions into separate processes or threads, as we
discussed in Chapter 2.

® Convenience. Even an individual user may work on many tasks at the
same time. For instance, a user may be editing, printing, and compiling in
parallel.

Cooperating processes require an interprocess communication (IPC) mech-
anism that will allow them to exchange data and information. There are two
fundamental models of interprocess communication: (1) shared memory and
(2) message passing. In the shared-memory model, a region of memory that
is shared by cooperating processes is established. Processes can then exchange
information by reading and writing data to the shared region. In the message-
passing model, communication takes place by means of messages exchanged
between the cooperating processes. The two communications models are
contrasted in Figure 3.13.

Both of the models just discussed are common in operating systems, and
many systems implement both. Message passing is useful for exchanging
smaller amounts of data, because no conflicts need be avoided. Message
passing is also easier to implement than is shared memory for intercomputer
communication. Shared memory allows maximum speed and convenience of
communication, as it can be done at memory speeds when within a computer.
Shared memory is faster than message passing, as message-passing systems
are typically implemented using system calls and thus require the more time-
consuming task of kernel intervention. In contrast, in shared-memory systems,
system calls are required only to establish shared-memory regions. Once shared
memory is established, all accesses are treated as routine memory accesses, and
no assistance from the kernel is required. In the remainder of this section, we
explore each of these IPC models in more detail.
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CPY
Scheduling

5.1

CPU scheduling is the basis of multiprogrammed operating systems. By
switching the CPU among processes, the operating system can make the
computer more productive. In this chapter, we introduce basic CPU-scheduling
concepts and present several CPU-scheduling algorithms. We also consider the
problem of selecting an algorithm for a particular system.

In Chapter 4, we introduced threads to the process model. On operating
systems that support them, it is kernel-level threads—not processes—that are
in fact being scheduled by the operating system. However, the terms process
scheduling and thread scheduling are often used interchangeably. In this
chapter, we use process scheduling when discussing general scheduling concepts
and thread scheduling to refer to thread-specific ideas.

CHAPTER OBJECTIVES

* To introduce CPU scheduling, which is the basis for multiprogrammed
operating systems.

¢ To describe various CPU-scheduling algorithms,

» To discuss evaluation criteria for selecting a CPU-scheduling algorithm for
a particular system.

Basic Concepts

In a single-processor system, only one process can run at a time; any others
must wait until the CPU is free and can be rescheduled. The objective of
multiprogramming is to have some process running at all times, to maximize
CPU utilization. The idea is relatively simple. A process is executed until
it must wait, typically for the completion of some 1/0 request. In a simple
computer system, the CPU then just sits idle. All this waiting time is wasted;
no useful work is accomplished. With multiprogramming, we try to use this
time productively. Several processes are kept in memory at one time. When
one process has to wait, the operating system takes the CPU away from that
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2. When a process switches from the running state to the ready state {for
example, when an interrupt occurs)

3. When a process switches from the waiting state to the ready state (for
example, at completion of 1/0)

4. When a process terminates

For situations 1 and 4, there is no choice in terms of scheduling. A new process
(if one exists in the ready queue) must be selected for execution. There is a
choice, however, for situations 2 and 3.

When scheduling takes place only under circumstances 1 and 4, we say
that the scheduling scheme is nonpreemptive or cooperative; otherwise, it
is preemptive. Under nonpreemptive scheduling, once the CPU has been
allocated to a process, the process keeps the CPU until it releases the CPU either
by terminating or by switching to the waiting state. This scheduling method
was used by Microsoft Windows 3.x; Windows 95 introduced preemptive
scheduling, and all subsequent versions of Windows operating systems have
used preemptive scheduling. The Mac OS X operating system for the Macintosh
uses preemptive scheduling; previous versions of the Macintosh operating
system relied on cooperative scheduling. Cooperative scheduling is the only
method that can be used on certain hardware platforms, because it does not
require the special hardware (for example, a timer) needed for preemptive
scheduling.

Unfortunately, preemptive scheduling incurs a cost associated with access
to shared data. Consider the case of two processes that share data. While one
is updating the data, it is preempted so that the second process can run. The
second process then tries to read the data, which are in an inconsistent state. In
such situations, we need new mechanisms to coordinate access to shared data;
we discuss this topic in Chapter 6.

Preemption also affects the design of the operating-system kernel. During
the processing of a system call, the kernel may be busy with an activity on
behalf of a process. Such activities may involve changing important kernel
data (for instance, /0 queues). What happens if the process is preempted in
the middle of these changes and the kernel (or the device driver) needs to
read or modify the same structure? Chaos ensues. Certain operating systems,
including most versions of UNIX, deal with this problem by waiting either
for a system call to complete or for an 1/0 block to take place before doing a
context switch. This scheme ensures that the kernel structure is simple, since
the kernel will not preempt a process while the kernel data structures are in
an inconsistent state. Unfortunately, this kernel-execution model is a poor one
for supporting real-time computing and multiprocessing. These problems, and
their solutions, are described in Sections 5.4 and 19.5.

Because interrupts can, by definition, occur at any time, and because
they cannot always be ignored by the kernel, the sections of code affected
by interrupts must be guarded from simultaneous use. The operating system
needs to accept interrupts at almost all times; otherwise, input might be lost or
output overwritten. So that these sections of code are not accessed concurrently
by several processes, they disable interrupts at entry and reenable interrupts
at exit. It is important to note that sections of code that disable interrupts do
not occur very often and typically contain few instructions.
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5.1.4 Dispatcher »

Another component involved in the CPU-scheduling function is the dispatcher.
The dispatcher is the module that gives control of the CPU to the process selected
by the short-term scheduler. This function involves the following:

e Switching context
® Switching to user mode

® Jumping to the proper location in the user program to restart that program

The dispatcher should be as fast as possible, since it is invoked during every
process switch. The time it takes for the dispatcher to stop one process and
start another running is known as the dispatch latency.

Scheduling Criteria

Different CPU scheduling algorithms have different properties, and the choice
of a particular algorithm may favor one class of processes over another. In
choosing which algorithm to use in a particular situation, we must consider
the properties of the various algorithms.

Many criteria have been suggested for comparing CPU scheduling algo-
rithms. Which characteristics are used for comparison can make a substantial
difference in which algorithm is judged to be best. The criteria include the
following:

® CPU utilization. We want to keep the CPU as busy as possible. Concep-
tually, CPU utilization can range from 0 to 100 percent. In a real system, it
should range from 40 percent (for a lightly loaded system) to 90 percent
(for a heavily used system).

® Throughput. If the CPU is busy executing processes, then work is being
done. One measure of work is the number of processes that are completed
per time unit, called throughput. For long processes, this rate may be one
process per hour; for short transactions, it may be 10 processes per second.

® Turnaround time. From the point of view of a particular process, the
important criterion is how long it takes to execute that process. The interval
from the time of submission of a process to the time of completion is the
turnaround time. Turnaround time is the sum of the periods spent waiting
to get into memory, waiting in the ready queue, executing on the CPU, and
doing 1/0.

° Waiting time. The CPU scheduling algorithm does not affect the amount
of time during which a process executes or does 1/0; it affects only the-
amount of time that a process spends waiting in the ready queue. Waiting
time is the sum of the periods spent waiting in the ready queue.

® Response time. In an interactive system, turnaround time may not be
the best criterion. Often, a process can produce some output fairly early
and can continue computing new results while previous results are being
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