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266  CHAPTER 7 / EXTERNAL MEMORY

the read/write head is positioned at the start of sector 1 on track 8. There is a main 
memory buffer large enough to hold an entire track. Data is transferred between disk 
locations by reading from the source track into the main memory buffer and then 
writing the data from the buffer to the target track.
a. How long will it take to transfer sector 1 on track 8 to sector 1 on track 9?
b. How long will it take to transfer all the sectors of track 8 to the corresponding 

sectors of track 9?

 7.8 It should be clear that disk striping can improve data transfer rate when the strip size 
is small compared to the I/O request size. It should also be clear that RAID 0 provides 
improved performance relative to a single large disk, because multiple I/O requests 
can be handled in parallel. However, in this latter case, is disk striping necessary? That 
is, does disk striping improve I/O request rate performance compared to a comparable 
disk array without striping?

 7.9 Consider a 6-drive, 150 GB-per-drive RAID array. What is the available data storage 
capacity for each of the RAID levels 0, 1, 3, 4, 5, and 6?

 7.10 For a compact disk, audio is converted to digital with 16-bit samples, and is treated as a 
stream of 8-bit bytes for storage. One simple scheme for storing this data, called direct 
recording, would be to represent a 1 by a land and a 0 by a pit. Instead, each byte is 
expanded into a 14-bit binary number. It turns out that exactly 256 (28) of the total of 
16,134 (214) 14-bit numbers have at least two 0s between every pair of 1s, and these are 
the numbers selected for the expansion from 8 to 14 bits. The optical system detects 
the presence of 1s by detecting a transition for pit to land or land to pit. It detects 0s 
by measuring the distances between intensity changes. This scheme requires that there 
are no 1s in succession; hence the use of the 8- to-  14 code.

The advantage of this scheme is as follows. For a given laser beam diameter, 
there is a  minimum-  pit size, regardless of how the bits are represented. With this 
scheme, this  minimum-  pit size stores 3 bits, because at least two 0s follow every 1. 
With direct recording, the same pit would be able to store only one bit. Considering 
both the number of bits stored per pit and the 8- to-  14 bit expansion, which scheme 
stores the most bits and by what factor?

 7.11 Design a backup strategy for a computer system. One option is to use  plug-  in external 
disks, which cost $150 for each 500 GB drive. Another option is to buy a tape drive for 
$2500, and 400 GB tapes for $50 apiece. (These were realistic prices in 2008.) A typical 
backup strategy is to have two sets of backup media onsite, with backups alternately 
written on them so in case the system fails while making a backup, the previous ver-
sion is still intact. There’s also a third set kept offsite, with the offsite set periodically 
swapped with an  on-  site set.
a. Assume you have 1 TB (1000 GB) of data to back up. How much would a disk 

backup system cost?
b. How much would a tape backup system cost for 1 TB?
c. How large would each backup have to be in order for a tape strategy to be less 

expensive?
d. What kind of backup strategy favors tapes?
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Aleksandr Lukin/123RF

I/O System Design Tool

In addition to the processor and a set of memory modules, the third key element 
of a computer system is a set of I/O modules. Each module interfaces to the system 
bus or central switch and controls one or more peripheral devices. An I/O module 
is not simply a set of mechanical connectors that wire a device into the system bus. 
Rather, the I/O module contains logic for performing a communication function 
between the peripheral and the bus.

The reader may wonder why one does not connect peripherals directly to the 
system bus. The reasons are as follows:

 ■ There are a wide variety of peripherals with various methods of operation. It 
would be impractical to incorporate the necessary logic within the processor to 
control a range of devices.

 ■ The data transfer rate of peripherals is often much slower than that of the 
memory or processor. Thus, it is impractical to use the  high-  speed system bus 
to communicate directly with a peripheral.

 ■ On the other hand, the data transfer rate of some peripherals is faster than 
that of the memory or processor. Again, the mismatch would lead to ineffi-
ciencies if not managed properly.

 ■ Peripherals often use different data formats and word lengths than the com-
puter to which they are attached.

 ■ Thus, an I/O module is required. This module has two major functions (Figure 8.1):

 ■ Interface to the processor and memory via the system bus or central switch.

 ■ Interface to one or more peripheral devices by tailored data links.

We begin this chapter with a brief discussion of external devices, followed 
by an overview of the structure and function of an I/O module. Then we look at 
the various ways in which the I/O function can be performed in cooperation with 
the processor and memory: the internal I/O interface. Next, we examine in some 

LEARNING OBJECTIVES

After studying this chapter, you should be able to:

 r Explain the use of I/O modules as part of computer organization.

 r Understand the difference between programmed I/O and  interrupt-  driven 

I/O and discuss their relative merits.

 r Present an overview of the operation of direct memory access.

 r Present an overview of direct cache access.

 r Explain the function and use of I/O channels.
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detail direct memory access and the more recent innovation of direct cache access. 
Finally, we examine the external I/O interface, between the I/O module and the 
outside world.

 8.1 EXTERNAL DEVICES

I/O operations are accomplished through a wide assortment of external devices 
that provide a means of exchanging data between the external environment and the 
computer. An external device attaches to the computer by a link to an I/O module 
(Figure 8.1). The link is used to exchange control, status, and data between the I/O 
module and the external device. An external device connected to an I/O module is 
often referred to as a peripheral device or, simply, a peripheral.

We can broadly classify external devices into three categories:

 ■ Human readable: Suitable for communicating with the computer user;

 ■ Machine readable: Suitable for communicating with equipment;

 ■ Communication: Suitable for communicating with remote devices.

Examples of  human-  readable devices are video display terminals (VDTs) and 
printers. Examples of  machine-  readable devices are magnetic disk and tape sys-
tems, and sensors and actuators, such as are used in a robotics application. Note 
that we are viewing disk and tape systems as I/O devices in this chapter, whereas 
in Chapter 7 we viewed them as memory devices. From a functional point of view, 
these devices are part of the memory hierarchy, and their use is appropriately dis-
cussed in Chapter 7. From a structural point of view, these devices are controlled by 
I/O modules and are hence to be considered in this chapter.

I/O module

Links to

peripheral

devices

Control lines

Data lines

Address lines

System

bus

Figure 8.1 Generic Model of an I/O Module
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Communication devices allow a computer to exchange data with a remote 
device, which may be a  human-  readable device, such as a terminal, a  machine- 
 readable device, or even another computer.

In very general terms, the nature of an external device is indicated in Figure 8.2. 
The interface to the I/O module is in the form of control, data, and status signals. Con-

trol signals determine the function that the device will perform, such as send data to 
the I/O module (INPUT or READ), accept data from the I/O module (OUTPUT or 
WRITE), report status, or perform some control function particular to the device (e.g., 
position a disk head). Data are in the form of a set of bits to be sent to or received from 
the I/O module. Status signals indicate the state of the device. Examples are READY/ 
NOT-  READY to show whether the device is ready for data transfer.

Control logic associated with the device controls the device’s operation in 
response to direction from the I/O module. The transducer converts data from elec-
trical to other forms of energy during output and from other forms to electrical 
during input. Typically, a buffer is associated with the transducer to temporarily 
hold data being transferred between the I/O module and the external environment. 
A buffer size of 8 to 16 bits is common for serial devices, whereas  block-  oriented 
devices such as disk drive controllers may have much larger buffers.

The interface between the I/O module and the external device will be exam-
ined in Section 8.7. The interface between the external device and the environment 
is beyond the scope of this book, but several brief examples are given here.

Keyboard/Monitor

The most common means of computer/user interaction is a keyboard/monitor 
arrangement. The user provides input through the keyboard, the input is then trans-
mitted to the computer and may also be displayed on the monitor. In addition, the 
monitor displays data provided by the computer.

Buffer

Transducer

Control

logic

Control

signals from

I/O module

Status

signals to

I/O module

Data bits

to and from

I/O module

Data (device-unique)

to and from

environment

Figure 8.2 Block Diagram of an External Device
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The basic unit of exchange is the character. Associated with each charac-
ter is a code, typically 7 or 8 bits in length. The most commonly used text code 
is the International Reference Alphabet (IRA).1 Each character in this code is 
represented by a unique 7-bit binary code; thus, 128 different characters can be 
 represented. Characters are of two types: printable and control. Printable char-
acters are the alphabetic, numeric, and special characters that can be printed on 
paper or displayed on a screen. Some of the control characters have to do with 
controlling the printing or displaying of characters; an example is carriage return. 
Other control characters are concerned with communications procedures. See 
Appendix D for details.

For keyboard input, when the user depresses a key, this generates an elec-
tronic signal that is interpreted by the transducer in the keyboard and translated 
into the bit pattern of the corresponding IRA code. This bit pattern is then trans-
mitted to the I/O module in the computer. At the computer, the text can be stored 
in the same IRA code. On output, IRA code characters are transmitted to an exter-
nal device from the I/O module. The transducer at the device interprets this code 
and sends the required electronic signals to the output device either to display the 
indicated character or perform the requested control function.

Disk Drive

A disk drive contains electronics for exchanging data, control, and status signals with 
an I/O module plus the electronics for controlling the disk read/write mechanism. 
In a  fixed-  head disk, the transducer is capable of converting between the magnetic 
patterns on the moving disk surface and bits in the device’s buffer (Figure 8.2). A 
 moving-  head disk must also be able to cause the disk arm to move radially in and 
out across the disk’s surface.

 8.2 I/O MODULES

Module Function

The major functions or requirements for an I/O module fall into the following 
categories:

 ■ Control and timing

 ■ Processor communication

 ■ Device communication

 ■ Data buffering

 ■ Error detection

During any period of time, the processor may communicate with one or more 
external devices in unpredictable patterns, depending on the program’s need for 

1IRA is defined in  ITU-  T Recommendation T.50 and was formerly known as International Alphabet 
Number 5 (IA5). The U.S. national version of IRA is referred to as the American Standard Code for 
Information Interchange (ASCII).
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