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4.0 Objectives 
After going through this Unit, we will be able to : 
 Define and describe the characteristics of the memory system; 
 Distinguish among various types memories; 
 Describe the latest secondary storage technologies; 
 Describe the importance of cache memory and other high-speed memories; 
 Describe the different memory chips of micro computers. 
 Identify the structure of input/output interface; 
 Identify the concepts of device drivers and device controllers; 
 Describe the input/output techniques, i.e., programmed I/O, interrupt-driven 

I/O and direct memory access; 
 Define and input/output processor; 
 Describe external communication interfaces such as serial and parallel 

interfaces; and 
 Define interrupt processing. 

4.1 Introduction 
 In the previous Unit, we focused upon the basic foundation of computers, 
which include concepts on von Neumann machine, instruction, execution, the digital 
data representation and logic circuits. In this unit we will define some of the most 
important component of a computer, which are the memory unit and the input-
output units. We will discuss various components of the memory system of a 
computer. Computer memory is organized into a hierarchy to minimize cost. Also, it 
does not compromise the overall speed of access. Memory hierarchy include cache 
memory, main memory and other secondary storage technologies. In this Unit, we 
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will discuss the main memory, the secondary memory and high-speed memories 
such as cache memory, and the memory system of microcomputer. 
 Another important component in addition to discussing the memory system 
will be the input/output system. We will discuss Input/Output controllers, device 
drivers, the structure of I/O interface, the I/O techniques. We will also discuss about 
the Input/Output processors which are quite common in mainframe computers.  
4.2 Memory Hierarchy 
 Memory in a computer is used for storage and retrieval of data and instruction. 
A computer system uses a variety of storage devices. “The storage devices along 
with the algorithms on how to control and manage these storage devices constitute 
the memory system of a computer.” 
 Though a memory system is a very simple system it exhibits wide range of 
technology and types. The basic objective of memory system is to provide fast, 
undisrupted access by the processor to the memory such that the processor can 
operate at the speed it is expected to work. Unfortunately as the access time (time 
taken by the CPU to access a location in memory) becomes less the cost per bit of 
memory becomes higher. Thus memories with smaller cost have high access time. 
This cost versus time analogy has let to a hierarchy of memories. Fast memories are 
supplemented with larger, cheaper and slower memories. 
 The typical storage hierarchy is shown in figure 1. 

CPURegister
CacheMemory

Main Memory(RAM & ROM)
Secondary Memory(Magnetic Disk, Tapes, Optical Memory)
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Figure 1 : Memory Hierarchy 

 The memory hierarchy includes the following memories found in a computer 
system : 
 (i) CPU Registers 
 (ii) Cache Memory 
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 (iii) Main Memory 
 (iv) Secondary Memory. 
* The basic need of memory hierarchy is to provide CPU with necessary data and 
instruction as quickly as possible and reduce the traffic on memory bus. 
 As we move up the hierarchy, we encounter storage elements that have faster 
access times, higher cost per bit stored, and slower access time as a result of 
moving down the hierarchy. Thus CPU register and cache memory generally have 
the fastest access time, the smallest storage capacity and the highest cost per bit 
stored. Main memory falls next in the hierarchy list. Secondary storage devices such 
as magnetic disk, tapes, Worm disk etc. fall next in the storage hierarchy. They are 
cost effective for storage of very large quantities of data when fast access time is 
not necessary. 
4.3 RAM, ROM, DRAM, Flash Memory 
 The main memory is a Random Access Memory. It is organized into words of 
fixed length. The length of a word is called word length. Each of these memory 
words has an independent address and each has the same number of bits. Normally 
the total numbers of words in memory are some power of 2. Some typical memory 
word size are 8 bits, 16 bits, 32 bits etc. The main memory can be both read and 
written into, therefore it is called read-write memory. The block diagram of a read-
write memory of RAM is shown in figure 2. 

m bits per word

Read-writeRandom Access Memory
Read
Write2  wordsn

Memory adder 
n bits

Memory buffer register
m bits  

Figure 2 : Read-write Random Access Memory. 
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 The access time and cycle time in RAM are constant and independent of the 
location accessed. The computer places the address of the location into which the 
data are to be read into the memory address register. This register consist of n 
binary devices (generally flip-flops), where 2n is the number of words that can be 
stored in the memory. Example : A 32 × 4 RAM means that this RAM has 32 words, 
5 address lines (25 = 32), and 4 bit data word size. 
 Please note that are can represent a RAM using 2A × D, where A is the number 
of address lines and D is the number of Data lines. Computers almost invariably use 
random access read-write memories for their high-speed main memory and use 
backup or slower-speed memories to hold auxilliary bus. 
 In any memory there must be basic memory cell. A memory that uses flip-
flops for its memory cell is called a Static Random Access Memory (SRAM). 
Dram (Dynamic Random Access Memory) 
 RAM technology is divided into two technologies : Dynamic and Static. A 
Dynamic RAM (DRAM) is made with cells that store data as charge on capacitors. 
The presence and absence of charge on capacitor is interpreted as binary 0 or 1. 
Since the capacitors have natural tendency to discharge Dynamic RAM requires 
periodic charge refreshing to maintain data storage. 
 The term dynamic refers to this tendency of the stored to leak away, even 
with power continuously applied. Despite the difficulties of refreshing dynamic 
memories and their relatively low speed, the memory costs sufficiently are lower 
than those for static memories to make dynamic memories the most widely used in 
present day systems. RAM’s are volatile in nature, that is the content in RAM gets 
lost when power goes off. 
ROM (Read-Only Memory) 
 A ROM is a memory or storage device in which a fixed set of binary 
information is stored. A ROM is a device with several input and output lines such 
that for each input value there is a unique output value. A block diagram of ROM is 
shown in the figure 3. It consist n input lines and m output lines. Each combination 
of the input variables in called an address. Each bit combination that comes out of 
the output lines in called a word. The number of bits per word is equal to the 
number of output lines m. The number of distinct address possible with n input 
variable is 2n. 
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2  × mROM
n

n address lines

m output bits
(a) ROM Block Diagram  
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(b) Truth Table                

2×4Decoder
I  1

I  2

O  1 O2

00
01
10
11

(c) A Sample ROM  
Figure 3 : ROM 

 
 A ROM is characterized by the number of words (2n) and number of bits (m) 
per word. For example a 16 × 8 ROM which can be written as 24 × 8 consist of 16 
words of 8 bit each, which mean there are 8 output lines and 16 distinct words 
stored in the unit. There are only 4 input lines because 16 = 24 and with 4 binary 
variable we can specify 16 address.  
 A ROM is basically a combinational circuit and can be constructed as shown in 
figure 3 (c). On applying an Input I1 = 0, I2 = 0, the 00 line of the decoder is 
selected and we will get O1 = 0 and O2 = 1; on applying I1 = 0 and I2 = 1 we will 
get O1 = 1 and O2 = 0. The same logic is used for constructing larger ROM. 
 It is not possible to write data on ROM when they on-line to the computer. 
They can only be read. That is why ROM’s are called Read Only Memory. ROM’s are 
non-volatile, that is, the data stored in ROM are not lost when power supply is 
switched off. ROMs are also known as permanent stores. 
 ROM are used for storing micro-programs, system programs and subroutines. 
There are other kinds of ROMs which have the facility of writing once electrically. 
They are PROMs (Programmable ROMs), EPROMs (Erasable PROMs) and EEPROMs 
(Electrically Erasable PROMs). In general ROMs are made of cheaper and slower 
technology than RAMs. 
Flash Memory : 
 Flash Memory is a form of semiconductor memory which was first introduced 
in mid-1980. These memories can be reprogrammed at high speed and hence the 
name flash. These are electronic Random Access Memory but non-volatile in nature. 
In flash memory the entire memory can be erased in a few seconds by using electric 
erasing technology. It is used in many I/O devices. It is also used to store data and 
programming algorithm in cell phones, digital cameras and MP3 music players. 
Basically flash memory falls in between EPROM and EEPROM. 
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 There are two kinds of flash memory : 
 (i) Code storage flashmade by Intel, AMD, Atmel, etc. It stores 

programming algorithms and is largely found in cell phones 
 (ii) Data storage Flashmade by San Disk, Toshiba etc. It stores data and 

comes in digital cameras and MP3 players. 
4.4 Secondary Memory and Characteristics 
 Most of the data transfer to and from processing unit is via main memory. 
Therefore it is desirable that operating speed of main memory of computer system 
to be as fast as possible. For this reason semiconductors are generally used for the 
design of main memories (primary storage). These high-speed memory devices are 
expensive and hence the cost per bit of storage in also high for a main memory. But 
primary storage has the following limitations : 
 (i) Limited space :The space of primary memory is not sufficient to store 

large volume of data. 
 (ii) Volatile : These memories are volatile in nature, that is the dots is lost 

if power is turned off. 
 For this reason there is a need of additional memory called secondary storage 
in the computer system. Some popular memories used in computers are described 
below : 
 (i) Hand Disk Drives 
 (ii) Optical Memories 
 (iii) CCDs, Bubble Memories. 
4.4.1 Hard Disk Drives 
 This memory is one of the basic component of today’s personal computer. It 
has the capacity of the order of several Giga Bytes and above. A magnetic has to be 
mounted on a disk drive before it can be used for reading or writing of information. 
A disk drive contains all the mechanical, electrical and electronic components for 
holding one or more disk and for reading or writing of information on it. 
Magnetic Disk 
 A disk is circular platter constructed of non-magnetic material called substrate, 
coated with magnetisable material. This is used for storing large amount of data. 
Data are recoded on and later retrieved from the disk via a conducting coil called the 
head. In many system there are two heads, a read  head and a write head. During 
read and write operation the head remains static, while the platter rotates beneath 
it. 
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Data Organisation and Formatting 
 The head is retatively small device capable of reading from or writing to a 
portion of the platter rotating below it. This gives rise to organization of data on the 
platter in concentric circles, called tracks, each track is of some width. There are 
thousands of tracks per surface. The data layout is given in figure 4. 
 Adjacent tracks are separated by gaps. 

Dots Platter
Inter track gap

Track
Intersectorgap

 
Figure 4 : Internal organization of Magnetic Disk 

 This prevents or minimizes errors due to misalignment of the head. Tracks are 
divided into sectors. Data are transferred to and from the sectors. A disk rotates at a 
constant angular velocity, but as we move away from the centre linear velocity is 
more than the linear velocity nearer to the centre. Thus the density of information 
storage decreases as we move away from the centre of the disk. All sectors in the 
disk store same amount of data. 
Physical characteristics 
 First, the head may either be fixed or movable with repect to radial direction 
of the platter. In fixed-head disk, there is one read-write head per track. All of the 
heads are mounted on a rigid area that extends across all tracks. In a movable head 
disk, there is only one read-write head. Again the head is mounted on an arm. 
Because the head must be able to be positioned above any track, the arm can be 
extended or retracted for this purpose. The major characteristics of magnetic disk 
are given below in figure 5. 

Head Motion Platter 
Fixed head (one per track) 
Moveable read (one per surface) 
Disk Portability 
Non-Removable 

Single platter 
Multiple platter 
Head mechanism 
Disk contact (floppy) 
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Removable Disk 
Sides 
Single Sided 
Double Sides. 

Fixed gap 
Aerodynamic gap 
(Winchester Disk) 

 
Figure 5 : Physical characteristic of Disk system 

 The disk itself is mounted in a disk drive, which consist of the arm shaft that 
rotates the disk, and the electronics needed for input and output of binary data. A 
non-removable disk is permanently mounted in the disk drive. The hard disk drive in 
a personal computer is a non-removable disk. A removable disk can be removed and 
replaced with another disk. The advantage of removable disk is that unlimited 
amounts of data are available with limited number of disk system. With the advent 
of technology, Winchester disk was developed. Winchester disks are designed to 
operate closer to the disk’s surface than conventional rigid disk heads, thus allowing 
greater data density. The head is actually an aerodynamic foil that rests lightly on 
the platter’s surface when the disk is motionless. The air pressure generated by 
spinning disk is enough to make the foil rise above the surface. 
Accessing the Disk Dots 
 Disks operate in semi-random mode and normally are referenced block wise. 
The data access time on a disk consist of two main components : 
 (i) Seek time : It is the time taken by the head to position itself on a 

specific track. 
 (ii) Latency time (Rotational delay) : This is the time required by a sector 

to move below the read/write read. On an average it is ½ of the time 
taken for rotation by the disk. 

 Therefore Access time = Seek Time + Lantency Time (of the disk) 
 Note : Since access time of disks is large, therefore it is advisable to read a 

sizeable portion of data in a signle go and that is why the disks are referenced 
block wise. 

4.4.2 Optical Memory  
 Compact Disk (CD) digital audio system was one of the most successful 
consumer products of all time introduced in 1983. This CD was has non-erasable 
disk that could store more that 60 minutes of audio information on one side. The 
huge commercial success of this CD let to the development of low-cost optical disk 



The Memory System and Input/Output System  
 

[   88   ]  

storage technology that revolutionized computer data storage. Various types of 
optical disk are : 
 (i) Compact Disk ROM (CD-ROM) 
 (ii) Compact Disk-Recordable (CD-R) 
 (iii) Compact Disk-Rewritable (CD-RW) 
 (iv) Digital Versatile Disk (DVD) 
 
Compact Disk ROM (CD-ROM) 
 Both CD and CD-ROM shane the same technology. The main difference is that 
CD-ROM players are more rugged and have error correction devices to ensure that 
data are property transferred from disk to computer. The disk is made up of 
polycarbonate. Digitally recorded information is imprinted as a series of microscopic 
pits on the surface of the polycarbonate. The pitted surface is then coated with a 
highly reflective surface, usually aluminum. The shiny surface is protected against 
dust and scratches by a top coad of clear acrylic. Finally a table can be silk-screened 
on to the acrylic. Information is retrieved from CD or ROM by low powered laser-
housed in an optical disk player or drive unit. The laser Shines through the clear 
polycarbonate while a motor spins the disk past it. The intensity of the reflected light 
of the laser changes as it encounter a pit. Specifically, if laser falls on pit, the light 
scatters and low intensity is reflected back to the source. The areas between the pit 
are called lands. A land is a smooth surface, which reflects back at a higher 
intensity. The change between pits and land is detected by photo sensor and 
converted to digital signal. The sensor tests the surface at regular intervals. The 
beginning or end of a pit represents 1. When no change in elevation occurs between 
intervals, a 0 is recorded. Data on the CD-Rom are organized as a sequence of 
blocks. The blocks diagram is shown in figure 6 (a). It consist of the following fields: 
 Sync : This field identifies the beginning of a blocks. It consist of a byte of all 
0’s 10 bytes of all 1’s and bytes of all 0’s. 
 Header : The header contains the block address and the mode byte. Mode 0 
specifies a block data field; mode 1 specifies the use of error correcting code and 
2048 bytes of data; mode 2 specifies 2336 bytes of user data with no error 
correcting code. 
 Data : User data. 
 Auxiliary : Additional user data in mode 2. In mode 1, this is a 288-byte error 
correcting code. 
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                 (a) Block Diagram     (b) CD-ROM Layout   

Figure 6 : Block diagram and Layout of CD-ROM 
 CD drive is rotated at a variable velocity. The speed or rotation of disk reduces 
as we move away from the centre such that the sector’s can be read in constant 
time. The method of reading is called Constant Angular Velocity (CLV). 
 CD-ROM is appropriate for the distribution of large amount of data to a large 
number of users. 
CD-ROMs has there Advantages : 
 (i) Large data/information storage capacity. 
 (ii) The optical disk is removable. 
 (iii) The optical disk can be mass replicated along with the stored 

information. 
Disadvantages of CD’s are as follows : 
 (i) It is read-only and cannot be updated. 
 (ii) It has access time longer than magnetic disk drive (as it user CLV) 
Compact Disk Recordable (CD-R) : 
 This disk is write once-read-Many type of CD. The information of CD-R disk are 
subsequently written once with a laser beam of modest intensity. Unlike CD-ROMs, 
the user can write once on the CD-R and read many times. The disk can be read on 
a CD-R drive or a CD-ROM drive. 
 CD-R optical disk is good for archival storage of documents and files. It 
provides a permanent record of large volumes of user data. 
Compact Disk Rewritable (CD-RW) : 
 The CD-RW disk can be repeatedly written and overwritten, as with a magnetic 
disk. A concept of phase change approach is used in which the disk uses a material 
that has two significantly different reflectivities in two different phase states. There 
is an amorphns state, in which the molecule exhibit a random orientation and which 
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reflects light poorely; and a crystalline state, which has a smooth surface that reflect 
light well. A beam of laser light can change the material from one phase to the 
other. The primary disadvantage of phase change optical disk is that the material 
eventually and permanently loses its desirable properties. CD-RW exhibits higher 
reliability and longer life compared to magnetic disk. 
Digital Versatile Disk (DVD) : 
 With the advent of DVD, the electronic industry has at last found an 
acceptable replacement of video tapes used in video cassettes recorders (VLR’s). 
The DVD has taken video into the digital age. It delivers movies with impressive 
picture quality, and it can be randomly accessed like audio CD’s Large volume of 
data can be stored on the disk, several times as much as CD-ROM. With DVD’s huge 
storage capacity and vivid quality, PC games have become more realistic   and 
educational and incorporate more video. 
4.4.3 CCD’s Bubble Memories 
CCD’s (Change-Coupled Device) : 
 CCD’s are used for storing. They have arrays of cells that can hold change 
packets of electrons. A word is represented by a set of charge packets, the presence 
of change packet represent the bit value 1. The charge packets do not remain 
stationary and the cell pass the charge to the neighboring cells with the next clock 
pulses. Therefore the cells are organized in tracks with a circuit for writing the dots 
at the beginning and a circuit any for reading the data at the end. Logically the 
tracks may be conceived as loops. Since the read circuitry passes the information 
back to write circuit, which then re-creates the bit values in the track unless new 
data in written to the circuit. There devices come under the category of semi-
random operation since the device must wait till the data has reached the circuit for 
detection of charge packets. The access time to these devices is not very high. At 
present this technology is used only in specific application and commercial products 
are not available. 
Magnetic Bubble Memories : 
 In certain material such as garnet on applying magnetic fields certain 
cylindrical areas whose direction of magnetization is opposite to that of magnetic 
field are created. These are called magnetic bubbles. The diameter of these bubbles 
are found to be in the range of 1 micrometer. These bubble can be moved at a high 
speed by applying a parallel magnetic field to the plate surface. Thus the rotating 
field can be generated by an electromagnetic field and no-mechanical motion is 
required. In these memories the presence of bubble represents 1, while absence 
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represents a 0 state. For writing data into a cell, a bubble generator to introduce a 
bubble or a bubble annihilator to remove the bubble are required. The bubble 
detector performs the read operation. Magnetic bubble memories having capacities 
of 1 M or more bits per chip have been manufactured. The cost and performance of 
these memories fall between semi-conductor RAM and magnetic disks. 
 These memories are non-volatile in nature. They are more reliable than 
magnetic disk, as there are no moving parts. But these memories are difficult to 
manufacture and difficult to interface with inconventional processes. Today these 
memories are used as secondary memories of air space borne computers, where 
externally high reliability is required. 
4.5 RAID and its Levels 
 Researches are going on to improve the secondary storage media by 
increasing their performance, capacity and reliability. However, any physical media 
has a limit to its capacity and performance. These limitation has led to other 
methods of improvements. As a result a concept of mass storage devices has come 
up for such improvements. The idea is to use multiple redundant units of the storage 
media as a single secondary storage device. One such attempt is to have multiple 
components in parallel to improve the disk performance. 
 One such industrial standard, which exist for multiple-disk database schemes 
is termed as RAID (Redundant Array of Independent Disk). The basic characteristics 
of RAID are : 
 (i) Operating system considers the physical disk as a single logical drive. 
 (ii) Data is distributed across the physical disks. 
 (iii) In case of failure of disk, the redundant information (for example the 

parity bit) is used to recover the data. This redundant informations are 
kept on the redundant disks. 

 The term RAID was used by the researchers of Berkley. Earlier I was used for 
Inexpensive but later term Indenpent was adopted instead of inexpensive to signify 
performance and reliability. 
 RAID has been proposed at various levels, which are basically aimed to cater 
for the widening gap between the processor and online secondary storage 
technology. The basic concept used in RAID is to replace range capacity disk drive 
with multiple smaller capacity disks. The data on these disks is distributed to allow 
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simultaneous access, thus improving the overall input/output performance. It also 
allows an easy way of incrementing the capacity of the disk. 
 RAID technologies have two important performance considerations : 
 (i) The Data transfer rate. 
 (ii) Input/output request rate. 
 High data transfer rate is dependent on : 
 (i) Path between individual disks and memory. 
 (ii) Fulfillment of an I/O request by multiple disks of disk array. Thus 

increasing the transfer rate. 
 The features of RAID levels is described in the table 1. 

RAID 
Level 

Category Features I/O Request 
rate 

(Read/Write) 
Dots transfer 

rate 
(Read/Write) 

Typical 
Application 

0 Stripping (a) Disk is divided into strops, 
maybe a block, a sector or 
other unit. 

(b) Non-Redundant. 

Large strips 
(excellent) 

Small strips 
(excellent) 

In application 
requiring high 

performance for 
non critical data 

1 Mirroring (a) Disk in array has a mirror 
disk that contain same 
data 

(b) Recovery from a failure is 
simple due to redundant 
disk  

Good/Fair Good/Fair System drivers; 
critical files 

2 Parallel 
Access 

(a) All member disks parti-
cipate in the execution of 
every I/O request by 
synchronisation 

(b) Redundancy via hamming 
code which is able to 
correct single-bit errors 
and detect double bit-
errors. 

Poor Excellent Commercially 
not useful 

3 Parallel 
Access 

(a) Each disks operates inde-
pendently, thus separate 
I/O request, in parallel. 

Poor Excellent Large I/O 
request size 

application such 
as CAD. 

4 Independ-
ent 
Access 

(a) Each disks operates inde-
pendently, I/O request in 
parallel. 

(b) Data strip is large 
(c) Parity strip stored on a 

separate disk 

Excellent/Fair Fair/Poor Commercially 
not useful. 
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5 Independ-
ent 

Access 
(a)  Employs independent 

access as level 4 and 
distributes parity strips 
across all disk. 

(b) The distribution of parity 
strips across all drives 
avoids the potential I/O 
bottleneck found in level 
4. 

Excellent/Fair Fair/Poor High request 
rate read 

intensive data 
lookup 

6. Inde-
pendent 
Access 

(a) Called P+Q redundancy 
scheme, much like level 5, 
but stores extra infor-
mation to guard against 
multiple disk failure. 

(b) P and Q are two different 
data check algorithms 
XOR calculation is used in 
level 4 & 5.  

Excellent/ 
Poor 

Fair/ Poor Application 
requiring 

extremely high 
availability  

Table-1 : Features of RAID 
4.6 Cache Memory 
 Cache memory is a small memory between CPU and main memory. It is a very 
fast memory. The access time of cache memory is closer to the processing speed of 
the CPU. It acts as a high speed buffer between CPU and main memory and is used 
to temporarily store currently active data and instruction during processing. Since 
cache memory is faster than main memory, the processing speed is increased by 
making data and instruction needed, in present processing available in cache. 
 During the course of execution of most programs, memory references by the 
processor, both instruction and data, tend to cluster. That is, if an instruction is 
executed, there is a likelihood of the nearby instruction being executed soon. This 
concept is called locality of reference. Locality of reference is also true in case of 
data reference. This is shown in the figure 7 below : 
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Main Memory

Cache

CPU

Address of the accessed wordswhich were not in cache

Adders of acced wordsAccessedwords

Block of words

 
Figure 7 : Cache memory operation 

 Cache contain a copy of a portion of main memory contents. When a program 
is running and CPU attempts to read a word of memory, a check is made in cache 
for the word. If the word is not found in cache, then a block of main memory which 
contains the word also, is read into the cache. Thus the requested word is delivered 
to the CPU. Because of locality of reference, it is likely that there will soon be 
reference to other words in that block. That is the next time CPU attempts to read a 
word, it is very likely that it finds it in the cache and saves the time needed to read 
the word in the main memory. 
 Two different types of cache are found in computers called instruction cache 
and data cache. The instruction cache is used for storing program instruction and 
data cache stores the data. This helps in faster identification of availability of 
accessed words in cache memory and helps in improving the processing speed. 
 Many computers are designed to have multiple levels of cache such as level 1 
(L1) and level 2 (L2). L1 cache is smaller than L2 cache and is used to store 
frequently accessed instruction. The use of cache memory requires several design 
issues. Some important design issues are : 
 (i) Cache size : Since cache memory is expensive, hence size is normally 

kept small. Today’s personal computer have 64 KB, 128 KB, 256 KB, 
512 KB or 1 MB of cache. 

 (ii) Block size : It is the unit of data exchanged between cache and main 
memory. As the block size increases from very small to large size, the 
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hit ratio (that is the fraction of times that referenced instruction/dots is 
found in cache) will first increase because of the principle of locality. 
However, the hit ratio will begin to decrease as the block size is further 
increased because the probability of newly fetched words becomes less. 
Thus the block size should suitably chosen to maximize hit ratio. 

 (iii) Replacement Policy : When a new block has been fetched into the 
cache, another may has to be replaced to make room for the new 
block. The replacement policy decides which block to replace in such a 
situation. Thus, it will be best to replace a block that is least likely to be 
used again in near future. 

 (iv) Write Policy : If the content of the cache is altered then it becomes 
necessary to write it back to main memory before replacing it. The 
write policy decides when the altered words of a block are written back 
to main memory. There are two extremes in this case. One is to write 
the updated word of a block to the main memory as soon as the 
updates occur in the block. Another extreme is, that all updated words 
are written to the main memory when the block is replaced from the 
cache. The later policy minimizes overhead of memory write operations 
but temporarily leaves main memory in an inconsistent (obsolete) state. 

4.6.1 Cache Organisation 
 Cache memories are found in almost all latest computers. They are very useful 
for increasing the speed of access of information from memory. 
 The fundamental idea of cache organization is that, by keeping the most 
frequently accessed instruction and data in the fast cache memory; the average 
memory access time will approach the access time of cache. 
 The cache memory performance is frequently measured in terms of a quantity 
called hit ratio. When CPU refers the main memory and finds the word in cache, it 
is said to produce a hit. If the word is not found in cache, it is in the main memory 
and it counts as a miss. These hit Ratio given by : 
 Hit Ratio = memory to reference CPU of no. Total

hits of No.  
Example : 
 If memory read cycle takes 100 ns and a cache read cycle takes 20 ns, then 
for four continuous references, the first one brings the main memory contents to 
cache and next three from cache. 
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 (i) Time taken with cache = (100 + 20) + (20 × 3) 
                              (For 1st operation)  (For last 3 operations) 
       = 120 + 60 
       = 180 ns 
 (ii) Time taken without cache = 100 × 4 = 400 ns. 
 Thus, The closer are the reference, the better is the performance of cache. 

 The transformation of data from main memory to cache memory is referred to 
as a mapping process. The mapping procedure for cache organization is of three 
types : 
 (i) Associative mapping 
 (ii) Direct mapping 
 (iii) Set-associative mapping 
Associative Mapping 
 The associative memory stores both the address and data of the memory 
word. This permits the cache to store a word in any location from the main memory. 
The address value and the corresponding data are stored using binary octal or 
hexadecimal number system. 
 The diagram for associative mapping cache is given below : 

Argument Register 
 

Address Data 
10001 2000 
11001 6000 
32601 4202 
46201 6506 

(Octal number representation is used.) 
Figure 8 : Associative Mapping 

 The above diagram shows a CPU address of 16 bits placed in the argument 
register and the associative memory is searched for a matching address. If the 
address is found, the corresponding 14 bit data is read and sent to the CPU. If no 
matches are found, the main memory is accessed for the word. The address-data 
pair is then transferred to the associative memory. This address checking is done 
simultaneously. The most flexible and fastest cache organization uses associative 
cache memory. 
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Direct Mapping : 
 If we assume that there are n bits used for memory address, then n bits 
memory address is divided into two fields : K bits for the index field and (n-k) bits 
for tag field. In general case, there are 2k words in the cache memory and 2n words 
in the main memory. 
 The direct mapping cache uses the n-bit address to access the main memory 
and k-bit index to access the cache memory. The figure 9 given below shows the 
direct address mapping. 

Memory Data
2656000

077
026
011

033

3632
3765

3224

Octal

(a) (Main Memory)   

Index Address
00000

777 04

(b) Cache Memory

2656

3226

 
Figure 9 : Direction Mapping 

 Each word in the cache consist of the data word and its associated tag. When 
a new word is brought into the cache, the tag bit is stored side-by side of the data 
bits. When CPU generates a memory request, the index field is used for the address 
to access the cache. The tag field of the CPU is compared with the tag in the word 
read from the cache. If two tags match, there is a hit other-wise there is a miss. 
With a hit the desired word is found in the cache. If there is a miss then the word is 
read form the main memory. 
Set Associative Mapping : 
 Set-Associative mapping is an improvement on the direct mapping 
organization. In this type of organization each word of cache can store two or more 
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words of memory under the same index. Each data word is stored together with its 
tag. The number of tag data items in one word of cache is said to form a set. The 
figure 10 shows two-way set associative cache. 

01 3264  02 5657 
 
 
 
 
 
 

    

02 5610  00 4620 
Figure 10 : Set Associative Mapping 

 Write Policy : The data in cache and main memory can be written by 
processors or input/output device. The main problems associated in writing with 
cache memories are : 
 (i) The contents of cache and main memory can be altered by more than 

one device. This can result into inconsistencies in the values of the 
cache and main memory. 

 (ii) In the case of multiple CPU’s with different cache, a word altered in one 
cache automatically invalidate the word in the other cache. 

 The suggested techniques for writing in system with caches are : 
 (i) Write through : Write the data in cache as well as main memory. 
 (ii) Write block : Updates are made only in the cache, setting a bit called 

update bit only those blocks whose update bits are set are replaced in 
the main memory. 

 (iii) Instruction cache : This cache access only the instruction. The 
advantage of such cache is that instruction do not change and 
therefore there is no need to write back the instruction to the main 
memory. 

4.6.2 Associative Memory 
 A memory unit accessed by content of data is called associative memory or 
content addressable Memory (CAM). This type of memory is accessed simultaneously 
and in parallel on the basis of data contents rather than specific address or location. 
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When a word is written in an associative memory no address is given. The memory 
is capable of funding an empty unused location to store the word. When the word is 
to be read from an associative memory, the content of the word or part of the word, 
is specified. The memory locates all words, which match the specified content and 
marks them for reading. 
 Associate memory organization is uniquely suited to do parallel searches by 
data association. Searches can be done on an entire word or on a specific field 
within a word. Thus the time required to find an item stored in memory can be 
reduced considerably if stored data can be accessed by content as in associative 
memory. There are expensive memories, thus used in application where search time 
is very critical and must be very short. 
 The block diagram of associative memory is given below in figure 11. 

Argument Register (A)

Key Register (A)

Associate memory

M wordsn bits/word
M

Match Register
Input

R/W

Output  
Figure 11 : Block diagram of Associative Memory 

4.7 Virtual Memory 
 Virtual memory is a concept used in some large computers that permits user 
to construct program as though a large memory space were available, equal to the 
totality of secondary memory. Virtual memory gives an illusion of large memory and 
presides a mechanism for translating program generated address into correct main 
memory location. This is done dynamically while program are being executed in the 
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CPU. The translation is handled automatically by the hardware with the help of a 
mapping table. This helps the programs to write large programmers with the 
assumption that memory space is practically unlimited. 
Address space and memory space : 
 An address used by a programmer is called virtual address, whereas the 
address in the main memory is called physical address. Set of virtual address in 
called address space and set of physical addresses is called memory space. 
4.8 Input-Output Interface 
 A typical computer consists of a microprocessor, a memory and Input/output 
(I/O) interface. The input/output subsystem of a computer, provides an efficient 
mode of communication between the central system and the output environment. 
I/O interface is also a very important component of a computer system as is the 
memory system. We have already studied memories and it types, therefore now lets 
us discuss the importance of I/O interface. The I/O interface provides a method for 
transferring information between internal storage and external I/O devices. 
Peripherals connected to a computer need special communication links for 
interfacing them with CPU. The communication link is to resolve the difference that 
exist between the central computer and each peripheral. The major differences are : 
 (i) The mismatch in the data transfer rate of peripherals and CPU’s 

peripherals have slower data transfer rates than CPU’s. 
 (ii) Difference in data and formats of peripherals and CPU. 
 (iii) The operating mode of peripheral and CPU’s. 
 (iv) Peripherals are electromagnetic and electromechanical devices whereas 

CPU are electronic devices. 
 To resolve these differences, computer system includes a special hardware 
component between the CPU and peripherals to supervise and synchronies all input 
and output transfers. These components are called interface. 
Major function of I/O interface : 
 (i) It should be able to provide control and timing signals to coordinate the 

flow of data to/from external devices to/from processor or memory. 
 (ii) It should communicate with the processor. 
 (iii) It should communicate with the I/O devices to complete the I/O 

operations. This communication involves commands, status or data. 
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 (iv) It should have a provision for data buffering for the purpose of 
smoothing out the gaps in speed of the processor and I/O devices. The 
data buffers are registers that hold the I/O operations temporarily. 

 (v) It should have in build error detection mechanism to check the 
mechanical as well as data communication errors. These errors should 
be reported to the processor. For example paper jam in printer, 
electrical failure etc. 

4.9 The Device Controller and its Structure 
 The I/O devices are connected to an electronic device interface called a device 
controller. This device controller is connected to the system bus. One side of the 
device controller communicates with the I/O devices and other side communicates 
with the processor and memory through system bus. 
Device Controller : 
 A device controller can control a single or multiple I/O devices. It comes in the 
form of a an electronic circuit board that plugs directly into the system bus. A cable 
from the device controller connects each device it controls. The cables coming out of 
the controller are usually terminated at the back panel of the main computer box in 
the form of connectors known as ports. 
 Using device controllers has following advantages : 
 (i) A device controller can be shared among multiple I/O device. 
 (ii) I/O device can easily be upgraded or changed without any change to 

the computer system. 
 (iii) Different I/O devices can easily be plugged into computer system. This 

provides more flexibility to the user in buying I/O devices of their 
choice. 

4.10  Device Drivers 
 A device driver is software interface which manages the communication with, 
and the control of, a specific I/O devices, or type of device. It is the task of the 
device driver to connect the logical request from the user into specific commands 
directed to the device itself. 
 In UNIX the device drivers are usually linked onto the object code of the 
kernel (the core of the operating system). This means when a new device is to be 
used, which was not included in the original construction of operating system, the 
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UNIX Kernel has to be re-linked with the new device driver object code. In UNIX, 
each entry, in the/dev directory is associated with a device driver which manages 
the communication with the related devices. A list of some device names is shown 
below : 
 
  Device name Description 
  /dev/console system control 
  /dev/lp line printer 
  /dev/tty01 user terminal 1  
 In windows system device drivers are implemented as dynamic links libraries 
(DLLS). DLLS contain sharable code which mean only one copy of the code needs to 
be loaded into memory. That in windows system, the idea of plug and play device 
installation is required to add a new device such as a CD drive, etc. The objective is 
to make this process largely automatic; that is the device would be attached and the 
driver software loaded. Thereafter, the installation would be automatic; the settings 
would be chosen to suit the host computer configuration. 
4.11  Input-Output Techniques 
 Data transfer between the CPU and I/O devices may be handled in a variety of 
modes. Three techniques possible for I/O operation are : 
 (i) Programmed I/O 
 (ii) Interrupt driven I/O 
 (iii) Direct Memory Access (DMA) 
4.11.1 Programmed I/O 
 In programmed I/O, the I/O operation are completely controlled by the 
processor. The input or output operation in such cases involve transfer of data from 
I/O devices to the processor register or transfer of data from processor register to 
memory. The figure 12 (a) gives an example of the programmed I/O. 
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Issue readBlock commandto I/O interface

Read statusof DMAinterface

CPU  DMA

Next Instructions
(c) DMA

CPU  DMA
Interrupt

Do
Issue readcommand toI/O interface

Read statusof I/Ointerface

Read wordfrom I/Ointerface

Checkstatus

Write wordto memory

Iscomplete ?

Next instruction
Yes

CPU  I/O

I/O   CPU

Error

I/O   CPU

CPU  Memory

Ready

No

otherprocessing

Interrupt

(b) Interrupt Driven I/O

Issue readcommand toI/O interface

Read statusof I/Ointerface

Read wordfromI/O interface

Checkstatus ?

Write wordto memory

Iscomplete ?

Next instruction
Yes

Not

CPU  I/O

I/O   CPU

Error

I/O   CPU

CPU Memory

Ready

(a) Programmed I/O

No

 
Figure 12 : Three techniques of I/O 

 With programmed I/O method the responsibility of the processor is to 
constantly check the states of the I/O device to check whether it is free or it has 
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finished inputing the data. Thus this method is very time consuming, be cause the 
processor has to waste a lot of time in checking and verifying the status of an I/O 
device. Programmed I/O is useful for computers where hardware costs need to be 
minimized. 
 There are four types of I/O commands received by I/O interface, when it is 
addressed by a processor : 
 (i) Control  There commands are device specific and provide specific 

instructions to the device. 
 (ii) Test  this command checks the status of the device, whether it is 

ready or not or it is in error condition. 
 (iii) Read  useful for input of data from input device. 
 (iv) Write  used for output of data to output device. 
4.11.2 Interrupt Driven I/O 
 As we have seen that the programmed I/O consumes more time because the 
processor keeps waiting for the I/O interface to see whether a device is free or wait 
till I/O completion. This decrease the performance of the processor. To come out of 
this problem an improved well-designed mechanism was built called as interrupt 
driver I/O. In this method the CPU in interrupted and it goes to do other useful work 
while I/O interface proceeds to read data from associated device. On completion of 
the instruction cycle the CPU checks for any interruption (if any). If there is any 
interrupt then CPU saves the important register and processor status of the 
executing program in a stack and requests the I/O device to provide its data, which 
is placed on the data bus by the I/O device. After taking the appropriate action the 
CPU can go back to the program it was executing before interrupt. The figure 12 (b) 
Shows Interrupt driven I/O. 
4.113. Interrupt Processing 
 The occurrence of an interrupt gives rize to a number of events, both in the 
processor hardware and software. This is shown in figure 13. 
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Device/Controllersystem hardwareissues areinterface
Save RemainingProcess stateinformation

(1) (6)

Processorcompletesexecution ofcurrent instruction

Processorinterruptservicing program(ISR)
(2) (7)

Processoracknowledgeinterrupt
Restores processstate informationof old process(3) (8)

Processor savesPSW and PCon the stack(4)

Processor loadsPC withaddress of ISR

Restores oldPSW and PC

(5)

(9)

Hardware Software

 
Figure 13 : Interrupt Processing Sequence. 
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 When an I/O device completes an I/O operation, the following sequence of 
hardware event occurs : 
1. The device issues an interrupt signal to the processor. 
2. The processor finishes execution of the current instruction before responding 

to the interrupt. 
3. The processor tests for the interrupts and sends acknowledgment signal to the 

device that issued the interrupt 
4. The minimum information required to be stored for the task being currently 

executed, before the CPU starts executing the interrupt routine (using its 
register) are : 

 (a) The status of the processor, which is contained in the register called 
Program Status Word (PSW), and 

 (b) The location of the next instruction to be executed, of the currently 
executing program, which is contained in the Program Counter (PC). 

5. The processor now loads the PC with the entry location of the interrupt-
handling program that will respond to this interrupting condition. Once the PC 
has been loaded, the processor proceeds to execute the next instruction, that 
is the next instruction cycle, which begins with an instruction fetch. Because 
the instruction fetch is determined by the contends of the PC, the result is 
that, control in transferred to the interrupt-hardware program. 

6. The PC and PSW relating to the interrupted program have already been saved 
on the system stack. In addition, the contents of the processor registers are 
also needed to be saved on the stack that are used by the called Interrupt 
Servicing Routine (ISR) because these registers may be modified by the 
interrupt handler. 

7. The interrupt handler next processes the interrupt. This includes determining 
of the event that caused the interrupt and also the status information relating 
to the I/O operation. 

8. When interrupt processing is complete, the saved register values are retrieved 
from the stack and restored to the registers. 

9. The final step is to restore the values of PSW and PC from the stack. As a 
result, the instruction to be executed will be from the previously interrupted 
program. 

 The interrupt handling involves : 
 (i) Interruption of the currently executing program, 
 (ii) Execution of interrupt servicing program 
 (iii) Restart of interrupted program from the point of interruption. 
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4.11.4 DMA (Direct Memory Access) 
 In both interrupt-driven and programmed I/O, the processer is busy with 
executing I/O instruction. This limits the speed of I/O transfer rate by the processor 
This type of limitation can be overcomed by a technique called DMA. DMA allows 
minimum intervention of CPU for I/O. DMA is primarily used when a large amount of 
data is to be transferred from the I/O device to the Memory. 
 Function of DMA :  As CPU intervention in DMA is minimized, yet it must use 
the path between interfaces that is the system bus. Thus DMA involves an additional 
interface on the system bus. A technique called cycle stealing is used, where a disk 
pack or other device transfers data directly into high-speed main memory using the 
bus and bypassing the CPU. The CPU is simply held in the present state for one or 
more clock cycles while the data is transferred from disk pack directly to the main-
memory. The CPU’s is not able to see each transfer, when it occurs, it simply 
continues executing its program. Thus in DMA the processor envolment can be 
restricted at the beginning and end of the transfer. A block diagram of DMA is given 
below in the figure 14. 

DATACOUNT

DATAREGISTER

ADDRESSREGISTER

CONTROLLOGIC

Registers

MultiplexedData lines

Address Lnes
DMA RequestDMA Request

DMA Ack
R/W

SIG
NA

LS

 
Figure 14 : The block diagram of DMA 

4.12  Input-Output Processors 
 The CPU directs the I/O processors to execute an I/O programs in memory. 
The I/O processor fetches and executes there instruction without CPU intervention. 
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This allows CPU to specify a sequence of I/O activities and to be interrupted only 
when the entire sequence has been performed. This type of interface is called I/O 
channel or I/O processor. 
 The I/O channel is an extention of DMA concept. An I/O processor has the 
ability to execute I/O instruction, which gives complete control over the I/O 
operation. With such devices CPU does not execute I/O instruction. Such instruction 
are stored in the main-memory to be executed by a special purpose processor in the 
I/O channel itself. This CPU initiates an I/O transfer by instructing the I/O channel to 
execute a program in memory. Two types of I/O channels are commonly used : 
 (i) A selector channel–It controls multiple high speed devices, at any 

one time. The transfer of data is dedicated with one of those devices. 
Each device is handled by a controller or I/O interface. Thus the I/O 
channel serves in place of CPU in controlling these I/O controllers. 

 (ii) A multiplexer channel–It can handle I/O with multiple devices at the 
same time. 

 The diagram of selector channel and multiplexer channel is given is figure 15. 

SELECTORCHANNEL

Dots & AddressChannel to MainMemory

I/OCONTROLLER I/OCONTROLLER I/OCONTROLLER
CONTROL SIGNALTO CPU  

(a) Selector Channel 

MULTIPLEXERCHANNEL

Data & AddressChannel to MainMemory

Control Signalto CPU I/OCONTROLLER I/OCONTROLLER I/OCONTROLLER

I/OCONTROLLER

I/OCONTROLLER

 
(b) Multiplexer Channel 

Figure 15 : I/O channel structure 
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4.13  External Communication Interface 
 The interface between the I/O interface and peripheral devices is known as 
external interface. This interface is of two types : 
 (1) Serial Interface 
 (2) Parallel Interface 
 In serial interface a single line is used to transmit data, therefore only one bit 
is transferred at a time. Examples are serial printers. 
 In parallel interface multiple lines are used to transmit data, therefore multiple 
bits can be transferred simultaneously. It is used for high speed peripheral such as 
disks. 
 The connection between an I/O interface and external devices can be either 
point-to-point or multipoint. For example keyboard and printers are point-to-point 
whereas multimedia devices, disks are multipoint device. 
4.14 Summary 
 In this unit, we have discussed the details of the memory system of the 
computer. First we discussed the concept and the need of the memory hierarchy. 
Memory hierarchy is essential in computers as it provides an optimized low-cost 
memory system. The unit also covers details on the basic characteristics of RAMs 
and different kinds of ROMs. These details include the logic diagrams of RAMs and 
ROMs giving basic functioning through various control signals. We have also 
discussed the latest secondary storage technologies such as CD-ROM, DVD-ROM, 
CD-R, CD-RW etc. giving details about their data formats and access mechanisms. 
 The importance of high-speed memories such as cache memory, and 
associative memories are also described in detail. The high-speed memory, although 
small, provides a very good overall speed of the system due to locality of reference. 
We have also discussed the identification of I/O interface, description of I/O 
techniques such as programmed I/O, interrupt-driven I/O and direct memory access. 
These techniques are useful for increasing the efficiency of the input-output transfer 
process. The concepts of device drivers for all types of operating systems and device 
controllers are also discussed in this unit. We have also defined at input/output 
processor, the external communication interfaces such as serial and parallel 
interfaces and interrupt processing. The I/O processors are the most powerful I/O 
interfaces that can execute the complete I/O instructions. You should always refer to 
suggested reading for details. 
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4.15 Questions 
 1. Why memory is required in a computer ? Explain the memory hierarchy 

in a computer system. 
 2. Differentiate between RAM and ROM ? 
 3. What is a flash memory ? Why it is used ? 
 4. Differentiate between magnetic memory and optical memory. 
 5. What is a RAID ? What are the important consideration to enhance the 

performance ? 
 6. Describe different features of RAID levels. 
 7. What is cache memory and why it is used ? 
 8. What are important design issues of cache memory. 
 9. What is hit Ratio ? 
 10. Describe different mapping procedures of cache memory. 
 11. What is virtual memory ? 
 12. Explain the major function of I/O interface ? 
 13. Explain different types of Input-Output techniques. 
 14. What is DMA ? What are its functions ? 
 15. Explain external communication interface. 
4.16  Suggested Readings 
1. Computer Architecture and organisation by John. P Hayer 
2. Computer organisation and Architecture by Willion Stallings. 

  


