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Chapter 4  
Input and Output 
“On two occasions I have been asked, ‘Mr. Babbage, if you put into the machine 
wrong figures, will the right answers come out?’”  

—Charles Babbage 

 Without a way to get data in and results out, the 
CPU and memory are useless. The mechanism for 
getting data in and results out is called input and 
output. It may surprise you to learn that one of the 
most important technologies for input and output 
was invented long before electronic computers. 
Herman Hollerith invented methods for using cards 
with holes punched in specific locations for record-
ing and later tabulating information. Hollerith’s 
machines were used in the United States census of 
1890. The punched cards Hollerith invented were an 
important input medium for computers well into 
the 1970s.  Hollerith’s company, The Computing-
Tabulating-Recording Company, became IBM. 

When a program developer needs an input or output operation, almost always 
the mechanism is to use a function that’s a part of the programming language. 
Dig a little further and you will find that the programming language calls on the 
operating system to perform the operation. 

Although application program developers rarely do input or output at the ma-
chine level, those who develop operating systems do. An understanding of the 
process will help the application program developer write better and more effi-
cient programs. In short, we will study what CPU instructions make input and 
output happen and how they work, something that is glossed over in LMC and, 
to an extent, in TBC. 

 
Figure 4-1 

Herman Hollerith invented 
punched card tabulating 

equipment 
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The input and output devices are sometimes called peripherals because they 
might be considered to form an outer circle, or periphery, around the computer 
and memory. The phrase “input and output” is frequently shortened to I/O. 

Networks 

From the viewpoint of the CPU, the operating system, and application pro-
grams, a network interface controller is like any other I/O device. However, the 
network interface is a gateway to communication with potentially millions of 
other devices. The external connection of the network interface is likely to be 
more demanding of attention than its nature as an I/O device. For that reason, 
we cover networks separately in Chapter 5.  

  Input and Output Concepts 

The central processing unit can initiate input or output operations. Sometimes 
input operations happen as a direct result of an action by a program running 
on the CPU. Reading a block of data from a disk is an example. In other cases, 
a program must be able to “listen” to a device until it presents input. The CPU 
can’t read a character from the keyboard until someone presses the key. Even 
in that case, there must first be a command from the CPU. 

  Architecture for Input and Output 

The CPU and programs running on the CPU need to communicate with the 
computer’s input and output devices, or more usually, with device controllers. 
Device controllers offload some of the work of managing a class of devices from 
the CPU, leaving more CPU resources for other tasks.  Four categories of infor-
mation need to be exchanged between CPU and controller: device address in-
formation, commands from the CPU to a device, status information from the 
device to the CPU, and data, which may flow in either direction depending on 
whether an input or output operation is taking place. 
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Memory-Mapped and Port-Mapped I/O 

There are two architectural approaches to exchanging information, memory-
mapped I/O and port-mapped I/O. In memory-mapped I/O, some of the ad-
dresses that would otherwise be part of main memory instead refer to device 
registers. Often these addresses are at the highest part of the logical address 
space, where one might not expect actual memory to be installed in any case. It 
is up to the address decoder (see section 3.5.2) to sort out which addresses are 
actual memory locations and which refer to device registers. 

In port-mapped I/O, there is a separate address space of I/O ports. This has the 
advantage of allowing the full physical memory address space to be used for 
memory and of separating I/O devices, which are usually slower than memory, 
from the operation of the memory subsystem. The disadvantage is that separate 
instructions for input and output are needed, as with the Intel X86 IN and OUT 
instructions. 

It is possible to combine the two approaches, as in some early small computers 
in which display memory was mapped into the main memory address space, 
but other input and output was handled separately.  

Regardless of the addressing approach chosen, the actual operation of input and 
output is nearly the same. 

Block and Character Devices 

Some I/O devices transfer data a character at a time and some transfer larger 
blocks of data. It is obvious that the keyboard produces data a character at a 
time. Someone running a word processing program presses a key and the re-
sulting character appears on the screen. It may be less obvious that the mouse 
sends data for every increment that the mouse moves. The text-only displays 
that one might see on a gas pump or cash register are character devices.  

Magnetic disks, solid-state disks, flash storage, and similar devices are block 
devices. Such devices have a physical block size established when the device is 
manufactured, or possibly when it is first initialized by the operating system. 
All transfers are in multiples of that physical block size. You cannot read or 
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write a single byte on disk. To update one byte, the entire block where it is lo-
cated must be read, the byte changed, and the entire block written back to disk. 
For disks, blocks are likely to be 512 or 4,096 bytes. Solid state drives (SSDs) 
present a special problem for the developer of device drivers: they can only be 
erased a block at a time, and the blocks are big, up to half a megabyte. That 
problem is discussed in more detail in section 4.2.3. 

  Interrupts 

The CPU could command an I/O device to take some action, then repeatedly 
check the device status to see whether the action was complete. Such a process 
is called busy waiting because the CPU can’t do anything else while it is repeat-
edly checking the I/O device. It is clearly better to have the I/O device send a 
signal when the requested operation is complete. Such a signal is called an in-
terrupt. An interrupt is an electronic signal to the CPU that changes the flow 
of instructions. In other words, it interrupts what the CPU is doing to do some-
thing else. Although an interrupt can arrive as a signal directly connected to the 
CPU, in modern computers, it is more likely to arrive through an interrupt con-
troller that offloads some of the work from the CPU, or as a message on an 
input/output bus. 

At the level of instructions, an interrupt will cause the machine state67 to be 
saved so that the interrupted program can be resumed. Then the operating sys-
tem runs an interrupt handler routine to deal with the signal from the I/O de-
vice. Finally, the interrupted program is resumed.  

For example, when the operating system is initialized, it may command the key-
board controller to read a character. The associated interrupt is not generated 
until a key is pressed. The keyboard interrupt handler will translate the code 
from the keyboard into a character code and pass it along to the active program. 
Until the key is pressed the CPU can do other work. As this example shows, the 
time when an interrupt will occur is unpredictable. 

 
67   Saving the machine state means saving the program counter, the contents of the registers, and possibly 

a small amount of other information. Since the program counter holds the address of the next instruc-
tion, restoring the machine state will cause the interrupted program to resume at its next instruction. 
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A software interrupt is a signal generated within the CPU itself that changes 
the flow of instructions. Software interrupts are caused by the execution of spe-
cial instructions, such as when an application program wants to call on the op-
erating system for some service. 

A trap, as discussed in Chapter 3, is a third kind of interrupt and happens when 
an error like arithmetic overflow or division by zero occurs. A trap causes a call 
to the operating system, which generally handles the error, usually by produc-
ing an error message and ending the failed program. 

Sometimes it is necessary to suspend handling of interrupts. This is called dis-
abling interrupts or masking interrupts, although the interrupt signals will be 
held until interrupts are re-enabled. One reason is to perform an atomic oper-
ation, such as setting a semaphore68 for inter-process communication. Inter-
rupts should only be disabled for very short periods, a few instruction times at 
most.  

Some interrupts indicate serious errors, such as a memory error. These non-
maskable interrupts can occur even when interrupts are disabled.  

  I/O Completion 

All input and output operations start with a command issued through the CPU, 
usually by the operating system. There are three ways of completing I/O oper-
ations. One is busy waiting, as described in section 4.1.2. Busy waiting is found 
only in special circumstances because busy waiting means the CPU cannot do 
other work. Since most CPUs can execute millions of instructions in the time 
needed for one I/O operation, this is a serious drawback. The other two ways of 
completing I/O operations are interrupt-driven I-O and direct memory access 
I/O, or DMA. 

 
68   You will study semaphores in a course on operating systems. When one process is changing a semaphore, 

the operating system must ensure that no other process can read it until the change is complete. Some 
architectures include a hardware instruction to accomplish that. In other cases, the operating system 
must disable interrupts. 
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 Interrupt-Driven I/O 

In interrupt driven I/O, the I/O device or device controller raises an interrupt 
each time a character is available on input or has been processed on output. The 
interrupt causes the operating system’s device driver to run. On input, the de-
vice driver reads the character from the device’s input data register and passes 
it to the appropriate application program or operating system routine. On out-
put, the device driver places the next character in the output data register and 
signals the device that the next character is available or concludes the I/O oper-
ation. 

Interrupt-driven I/O is used for character-oriented devices like keyboards, 
mice, and touch screens. While it might at first seem wasteful to interrupt a 
running program every time a character is typed or a mouse moves one incre-
ment, there are two important considerations. The first is that computer users 
expect immediate feedback when operating user interface devices. Second, the 
CPU can execute millions of instructions between such interrupts. 

Direct Memory Access I/O 

Block devices can be attached to the computer system using a direct memory 
access (DMA) controller which has access to the memory bus. When the CPU 
initiates a DMA I/O operation, it provides the address of the device, the location 
of the data on the device, perhaps as a logical block number, and whether a read 
or write is wanted. In addition, the CPU provides a memory address. The DMA 
controller transfers data from device to memory on a read, or from memory to 
device on a write. The CPU receives an interrupt only after the entire operation 
is complete. Instead of hundreds or thousands of interrupts, there is only one 
indicating the completion of the entire operation. 

The trade-off is that, while a DMA device is using the memory bus, memory 
access is not available to the CPU. This drawback can be mitigated through us-
ing dual-ported memory, increasing the cost of the system. In systems where 
each DMA-capable device has its own DMA controller, there may be multiple 
devices contending for memory access.  
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Nearly all modern memory systems include cache memory. If a copy of a 
memory location is stored in a cache and a DMA operation overwrites that por-
tion of memory, the cached value no longer matches memory. Being sure cache 
and main memory match is called cache coherence. The problem of cache co-
herence can be mitigated by having the cache subsystem monitor the memory 
address lines and invalidate any cache entries that are written by direct memory 
access. This is called a snooping cache and increases hardware cost.  Since DMA 
operations are initiated by the operating system, the OS is aware of memory 
locations that will be overwritten and can invalidate any cache entries for those 
locations. In that case, the penalty is time rather than money. 

In addition to storage, video, sound, and network devices may employ DMA to 
speed up I/O operations. In some architectures, DMA can be used to move 
blocks of data from one memory location to another. 

I/O Channels  

Mainframe computers often take a different approach to input and output, the 
I/O channel. An I/O channel extends the concept of DMA I/O by removing 
even more work from the CPU. Each channel is itself a computer, programmed 
to handle the details of input and output and capable of controlling many de-
vices. It is through the use if I/O channels that mainframe computers are able 
to handle transactions from thousands of computer terminals for an airline or 
bank or manage hundreds of disk drives. 

 I/O Buses 

A bus is a collection of electrical conductors or optical fibers that transmits data, 
address information, control signals, and sometimes power over distances from 
millimeters or less up to a few meters at relatively high speeds. There are buses 
internal to chips themselves, such as the CPU and memory chips, buses on the 
circuit board that holds the CPU and other components, and buses that connect 
peripheral devices, either within the computer enclosure or external to it. The 
buses that connect peripheral devices are I/O buses. 

Principal characteristics of I/O buses are signaling speed and whether data are 
transmitted one bit at a time or several bits in parallel. If multiple devices are 
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connected to the same bus, there must be a mechanism for bus arbitration to 
share access to the bus among the multiple connections. Some buses transmit 
power as well as data and control signals. There have been numerous bus stand-
ards for various purposes since the 1980s. The computer industry is now focus-
ing on relatively few modern standards. 

Twenty-first century I/O buses transmit data serially, that is, one bit at a time. 
The reason is a problem called bus skew. Earlier buses attempted to achieve 
high transfer rates by using multiple data conductors and transmitting eight or 
more bits at a time, each on its own conductor.69 For all the bits to arrive at the 
destination device at the same time, the conductors must be exactly the same 
length or nearly so. For relatively slow signaling speeds, that wasn’t a problem. 
As bus speeds increased, bus skew became a problem. A bit that arrived late 
became a part of the following byte of data, introducing errors. If bits are trans-
mitted serially, one after another, they necessarily arrive in the order they were 
sent. 

There are three main types of I/O buses in current use, the universal serial bus 
(USB), the serial ATA bus (SATA), and the PCI express (PCIe) bus. Two other 
bus types, high-definition multimedia interface (HDMI) and DisplayPort are 
used primarily for display devices. 

Universal Serial Bus 

The universal serial bus (USB) is primarily an external bus. It was developed in 
the 1990s to address the problem that every device such as keyboard, printer, 
game controller, or modem connected to a computer had a different interface. 
To keep users from plugging a device into the wrong interface, the connectors 
were made different, requiring different cables. Several hardware and software 
companies led by Ajay Bhatt of Intel, came together in 1994 to develop a com-
mon interface for such devices. Goals of the group included ease of use, robust 
connectors, simplicity of interface design, and not adding manufacturing cost 
to computers. The interface should also supply power to devices with low power 

 
69   Such a bus is called a parallel bus. 
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requirements like keyboards and mice. Devices should be hot-swappable, that 
is, it should be possible to plug and unplug devices with power on. 

Although Apple was not one of the original developers of USB, the fact that the 
iMac, released in September 1998, had only USB ports attracted attention and 
USB became widely accepted. The line of Apple Macs announced in late 2020 
may be the first computers to incorporate USB4. The USB standard has evolved 
through four generations.  The USB Implementers Forum currently maintains 
the standard and assigns USB vendor IDs.  

Every USB device has a 16-bit vendor ID and a 16-bit product ID assigned by 
the vendor (manufacturer) that in combination make a unique identifier. To-
gether these identify a suitable device driver for the device. Every device also 
has an eight-bit device class, such as human interface device, printer, or mass 
storage device. 

The original design of USB included a single host per bus, almost always a com-
puter, and some number of peripheral devices. One computer can support 
more than one USB host, and so more than one bus. One physical connection 
can include more than one function; for example, one device with a single con-
nection might include both a camera and a microphone. All activity on the bus 
is controlled by the host.  

The design of USB includes hubs, which allow connecting multiple peripheral 
devices to one host or upstream connection. The host is called the root hub and 
is at the top of the connection hierarchy. Additional hubs can be connected 
downstream from the host, up to seven levels.  Each hub can connect multiple 
peripheral devices, up to a total of 127 devices. 

Original USB cables had a host or up-
stream end, called A, and a device or 
downstream end, called B, with in-
compatible connectors. This was nec-
essary because the bus provides power, 
and the different connectors prevent 
connecting two power sources to-

 
Figure 4-2 

USB cable showing host connector A 
and device connector B. 
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gether. The two connectors were designed so that they could only be inserted 
face up, preserving the orientation of the electrical conductors within the cable.  

USB 1.1 had a 1.5 megabit per second low speed mode which did not require 
shielded cable and was used for devices like mice which need a thin, flexible 
cable. The specification also had a twelve megabit per second high-speed mode 
for devices like printers. The high-speed mode required a thicker, shielded ca-
ble. 

USB 2.0 introduced a 480 Mb/sec high-speed mode and maintained backward 
compatibility with older devices. The specification also included mini and mi-
cro-USB connectors for devices like smartphones and tablet computers, for 
which the standard connectors were too thick. 

One of the most interesting features of USB 2.0 was USB On the Go, also called 
USB OTG or dual role mode. It is useful to have smartphones and tablets emu-
late mass storage for connection to desktop or laptop computers. Doing so re-
quires them to have the role of 
peripheral devices. It is also useful 
to connect devices like keyboards 
and printers to smartphones and 
tablets which requires them to have 
the role of hosts.  USB OTG solved 
that problem by allowing a device 
to be either a host or a peripheral 
device. That is accomplished by us-
ing a five-pin connector in which 
the fifth pin, called the ID pin, is 
connected to ground on the host or 
A end and unconnected on the B 
end. An addition to the USB proto-
col allows a role swap. 

 USB 3.0 introduced five additional 
pins in plugs and sockets that are backward compatible with USB 2.0.  USB 3.0 
connectors with the additional pins are marked by blue inserts. The additional 

Type USB Version 
Cable 

Length 

CC2 USB 2.0 ≤ 4 m. 

CC3G1 USB 3.2 Gen1 and 
USB4 Gen2 ≤ 2 m. 

CC3G2 USB 3.2 Gen2 and 
USB4 Gen2 ≤ 1 m. 

CC4G3 USB4 Gen 3 ≤ 0.8 m. 
Table 4-1 

USB-C Cables 
Current carrying capacity is indicated by a suffix 

USB 3.0 Promoter Group, 2019 
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pins provide two more pairs of shielded signal conductors and, as of USB 3.2 
Gen 2x2, provide transfer speeds of 20 gigabits per second.   

The USB Power Delivery standard, USB PD, was completed in 2012. It allows a 
powered device and an unpowered device to negotiate the amount of power to 
be delivered by exchanging data between the two devices. Version 3.0 of USB 
PD can provide up to 100 watts of power at 20 volts and five amperes. 

The USB-C connector was finalized by the USF-IF in summer, 2014. It removes 
the distinction between A and B cable ends. Because the pins are rotationally 
symmetrical, the connector has no concept of face up or face down; it can be 
plugged in either way. The distinction between power supplying and power 
consuming ends is now handled within the devices themselves rather than by 
requiring different connectors.  

Not all cables with USB-C connectors are alike. There are four defined types of 
USB-C cables as shown in Table 4-1. Each type has a variant that can deliver 
power at three amperes and another that can deliver power at five amperes, a 
total of eight variations. All but the USB 2.0 three ampere version are required 
to include an E-Mark70 or electronic mark circuit in the cable’s connector that 
can be interrogated to find the capabilities of the cable. “Full featured” USB-C 
cables have 18 electrical conductors, including two shielded pairs for data and 
a power conductor that will support three or five amperes of current.  

Active cables include circuitry in addition to the E-Mark circuit that amplifies 
and conditions the data signals to allow cable lengths longer than defined in the 
specification. All fiber optic USB-C cables are necessarily active cables.  

There are cables with USB-C connectors on the market with unsafe combina-
tions of connectors that could allow connection of two power sources, and even 
cables that are reported to have damaged equipment to which they were con-
nected. Cables that allow more current than they are designed to carry could 
overheat and cause fires.  The USB-IF has a program for certification of cables. 
Looking for the “USB Certified” mark is one way to avoid substandard cables. 

 
70   This is not the same as the European Union automotive safety E-Mark. 
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The USB471 specification, announced in 2019, provides up to 40 gigabits per 
second; USB-C cables are required. USB4 includes Intel’s thunderbolt specifi-
cation, which Intel released to the USB-IF for use in USB devices. Thunderbolt 
compatibility is likely to be found mainly in desktop and laptop computers and 
less frequently in smartphones or tablets.  In addition to fast data transfer, USB4 
provides mechanisms for tunneling DisplayPort signals. 

Serial ATA Bus 

The serial ATA (SATA) bus is used to connect mass storage devices like disk 
drives, optical drives, or solid-state disks to host bus adapters. It replaced the 
earlier ATA bus, also called the IDE bus, to allow for higher transfer rates with-
out problems from bus skew. 

Beyond replacing the ATA interface, SATA provides advanced features such as 
capability for being hot-pluggable. Hot-pluggable means that a SATA device 
can be removed from the computer and replaced while power is on. Hot plug-
gability requires support from the controller and operating system as well as the 
interface. It is implemented in part by having the ground pins on the connectors 
be slightly longer than the others so that they make contact first. 

The SATA specification includes the Advanced Host Controller Interface 
(AHCI) which, if supported by controller and operating system, provides con-
troller functions not found in ATA. 

Current versions of SATA provide for transfer rates of 600 MiB/second. There 
are small form-factor versions for solid-state drives and a specification, eSATA, 
for attachment of external drives. There is a cable specification that provides 
both data and power to external drives with one cable. 

Because getting higher speeds from SATA interfaces would require major 
changes in the interface specification, SATA Express defines an interface that 
will accept either a SATA storage device or a PCIe storage device. SATA Express 
was a part of the SATA 3.2 specification, released in 2013. SATA Express pro-
vides for transfer rates of up to 16 gigabits per second. 

 
71   The official spelling does not include a space. 
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PCIe Bus 

The Peripheral Component Interconnect Express (PCIe) bus is an expansion 
bus designed to connect peripherals to a computer system. PCIe is built on bi-
directional serial connections.  The devices attached by PCIe can use one, four, 
eight, or 16 lanes. More lanes mean higher transfer speeds. Each lane is a sepa-
rate serial bus. Bidirectional operation is achieved by having two pair of signal 
conductors, transmit and receive, for each lane. Low speed devices can keep 
cost down by using a single lane. Higher speed devices can be designed for mul-
tiple lanes at a corresponding increase in cost and complexity. A device can 
operate using fewer lanes than its design maximum, but at lower speed. For 
example, a device designed for four lanes can operate when connected to a one 
lane socket, but only at about 25% of its rated speed. 

The concept of multiple lanes seems very like a parallel bus, and it has many of 
the advantages of a parallel bus. The problem of bus skew is avoided in two 
ways. First, PCIe initially used an 8B/10B code. That means each eight-bit byte 
is encoded using ten bits. The extra bits guarantee enough transitions in the 
signal to allow the receiving device to recover timing from the signal itself and 
determine where the bit transitions occur. PCIe 3.0 (2010) changed from 
8B/10B encoding to 128B/130B encoding, greatly reducing the overhead intro-
duced by the encoding scheme. PCIe 6.0 (2019) changed to pulse amplitude 
modulation with four levels, allowing two bits to be transmitted with each sig-
nal event. The additional bits for timing were replaced by an error correcting 
code similar to the Hamming Code described in section 3.5.3. 

The second method of avoiding skew is that each lane transmits one byte at a 
time. So, in a two-lane configuration, lane zero would transmit the first byte of 
a 16-bit word and lane one would transmit the second byte. The bits of each 
byte are transmitted serially so no skew is possible. 

PCIe is really a packet-switched protocol, but the interface circuitry hides the 
complexity of packet switching and presents an interface similar to a parallel 
bus to attached devices and to the CPU. 

There are PCIe specifications for small form-factor devices such as M.2 solid-
state disks. 
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The current specification is PCIe 7.0, announced in the summer of 2022. 

Connection to the CPU 

The original design for microcomputers involved a bus connection at the CPU 
package, with pins for data, address, control, and status signals.  The CPU bus 
connected to multiple input/output controllers for different classes of I/O de-
vices.  Some designs limited the bus clock speed to that of the slowest device on 
the bus, and all required bus arbitration circuitry to control access to the bus 
and prevent multiple devices from trying to use the bus at the same time.  

Moore’s Law allowed designs to evolve so that fewer physical components pro-
vided greater functionality. By the beginning of the 21st century, designs for 
personal computer class machines used a bridge architecture, with a high-speed 
interconnection device 
called a host bridge con-
nected directly to the 
CPU’s bus pins.  The con-
nection to the CPU bus 
was called the front-side 
bus to distinguish it from 
other buses in the com-
puter design. High-speed 
devices, at first main 
memory and graphics de-
vices, were connected di-
rectly to the host bridge. 
The widespread adoption 
of the PCI express bus re-
sulted in designs that in-
cluded a PCIe root node 
as an attachment to the host bridge. 

 
Figure 4-3 

Computer organization with bridge architecture 
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By the second decade of the 21st century, increasing transistor density allowed 
the functions of the host bridge to be migrated to the CPU die72, and so pack-
aged with the CPU cores.  Still later, some designs replaced the functions of the 
host bridge with a PCI Express root complex with integrated memory control-
ler. This design presents the CPU with a bus interface but connects devices, 
including graphics devices, with the packet-switch PCIe interface.  

 Storage Devices 

Storage is a primary use of computer systems. Programs to be run must be 
stored until needed and data to be used by the programs might be retrieved or 
stored. Some computer systems are used primarily for storing data.  

Computer storage can be volatile, meaning that the contents are lost when 
power is removed, or non-volatile. Non-volatile storage systems like disk drives 
retain data even when without power. It is usual to refer to volatile storage di-
rectly accessible to the CPU as memory.  

An important consideration for both data access and device capability is se-
quential or random access. For data, the use case may be sequential access or 
random access. In the case of sequential access, a file of data is read from be-
ginning to end. For example, the entire word processing document or spread-
sheet is read into memory, so it is retrieved from storage by reading from the 
beginning of the document to the end. A huge majority of files on personal-use 
computers are read sequentially. In some cases, it may be necessary to read a 
particular part of a file. For example, a database application might request the 
record for employee 1234. It is possible to read the entire employee file from 
the beginning until the record for employee 1234 is found, but it is more time-
efficient to read that record directly. That is random access. 

The use case for data may influence the choice of storage technology for sec-
ondary storage. Tape devices provide only for sequential access. Disk devices, 
whether magnetic or solid-state, can provide either sequential or random access 
as needed by the application. 

 
72   A semiconductor die is the actual piece of silicon from which a chip is fabricated. Putting the host bridge 

on the CPU die makes it a part of the CPU package. 
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  Hierarchy of Storage Devices 

Storage mechanisms used in computing have several characteristics in addition 
to being volatile or non-volatile. One obvious characteristic is cost. The latency 
of a storage mechanism refers to the time it takes to begin transferring data after 
a request is made, and the transfer rate is the amount of data that can be deliv-
ered per second. La-
tency is also called 
access time. Storage 
in a computer system 
can be thought of as a 
hierarchy, with the 
fastest but most ex-
pensive storage, 
namely the proces-
sor’s registers, having 
relatively low capacity 
but being closest to 
the processing mecha-
nism. The registers 
operate at the clock 
speed of the CPU and 
so have very low la-
tency and very high 
transfer rate. The 
number of registers varies from 16 to perhaps 128. 

Next in the hierarchy is cache memory. There may be two or more levels of 
cache memory as explained in section 3.5.4, with the lowest level on the same 
chip as the CPU. Each level is larger, less expensive per bit, slower, and farther 
from the CPU than the previous levels. 

The next level is main memory or RAM. Main memory holds the programs and 
data currently being used by the CPU. For all but the smallest computers, main 
memory sizes are measured in gigabytes.  

 

Figure 4-4 
Hierarchy of computer storage. 
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The registers, cache memory, and main memory are all volatile and together 
are referred to as primary storage or memory. 

The layers below main memory are called secondary storage. These layers hold 
programs and data not currently needed by the CPU. The first layer of second-
ary storage is solid-state disk or SSD. The SSD uses non-volatile semiconduc-
tor memory and has no moving parts. The fact that no mechanical motion is 
needed to access data on an SSD makes latency in the 100 microsecond range. 
At the end of 2022, two-terabyte SSDs cost about three times as much as mag-
netic disk of equivalent capacity. 

The next layer is the magnetic disk. There is detail in section 4.2.2. 

Details for near-line storage and magnetic tape are in section 4.2.6. 

 Magnetic Disks 

Magnetic, or hard73 were the 
principal storage medium for 
computers large and small 
from 1956 when IBM intro-
duced the RAMAC 35074 mag-
netic disk storage system 
through the first decade of the 
21st century and continue to be 
important, especially when 
cost or storage space are a pri-
mary consideration. Magnetic 
disks are random access de-
vices. Any block of data on the 
disk can be read or written in 

 
73   “Hard” as opposed to flexible or floppy disks, a now-obsolete removeable storage medium. 

74   Strictly speaking the RAMAC 350 was only for large computers because only large computers existed in 
1956. The RAMAC 350 was the size of two refrigerators and rented for over $3,000 per month, the equiv-
alent of over $30,000 per month in 2022 dollars. It had a storage capacity of 5 MB. 

 

Figure 4-5 
Magnetic disk with the cover removed. 
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about the same time as any other. A block of data can be updated by rewriting 
it. 

A hard disk consists of one or more platters, non-magnetic metal discs coated 
on top and bottom that can be magnetized or demagnetized a small area at a 
time. The large silvery disc in the photograph of Figure 4-5 is a platter. You can 
see the edges of three more platters below it. Each platter has a recording surface 
on top and bottom, so this four-platter disk has eight recording surfaces. 

The object extending over the platter is a read-write arm, and at the very tip is 
a magnetic read-write head that can sense magnetic areas on the surface of the 
platter and also magnetize or demagnetize an area. The areas themselves are 
very small and each holds one bit of data. When the disk is in operation, the 
platters spin at speeds from 2,500 RPM to 10,000 RPM or more. The speed of 
the spinning platters creates an air bearing that allows the read-write head to 
fly a few nanometers above the surface of the disk. Even a fingerprint is more 
than a few nanometers thick, so disks are sealed to keep foreign matter out. If 
the read-write head should touch the spinning platter, a small amount of the 
recording material is scraped off. This is called “head-disk interference,” or 
more colorfully, a head crash. A physical shock can also cause a head crash. 
Once a head crash has occurred, the material scraped off will cause further head 
crashes, releasing still more material, and leading very quickly to complete fail-
ure of the disk. When power is removed, the disk’s electronics move the heads 
to a lubricated landing zone on the disk so that head crashes do not occur dur-
ing normal start-up or shutdown.  

There is a disk head for each surface, and so eight heads for the disk shown in 
Figure 4-5. As the platters spin, each head sweeps over a circle on its platter, 
called a track. The heads are connected, so all are in the same relative position 
with respect to the platters. So each head is on the same track, but on its own 
platter. That “stack of tracks” is called a cylinder. The schematic diagram of 
Figure 4-6 shows cylinder, track, and head. The head stack connects all the 
heads so they move in unison. The head motor rotates the head stack in a shal-
low arc from the innermost track to the outermost track. 
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Each track is divided into many sectors. Each sector holds a fixed number of 
bytes, called a block. The size of a block is fixed during disk manufacture. Blocks 
were originally 512 bytes; 4,096-byte blocks are more common on modern disk 
drives.  

The circumference of the innermost track is much less than that of the outer-
most track. If the number of sectors were equal, bits would have to be written 
at a much lower density on the outer tracks than on the inner tracts. To prevent 
what would otherwise be a loss of recording capacity, modern disks are zoned. 
There are more sectors per track on the outer tracks than on the inner tracks. 
There are bands or zones between the inner and outer tracks with differing 
numbers of sectors. The aim is to hold the recording density, the number of bits 
per linear inch, to near the optimum value for a particular drive. 

Because the number of sectors per track depends on the track, modern disk 
drives use logical block addressing or LBA. The blocks on the disk are num-
bered beginning with zero. The device driver specifies a logical block number 
for read and write requests and the drive electronics convert that to the physical 
address of cylinder, head, and sector. 

Each block of a 
magnetic disk 
contains a header 
that provides syn-
chronization in-
formation to the 
drive electronics, 
a fixed size data 
block, a cyclic re-
dundancy check 
(CRC) code and a 
Reed-Solomon 
error correcting 
code (ECC). The Reed-Solomon code is conceptually similar to the Hamming 
code described in section 3.5.3. Both the CRC and the ECC are computed and 
saved on each write to the disk. The drive electronics compute a CRC on each 

 

Figure 4-6 
Schematic diagram of magnetic disk. 
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read and compare it with the CRC read from disk. If they are equal, the assump-
tion is that no error has occurred. If not, the drive electronics attempt to use the 
ECC from disk to correct the error.  If that fails, the drive electronics signal a 
read failure to the operating system. The usual operating system action is to 
retry the read some number of times before signaling a fatal error. 

Disk drives have a few spare blocks, perhaps a thousand. When the drive elec-
tronics recognize that a block is bad, the drive will remap that block so that 
future reads or writes for that block actually use a block in the pool of spares. 

Magnetic Disk Access Time 

There are three components to the access time of a block on magnetic disk. Seek 
time is the time to move the disk heads from their current position to the 
needed track. If the heads are already in position, the seek time is zero. Manu-
facturers publish an average seek time, often in the range of a few milliseconds, 
which is approximately the time to seek across a third of the total number of 
cylinders. Rotational latency is the time for the needed block to rotate under 
the disk head. On average, it is half the time for a full rotation of the disk. To-
gether seek time and rotational latency make up the latency of the disk access, 
the time from the request until input or output can begin. Transfer time is the 
time to complete the read or write operation once a transfer has begun. Like 
rotational latency, it is dependent on the rotational speed of the disk. 

Disk manufacturers love to quote high transfer rates for their disks. However, 
latency is the most important throughput measure for magnetic disks. A high-
performance magnetic disk might have latency (seek time plus rotational la-
tency) of 10 milliseconds and a transfer time for one block of 16 microseconds, 
a difference of three orders of magnitude. Total access time for one sector of a 
magnetic disk is measured in milliseconds and operating time for a CPU is 
measured in nanoseconds, six orders of magnitude different. To put it another 
way, a CPU is about a million times faster than a magnetic disk. This is what 
makes solid-state secondary storage so attractive. 
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Shingled Magnetic Recording 

Shingled magnetic recording is a technique developed about 2013 that packs 
more data onto a disk of given size without a need to increase the linear record-
ing density. SMR takes advantage of the fact that, while a relatively wide write 
head is needed to change the recording layer on a disk, a much narrower area 
can be used for reading. Conventional magnetic disks have a small space be-
tween tracks. In SMR disks, the tracks are overlapped like the shingles from 
which the technique takes its name. 

That means that any track can be read randomly, but random writes require 
rewriting all adjacent tracks that contain valid data. Random reads work as ex-
pected, but random writes require rewriting an entire zone on the drive with a 
large impact on performance. The trade-off for increased capacity is poor ran-
dom write performance. SMR drives are good for write-few, read-many ar-
chival applications, but very poor for the usual case which is a mix of random 
reads and random writes. 

Drive-managed SMR drives handle the necessary updates from non-sequential 
writes with electronics that are part of the drive. Host-aware SMR drives use 
internal electronics to handle updates, but the host operating system is aware 
of the SMR nature of the drive and so can optimize sequences of writes. Host-
managed SMR drives expect the host operating system to handle the complexity 
of random writes. 

 Solid-State Secondary Storage 

Solid-state secondary storage, also called a solid-state drive or SSD, is non-vol-
atile semiconductor storage, which means it operates at electronic speeds, not 
mechanical speeds. Modern solid-state drives typically use NAND flash storage. 
This storage technology is named for the similarity to the NAND gate discussed 
in section 2.5.2 although the actual storage cells are not NAND gates.  

Internally, the nand storage cells are grouped into pages, typically 2K, 4K, 8K, 
or 16K bytes. Pages are organized into blocks, usually 128 or 256 pages. Reading 
is done at the page level, that is, the operating system can ask for a single page, 
similar to reading one sector from a magnetic disk. Writing can also be done at 



Computing Concepts for Information Technology 

160 
 

the page level with an important restriction: pages cannot be overwritten. A page 
can only be written into a space that has been erased, and erasures can happen 
only at the block level. Writing a page means finding a block with an empty 
page, writing to that empty page, and remapping the page address. The flash 
translation layer (FTL), a controller within the solid-state device handles the 
mapping of logical block addresses given by the operating system to physical 
block and page addresses in NAND storage. 

The flash translation layer handles two other important functions, wear leveling 
and garbage collection. As a reminder that pages cannot be overwritten, writing 
a page is called programming the page. Each page of nand flash cells has a lim-
ited number of program/erase (P/E) cycles before it fails. The limit is large, of-
ten into the hundreds of thousands of P/E cycles, but it is finite. The wear-
leveling function of the FTL tries to keep the number of writes to each block 
approximately equal so that no area fails before the predicted lifetime of the 
device. 

When a block no longer has any active pages, the block can be erased so that it 
is ready to be reused. The garbage collection function keeps track of blocks with 
no active pages, erases them, and adds them to a list of free blocks. 

As with magnetic disks, there can be errors in reading and solid-state storage, 
and solid-state storage uses error detecting and correcting codes in much the 
same way as magnetic disks. Solid-state storage is susceptible to silent data cor-
ruption, but as with magnetic disks, it is rare. 

Solid-state storage is available in consumer and enterprise grades. As with mag-
netic disks, the tradeoffs in design and manufacture are different between the 
two. 

Interfaces and Form Factors 

When the technology to replace magnetic disks with solid-state devices was first 
available, the NAND flash memory was packaged in an enclosure the same size 
and shape as the 2.5-inch disk drives used in laptop computers and equipped 
with a SATA interface. That allowed direct replacement of a magnetic disk with 
an SSD.  
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Even large-capacity SSDs didn’t need as much physical space as a 2.5-inch mag-
netic disk, and the SATA interface was a bottleneck. While SSDs with the 2.5-
inch form factor and SATA interface are still available, devices with much 
smaller form factors and PCIe interfaces became available shortly before 2010. 

NVMe (non-volatile memory express) devices were available in 2013. The cur-
rent revision of the NVMe standard (2.0c) was published in October 2022. An 
NVMe module is shown in 
Figure 4-7. The connector is at 
the right end of the image. The 
notch in the connector, called 
a key, prevents the device from 
being plugged into an incom-
patible socket. The device in 
the figure is 3.15 inches long, 
0.87 inches wide, and 0.09 inches thick. The PCIe four lane interface gives write 
speeds of 2,100 MB/second and read speeds of 3,500 MB/second according to 
the manufacturer’s specification. Price for the 2 TB version at the end of 2022 
was about $600. By comparison, a 2 TB magnetic disk would cost about $50. 

M.2 form-factor NVMe devices with SATA interfaces are also available. These 
have two key notches on the connector. Because transfer speeds are limited by 
the SATA interface, lower-cost designs can be used for the storage and FTL, 
making these devices less than half the price of the PCIe-connected device. 

In addition to the obvious speed advantages, the fact that solid-state secondary 
storage devices have no moving parts makes them resistant to mechanical 
shock, unlike magnetic disk drives. That shock resistance is a huge advantage 
in mobile and portable devices. Lower power consumption makes them appro-
priate in devices that must be battery powered.  

 Redundancy: RAID  

Data storage systems fail. Magnetic disk systems suffer disk crashes and wear-
related problems, and solid-state storage systems wear out after some number 

 

Figure 4-7 
2TB M.2 format NVMe device 

Manuel Cabrera Pintor 
CC BY-SA 
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of program/erase operations. Other kinds of problems can cause particular ar-
eas of storage media to fail. For reasons described below, the RAID arrays that 
provided protection against such failures are less effective when used with to-
day’s large disks.  However, the same techniques used by RAID can be used by 
advanced file systems to guard against failures, so it is worthwhile to understand 
how RAID works. 

In 1987, David Patterson, Garth A. Gibson, and Randy Katz75 at the University 
of California Berkeley were looking for a way to get large for the time amounts 
of disk storage without buying what they termed SLEDs, single, large, expensive 
disks. At the time, mainframe disks were very expensive, but smaller, inexpen-
sive76 disks were beginning to be available for personal computers. They wrote 
and published a paper titled “A Case for Redundant Arrays of Inexpensive 
Disks (RAID).” Most of the technology they described was already in use; their 
paper brought it all together in one place. 

RAID can be implemented in hardware in the disk controller or in software as 
drivers that are part of an operating system. Some levels of RAID, such as 
RAID5 described below, require computation for each disk block read or writ-
ten. For those levels of RAID, best performance comes from hardware RAID 
because otherwise the CPU would have to perform the necessary computations. 
RAID provides logical disks, not a file system, so a Windows Server system us-
ing RAID would have an NTFS or ReFS file system housed in the RAID array. 
RAID arrays can be made from magnetic disks or solid-state drives. 

There are several “levels” of RAID, a few of which are described here; the others 
are infrequently used in practice.  

RAID 0 instantiates one large logical volume from two or more physical disks. 
Data are striped across the physical disks, so parts of a large data file will be 

 
75   You are likely to encounter one of Dr. Patterson’s books if you take a computer architecture course in a 

computer science department, and one of Dr. Katz’s if you take a digital logic course in an electrical 
engineering department. 

76   People who do marketing hate the word “inexpensive,” so you will see other words like “independent” 
and “individual” in some definitions of RAID. The original description said inexpensive. 
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stored on each of the physical disks of a RAID 0 array. That can improve per-
formance when reading large files. There is no redundancy with RAID 0; if a 
physical disk fails, all data are likely lost. 

RAID 1 consists of mirrored disks. All data are written to two disks and can be 
read from either one. This obviously imposes a penalty when writing because 
two physical write operations are necessary. On the other hand, it provides a 
chance for substantial improvement in reading because data can be read from 
either disk and the operating system can select the least busy one. A failure of a 
single disk in a RAID 1 array causes no loss of data, but the array is no longer 
redundant. The failed disk must be replaced, and all the data copied to regain 
redundancy. 

For reasons to be explained shortly, RAID 5 is no longer recommended, but the 
easiest way to understand RAID with parity is to understand RAID 5. Refer to 
Figure 4-8, a RAID 5 array that presents a single logical volume from three 
physical drives. This array has the property that the complete failure of any one 
drive will not cause loss of data provided no other failures occur. 

 

Figure 4-8 
A single large logical drive is mapped on to three smaller physical drives. This 
configuration can tolerate the loss of one physical drive without loss of data. 

To understand that, we need a review of parity, which was introduced in section 
2.5.2 and used for error-checking in section 3.5.3. The XOR function computes 
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even parity. The parity block is the result of an XOR of all bits in the two disk 
blocks it is checking. Here is an example with six bits: 

   Disk A 101101 
   Disk B 101011 
   Parity 000110 

Each parity bit is the XOR of the corresponding bits from Disk A and Disk B. 
The XOR function computes even parity, and you can see that the total number 
of bits in each column above is even. The value of parity in this case is that, 
given any of the two rows above, the value of the third can be calculated. Con-
tinuing with the example, suppose Disk A has failed but the data for Disk B and 
the Parity information are available. 

   Disk B 101011 
   Parity 000110 
   XOR 101101 
The columnwise XOR of the Disk B bits and the Parity bits recovers the data 
from Disk A. 

Refer again to Figure 4-8 and assume that physical drive zero has failed. It held 
data blocks 0, 3, and 6 and the (4,5) parity block. Data block 0 can be recom-
puted using data block 1 which is on drive 1 and the parity (0,1) block on drive 
2. Similarly, every other block on physical drive zero can be recomputed using 
data and parity blocks available from other drives. If the other two drives re-
main in operation, the RAID array can respond to read requests for physical 
drive zero by computing the needed data as shown above. It can even respond 
to write requests to physical drive zero by recomputing the appropriate parity 
block to reflect the change. However, inability to read either of the two remain-
ing drives is likely to mean total loss of data. 

A RAID 5 array like the one described would be made of hot-pluggable disks, 
that is, disks that can be replaced while power is on, and perhaps a “hot spare” 
disk. If a hot spare were available, the RAID controller would immediately 
begin rebuilding the contents of the failed drive and writing the contents onto 
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the hot spare. When that operation completed, the array would again be redun-
dant. If no hot spare were available, rebuilding would begin as soon as the failed 
drive were replaced. 

RAID 5 is not recommended for large capacity disk drives. Operating a RAID 
5 array in a degraded state puts stress on the remaining drives. Rebuilding the 
failed drive adds to that stress. For RAID 5 to be effective, the other drives must 
perform perfectly until the rebuild operation completes. An uncorrectable read 
error on another drive before a failed drive is rebuilt causes complete failure of 
the array because the redundant data to correct that error does not exist. As 
drive capacities increase and rebuild times stretch from hours to days, the 
chances increase that an uncorrectable read error on another drive will occur 
during a drive rebuild. Manufacturers’ reliability claims are optimistic. One 
study revealed that “the probability of seeing two drives in the cluster fail within 
one hour is four times larger under the real data” (Schroder & Gibson, 2007). 

RAID 6, which provides for two parity blocks and can tolerate up to two sim-
ultaneous failures provided a solution for a time, but as disk capacities grow, 
RAID 6 also appears fragile. 

Various solutions like triple-mirroring, where there are three copies of data 
in-stead of two, attempt to address the problem in very high-capacity drives. 
More robust solutions are likely to come from adoption of file systems 
specifically focused on preserving data integrity such as Microsoft’s ReFS 
and the open-source ZFS. ZFS uses the techniques of RAID. ReFS and ZFS 
are discussed in Chapter 6. 

It is also important to remember that RAID is not backup. Redundant configu-
rations of RAID protect only against storage failures. RAID provides no pro-
tection against accidental or malicious corruption of data, accidental or 
malicious erasure, or disasters like data center fire or flooding. 

Optical Drives 

The principles of optical recording and reading are similar across CD, DVD, 
and Blu-ray drives. We will examine CD recording in detail and the other two 
technologies in less detail. 
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The first optical recording devices started with the compact disc (CD) a project 
of Philips NV and Sony in 1982. CDs were intended for music as a replacement 
for vinyl phonograph records. The technical details were established as an in-
ternational standard, known as the red book, which allowed music companies 
to make CDs and electronics companies to make CD players with confidence 
that they would be compatible. 

Because the CD was developed for music, it has one continuous spiral track 
rather than the concentric tracks of magnetic disks.77 The spiral is over 22,000 
revolutions long, and if unwound would be almost 3 ½ miles long (Tanenbaum, 
1999). 

To keep the flow of music bits constant, players rotated the disk at about 530 
RPM when reading near the center down to 200 RPM near the outer edge, 
maintaining constant linear velocity.   

CDs are recorded by using a laser to burn holes into a master disk which is then 
used to make a mold. The mold is used to mass-produce CDs.  The holes are 
called pits; the spaces between pits are lands. 

A mass-produced CD has four layers. The 
polycarbonate layer at the bottom accounts 
for the thickness of the CD and has the 
molded-in pits. A very thin reflective layer 
of aluminum or other metal is deposited on 
top of the polycarbonate layer. It is pro-
tected by a coating of lacquer. The CD art-
work is printed over the lacquer. The 
polycarbonate layer is arranged with the pits 
on top, so they are bumps when viewed 

from below by the laser. That construction makes the top surface of the disc 
more sensitive to damage than the bottom surface. Errors due to damage are 
likely to affect a run of bits and are called burst errors. 

 
77   If CDs had concentric tracks like magnetic disks, there would be a break in the flow of music data each 

time the playback head had to move to the next track. 

 

Figure 4-9 
A CD has four layers.,  
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An audio CD is played by positioning a laser light source and photodetector 
under the polycarbonate layer and spinning the disk. The head follows the spi-
ral track from the center outward. Light from the laser is reflected from the 
lands but weakened by an interference pattern when it strikes the pits so the 
photodetector can distinguish pits and lands. Bits are encoded as transitions. A 
transition indicates a 1-bit; no transition indicates a 0-bit. This is called non-
return-to-zero inverted (NRZI) encoding. To assure that there are enough tran-
sitions to maintain timing, each eight bits of data are encoded as 14 bits, a tech-
nique called eight-to-fourteen modulation. Three additional bits separate each 
14-bit encoded value, so each eight bits of information occupies 17 bits on the 
disc. Each 512-byte data frame has an additional 76 bits of error correcting code 
information appended prior to the eight-to-fourteen modulation (Roberts et al, 
1996). The error correcting codes are designed to detect and correct both ran-
dom and burst errors.78  

In 1986 Phillips and Sony published a specification, the yellow book, for record-
ing computer data on CD with a file system compatible with the major operat-
ing systems of the time. These CD-ROM discs were widely used to distribute 
software. 

For data CDs, frames are grouped into sectors of four frames. Depending on 
the recording mode, a sector may hold 2,048 or 2,336 bytes of data. In either 
mode, a three-byte address field permits logical sector addressing. Mode 1 re-
cording, with 2,048 byte sectors, includes error checking bits in addition to 
those in each frame. 

Since CDs have a continuous spiral groove, there is no concept of a track as 
with magnetic disks.  

A recordable CD, or CD-R has a physical spiral groove, called the pregroove, 
used for tracking molded into the polycarbonate layer instead of pits. The 
pregroove has regular sinusoidal variations called the “wobble frequency” that 
can be read by the laser to generate timing information. The polycarbonate 

 
78   Details of the error correction mechanism are beyond the scope of this book. The principle is similar to 

the Hamming code discussed in section 3.5.2. For those who would like to investigate further, the mech-
anism is called cross-interleaved Reed–Solomon coding. 
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layer is covered with a layer of dye, then the thin, reflective metal layer and pro-
tective coating. A laser operating at high power can heat the dye layer causing 
a physical change that can be detected by a low-power laser when the disc is 
read. Recordable CDs are very sensitive to environmental and storage condi-
tions and may become unreadable over a very short time in unfavorable condi-
tions. 

Instead of a dye layer, rewritable CDs have a thin layer of silver alloy that can 
be made to change phase to an amorphous state using a laser at high power. 
The allow can be changed to a crystalline state using an intermediate power. 
The amorphous state is less reflective than the crystalline state. The difference   
can be detected by a low-power laser to read the disk. The allow can later be 
returned to the amorphous state with a high-power laser for rewriting. 

Digital Versatile Discs 

The DVD was originally developed for distributing motion pictures and origi-
nally called the digital video disk. At first there were competing, incompatible 
formats. The companies developing the successor to the CD reached agreement 
on a single standard in 1996. Most DVDs are the same 12 cm size as a CD and, 
in the single-layer format, use the same construction. The standard also allows 
for smaller 8 cm discs. Pits and lands are smaller, requiring the use of a red laser 
in place of the near-infrared laser of CDs.  

The standard included dual-layer discs from the first. In a dual-layer disc, the 
metalized coating of the bottom layer is made semi-transparent. By changing 
focus, the laser can read either layer. The standard also included double-sided 
discs and dual-layer double-sided discs. The manufacture of the latter two for-
mats was complex and expensive. 

Recordable DVD-R79 discs with a single layer hold 4.7 GB of data. Rewritable 
DVD-RW discs are also available. DVD-R and DVD-RW devices use infor-
mation called land prepits, marked on the grooves when the DVD blank is man-
ufactured, to position the laser when recording. 

 
79   Pronounced “dash R.” 
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A competing format, DVD+R, uses a wobble frequency for laser positioning. 
DVD-R and DVD+R are compatible for reading. Most modern DVD recorders 
will write discs designed for either format. DVD+RW devices can rewrite data. 

DVD+R DL is a recording mechanism for storing 8.5 GB on one DVD through 
double-layer recording. There is no rewritable double-layer disc. 

DVD-RAM was a recordable DVD technology that recorded data on concentric 
tracks, like a magnetic disk, on a rewritable medium. The last manufacturer of 
DVD-RAM discs stopped making them in 1999. 

Blu-Ray 

Blu-ray discs are the same 12 cm size as CDs but in single-layer format, store 
25 GB of data using a violet laser with much shorter wavelength than the red 
laser used for DVDs. Sony demonstrated a prototype in 2000; Blu-ray players 
were generally available in 2006. 

BD-R discs are write-once recordable discs. BD-RE are recordable and erasable 
discs that can be rewritten. Both types are available with capacities of 25, 50, 
and 100 GB. A 128 GB BD-R format is also available. Prices at the end of 2022 
for 25 GB BD-R discs were about $2.00 each; 100 GB BD-R disks were about 
$22.00. 

  Magnetic Tape and Near-Line Storage 

Magnetic tape is a thin strip of Mylar or other polymer coated with material 
that allows writing and reading of data by magnetizing the material. The strips 
are hundreds to thousands of feet long, often about ½ inch wide, wound on 
spools. The spools are enclosed in a case that allows the spool to be self-loaded 
in a computer tape drive. Current magnetic tapes follow the Linear Tape Open 
(LTO) standard. LTO 9 cartridges provide 18 TB capacity in a single cartridge. 

Magnetic tapes are sequential access devices. Reading any block of data on a 
tape requires passing over all prior blocks. Although data can be appended at 
the end of a file on tape, there is no reliable way to rewrite a block of data in the 
middle of a tape file. 
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Tape drives can have cartridges loaded manually or with a robotic loader as 
described below. Once a tape is loaded, the drive opens an access gate and winds 
a portion of the tape around a spool internal to the drive. The tape can then be 
passed between the spool within the cartridge and the internal spool. Many 
such cartridges contain a semiconductor memory chip that can describe the 
cartridge’s contents and so provide for automatic indexing.  

Near-line storage is storage that is accessible to the operating system and ap-
plication programs without human intervention, but which may have latency 
times of many seconds. Near-line storage is implemented as automated librar-
ies of magnetic tape with robot loaders. When data from a particular tape car-
tridge is needed, the robot loader mechanism locates the tape cartridge and 
loads it into a tape drive. When the load operation is complete, the tape contents 
are available to the operating system and application programs. Near-line stor-
age devices are available with capacities ranging from a dozen tape cartridges 
and one drive to thousands of cartridges and dozens to hundreds of drives.  

The current generation of tape cartridges provide 18 TB of storage uncom-
pressed or up to 45 TB of storage with compression. So, a modest near-line de-
vice with one drive and sixteen tape cartridges provides a near-line capacity of 
up to 720 TB. A device with a single drive and multiple cartridges, any one of 
which can be loaded automatically, is sometimes called an autoloader. 

Near-line devices are used for automated backup and for hierarchical storage 
systems which automatically migrate infrequently used files to tape and auto-
matically copy them back to disk when needed. Tape cartridges with write-
once, read-many (WORM) capability can be used to maintain archives for legal 
or other reasons. 

A completely different type of near-line storage is the MAID, or massive array 
of idle disks. Large numbers of magnetic disks are configured to “spin down” 
after a period of no access. When access to such a disk is needed, a read or write 
command from the CPU will cause it to spin up, then process the command. 
The premise is that most drives will be idle most of the time and that will in-
crease drive longevity, decrease power consumption, and decrease heat gener-
ation. Capacities of MAID arrays are likely to be lower than tape-based 
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solutions because of cost. At the end of 2022, cost per TB for tape storage was 
about half that for magnetic disk storage and the useful life is about 30 years. 
Six or more disk replacements would be required in that time. 

  Other Input and Output Devices 

There are many input and output devices. We will consider in detail displays, 
including touch screens, printers, keyboards, and mice. 

  Displays 

There are special-purpose displays for applications like calculators, cash regis-
ters, and gasoline pumps, and for applications requiring very large displays like 
signage applications and event venues. Probably most computer displays are 
intended for use by one person at desktop viewing distances or are a part of a 
mobile device. 

The most visible characteristic of displays is size. Size is measured on the diag-
onal. There are displays as small as a few inches and as large as 40 inches or 
more. A comfortable size for most desktop displays is about 24 inches. Related 
to size is the aspect ratio, the ratio of width to height. Current desktop, laptop, 
and tablet displays are nearly universally 16:9, the aspect ratio of high-definition 
motion pictures.  The other important physical characteristics are pixel density 
and resolution. The pixel density of a display is the number of pixels per inch. 
For ordinary display devices that is likely to be 90 to 144 pixels per inch. Apple’s 
trademarked retina displays are designed to have a pixel density of 300 PPI or 
higher. The concept is that one cannot discern individual pixels at normal view-
ing distances.  The resolution is the height and width of a screen measured in 
pixels. 

The refresh rate is the number of times each second the image on a display is 
updated, measured in Hertz. A common refresh rate is 60 Hz but high-perfor-
mance refresh rates are available, up to about 240 Hz. Whether a higher refresh 
rate will improve application performance depends on the application. Motion 
pictures present frames at 24 per second, so high refresh rates cannot improve 
performance. 
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Response time is the time it takes for a pixel to change states. Response times 
for liquid crystal (LCD) displays are a few milliseconds and less than a millisec-
ond for organic LED (OLED) displays. Both types of displays are described be-
low. 

Connectivity is the other important consideration for stand-alone displays. The 
connectivity of the display must match the device to which it will be connected. 
Common connectivity options are DisplayPort, HDMI, and USB-C. It is not 
unusual for a display device to have two or more connectivity options. 

Finally, there will be a choice of display technologies and possibly touchscreen 
technologies. Modern general purpose and mobile displays are generally either 
liquid crystal displays or organic LED displays. 

Liquid Crystal Displays 

 Liquid crystal displays depend on the ability of a class of material to change the 
polarity of light when stimulated electrically. The basic operating principle is 
that light from an LED backlight is 
sent through a polarizing filter, 
then through a thin layer of liquid 
crystal material that can selectively 
change the direction of polariza-
tion when an electric field is ap-
plied to the liquid crystal material. 
The light then passes through color 
filters to produce red, green, and 
blue sub-pixels, and a second po-
larizing filter with the same axis of 
transmission as the first filter. The 
liquid crystals polarize the light 
with an axis of transmission 90 degrees from the two filters except in those areas 
where an electric field applied to the liquid crystals allows light to pass through. 
The electric field is applied by a thin film transistor (TFT) matrix with a tran-
sistor in every red, green, or blue sub-pixel position.  

 

Figure 4-10 
Structure of an LCD display 

Courtesy Henan Daken Chemical Co.,Ltd 
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The description just given is of an active-matrix in-plane switching LCD dis-
play, the prevalent technology for mobile, desktop, and larger displays. It pro-
vides a wider viewing angle than earlier technologies, and does not show 
shadowing when touched, an important consideration for touchscreen dis-
plays. Because there are no phosphors, LCD displays are very resistant to burn-
in, the presence of a static image on a screen caused by displaying the same 
content for long periods of time. 

The change in the liquid crystals that allows or blocks light is a physical change 
that takes time measured in milliseconds. 

Quantum dot monitors are beginning to be available at the end of 2022, but at 
high prices. Quantum dots are nano-scale particles that, when excited by light 
from a blue LED, can emit light. The color of the emitted light depends on the 
size and composition of the quantum dot. 

There are many other designs for LCD displays including displays without 
backlight that depend on reflected light and displays that display only pre-de-
signed images like the seven-segment images used to display numbers. The 
other designs are important for specialized applications such as calculators, but 
seldom used in general-purpose displays. 

Organic LED (OLED) Displays 

OLED displays depend on organic compounds that exhibit electrolumines-
cence; that is, they emit light when stimulated electrically. Because OLEDs emit 
light, no backlight is needed. Instead, a pattern of red, green, and blue OLEDs 
make up each sub-pixel.  

Because there is no mechanical change, as there is in liquid crystal displays, re-
sponse time for OLED displays can be a millisecond or less. 
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OLED displays can be made transparent and flexible. The transparency prop-
erty allows things 
like optical finger-
print readers to be 
placed under the 
display screen. The 
flexibility property 
allows folding 
screens, although 
smart phones with 
folding screens are 
not yet as successful as the makers had hoped. 

Touchscreens 

Modern touchscreens allow for a wide range of responses to touch depending 
on the pressure and duration of the touch. Touchscreens for mobile and gen-
eral-purpose display applications usually rely on resistive or capacitive technol-
ogy. Both resistive and capacitive touchscreens are built as a part of the display. 
While mice transmit information about motion, touchscreens transmit X-Y co-
ordinates. Multi-touch screens can transmit two or more sets of coordinates, 
and motion on the screen transmits sets of coordinates in rapid sequence. 

 

Resistive touchscreens are constructed of two conductive, transparent layers 
separated by a small distance. When the screen is touched, the outer layer de-
forms to contact the inner layer. Measurement of resistance determines the X-
coordinate of the touch, then voltage is quickly switched to measure the Y-co-
ordinate. A major advantage of resistive touchscreens is that the object that 
touches the screen need not be electrically conductive, so a person wearing a 
glove or using a plastic stylus can operate one. The requirement for physical 
motion makes resistive touchscreens more susceptible to damage than other 
technologies. 

Capacitive touch screens are the most common type of touch screen on mobile 
devices.  Capacitive touchscreens depend on the fact that the human body is a 

 
Figure 4-11 

Active matrix OLED display. 
Courtesy user Spoladore at Wikimedia Commons 
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conductor of electricity. There are several approaches to implementing a capac-
itive touch screen, but all depend on an electrostatic charge on a transparent 
surface. Contact with finger, thumb, or palm disturbs the electrostatic field in a 
way that can be measured and translated into an X-Y coordinate. A drawback 
is that contact with skin is required. Manufacturers of capacitive touch screens 
are continually improving sensitivity so that for some modern displays, a gloved 
finger will work. There are also conductive styluses and gloves with conductive 
thread woven into the fabric to allow for working with capacitive touchscreens. 

  Printers 

The first consideration in selecting a printer is the use to which the printer will 
be put. Machinery for printing a few pages a month at home, hundreds of guest 
checks a day at a restaurant, and thousands of bills a day at a utility company 
will be very different. 

The use case includes consideration of the nature of the material to be printed, 
including whether color printing is required, volume in pages per month, and 
speed requirements in pages per minute. Color printers often have different 
pages per minute specifications for monochrome and color printing. The use 
case should include a budget. 

Cost of consumables should be part of the budget. It will be more important 
with thousands of pages a day than with dozens of pages a month. Consumables 
for color printing will be more expensive than for monochrome printing. 

Next, consider paper and paper handling. Paper can be continuous or sheet-
fed, narrow format like a receipt printer, standard pages, or wide format such 
as for printing posters or blueprints. Paper handling considerations include 
whether automatic duplexing80 is required, how many paper trays are required 
for sheet-fed printers, and tray capacity. Paper handling also includes finish op-
tions like collating, punching, and stapling. 

 
80   In printing terms, duplexing means printing on both sides of a sheet. 
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That information will drive selection of a printing technology. There are three 
major general purpose printer technologies in use in the 21st century: laser 
printers, ink jet printers, and thermal printers.  

The physical space available may drive some selection decisions. Connectivity 
options are important. An office or data center printer might require Ethernet 
connectivity. A printer for a small or home office might need wireless or Blue-
tooth connectivity to connect to mobile devices. 

Finally, for small or home offices, an all-in-one device that includes copying, 
scanning, and facsimile might be more space-efficient and cost-effective than 
several stand-alone devices. 

Laser Printers 

Laser printers use laser light to selectively remove the charge from a negatively 
charged drum. A rotating mirror and other optics allow the laser beam to scan 
the surface of the drum and remove the charge from those areas that represent 
pixels to be printed. The drum is then exposed to very fine toner particles which 
have also been negatively charged. Toner particles adhere to the areas that were 
exposed to the laser beam but are repelled by those areas of the drum that still 
have a negative charge. The image is transferred to paper which moves under 
the rotating drum. The paper then passes between heated fuser rollers that melt 
the toner, causing it to adhere to the paper. Monochrome laser printers use 
black toner. Toner cartridges include a supply of toner and a waste receptacle 
in which toner left after printing is stored. Toner cartridges often include the 
drum component as well as the toner. Printers with separate toner and drum 
cartridges are likely to have lower consumable cost because the lifetime of the 
drum is likely to be greater than the supply of toner in the combined cartridges. 

Printing is a continuous process in which the drum is charged, exposed to toner 
to develop an image, the image transferred to paper, the drum is cleaned of re-
maining toner, then charged again. Because it is a continuous process, the 
printer must have a buffer big enough to hold the entire page image. The page 
image is composed using a page description language such as PostScript or an-
other language proprietary to the printer manufacturer. 
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The most common laser printers are sheet-fed; that is, they process one sheet 
of paper at a time. There are continuous-form laser printers that print on fan-
fold computer paper at speeds up to 100 pages per minute or more.  

Special toner is available to print checks with magnetic ink character recogni-
tion (MICR) characters.  Although there is now widespread use of optical char-
acter recognition by banks, MICR encoding of checks is still legally required. 

LED printers work like laser printers but use a line of LEDs to generate the nec-
essary light. The moving mirror is eliminated, making construction simpler. 

Color laser printers use four colors of toner, cyan, magenta, yellow, and black. 
The CMYK color model is discussed in section 1.7.2. The printing process is 
essentially the same as for monochrome laser printers except that four colors 
are applied. This usually means multiple laser and optical assemblies. Color la-
ser printers do generally well at reproducing line art, charts, and corporate 
logos. Ink jet printers do a better job with photographs and complex artwork. 

Many, perhaps most, color laser printers and color copiers print an identifying 
pattern, often a pattern of tiny yellow dots called a machine identification code 
on each page. The machine identification code, or “secret dots,” includes the 
date and time a document was printed and the serial number of the printer. The 
dots are visible, but very hard to see. With that information, it may be possible 
to determine who printed a document. 

Ink Jet Printers 

Ink jet printers work by propelling tiny droplets of ink onto paper or another 
surface to be printed. Home and office inkjet printers are likely to be droplet-
on-demand printers that propel droplets of ink only when needed. There are 
two major technologies for doing that, thermal expansion and piezoelectric sys-
tems. 

Thermal expansion ink jet printers use resistive heating to heat the ink in the 
print head enough to cause formation of a gas bubble. The pressure from the 
bubble forces a droplet of ink through a nozzle and onto the surface to be 
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printed. A thermal expansion ink jet printer can produce thousands of very tiny 
drops per second. 

Piezoelectric materials are crystalline or ceramic materials that generate an elec-
tric charge when stressed. The reverse is also true; a voltage applied to piezoe-
lectric material will cause it to deform, returning to its original shape when the 
voltage is removed. This effect can be used to propel ink droplets onto a surface 
to be printed. Piezoelectric nozzles can generate more force than is available 
with thermal expansion. There is more latitude in ink formulation that is avail-
able with thermal ink jet printers because the ink need not change phase be-
tween liquid and gas quickly. 

Ink jet printers generally go through a cleaning cycle when turned off so that 
there is no ink residue on the print heads while the printer is idle. Interrupting 
printer power instead of allowing the printer to go through its power-down cy-
cle can cause degraded printing quality. 

Ink jet cartridges often include both print head and ink reservoir. Printers with 
separate print heads and ink supplies are likely to have lower consumable cost.  

Color ink jet printers use the CMYK color model described in section 1.7.2.  To 
get a wide color gamut and vivid colors, it is common to use more than four 
colors.  

Thermal Printers 

Thermal printers use heat to darken areas of treated paper.  These are some-
times called receipt printers and are generally narrow-format devices, printing 
on forms up to about four inches wide and fed from rolls of treated paper. The 
printing mechanism consists of many tiny resistive heaters, from about 200 el-
ements per inch to over 1,000 per inch. Paper is pulled past the printing element 
by a roller and the resistive elements quickly heated and cooled to make a pat-
tern of dots that form printed characters.  

The only moving parts are the roller that pulls paper past the printing element 
and possibly a cutter that cuts the paper after printing. A sawtooth tear bar 
might be used as an alternative to the cutter. 
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Thermal printers have few moving parts and no ink supply. The only routine 
attention needed is replacement of the paper. Some printers can generate a sig-
nal when paper is low or out. 

 Keyboards and Mice 

Keyboards in the 21st century are typically attached using a USB connection. 
Each key on the keyboard generates a unique scan code when the key is de-
pressed and a different code when the key is released. That allows for keys to 
repeat if held down, and for key-chords like shift or control and a key. It is up 
to the operating system to map the scan codes to the encoding scheme of the 
operating system, often UTF-8. The operating system also controls the repeat 
rate when a key is held down. Keyboards are connected to the computer system 
using a cable or wirelessly using short-range radio technology like Bluetooth. 

In operating systems with a windowing interface, the operating system deter-
mines which window has focus when keyboard input is received and sends the 
keyboard input to the application that owns the window. In command-line sys-
tems, the keyboard may be dedicated to a particular application while that ap-
plication runs, then released to the operating system when the application 
program terminates. 

 Mice and other pointing devices translate motion in two dimensions into po-
sition of a cursor on a screen. The original mouse, invented by Douglas Engel-
bart in 1964, had two wheels at right angles to each other and a single button 

on top. It was connected by cable to the 
computer system. Because the two wheels 
were at right angles to each other, the mouse 
had to be tilted or rocked to keep from drag-
ging one of the wheels. Later mice had a 
rolling ball that could turn two internal 
shafts at tight angles to one another. If 
moved in a straight line, it would turn one 
shaft and slip on the other. If moved at an 

angle, the ball could turn the two shafts proportionately. Modern mice use LED 
or laser light and an optical sensor to measure motion and have no internal 

 
Figure 4-12 

Douglas Engelbart’s Mouse (1964) 

Courtesy SRI International 
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moving parts. Modern mice also have two (usually) or more switches and a 
scroll wheel which may also be attached to a switch. Modern mice can be con-
nected to the computer system with a cord or wirelessly using Bluetooth or 
other short-range radio technology. 

Unlike touch screens, mice send units of motion rather than position to the 
computer. The number of signals sent to the computer system per inch of mo-
tion varies with design of the mouse. For that reason, the units are called “mick-
eys” rather than units implying pulses per inch. Rates from 100 Hz to 1,000 Hz 
are supported by most operating systems using the USB human interface device 
class. Mice do not generate interrupts when there is no motion. 

The operating system will present a configuration control to allow the user to 
match the user’s desired cursor speed to the number of mickeys per second 
generated by a particular mouse.  

The operating system’s handling of mouse actions in a windowing environment 
is a bit more complicated than that for the keyboard. The mouse cursor is al-
lowed to range over all the windows available. A click, usually left, in a window 
that does not have focus transfers focus to that window. Actions in a window 
that has focus are passed to the application owning the window. 

  Other Devices 

There are many other input and output devices, too numerous to mention here. 
These include speakers, microphones, scanners, cameras, and many other clas-
ses of devices. There are also types of devices in the categories above that are 
not covered. For example, dot matrix printers were not covered because they 
are obsolete. 

  Summary of Learning Objectives 

This section of the chapter tells you the things you should know 
about, but not what you should know about them. To test your 
knowledge, discuss the following concepts and topics with a study 
partner or in writing, ideally from memory. 
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There are four categories of information that must be exchanged between 
the CPU and a device controller during an I/O operation. There are two 
very different architectural approaches to handling input and output. 
There are also two basic classes of I/O devices depending on how much 
data is transferred in one operation. 

Signals called interrupts are critical to efficient I/O operation. Some I/O 
device controllers can access memory directly. Access to I/O devices is 
accomplished with I/O buses. 

There is a hierarchy of storage that relates capacity, speed, and cost. The 
hierarchy distinguishes between volatile and non-volatile storage and also 
between primary and secondary storage. Primary storage is often called 
memory. 

Bulk online storage is provided by two different technologies, one with 
mechanical parts and one that is all-electronic. The two technologies have 
very different access times. The all-electronic storage technology has a 
couple of different form factors and a couple of different interface op-
tions. 

 

RAID technology can introduce redundancy in storage, but it no longer 
recommended for very large storage devices. It is important not to con-
flate RAID technology with the need for backing up data. 

Optical drives have evolved through at least three different formats and a 
number of different recording schemes. Most optical storage media have 
a structure fundamentally different from magnetic disks. The capacity of 
online bulk storage has increased at a different rate from the capacity of 
optical storage. 

Near-line storage makes data available online in times varying from sec-
onds to tens of seconds. Offline storage has much longer latency times 
but effectively unlimited capacity. 
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There are two major display technologies and also two major printing 
technologies. Use-case is particularly important when selecting printing 
equipment. 

Mice and touchscreens are both pointing devices but have very different 
construction and send information to the CPU in very different ways. 
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