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Chapter One 

Introduction 

 

An operating system is a program that manages a computer’s 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 they vary 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 mobile computers 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 to be some combination of the two. 

 

 

 

Figure 1.1 Abstract view of the components of a computer system. 



 

Operating System’s Role in the Computer System 

A computer system can be divided roughly into four components (Figure 1.1):  

 The hardware: the central processing unit (CPU), the memory, and the input/output 

(I/O) devices—provide the basic computing resources for the system. 

 The operating system 

 The application programs : such as word processors, spreadsheets, compilers, and 

Web browsers—define the ways in which these resources are used to solve users’ 

computing problems. 

 The users. 

The operating system controls the hardware and coordinates its use among the various 

application programs for the various users.  

We can also view a computer system as consisting of hardware, software, and data. The 

operating system provides the means for proper use of these resources in the operation of 

the computer system. It simply provides an environment within which other programs can 

do useful work.  

To understand more fully the operating system’s role, we next explore operating systems 

from two view points: that of the user and that of the system. 

 User View 

The user’s view of the computer varies according to the interface being used.  

Most computer users sit in front of a PC, consisting of a monitor, keyboard, mouse, 

and system unit. Such a system is designed for one user to monopolize its resources. 

The goal is to maximize the work (or play) that the user is performing. In this case, 

the operating system is designed mostly for ease of use, with some attention paid to 

performance and none paid to resource utilization—how various hardware and 

software resources are shared. Performance is, of course, important to the user; but 

such systems are optimized for the single-user experience rather than the 

requirements of multiple users.  

In other cases, a user sits at a terminal connected to a mainframe or a 

minicomputer. Other users are accessing the same computer through other 

terminals. These users share resources and may exchange information. The 

operating system in such cases is designed to maximize resource utilization— to 

assure that all available CPU time, memory, and I/O are used efficiently and that no 

individual user takes more than her fair share.  

In still other cases, users sit at workstations connected to networks of other 

workstations and servers. These users have dedicated resources at their disposal, 

but they also share resources such as networking and servers, including file, 

compute, and print servers. Therefore, their operating system is designed to 



compromise between individual usability and resource utilization. Recently, many 

varieties of mobile computers, such as smart phones and tablets, have come into 

fashion. Most mobile computers are stand alone units for individual users. Quite 

often, they are connected to networks through cellular or other wireless 

technologies. Increasingly, these mobile devices are replacing desktop and laptop 

computers for people who are primarily interested in using computers for e-mail 

and web browsing. The user interface for mobile computers generally features a 

touch screen, where the user interacts with the system by pressing and swiping 

fingers across the screen rather than using a physical keyboard and mouse. Some 

computers have little or no user view. For example, embedded computers in home 

devices and automobiles may have numeric keypads and may turn indicator lights 

on or off to show status, but they and their operating systems are designed primarily 

to run without user intervention. 

 System View 

From the computer’s point of view, the operating system is the program most 

intimately involved with the hardware. In this context, we can view an operating 

system as a resource allocator. A computer system has many resources that may be 

required to solve a problem: CPU time, memory space, file-storage space, I/O 

devices, and so on. The operating system acts as the manager of these resources. 

Facing numerous and possibly conflicting requests for resources, the operating 

system must decide how to allocate them to specific programs and users so that it 

can operate the computer system efficiently and fairly. As we have seen, resource 

allocation is especially important where many users access the same mainframe or 

minicomputer. A slightly different view of an operating system emphasizes the need 

to control the various I/O devices and user programs. An operating system is a 

control program. A control program manages the execution of user programs to 

prevent errors and improper use of the computer. It is especially concerned with the 

operation and control of I/O devices. 

 

Computer-System Architecture 

A computer system can be organized in a number of different ways, which we can 

categorize roughly according to the number of general-purpose processors used. 

1- Single-Processor Systems 

Until recently, most computer systems used a single processor. On a single- 

processor system, there is one main CPU capable of executing a general-purpose 

instruction set, including instructions from user processes. Almost all single-

processor systems have other special-purpose processors as well. They may come in 

the form of device-specific processors, such as disk, keyboard, and graphics 

controllers; or, on mainframes, they may come in the form of more general-purpose 

processors, such as I/O processors that move data rapidly among the components of 



the system. All of these special-purpose processors run a limited instruction set and 

do not run user processes. Sometimes, they are managed by the operating system, 

in that the operating system sends them information about their next task and 

monitors their status. For example, a disk-controller microprocessor receives a 

sequence of requests from the main CPU and implements its own disk queue and 

scheduling algorithm. This arrangement relieves the main CPU of the overhead of 

disk scheduling. PCs contain a microprocessor in the keyboard to convert the 

keystrokes into codes to be sent to the CPU. In other systems or circumstances, 

special-purpose processors are low-level components built into the hardware. The 

operating system cannot communicate with these processors; they do their jobs 

autonomously. The use of special-purpose microprocessors is common and does not 

turn a single-processor system into a multiprocessor. If there is only one general-

purpose CPU, then the system is a single-processor system. 

 

2 Multiprocessor Systems 

Within the past several years, multiprocessor systems (also known as parallel 

systems or multicore systems) have begun to dominate the landscape of computing 

.Such  systems have two or more processors in close communication, sharing the 

computer bus and sometimes the clock, memory, and peripheral devices. 

Multiprocessor systems first appeared prominently appeared in servers and have 

since migrated to desktop and laptop systems. Recently, multiple processors have 

appeared on mobile devices such as smart phones and tablet computers. 

Multiprocessor systems have three main advantages: 

1. Increased throughput by increasing the number of processors, we expect to get 

more work done in less time. The speed-up ratio with N processors is not N, 

however; rather, it is less than N. When multiple processors cooperate on a task, a 

certain amount of overhead is incurred in keeping all the parts working correctly. 

This overhead, plus contention for shared resources, lowers the expected gain from 

additional processors. Similarly, N programmers working closely together do not 

produce N times the amount of work a single programmer would produce.  

2. Economy of scale. Multiprocessor systems can cost less than equivalent multiple 

single-processor systems, because they can share peripherals, mass storage, and 

power supplies. If several programs operate on the same set of data, it is cheaper to 

store those data on one disk and to have all the processors share them than to have 

many computers with local disks and many copies of the data.  

3. Increased reliability. If functions can be distributed properly among several 

processors, then the failure of one processor will not halt the system, only slow it 

down. If we have ten processors and one fails, then each of the remaining nine 

processors can pick up a share of the work of the failed processor. Thus, the entire 

system runs only 10 percent slower, rather than failing altogether. 



The multiple-processor systems in use today are of two types.  

 A symmetric multiprocessing, in which each processor is assigned a specific task. A 

boss processor controls the system; the other processors either look to the boss for 

instruction or have predefined tasks. This scheme defines a boss–worker 

relationship. The boss processor schedules and allocates work to the worker 

processors.  

 

 Symmetric multiprocessing: The most common systems use symmetric 

multiprocessing (SMP), in which each processor performs all tasks within the 

operating system. SMP means that all processors are peers; no boss–worker 

relationship exists between processors. Figure 1.2 illustrates a typical SMP 

architecture. Notice that each processor has its own set of registers, as well as a 

private—or local —cache. However, all processors share physical memory. The 

benefit of this model is that many processes can run simultaneously—N processes 

can run if there are N CPUs—without causing performance to deteriorate 

significantly. However, we must carefully control I/O to ensure that the data reach 

the appropriate processor. Also, since the CPUs are separate, one may be sitting idle 

while another is overloaded, resulting in inefficiencies. These inefficiencies can be 

avoided if the processors share certain data structures. A multiprocessor system of 

this form will allow processes and resources—such as memory— to be shared 

dynamically among the various processors and can lower the variance among the 

processors.  

 

Figure 1.2 Symmetric multiprocessing architecture 

 

3.  Clustered Systems 

Another type of multiprocessor system is a clustered system, which gathers together 

multiple CPUs. Clustered systems differ from the multiprocessor systems described 



in the previous Section in that they are composed of two or more individual 

systems—or nodes—joined together. Such systems are considered loosely coupled. 

Each node may be a single processor system or a multi-core system. The generally 

accepted definition is that clustered computers share storage and are closely linked 

via a local-area network LAN or a faster interconnect.  

Clustering is usually used to provide high-availability service—that is, service will 

continue even if one or more systems in the cluster fail. Generally, we obtain high 

availability by adding a level of redundancy in the system. A layer of cluster software 

runs on the cluster nodes. Each node can monitor one or more of the others (over 

the LAN). If the monitored machine fails, the monitoring machine can take 

ownership of its storage and restart the applications that were running on the failed 

machine. The users and clients of the applications see only a brief interruption of 

service.  

Clustering can be structured asymmetrically or symmetrically.  

 In asymmetric clustering, one machine is in hot-standby mode while the 

other is running the applications. The hot-standby host machine does 

nothing but monitor the active server. If that server fails, the hot-standby 

host becomes the active server.  

 In symmetric clustering, two or more hosts are running applications and are 

monitoring each other. This structure is obviously more efficient, as it uses 

all of the available hardware. However it does require that more than one 

application be available to run.  

 

Since a cluster consists of several computer systems connected via a network, 

clusters can also be used to provide high-performance computing environments. 

Such systems can supply significantly greater computational power than single-

processor or even SMP systems because they can run an application concurrently on 

all computers in the cluster. The application must have been written specifically to 

take advantage of the cluster, however. This involves a technique known as 

parallelization, which divides a program into separate components that run in 

parallel on individual computers in the cluster. Typically, these applications are 

designed so that once each computing node in the cluster has solved its portion of 

the problem, the results from all the nodes are combined into a final solution.  

 

Other forms of clusters include parallel clusters and clustering over a wide-area 

network (WAN). Parallel clusters allow multiple hosts to access the same data on 

shared storage. Because most operating system slack support for simultaneous data 

access by multiple hosts, parallel clusters usually require the use of special versions 

of software and special releases of applications. To provide this shared access, the 

system must also supply access control and locking to ensure that no conflicting 

operations occur. This function, commonly known as a distributed lock manager 

(DLM), is included in some cluster technology. 

 



 

 
 

Figure 1.3 General structure of a clustered system. 

 

 

Operating-System Structure 

An operating system provides the environment within which programs are executed. 

Internally, operating systems vary greatly in their makeup, since they are organized 

along many different lines. There are, however, many commonalities, which we 

consider in this section. One of the most important aspects of operating systems is 

the ability to multiprogram. A single program cannot, in general, keep either the 

CPU or the I/O devices busy at all times. Single users frequently have multiple 

programs running. Multiprogramming increases CPU utilization by organizing jobs 

(code and data) so that the CPU always has one to execute. The idea is as follows: 

The operating system keeps several jobs in memory simultaneously (Figure 1.4). 

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. The set of jobs in memory can be a 

subset of the jobs kept in the job pool. The operating system picks and begins to 

execute one of the jobs in memory. Eventually, the job may have to wait for some 

task, such as an I/O operation, to complete. In a 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 

switches 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.  

 

 



 
 

Figure 1.4 Memory layout for a multiprogramming system. 

 

 

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 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, mouse, touch pad, or touch screen, 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 to be 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 

multiprogramming 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 

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 I/O. I/O 

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 I/O 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 that  

 Several jobs be kept simultaneously in 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 involves job scheduling. 

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.  

 If several jobs are ready to run at the same time, the system must choose which job 

will run first. Making this decision is CPU scheduling.  

 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.  

 In a time-sharing system, the operating system must ensure reasonable response 

time.  

o This goal is sometimes accomplished through swapping, where by processes 

are swapped in and out of main memory to the disk.  

o A more common method for ensuring reasonable response time is virtual 

memory, a technique that allows the execution of a process that is not 

completely in memory. 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, uniform array of storage, separating 

logical memory as viewed by the user from physical memory. This arrangement 

frees programmers from concern over memory-storage limitations. 

 A time-sharing system must also provide a file system. The file system resides on a 

collection of disks; hence, disk management must be provided.  

 In addition, a time-sharing system provides a mechanism for protecting resources 

from inappropriate use.  

 To ensure orderly execution, the system must provide mechanisms for job 

synchronization and communication, and it may ensure that jobs do not get stuck in 

a deadlock, forever waiting for one another. 

 

 

 

Operating-System Operations 

 

As mentioned earlier, modern operating systems are interrupt driven. If 

there are no processes to execute, no I/O 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 or a trap. A trap 

(or an exception) is a software-generated interrupt caused either by an error (for 



example, division by zero or invalid memory access) or by a specific request from a 

user program that an operating-system service be performed. The interrupt-driven 

nature of an operating system defines that system’s general structure. For each type 

of interrupt, separate segments of code in the operating system determine what 

action should be taken. An interrupt service routine is provided to deal with the 

interrupt. Since the operating system and the users share the hardware and 

software resources of the computer system, we need to make sure that an error in a 

user program could cause problems only for the one program running. With sharing, 

many processes could be adversely affected by a bug in one program. For example, 

if a process gets stuck in an infinite loop, this loop could prevent the correct 

operation of many other processes. More subtle errors can occur in a 

multiprogramming system, where one erroneous program might modify another 

program, the data of another program, or even the operating system itself. Without 

protection against these sorts of errors, either the computer must execute only one 

process at a time or all output must be suspect. A properly designed operating 

system must ensure that an incorrect (or malicious) program cannot cause other 

programs to execute incorrectly. 

 

 

1- Dual-Mode and Multimode Operation 

In order to ensure the proper execution of the operating system, we must 

be able to distinguish between the execution of operating-system code and user-

defined code. The approach taken by most computer systems is to provide hardware 

support that allows us to differentiate among various modes of execution. 

 

 

 
 

Figure 1.5 Transition from user to kernel mode. 

 

 

 

 

 

 

 



At the very least, we need two separate modes of operation: user mode and kernel 

mode (also called supervisor mode, system mode, o privileged mode). A bit, called the mode 

bit, is added to the hardware of the computer to indicate the current mode: kernel (0) or 

user (1). With the mode bit, we can distinguish between a task that is executed on behalf of 

the operating system and one that is executed on behalf of the user. When the computer 

system is executing on behalf of a user application, the system is in user mode. However, 

when a user application requests a service from the operating system (via a system call), the 

system must transition from user to kernel mode to fulfill the request. This is shown in 

Figure 1.5.  

At system boot time, the hardware starts in kernel mode. The operating system is 

then loaded and starts user applications in user mode. Whenever a trap or interrupt occurs, 

the hard ware switches from user mode to kernel mode (that is, changes the state of the 

mode bit to 0). Thus, whenever the operating system gains control of the computer, it is in 

kernel mode. The system always switches to user mode (by setting the mode bit to 1) before 

passing control to a user program. The dual mode of operation provides us with the means 

for protecting the operating system from errant users—and errant users from one another. 

 We accomplish this protection by designating some of the machine instructions that 

may cause harm as privileged instructions. The hardware allows privileged instructions to be 

executed only in kernel mode. If an attempt is made to execute a privileged instruction in 

user mode, the hardware does not execute the instruction but rather treats it as illegal and 

traps it to the operating system. The instruction to switch to kernel mode is an example of a 

privileged instruction. Some other examples include I/O control, timer management, and 

interrupt management. As we shall see throughout the text, there are many additional 

privileged instructions. The concept of modes can be extended beyond two modes (in which 

case the CPU uses more than one bit to set and test the mode).  

 

Process Management 

A program does nothing unless its instructions are executed by a CPU. A program in 

execution, as mentioned, is a process. A process needs certain resources—including CPU 

time, memory, files, and I/O 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. 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 is a passive entity, like 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. 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. A system consists of a collection of processes, some 

of which are operating-system processes and the rest of which are user processes. All these 



processes can potentially execute concurrently—by multiplexing on a single CPU, for 

example. The operating system is responsible for the following activities in connection with 

process management: 

 

• Scheduling processes and threads on the CPUs  

• Creating and deleting both user and system processes  

• Suspending and resuming processes  

• Providing mechanisms for process synchronization  

• Providing mechanisms for process communication 

 

Memory Management 

The main memory is central to the operation of a modern computer system. Main memory 

is a large array of bytes, ranging in size from hundreds of thousands to billions. Each byte has 

its own address. Main memory is a repository of quickly accessible data shared by the CPU 

and I/O devices. The central process or reads instructions from main memory during the 

instruction-fetch cycle and both reads and writes data from main memory during the data-

fetch cycle (on a von Neumann architecture). As noted earlier, the main memory is generally 

the only large storage device that the CPU is able to address and access directly. For a 

program to be executed, it must be mapped to absolute addresses and loaded into memory. 

As the program executes, it accesses program instructions and data from memory by 

generating these absolute addresses. Eventually, the program terminates, its memory space 

is declared available, and the next program can be loaded and executed. To improve both 

the utilization of the CPU and the speed of the computer’s response to its users, general-

purpose computers must keep several programs in memory, creating a need for memory 

management. Many different memory management schemes are used. These schemes 

reflect various approaches, and the effectiveness of any given algorithm depends on the 

situation. In selecting a memory-management scheme for a specific system, we must take 

into account many factors—especially the hardware design of the system. Each algorithm 

requires its own hardware support. The operating system is responsible for the following 

activities in connection with memory management: 

• Keeping track of which  parts of memory are currently being used and who is using 

them  

• Deciding which processes (or parts of processes) and data to move into and out of 

memory  

• Allocating and deallocating memory space as needed. 

 

Storage Management 

To make the computer system convenient for users, the operating system provides a 

uniform, logical view of information storage. The operating system abstracts from the 

physical properties of its storage devices to define a logical storage unit, the file. The 

operating system maps files onto physical media and accesses these files via the storage 

devices. 



1. File-System Management 

File management is one of the most visible components of an operating system. 

Computers can store information on several different types of physical media. Magnetic 

disk, optical disk, and magnetic tape are the most common. Each of these media has its 

own characteristics and physical organization. Each medium is controlled by a device, 

such as a disk drive or tape drive, that also has its own unique characteristics. These 

properties include access speed, capacity, data-transfer rate, and access method 

(sequential or random). 

 The operating system implements the abstract concept of a file by managing mass 

storage media. In addition, files are normally organized into directories to make them 

easier to use. Finally, when multiple users have access to files, it may be desirable to 

control which user may access a file and how that user may access it (for example, read, 

write, append). The operating system is responsible for the following activities in 

connection with file management: 

 Creating and deleting files. 

 Creating and deleting directories to organize files. 

 Supporting primitives for manipulating files and directories  

 Mapping files onto secondary storage  

 Backing up files on stable (nonvolatile) storage media 

 

 

2 Mass-Storage Management 

As we have already seen, because main memory is too small to accommodate all data and 

programs, and because the data that it holds are lost when power is lost, the computer 

system must provide secondary storage to back up main memory. Most modern computer 

systems use disks as the principal on-line storage medium for both programs and data. Most 

programs—including compilers, assemblers, word processors, editors, and formatters—are 

stored on a disk until loaded into memory. They then use the disk as both the source and 

destination of their processing. Hence, the proper management of disk storage is of central 

importance to a computer system. The operating system is responsible for the following 

activities in connection with disk management: 

• Free-space management  

• Storage allocation 

 • Disk scheduling 

Because secondary storage is used frequently, it must be used efficiently. The entire speed 

of operation of a computer may hinge on the speeds of the disk subsystem and the 

algorithms that manipulate that subsystem. There are, however, many uses for storage that 

is slower and lower in cost (and sometimes of higher capacity) than secondary storage. 

Backups of disk data, storage of seldom-used data, and long-term archival storage are some 



examples. Magnetic tape drives and their tapes and CD and DVD drives and platters are 

typical tertiary storage devices. The media (tapes and optical platters) vary between WORM 

(write-once, read-many-times) and RW (read– write) formats. Tertiary storage is not crucial 

to system performance, but it still must be managed. Some operating systems take on this 

task, while others leave tertiary-storage management to application programs.  

2. Caching 

 

Caching is an important principle of computer systems. Information is normally kept in some 

storage system (such as main memory). As it is used, it is copied into a faster storage 

system—the cache—on a temporary basis. When we need a particular piece of information, 

we first check whether it is in the cache. If it is, we use the information directly from the 

cache. If it is not, we use the information from the source, putting a copy in the cache under 

the assumption that we will need it again soon. In addition, internal programmable registers, 

such as index registers, provide a high-speed cache for main memory. The programmer (or 

compiler) implements the register-allocation and register-replacement algorithms to decide 

which information to keep in registers and which to keep in main memory. Other caches are 

implemented totally in hardware. For instance, most systems have an instruction cache to 

hold the instructions expected to be executed next. Without this cache, the CPU would have 

to wait several cycles while an instruction was fetched from main memory. For similar 

reasons, most systems have one or more high-speed data caches in the memory hierarchy.  

 

I/O Systems 

One of the purposes of an operating system is to hide the peculiarities of specific hardware 

devices from the user. For example, in UNIX, the peculiarities of I/O devices are hidden from 

the bulk of the operating system itself by the I/O subsystem. The I/O subsystem consists of 

several components: 

• A memory-management component that includes buffering, caching, and spooling  

• A general device-driver interface  

• Drivers for specific hardware devices 

Only the device driver knows the peculiarities of the specific device to which it is assigned.  
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Chapter Two 

 

Operating- System Structures 

An operating system provides the environment within which programs are executed. 

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. 

 

Operating-System Services 

An operating system provides an environment for the execution of programs. It 

provides certain services to programs and to the users of those programs. The specific 

services provided, of course, differ from one operating system to another, but we can 

identify common classes. These operating system services are provided for the 

convenience of the programmer, to make the programming task easier. Figure 2.1 

shows one view of the various operating-system services and how they interrelate. 

One set of operating system services provides functions that are helpful to the user. 

 

 

Figure 2.1 A view of operating system services. 

• User interface. Almost all operating systems have a user interface (UI). This 

interface can take several forms. One is a command-line interface (CLI), which uses 

text commands and a method for entering them (say, a keyboard for typing in 



commands in a specific format with specific options). Another is a batch interface, in 

which commands and directives to control those commands are entered into files, and 

those files are executed. Most commonly, a graphical user interface (GUI) is used. 

Here, the interface is a window system with a pointing device to direct I/O, choose 

from menus, and make selections and a keyboard to enter text. Some systems provide 

two or all three of these variations.  

• Program execution. The system must be able to load a program into memory and to 

run that program. The program must be able to end its execution, either normally or 

abnormally (indicating error).  

• I/O operations. A running program may require I/O, which may involve a file or an 

I/O device. For specific devices, special functions may be desired (such as recording 

to a CD or DVD drive or blanking a display screen). For efficiency and protection, 

users usually cannot control I/O devices directly. Therefore, the operating system 

must provide a means to do I/O.  

• File-system manipulation. The file system is of particular interest. Obviously, 

programs need to read and write files and directories. They also need to create and 

delete them by name, search for a given file, and list file information. Finally, some 

operating systems include permissions management to allow or deny access to files or 

directories based on file ownership. Many operating systems provide a variety of file 

systems, sometimes to allow personal choice and sometimes to provide specific 

features or performance characteristics.  

• Communications. There are many circumstances in which one process needs to 

exchange information with another process. Such communication may occur between 

processes that are executing on the same computer or between processes that are 

executing on different computer systems tied together by a computer network. 

Communications may be implemented via shared memory, in which two or more 

processes read and write to a shared section of memory, or message passing, in which 

packets of information in predefined formats are moved between processes by the 

operating system.  

• Error detection. The operating system needs to be detecting and correcting errors 

constantly. Errors may occur in the CPU and memory hardware (such as a memory 

error or a power failure), in I/O devices (such as a parity error on disk, a connection 

failure on a network, or lack of paper in the printer), and in the user program (such as 

an arithmetic overflow, an attempt to access an illegal memory location, or a too-great 

use of CPU time). For each type of error, the operating system should take the 

appropriate action to ensure correct and consistent computing. Sometimes, it has no 

choice but to halt the system. At other times, it might terminate an error-causing 

process or return an error code to a process for the process to detect and possibly 

correct. 



Another set of operating system functions exists not for helping the user but rather for 

ensuring the efficient operation of the system itself. Systems with multiple users can 

gain efficiency by sharing the computer resources among the users. 

• Resource allocation. When there are multiple users or multiple jobs running at the 

same time, resources must be allocated to each of them. The operating system 

manages many different types of resources. Some (such as CPU cycles, main 

memory, and file storage) may have special allocation code, whereas others (such as 

I/O devices) may have much more general request and release code. For instance, in 

determining how best to use the CPU, operating systems have CPU-scheduling 

routines that take into account the speed of the CPU, the jobs that must be executed, 

the number of registers available, and other factors. There may also be routines to 

allocate printers, USB storage drives, and other peripheral devices.  

• Accounting. We want to keep track of which users use how much and what kinds of 

computer resources. This record keeping may be used for accounting (so that users 

can be billed) or simply for accumulating usage statistics. Usage statistics may be a 

valuable tool for researchers who wish to reconfigure the system to improve 

computing services.  

• Protection and security. The   networked computer system may want to control use 

of that information. When several separate processes execute concurrently, it should 

not be possible for one process to interfere with the others or with the operating 

system itself. Protection involves ensuring that all access to system resources is 

controlled. Security of the system from outsiders is also important. Such security 

starts with requiring each user to authenticate himself or herself to the system, usually 

by means of a password, to gain access to system resources. It extends to defending 

external I/O devices, including network adapters, from in valid access attempts and to 

recording all such connections for detection of break-ins. If a system is to be protected 

and secure, precautions must be instituted throughout it. A chain is only as strong as 

its weakest link. 

 

User and Operating-System Interface 

We mentioned earlier that there are several ways for users to interface with the 

operating system. Here, we discuss two fundamental approaches. One provides a 

command-line interface, or command interpreter, that allows users to directly enter 

commands to be performed by the operating system. The other allows users to 

interface with the operating system via a graphical user interface, or GUI. 

1.  Command Interpreters 

Some operating systems include the command interpreter in the kernel. Others, such 

as Windows and UNIX, treat the command interpreter as a special program that is 

running when a job is initiated or when a user first logs on (on interactive systems). 



On systems with multiple command interpreters to choose from, the interpreters are 

known as shells. Most shells provide similar functionality, and a user’s choice of 

which shell to use is generally based on personal preference.  

2 Graphical User Interfaces 

A second strategy for interfacing with the operating system is through a user- friendly 

graphical user interface, or GUI. Here, rather than entering commands directly via a 

command-line interface, users employ a mouse-based window- and-menu system 

characterized by a desktop metaphor. The user moves the mouse to position its pointer 

on images, or icons, on the screen (the desktop) that represent programs, files, 

directories, and system functions. Depending on the mouse pointer’s location, 

clicking a button on the mouse can invoke a program, select a file or directory—

known as a folder—or pull down a menu that contains commands.  

Because a mouse is impractical for most mobile systems, smart phones and handheld 

tablet computers typically use a touch screen interface. Here, users interact by making 

gestures on the touch screen—for example, pressing and swiping fingers across the 

screen. 

 

System Calls 

System calls provide an interface to the services made available by an operating 

system. These calls are generally available as routines written in C and C++, although 

certain low-level tasks (for example, tasks where hardware must be accessed directly) 

may have to be written using assembly-language instructions. Before we discuss how 

an operating system makes system calls available, let’s first use an example to 

illustrate how system calls are used: writing a simple program to read data from one 

files and copy them to another files. The first input that the program will need is the 

names of the two files: the input file and the output file. These names can be specified 

in many ways, depending on the operating-system design. One approach is for the 

program to ask the user for the names. In an interactive system, this approach will 

require a sequence of system calls, first to write a prompting message on the screen 

and then to read from the keyboard the characters that define the two files. On mouse-

based and icon-based systems, a menu of file names is usually displayed in a window. 

The user can then use the mouse to select the source name, and a window can be 

opened for the destination name to be specified. This sequence requires many I/O 

system calls. Once the two file names have been obtained, the program must open the 

input file and create the output file. Each of these operations requires another system 

call. Possible error conditions for each operation can require additional system calls. 

When the program tries to open the input file, for example, it may find that there is no 

file of that name or that the file is protected against access. In these cases, the program 

should print a message on the console (another sequence of system calls)and then 

terminate abnormally (another system call). If the input file exists, then we must 



create a new output file. We may find that there is already an output file with the same 

name. This situation may cause the program to abort (a system call), or we may delete 

the existing file (another system call) and create a new one (yet another system call). 

Another option, in an interactive system, is to ask the user (via a sequence of system 

calls to output the prompting message and to read the response from the terminal) 

whether to replace the existing file or to abort the program. When both files are set up, 

we enter a loop that reads from the input file (a system call) and writes to the output 

file (another system call). Each read and write must return status information 

regarding various possible error conditions. On input, the program may find that the 

end of the file has been reached or that there was a hardware failure in the read (such 

as a parity error). The write operation may encounter various errors, depending on the 

output device (for example, no more disk space). Finally, after the entire file is 

copied, the program may close both files (another system call), write a message to the 

console or window (more system calls), and finally terminate normally (the final 

system call). This system-call sequence is shown in Figure 2.2. 

 

Figure 2.2 Example of how system calls are used. 

 

System calls occur in different ways, depending on the computer in use. Often, more 

information is required than simply the identity of the desired system call. The exact 

type and amount of information vary according to the particular operating system and 



call. For example, to get input, we may need to specify the file or device to use as the 

source, as well as the address and length of the memory buffer into which the input 

should be read. Of course, the device or file and length may be implicit in the call. 

Three general methods are used to pass parameters to the operating system. The 

simplest approach is to pass the parameters in registers. In some cases, however, there 

may be more parameters than registers. In these cases, the parameters are generally 

stored in a block, or table, in memory, and the address of the block is passed as a 

parameter in a register. Parameters also can be placed, or pushed, onto the stack by 

the program and popped off the stack by the operating system. Some operating 

systems prefer the block or stack method because those approaches do not limit the 

number or length of parameters being passed. 

 

Types of System Calls 

System calls can be grouped roughly into six major categories: process control, file 

manipulation, device manipulation, information maintenance, communications, and 

protection. Most of these system calls support, or are supported by, concepts and 

functions that are discussed in later chapters. 

 

• Process control  

◦ end, abort  

◦ load, execute  

◦ create process, terminate process  

◦ get process attributes, set process attributes  

◦ wait for time ◦ wait event, signal event  

◦ allocate and free memory  

• File management  

◦ create file, delete file  

◦ open, close  

◦ read, write, reposition  

◦ get file attributes, set file attributes  

• Device management  

◦ request device, release device  



◦ read, write, reposition  

◦ get device attributes, set device attributes  

◦ logically attach or detach devices  

• Information maintenance  

◦ get time or date, set time or date  

◦ get system data, set system data 

 ◦ get process, file, or device attributes  

◦ set process, file, or device attributes  

• Communications  

◦ create, delete communication connection  

◦ send, receive messages  

◦ transfer status information  

◦ attach or detach remote devices 

• protection 

 

System Programs 

Another aspect of a modern system is its collection of system programs. Recall 

Figure1.1,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, also known as system utilities, 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 GUI. Some systems also 

support a registry, which is used to store and retrieve configuration information.  



• 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.  

• Programming-language support. Compilers, assemblers, debuggers, and interpreters 

for common programming languages (such as C, C++, Java, and PERL) are often 

provided with the operating system or available as a separate download.  

• Program loading and execution. Once a program is assembled or compiled, 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. 

 • 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 e-mail messages, to 

log in remotely, or to transfer files from one machine to another.  

• Background services. All general-purpose systems have methods for launching 

certain system-program processes at boot time. Some of these processes terminate 

after completing their tasks, while others continue to run until the system is halted. 

Constantly running system-program processes are known as services, subsystems, or 

daemons. 

 

Along with system programs, most operating systems are supplied with programs that 

are useful in solving common problems or performing common operations. Such 

application programs include Web browsers, word processors and text formatters, 

spreadsheets, database systems, compilers, plotting and statistical-analysis packages, 

and games. 
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Chapter three 

Process 

 

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, a user may be able to run several 

programs at one time: a word processor, a Web browser, and an e-mail package. And 

even if a user can execute only one program at a time, such as on an embedded device 

that does not support multitasking, the operating system may need to support its own 

internal programmed activities, such as memory management. In many respects, all 

these activities are similar, so we call all of them processes.  

 

The Process 

Informally, as mentioned earlier, a process is a program in execution. A process is 

more than the program code, which is sometimes known as the text section. It also 

includes the current activity, as represented by the value of the program counter and 

the contents of the processor’s registers. A process generally also includes the process 

stack, which contains temporary data (such as function parameters, return addresses, 

and local variables), and a data section, which contains global variables. A process 

may also include a heap, which is memory that is dynamically allocated during 

process runtime. The structure of a process in memory is shown in Figure 3.1. We 

emphasize that a program by itself is not a process. A program is a passive entity, 

such as a file containing a list of instructions stored on disk (often called an 

executable file). In contrast, a process is an active entity, with a program counter 

specifying the next instruction to execute and a set of associated resources. A program 

becomes a process when an executable file is loaded into memory.  

 

Figure 3.1 Process in memory. 



 

 

Process State 

As a process executes, it changes state. The state of a process is defined in part by the 

current activity of that process. A process may be in one of the following states: 

• New: The process is being created.  

• Running: Instructions are being executed.  

• Waiting: The process is waiting for some event to occur (such as an I/O completion 

or reception of a signal).  

• Ready: The process is waiting to be assigned to a processor.  

• Terminated: The process has finished execution. 

The state diagram corresponding to these states is presented in Figure 3.2. 

 

 

Figure 3.2 Diagram of process state 

 

Process Control Block 

Each process is represented in the operating system by a process control block 

(PCB)—also called a task control block. A PCB is shown in Figure3.3.Itcontains 

many pieces of information associated with a specific process, including these: 

• Process state: The state may be new, ready, running, waiting, halted, and so on.  

• Program counter: The counter indicates the address of the next instruction to be 

executed for this process.  

• CPU registers. The registers vary in number and type, depending on the computer 

architecture. They include accumulators, index registers, stack pointers, and general-

purpose registers, plus any condition-code information. Along with the program 



counter, this state information must be saved when an interrupt occurs, to allow the 

process to be continued correctly afterward (Figure 3.4).  

• CPU-scheduling information: This information includes a process priority, pointers 

to scheduling queues, and any other scheduling parameters.  

• Memory-management information: This information may include such items as the 

value of the base and limit registers and the page tables, or the segment tables, 

depending on the memory system used by the operating system. 

• Accounting information: This information includes the amount of CPU and real time 

used, time limits, account numbers, job or process numbers, and so on.  

• I/O status information: This information includes the list of I/O devices allocated to 

the process, a list of open files, and so on. 

 

 

Figure 3.3 Process control block (PCB) 

 

Threads 

The process model discussed so far has implied that a process is a program that 

performs a single thread of execution. For example, when a process is running a 

word-processor program, a single thread of instructions is being executed. This single 

thread of control allows the process to perform only one task at a time. The user 

cannot simultaneously type in characters and run the spell checker within the same 

process, for example .Most modern operating systems have extended the process 

concept to allow a process to have multiple threads of execution and thus to perform 

more than one task at a time. This feature is especially beneficial on multicore 

systems, where multiple threads can run in parallel. On a system that supports threads, 

the PCB is expanded to include information for each thread. Other changes 

throughout the system are also needed to support threads. 

 

Process Scheduling 



The objective of multiprogramming is to have some process running at all times, to 

maximize CPU utilization. The objective of time sharing is to switch the CPU among 

processes so frequently that users can interact with each program while it is running. 

To meet these objectives, the process scheduler selects an available process (possibly 

from a set of several available processes) for program execution on the CPU. For a 

single-processor system, there will never be more than one running process. If there 

are more processes, the rest will have to wait until the CPU is free and can be 

rescheduled. 

Scheduling Queues 

As processes enter the system, they are put into a job queue, which consists of all 

processes in the system. The processes that are residing in main memory and are 

ready and waiting to execute are kept on a list called the ready queue. This queue is 

generally stored as a linked list. A ready-queue header contains pointers to the first 

and final PCBs in the list. Each PCB includes a pointer field that points to the next 

PCB in the ready queue. The system also includes other queues. When a process is 

allocated the CPU, it executes for a while and eventually quits, is interrupted, or waits 

for the occurrence of a particular event, such as the completion of an I/O request. 

Suppose the process makes an I/O request to a shared device, such as a disk. Since 

there are many processes in the system, the disk may be busy with the I/O request of 

some other process. The process therefore may have to wait for the disk. The list of 

processes waiting for a particular I/O device is called a device queue. Each device has 

its own device queue (Figure 3.5). 

 

 

Figure 3.5 The ready queue and various I/O device queues. 

 

A common representation of process scheduling is a queuing diagram, such as that in 

Figure 3.6. Each rectangular box represents a queue. Two types of queues are present: 

the ready queue and a set of device queues. The circles represent the resources that 

serve the queues, and the arrows indicate the flow of processes in the system. A new 



process is initially put in the ready queue. It waits there until it is selected for 

execution, or dispatched. Once the process is allocated the CPU and is executing, one 

of several events could occur: 

• The process could issue an I/O request and then be placed in an I/O queue.  

• The process could create a new child process and wait for the child’s termination.  

• The process could be removed forcibly from the CPU, as a result of an interrupt, and 

be put back in the ready queue. 

In the first two cases, the process eventually switches from the waiting state to the 

ready state and is then put back in the ready queue. A process continues this cycle 

until it terminates, at which time it is removed from all queues and has its PCB and 

resources deallocated. 

 

Figure 3.6 Queuing-diagram representation of process scheduling. 

 

Schedulers 

A process migrates among the various scheduling queues throughout its lifetime. The 

operating system must select, for scheduling purposes, processes from these queues in 

some fashion. The selection process is carried out by the appropriate scheduler. Often, 

in a batch system, more processes are submitted than can be executed immediately. 

These processes are spooled to a mass-storage device (typically a disk), where they 

are kept for later execution.  

The long-term scheduler, or job scheduler, selects processes from process pool and 

loads them into memory for execution.  

The short-term scheduler, or CPU scheduler, selects from among the processes 

that are ready to execute and allocates the CPU to one of them.  



The primary distinction between these two schedulers lies in frequency of execution. 

The short-term scheduler must select a new process for the CPU frequently. A process 

may execute for only a few milliseconds before waiting for an I/O request. Often, the 

short-term scheduler executes at least once every 100 milliseconds. Because of the 

short time between executions, the short-term scheduler must be fast. If it takes 10 

milliseconds to decide to execute a process for 100 milliseconds, then 10/(100 + 10) = 

9 percent of the CPU is being used (wasted) simply for scheduling the work. The 

long-term scheduler executes much less frequently; minutes may sep- arate the 

creation of one new process and the next. The long-term scheduler controls the degree 

of multiprogramming (the number of processes in memory). If the degree of 

multiprogramming is stable, then the average rate of process creation must be equal to 

the average departure rate of processes leaving the system. Thus, the long-term 

scheduler may need to be invoked only when a process leaves the system. Because of 

the longer interval between executions, the long-term scheduler can afford to take 

more time to decide which process should be selected for execution. It is important 

that the long-term scheduler make a careful selection. In general, most processes can 

be described as either I/O bound or CPU bound. An I/O-bound process is one that 

spends more of its time doing I/O than it spends doing computations. A CPU-bound 

process, in contrast, generates I/O requests infrequently, using more of its time doing 

computations. It is important that the long-term scheduler select a good process mix 

of I/O-bound and CPU-bound processes. If all processes are I/O bound, the ready 

queue will almost always be empty, and the short-term scheduler will have little to do. 

If all processes are CPU bound, the I/O waiting queue will almost always be empty, 

devices will go unused, and again the system will be unbalanced. The system with the 

best performance will thus have a combination of CPU-bound and I/O-bound 

processes.  

Some operating systems, such as time-sharing systems, may introduce an additional, 

intermediate level of scheduling. 

 Medium-term scheduler. The key idea behind a medium-term scheduler is that 

sometimes it can be advantageous to remove a process from memory (and from active 

contention for the CPU) and thus reduce the degree of multiprogramming. Later, the 

process can be reintroduced into memory, and its execution can be continued where it 

left off. This scheme is called swapping. The process is swapped out, and is later 

swapped in, by the medium-term scheduler. Swapping may be necessary to improve 

the process mix or because a change in memory requirements has overcommitted 

available memory, requiring memory to be freed up. Medium term scheduler is 

diagrammed in Figure 3.7 



 

Figure 3.7 Addition of medium-term scheduling to the queuing diagram. 

 

 

Context Switch 

Interrupts cause the operating system to change a CPU from its current task and to run 

a kernel routine. Such operations happen frequently on general-purpose systems. 

When an interrupt occurs, the system needs to save the current context of the process 

running on the CPU so that it can restore that context when its processing is done, 

essentially suspending the process and then resuming it. The context is represented in 

the PCB of the process. It includes the value of the CPU registers, the process state, 

and memory-management information. Generically, we perform a state save of the 

current state of the CPU, be it in kernel or user mode, and then a state restore to 

resume operations. Switching the CPU to another process requires performing a state 

save of the current process and a state restore of a different process. This task is 

known as a context switch. When a context switch occurs, the kernel saves the context 

of the old process in its PCB and loads the saved context of the new process 

scheduled to run. Context-switch time is pure overhead, because the system does no 

useful work while switching. Switching speed varies from machine to machine, 

depending on the memory speed, the number of registers that must be copied, and the 

existence of special instructions (such as a single instruction to load or store all 

registers). A typical speed is a few milliseconds. Context-switch times are highly 

dependent on hardware support. For instance, some processors provide multiple sets 

of registers.  
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Chapter Four 

CPU Scheduling 

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 a single-processor system, 

only one process can run at a time. 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 I/O 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 process and gives the CPU to another process. This pattern continues. 

Every time one process has to wait, another process can take over use of the CPU. Scheduling of this kind 

is a fundamental operating-system function. Almost all computer resources are scheduled before use. The 

CPU is, of course, one of the primary computer resources. Thus, its scheduling is central to operating-

system design. 

 

 

Figure 4.1 Alternating sequence of CPU and I/O bursts. 

 

 

CPU–I/O Burst Cycle 

The success of CPU scheduling depends on an observed property of processes: process execution consists 

of a cycle of CPU execution and I/O wait. Processes alternate between these two states. Process execution 



begins with a CPU burst. That is followed by an I/O burst, which is followed by another CPU burst, then 

another I/O burst, and soon. Eventually, the final CPU burst ends with a system request to terminate 

execution (Figure 6.1). The durations of CPU bursts have been measured extensively. An I/O-bound 

process typically has many short CPU bursts. A CPU-bound program might have a few long CPU bursts. 

This distribution can be important in the selection of an appropriate CPU-scheduling algorithm. 

 

CPU Scheduler 

Whenever the CPU becomes idle, the operating system must select one of the processes in the ready 

queue to be executed. The selection process is carried out by the short-term scheduler, or CPU scheduler. 

The scheduler selects a process from the processes in memory that are ready to execute and allocates the 

CPU to that process. Note that the ready queue is not necessarily a first-in, first-out (FIFO) queue.  

 

Preemptive Scheduling 

CPU-scheduling decisions may take place under the following four circumstances: 

1. When a process switches from the running state to the waiting state (for example, as the result of 

an I/O request or an invocation of wait() for the termination of a child process). 

 

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 

I/O)  

 

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. 

 

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: 



• 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 algorithms. 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. Conceptually, 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 loaded 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 ten 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 I/O.  

• Waiting time. The CPU-scheduling algorithm does not affect the amount of time during which a 

process executes or does I/O. 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 output to the user. Thus, another measure is the time from the submission of a 

request until the first response is produced. This measure, called response time, is the time it takes to 

start responding, not the time it takes to output the response. The turnaround time is generally limited 

by the speed of the output device. 

It is desirable to maximize CPU utilization and throughput and to minimize turnaround time, waiting 

time, and response time. In most cases, we optimize the average measure. However, under some 



circumstances, we prefer to optimize the minimum or maximum values rather than the average. For 

example, to guarantee that all users get good service, we may want to minimize the maximum 

response time. 

 

 

Scheduling Algorithms 

CPU scheduling deals with the problem of deciding which of the processes in the ready queue is to be 

allocated the CPU. There are many different CPU-scheduling algorithms. In this section, we describe 

several of them. 

 

First-Come, First-Served Scheduling 

By far the simplest CPU-scheduling algorithm is the first-come, first -served (FCFS) scheduling 

algorithm. With this scheme, the process that requests the CPU first is allocated the CPU first. 

The implementation of the FCFS policy is easily managed with a FIFO queue. When a process 

enters the ready queue, its PCB is linked onto the tail of the queue. When the CPU is free, it is 

allocated to theprocessattheheadofthequeue.Therunningprocessisthenremovedfrom the queue. 

The code for FCFS scheduling is simple to write and understand. On the negative side, the 

average waiting time under the FCFS policy is often quite long. Consider the following set of 

processes that arrive at time 0, with the length of the CPU burst given in milliseconds: 

Process    Burst Time 

P1   24 

    P2       3 

    P3        3 

 

If the processes arrive in the order P1, P2, P3, and are served in FCFS order, we get the result 

shown in the following Gantt chart, which is a bar chart that illustrates a particular schedule, 

including the start and finish times of each of the participating processes: 

  

 

 



the waiting time is 0 milliseconds for process P1, 24 milliseconds for process P2, and 27 

milliseconds for process P3. Thus,  

the average waiting time is (0 + 24 + 27)/3 = 17 milliseconds.  

The Average turn-around time:   (3 + 6 + 30)/3 = 13 millisecond. 

 

If the processes arrive in the order P2, P3, P1, however, the results will be as shown in the 

following Gantt chart: 

 

 

The average waiting time is now (6 + 0 + 3)/3 = 3 milliseconds. This reduction is substantial. 

Thus, the average waiting time under an FCFS policy is generally not minimal and may vary 

substantially if the processes’ CPU burst times vary greatly. 

 

 

There is a convoy effect as all the other processes wait for the one big process to get off the CPU. This 

effect results in lower CPU and device utilization than might be possible if the shorter processes were 

allowed to go first. Note also that the FCFS scheduling algorithm is non-preemptive. Once the CPU has 

been allocated to a process, that process keeps the CPU until it releases the CPU, either by terminating or 

by requesting I/O. The FCFS algorithm is thus particularly troublesome for time-sharing systems, where 

it is important that each user get a share of the CPU at regular intervals. It would be disastrous to allow 

one process to keep the CPU for an extended period. 

 

 

Shortest-Job-First Scheduling 

 

A different approach to CPU scheduling is the shortest-job-first (SJF) scheduling algorithm. This 

algorithm associates with each process the length of the process’s next CPU burst. When the CPU is 

available, it is assigned to the process that has the smallest next CPU burst. If the next CPU bursts of two 

processes are the same, FCFS scheduling is used to break the tie. Note that a more appropriate term for 

this scheduling method would be the shortest-next- CPU-burst algorithm, because scheduling depends on 

the length of the next CPU burst of a process, rather than its total length. As an example of SJF 

scheduling, consider the following set of processes, with the length of the CPU burst given in 

milliseconds: 



 

Process    Burst Time 

       P1    6 

       P2    8 

       P3    7 

         P4    3 

 

P4 P1 P3 P2 

0  3   9     16    24 

 

 

SJF (non-preemptive, simultaneous arrival) 

The Average waiting time = (3 + 16+ 9+0)/4  = 7 

The Average turn-around time = (9 + 24 + 16+ 3)/4  = 13 

 

The SJF scheduling algorithm is provably optimal, in that it gives the minimum average waiting time for 

a given set of processes. Moving a short process before a long one decreases the waiting time of the short 

process more than it increases the waiting time of the long process. Consequently, the average waiting 

time decreases.  

The real difficulty with the SJF algorithm is knowing the length of the next CPU request. For long-term 

(job) scheduling in a batch system, we can use the process time limit that a user specifies when he submits 

the job. In this situation, users are motivated to estimate the process time limit accurately, since a lower 

value may mean faster response but too low a value will cause a time-limit-exceeded error and require 

resubmission. SJF scheduling is used frequently in long-term scheduling. 

 

 

The SJF algorithm can be either preemptive or non-preemptive. The choice arises when anew process 

arrives at the ready queue while a previous process is still executing. The next CPU burst of the newly 

arrived process may be shorter than what is left of the currently executing process. A preemptive SJF 

algorithm will preempt the currently executing process, whereas a non-preemptive SJF algorithm will 

allow the currently running process to finish its CPU burst. Preemptive SJF scheduling is sometimes 

called shortest-remaining-time-first scheduling. 

 

As an example, consider the following four processes, with the length of the CPU burst given in 

milliseconds: 

 



Process  Arrival Time   Burst Time  

   P1    0   8  

   P2    1   4  

   P3    2   9  

  P4    3   5  

If the processes arrive at the ready queue at the times shown and need the indicated burst times, then the 

resulting preemptive SJF schedule is as depicted in the following Gantt chart: 

P1 P2 P4 P1 P3 

       0         1                5                    10          17        26   

 

Process P1 is started at time 0, since it is the only process in the queue. Process P2 arrives at time 1. The 

remaining time for process P1 (7 milliseconds) is larger than the time required by process P2 (4 

milliseconds), so process P1 is preempted, and process P2 is scheduled. The average waiting time for this 

example is [(10−1) + (1−1) + (17−2) + (5−3)]/4 = 26/4 = 6.5 milliseconds.  

 

 

 

Priority Scheduling 

The SJF algorithm is a special case of the general priority-scheduling algorithm. A priority is associated 

with each process, and the CPU is allocated to the process with the highest priority. Equal-priority 

processes are scheduled in FCFS order. An SJF algorithm is simply a priority algorithm where the priority 

(p) is the inverse of the (predicted) next CPU burst. The larger the CPU burst, the lower the priority, and 

vice versa. Note that we discuss scheduling in terms of high priority and low priority. Priorities are 

generally indicated by some fixed range of numbers, such as 0 to 7 or 0 to 4,095. However, there is no 

general agreement on whether 0 is the highest or lowest priority. Some systems use low numbers to 

represent low priority; others use low numbers for high priority. This difference can lead to confusion. In 

this text, we assume that low numbers represent high priority. As an example, consider the following set 

of processes, assumed to have arrived at time 0 in the order P1, P2, ··· , P5, with the length of the CPU 

burst given in milliseconds: 

 

 

 

 

 

 

 



Process  Burst time   Priority  

   P1    10        3  

   P2    1        1  

   P3    2        4 

  P4    1        5  

  P5    5        2 

 

Using priority scheduling, we would schedule these processes according to the following Gantt chart: 

 

P2 P5 P1 P1 P4 

       0         1                6                                   16          18          19         

The average waiting time is 8.2 milliseconds.  

 

 

Priorities types 

 

 Internal  

Internally defined priorities use some measurable quantity or quantities to compute the priority of a 

process. For example, time limits, memory requirements, the number of open files, and the ratio of 

average I/O burst to average CPU burst have been used in computing priorities.  

 

 External 

External priorities are set by criteria outside the operating system, such as the importance of the process, 

the type and amount of funds being paid for computer use, the department sponsoring the work, and other, 

often political, factors. 

 

 

Priority scheduling can be either preemptive or nonpreemptive. When a process arrives at the ready 

queue, its priority is compared with the priority of the currently running process. A preemptive priority 

scheduling algorithm will preempt the CPU if the priority of the newly arrived process is higher than the 

priority of the currently running process. A nonpreemptive priority scheduling algorithm will simply put 

the new process at the head of the ready queue.  

 

 

 

 



Problems with Priority Scheduling Algorithm 

A major problem with priority scheduling algorithms is indefinite blocking, or starvation. A process 

that is ready to run but waiting for the CPU can be considered blocked. A priority scheduling algorithm 

can leave some low- priority processes waiting indefinitely. In a heavily loaded computer system, a 

steady stream of higher-priority processes can prevent a low-priority process from ever getting the CPU. 

A solution to the problem of indefinite blockage of low-priority processes is aging.  

Aging involves gradually increasing the priority of processes that wait in the system for a long time. For 

example, if priorities range from 127 (low) to 0 (high), we could increase the priority of a waiting process 

by 1 every 15 minutes. Eventually, even a process with an initial priority of 127 would have the highest 

priority in the system and would be executed. In fact, it would take no more than 32 hours for a priority-

127 process to age to a priority-0 process. 

 

Round-Robin Scheduling 

The round-robin (RR) scheduling algorithm is designed especially for time- sharing systems. It is similar 

to FCFS scheduling, but preemption is added to enable the system to switch between processes. A small 

unit of time, called a time quantum or time slice, is defined. A time quantum is generally from 10 to 100 

milliseconds in length. The ready queue is treated as a circular queue. 

 

The CPU scheduler goes around the ready queue, allocating the CPU to each process for a time interval of 

up to 1 time quantum. To implement RR scheduling, we again treat the ready queue as a FIFO queue of 

processes. New processes are added to the tail of the ready queue. The CPU scheduler picks the first 

process from the ready queue, sets a timer to interrupt after 1 time quantum, and dispatches the process. 

One of two things will then happen. The process may have a CPU burst of less than 1 time quantum. In 

this case, the process itself will release the CPU voluntarily. The scheduler will then proceed to the next 

process in the ready queue. If the CPU burst of the currently running process is longer than 1 time 

quantum, the timer will go off and will cause an interrupt to the operating system. A context switch will 

be executed, and the process will be put at the tail of the ready queue. The CPU scheduler will then select 

the next process in the ready queue.  

The average waiting time under the RR policy is often long. 

 

Consider the following set of processes that arrive at time 0, with the length of the CPU burst given in 

milliseconds: 

 

Process    Burst Time 

P1   24 

    P2       3 

    P3        3 

If we use a time quantum of 4 milliseconds, then process P1 gets the first 4 milliseconds. Since it requires 

another 20 milliseconds, it is preempted after the first time quantum, and the CPU is given to the next 



process in the queue, process P2. Process P2 does not need 4 milliseconds, so it quits before its time 

quantum expires. The CPU is then given to the next process, process P3. Once each process has received 

1 time quantum, the CPU is returned to process P1 for an additional time quantum. The resulting RR 

schedule is as follows: 

 

P1 

 

 

P2 P3 P1 P1 P1 P1 P1 

0      4  7        10      14  18          22                  26              30 

 

 

Let’s calculate the average waiting time for this schedule.  

P1 waits for 6 milliseconds(10-4),  

P2 waits for 4 milliseconds  

P3 waits for 7 milliseconds.  

 

Thus, the average waiting time is 17/3 = 5.66 milliseconds.  

 

 

In the RR scheduling algorithm, no process is allocated the CPU for more than 1 time quantum in a row. 

If a process’s CPU burst exceeds 1 time quantum, that process is preempted and is put back in the ready 

queue. The RR scheduling algorithm is thus preemptive. If there are n processes in the ready queue and 

the time quantum is q, then each process gets 1/n of the CPU time in chunks of at most q time units.  

 

Each process must wait no longer than (n − 1) × q time units until its next time quantum. For example, 

with five processes and a time quantum of 20 milliseconds, each process will get up to 20 milliseconds 

every 100 milliseconds. The performance of the RR algorithm depends heavily on the size of the time 

quantum. At one extreme, if the time quantum is extremely large, the RR policy is the same as the FCFS 

policy.  

 

In contrast, if the time quantum is extremely small (say, 1 millisecond), the RR approach can result in a 

large number of context switches.  

 

 

 

Assume, for example, that we have only one process of 10 time units. If the quantum is 12 time units, the 

process finishes in less than 1 time quantum, with no overhead. If the quantum is 6 time units, however, 

the process requires 2 quanta, resulting in a context switch. If the time quantum is 1 time unit, then nine 

context switches will occur, slowing the execution of the process accordingly (Figure 4.2). Thus, we want 

the time quantum to be large with respect to the context- switch time. If the context-switch time is 

approximately 10 percent of the time quantum, then about 10 percent of the CPU time will be spent in 

context switching. In practice, most modern systems have time quanta ranging from 10 to 100 

milliseconds. The time required for a context switch is typically less than 10 microseconds; thus, the 

context-switch time is a small fraction of the time quantum.  

 



 

 
 

Figure 4.2 How a smaller time quantum increases context switches. 

 

 

Turnaround time also depends on the size of the time quantum. As we can see from Figure 4.3, the 

average turnaround time of a set of processes does not necessarily improve as the time-quantum size 

increases. In general, the average turnaround time can be improved if most processes finish their next 

CPU burst in a single time quantum. For example, given three processes of 10 time units each and a 

quantum of 1 time unit, the average turnaround time is 29. If the time quantum is 10, however, the 

average turnaround time drops to 20. If context-switch time is added in, the average turnaround time 

increases even more for a smaller time quantum, since more context switches are required. Although the 

time quantum should be large compared with the context- switch time, it should not be too large. As we 

pointed out earlier, if the time quantum is too large, RR scheduling degenerates to an FCFS policy. A rule 

of thumb is that 80 percent of the CPU bursts should be shorter than the time quantum. 
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