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Unit- I
Basic Structure of Computers
Computer Architecture in general covers three aspects of computer design namely:
Computer Hardware, Instruction set Architecture and Computer Organization. Computer
hardware consists of electronic circuits, displays, magnetic and optical storage media and
communication facilities. Instruction set Architecture is programmer visible machine interface
such as instruction set, registers, memory organization and exception handling. Two main
approaches are mainly CISC (Complex Instruction Set Computer) and RISC (Reduced
Instruction Set Computer) Computer Organization includes the high level aspects of a design, such as
memory system, the bus structure and the design of the internal CPU.

Computer Types
Computer is a fast electronic calculating machine which accepts digital input, processes it
according to the internally stored instructions (Programs) and produces the result on the output
device. The internal operation of the computer can be as depicted in the figure below:

Figure 1: Fetch, Decode and Execute steps in a Computer System
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The computers can be classified into various categories as given below:
 Micro Computer
 Laptop Computer
 Work Station
 Super Computer
 Main Frame
 Hand Held
 Multi core
Micro Computer: A personal computer; designed to meet the computer needs of an individual.
Provides access to a wide variety of computing applications, such as word processing, photo
editing, e-mail, and internet.
Laptop Computer: A portable, compact computer that can run on power supply or a battery
unit. All components are integrated as one compact unit. It is generally more expensive than a
comparable desktop. It is also called a Notebook.
Work Station: Powerful desktop computer designed for specialized tasks. Generally used for
tasks that requires a lot of processing speed. Can also be an ordinary personal computer attached
to a LAN (local area network).
Super Computer: A computer that is considered to be fastest in the world. Used to execute
tasks that would take lot of time for other computers. For Ex: Modeling weather systems,
genome sequence, etc (Refer site: http://www.top500.org/)
Main Frame: Large expensive computer capable of simultaneously processing data for
hundreds or thousands of users. Used to store, manage, and process large amounts of data that
need to be reliable, secure, and centralized.
Hand Held: It is also called a PDA (Personal Digital Assistant). A computer that fits into a
pocket, runs on batteries, and is used while holding the unit in your hand. Typically used as an
appointment book, address book, calculator and notepad.
Multi Core: Have Multiple Cores – parallel computing platforms. Many Cores or computing
elements in a single chip. Typical Examples: Sony Play station, Core 2 Duo, i3, i7 etc.
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Functional Units

A computer in its simplest form comprises five functional units namely input unit, output unit
memory unit, arithmetic & logic unit and control unit. Figure 2 depicts the functional units of a
computer system.

Figure 2: Basic functional units of a computer

Let us discuss about each of them in brief:
1. Input Unit: Computer accepts encoded information through input unit. The
standard input device is a keyboard. Whenever a key is pressed, keyboard controller
sends the code to CPU/Memory.
Examples include Mouse, Joystick, Tracker ball, Light pen, Digitizer, Scanner etc.
2. Memory Unit: Memory unit stores the program instructions (Code), data and
results of computations etc. Memory unit is classified as:
•

Primary /Main Memory

•

Secondary /Auxiliary Memory
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Primary memory is a semiconductor memory that provides access at high speed. Run time
program instructions and operands are stored in the main memory. Main memory is classified
again as ROM and RAM. ROM holds system programs and firmware routines such as BIOS,
POST, I/O Drivers that are essential to manage the hardware of a computer. RAM is termed as
Read/Write memory or user memory that holds run time program instruction and data. While
primary storage is essential, it is volatile in nature and expensive. Additional requirement of
memory could be supplied as auxiliary memory at cheaper cost.
Secondary memories are non volatile in nature.
Arithmetic and logic unit: ALU consist of necessary logic circuits like adder, comparator etc.,
to perform operations of addition, multiplication, comparison of two numbers etc.
Output Unit: Computer after computation returns the computed results, error messages, etc. via
output unit. The standard output device is a video monitor, LCD/TFT monitor. Other output
devices are printers, plotters etc.
Control Unit: Control unit co-ordinates activities of all units by issuing control signals. Control
signals issued by control unit govern the data transfers and then appropriate operations take
place. Control unit interprets or decides the operation/action to be performed.
The operations of a computer can be summarized as follows:
 A set of instructions called a program reside in the main memory of computer.
 The CPU fetches those instructions sequentially one-by-one from the main memory,
decodes them and performs the specified operation on associated data operands in ALU.
 Processed data and results will be displayed on an output unit.
 All activities pertaining to processing and data movement inside the computer machine
are governed by control unit.
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Basic Operational Concepts
An Instruction consists of two parts, an Operation code and operand/s as shown below:
OPCODE

OPERAND/s

Let us see a typical instruction
ADD LOCA, R0
This instruction is an addition operation. The following are the steps to execute the instruction:
Step 1: Fetch the instruction from main memory into the processor
Step 2: Fetch the operand at location LOCA from main memory into the processor
Step 3: Add the memory operand (i.e. fetched contents of LOCA) to the contents of register R0
Step 4: Store the result (sum) in R0.
The same instruction can be realized using two instructions as
Load LOCA, R1
Add R1, R0
The steps to execute the instructions can be enumerated as below:
Step 1: Fetch the instruction from main memory into the processor
Step 2: Fetch the operand at location LOCA from main memory into
the processor Register R1
Step 3: Add the content of Register R1 and the contents of register R0
Step 4: Store the result (sum) in R0.
Figure 3 below shows how the memory and the processor are connected. As shown in the
diagram, in addition to the ALU and the control circuitry, the processor contains a number of
registers used for several different purposes. The instruction register holds the instruction that is
currently being executed. The program counter keeps track of the execution of the program. It
contains the memory address of the next instruction to be fetched and executed. There are n
general purpose registers R0 to Rn-1 which can be used by the programmers during writing
programs.
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Figure 3: Connections between the processor and the memory

The interaction between the processor and the memory and the direction of flow of information
is as shown in the diagram below:

Figure 4: Interaction between the memory and the ALU
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BUS STRUCTURES
Group of lines that serve as connecting path for several devices is called a bus (one bit per line).
Individual parts must communicate over a communication line or path for exchanging data,
address and control information as shown in the diagram below. Printer example – processor to
printer. A common approach is to use the concept of buffer registers to hold the content during
the transfer.

Figure 5: Single bus structure

SOFTWARE
If a user wants to enter and run an application program, he/she needs a System Software. System
Software is a collection of programs that are executed as needed to perform functions such as:

 Receiving and interpreting user commands
 Entering and editing application programs and storing then as files in secondary storage
devices
 Running standard application programs such as word processors, spread sheets,
games etc.
Operating system - is key system software component which helps the user to exploit the below
underlying hardware with the programs.

USER PROGRAM and OS ROUTINE INTERACTION
Let‘s assume computer with 1 processor, 1 disk and 1 printer and application program is in
machine code on disk. The various tasks are performed in a coordinated fashion, which is called
multitasking. t0, t1 …t5 are the instances of time and the interaction during various instances as
given below:
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t0: the OS loads the program from the disk to memory
t1: program executes
t2: program accesses disk
t3: program executes some more
t4: program accesses printer
t5: program terminates

Figure 6 :User program and OS routine sharing of the processor

PERFORMANCE
The total time required to execute a program is the most important measure of performance for a
computer. (t0-t5 of earlier example). Compiler, instruction set and hardware architecture,
program all have impact on performance.

Basic Performance Equation: The basic performance equation is given by
T = (N * S) / R
where T=execution time, N=number of instructions, S=average cycles per instruction,
R=clock rate in cycles per second
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CACHING
Commonly used data are copied to on-processor memory (cache) to reduce access time.
Small memories can be made with higher speed than large ones. In a computer, we need both.

Figure 7: The processor cache

PIPELINING and SUPERSCALR OPERATION
Pipelining: Like a production line, instruction execution overlapped so greater parallelism is
achieved.
Superscalar operation: Execute several instructions simultaneously using multiple ALU‘s.

CISC vs RISC
Reduced instruction set computer
– Large N, small S
Complex instruction set computer
– Small N, large S

COMPILER
Translates high level language such as C, C++ and Java to machine instructions. Aims to reduce
N×S

PERFORMANCE MEASUREMENT
Benchmark refers to standard task used to measure how well a processor operates. To evaluate
the performance of Computers, a non-profit organization known as SPEC-System Performance
Evaluation Corporation employs agreed-upon application programs of real world for
benchmarks. Accordingly, it gives performance measure for a computer as the time required to
execute a given benchmark program. The SPEC rating is computed as follows
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MULTIPROCESSORS AND MULTICOMPUTERS

Multicomputer-- A computer made up of several computers. The term generally
refers to an architecture in which each processor has its own memory rather than
multiple processors with a shared memory. Distributed computing deals with
hardware and software systems containing more than one processing.
Element or storage element, concurrent processes, or multiple programs, running
under a loosely or tightly controlled regime. A multicomputer may be considered to
be either a loosely coupled NUMA computer or a tightly coupled cluster. Multi
computers are commonly used when strong computer power is required in an
environment with restricted physical space or electrical power.
Common suppliers include Mercury Computer Systems, CSPI, and SKY Computers.
Common uses include 3D medical imaging devices and mobile radar. In distributed
computing a program is split up into parts that run simultaneously on multiple
computers communicating over a network. Distributed computing is a form of parallel
computing, but parallel computing is most commonly used to describe program parts
running simultaneously on multiple processors in the same computer. Both types of
processing require dividing a program into parts that can run simultaneously, but
distributed programs often must deal with heterogeneous environments, network links
of varying latencies, and unpredictable failures in the network or the computers.
Multiprocessor-- A multiprocessor system is simply a computer that has more than
one CPU on its motherboard. If the operating system is built to take advantage of this,
it can run different processes (or different threads belonging to the same process) on
different CPUs. Multiprocessing is the use of two or more central processing units
(CPUs) within a single computer system. The term also refers to the ability of a
system to support more than one processor and/or the ability to allocate tasks between
them.[1] There are many variations on this basic theme, and the definition of
multiprocessing can vary with context, mostly as a function of how CPUs are defined
(multiple cores on one die, multiple chips in one package, multiple packages in one
system unit, etc.).
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Data Representation
Introduction
The digital computer is a digital system that performs various computational tasks. The word
digital implies that the information in the computer is represented by variables that take a limited
number of discrete values. These values are processed internally by components that can
maintain a limited number of discrete states. The decimal digits 0, 1, 2, 9, for example, provide
10 discrete values. The first electronic digital computers, developed in the late 1940s, were used
primarily for numerical computations. In this case the discrete elements are the digits. From this
application the term digital computer has emerged. In practice, digital computers function more
reliably only if two states are used. Because of the physical restriction of components, and
because human logic tends to be binary (i.e. true-or-false, yes-or-no statements), digital
components that are constrained to take discrete values are further constrained to take only two
values and are said to be binary.

Objectives:
After studying this unit, the learner will be able to


Explain various units of a digital computer



Understand different data types



Explain fixed and floating point number representation



Discuss various binary and error detection codes

Digital Computers
Digital computers use the binary number system, which has two digits: 0 and 1. A binary
digit is called a bit. Information is represented in digital computers in groups of bits. By
using various coding techniques, groups of bits can be made to represent not only binary
numbers but also other discrete symbols, such as decimal digits or letters of the alphabet.
By the judicious use of binary arrangements and by using various coding techniques, the
groups of bits are used to develop complete sets of instructions for performing various
types of computations. In contrast to the common decimal numbers that employ the base
10 system, binary numbers use a base 2 system with two digits: 0 and 1.
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The decimal equivalent of a binary number can be found by expanding it into a power
series with a base of 2. For example, the binary number 1001011 represents a quantity that
can be converted to a decimal number by multiplying each bit by the base 2 raised to an
integer power as follows:
6

5

4

3

2

1

0

1 x 2 + 0 x 2 + 0 x 2 + 1 x 2 + 0 x 2 + 1 x 2 + 1 x 2 = 75
The seven bits 1001011 represent a binary number whose decimal equivalent is 75.
However, this same group of seven bits represents the letter K when used in conjunction
with a binary code for the letters of the alphabet. It may also represent a control code for
specifying some decision logic in a particular digital computer. In other words, groups of
bits in a digital computer are used to represent many different things. This is similar to the
concept that the same letters of an alphabet are used to construct different languages, such
as English and French. A computer system is sometimes subdivided into two functional
entities: hardware and software. The hardware of the computer consists of all the
electronic components and electromechanical devices that comprise the physical entity of
the device. Computer software consists of the instructions and the data that the computer
manipulates to perform various data-processing tasks. A sequence of instructions for the
computer is called a program. The data that are manipulated by the program constitute the
data base. A computer system is composed of its hardware and the system software
available for its use. The system software of a computer consists of a collection of
programs whose purpose is to make more effective use of the computer. The programs
included in a systems software package are referred to as the operating system. They are
distinguished from application programs written by the user for the purpose of solving
particular problems. For example, a high-level language program written by a user to solve
particular data-processing needs is an application program, but the compiler that translates
the high-level language program to machine language is a system program. The customer
who buys a computer system would need, in addition to the hardware, any available
software needed for effective operation of the computer. The system software is an
indispensable part of a total computer system. Its function is to compensate for the
differences that exist between user needs and the capability of the hardware. The hardware
of the computer is usually divided into three major parts as shown in Fig. 1.1.
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Random Access Memory
(RAM)

Central Processing Unit
(CPU)

Input

Input Output Processor

Output

devices

(IOP)

devices

Fig. 1.1: Block diagram of a digital computer

The Central Processing Unit (CPU) contains an Arithmetic and Logic Unit (ALU) for
manipulating data, a number of registers for storing data, and control circuits for fetching
and executing instructions. The memory of a computer contains storage for instructions
and data. It is called a Random Access Memory (RAM) because the CPU can access any
location in memory at random and retrieve the binary information within a fixed interval of
time. The Input-Output Processor (IOP) contains electronic circuits for communicating
and controlling the transfer of information between the computer and the outside world.
The input and output devices connected to the computer include keyboards, printers,
terminals, magnetic disk drives, and other communication devices. This book provides the
basic knowledge necessary to understand the hardware operations of a computer system.
The subject is sometimes considered from three different points of view, depending on the
interest of the investigator. When dealing with computer hardware it is customary to
distinguish between what is referred to as computer organization, computer design, and
computer architecture.
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Computer organization is concerned with the way the hardware components operate and
the way they are connected together to form the computer system. The various components
are assumed to be in place and the task is to investigate the organizational structure to
verify that the computer parts operate as intended.
Computer design is concerned with the hardware design of the computer. Once the
computer specifications are formulated, it is the task of the designer to develop hardware
for the system. Computer design is concerned with the determination of what hardware
should be used and how the parts should be connected. This aspect of computer hardware
is sometimes referred to as computer implementation.
Computer architecture is concerned with the structure and behavior of the computers as
seen by the user. It includes the information formats, the instruction set, and techniques for
addressing memory. The architectural design of a computer system is concerned with the
specifications of the various functional modules, such as processors and memories, and
structuring them together into a computer system.

Data Types
Binary information in digital computers is stored in memory or processor registers.
Registers contain either data or control information. Control information is a bit or a group
of bits used to specify the sequence of command signals needed for manipulation of the
data in other registers. Data are numbers and other binary-coded information that are
operated on, to achieve required computational results. The data types found in the
registers of digital computers may be classified as being one of the following categories:
(1) numbers used in arithmetic computations, (2) letters of the alphabet used in data
processing, and (3) other discrete symbols used for specific purposes. All types of data,
except binary numbers, are represented in computer registers in binary-coded form. This is
because registers are made up of flip-flops and flip-flops are two-state devices that can
store only 1‘s and 0‘s. The binary number system is the most natural system to be used in a
digital computer. But sometimes it is convenient to employ different number systems,
especially the decimal number system, since it is used by people to perform arithmetic
computations.
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Number Systems
A number system of base, or radix, r is a system that uses distinct symbols for r digits.
Numbers are represented by a string of digit symbols. To determine the quantity that the
number represents, it is necessary to multiply each digit by an integer power of r and then
form the sum of all weighted digits. For example, the decimal number system in everyday
use employs the radix 10 system. The 10 symbols are 0, 1, 2, 3, 4, 5, 6, 7, 8, and 9. The
string of digits 724.5 is interpreted to represent the quantity.
2

1

0

7 x 10 + 2 x 10 + 4 x 10 + 5 x 10

-1

that is, 7 hundreds, plus 2 tens, plus 4 units, plus 5 tenths. Every decimal number can be
similarly interpreted to find the quantity it represents. To distinguish between different
radix numbers, the digits will be enclosed in parentheses and the radix of the number
inserted as a subscript. For example, to show the equality between decimal and binary
forty-five we will write (101101)2 = (45)10. Besides the decimal and binary number
systems, the octal (radix 8) and hexadecimal (radix 16) are important in digital computer
work. The eight symbols of the octal system are 0, 1, 2, 3, 4, 5, 6, and 7. The 16 symbols
of the hexadecimal system are 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, A, B, C, D, E, and F. The last six
symbols are, unfortunately, identical to the letters of the alphabet and can cause confusion
at times. However, this is the convention that has been adopted. When used to represent
hexadecimal digits, the symbols A, B, C, D, E, F correspond to the decimal numbers 10,
11, 12, 13, 14, 15, respectively.
A number in radix r can be converted into the familiar decimal system by forming the sum
of the weighted digits. For example, octal 736.4 is converted to decimal as follows:
2

1

0

(736.4)8 = 7 x 8 + 3 x 8 + 6 x 8 + 4 x 8

-1

= 7 x 64 + 3 x 8 + 6 x 1 + 4 / 8 = (478.5)10

The equivalent decimal number of hexadecimal F3 is obtained from the following
calculation:
(F3)16 = F x 16 + 3 = 15 x 16 + 3 = (243)10.
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Integer = 41

Fraction = 0.6875

41

0.6875
x2

20 1
10 0
5

0

2

1

1

0

0

1

1.3750
x2
0.7500
x2
1.5000
X2
1.0000

(41)10 = (101001)2

(0.6875)10 = (0.1011)2

(41.6875)10 = (101001.1011)2
Fig. 1.2: Conversion of decimal 41.6875 into binary

The conversion of decimal 41.6875 into binary is done by first separating the
number into its integer part 41 and fraction part 0.6875. The integer part is
converted by dividing 41 by r = 2 to give an integer quotient 20 and a remainder of
1. The quotient is again divided by 2 to give a new quotient and remainder. This
process is repeated until the integer quotient becomes 0. The coefficients of the
binary number are obtained from the remainders with the first remainder giving the
low-order bit of the converted binary number.The fraction part is converted by
multiplying it by r = 2 to give an integer and a fraction. The new fraction (without
the integer) is multiplied again by 2 to give a new integer and a new fraction. This
process is repeated until the fraction part becomes zero or until the number of digits
obtained gives the required accuracy.
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Octal and Hexadecimal Numbers
The conversion from and to binary, octal, and hexadecimal representation plays an
3

4

important part in digital computers. Since 2 = 8 and 2 = 16, each octal digit
corresponds to three binary digits and each hexadecimal digit corresponds to four
binary digits. The conversion from binary to octal is easily accomplished by
partitioning the binary number into groups of three bits each starting from the least
significant bit (LSB) position. The corresponding octal digit is then assigned to each
group of bits and the string of digits so obtained gives the octal equivalent of the
binary number. Consider, for example, a 16-bit register. Physically, one may think
of the register as composed of 16 binary storage cells, with each cell capable of
holding either a 1 or a 0. Suppose that the bit configuration stored in the register is
as shown in Fig.1.3.

Since a binary number consists of a string of 1‘s and 0‘s, the
16

16- bit register can be used to store any binary number from 0 to 2

– 1. For the

particular example shown, the binary number stored in the register is the equivalent
of decimal 44899. Starting from the low-order bit, we partition the register into
groups of three bits each (the sixteenth bit remains in a group by itself). Each group
of three bits is assigned its octal equivalent and placed on the top of the register.
The string of octal digits so obtained represents the octal equivalent of the binary
number.

Octal

1

2

Binary

1

0 1

Hexadecimal

A

7
0

1 1

5
1
F

1 0

4
1 1

0

3
0

0 1

6

1

3

Fig. 1.3: Binary, octal and hexadecimal conversion.
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Conversion from binary to hexadecimal is similar except that the bits are divided
into groups of four. The corresponding hexadecimal digit for each group of four bits
is written as shown below the register of Fig.1.3. The string of hexadecimal digits
so obtained represents the hexadecimal equivalent of the binary number. The
corresponding octal digit for each group of three bits is easily remembered after
studying the first eight entries listed in Table 1.1. The correspondence between a
hexadecimal digit and its equivalent 4-bit code can be found in the first 16 entries
Table 1.1 lists a few octal numbers and their representation in registers in binarycoded form. The binary code is obtained by the procedure explained above. Each
octal digit is assigned a 3-bit code as specified by the entries of the first eight digits
in the table. Similarly, Table 1.2 lists a few hexadecimal numbers and their
representation in registers in binary-coded form. Here the binary code is obtained by
assigning to each hexadecimal digit the 4-bit code listed in the first 16 entries of the
table. Comparing the binary-coded octal and hexadecimal numbers with their binary
number equivalent we find that the bit combination in all three representations is
exactly the same. For example, decimal 99, when converted to binary, becomes
1100011. The binary-coded octal equivalent of decimal 99 is 143 (001 100 011) and
the binary-coded hexadecimal of decimal 99 is 63 (0110 0011). If we neglect the
leading zeros in these two binary representations, we find that their bit combination
is identical. This should be so because of the straight forward conversion that exists
between binary numbers and octal or hexadecimal. The point of all this is that a
string of 1s and 0s stored in a register could represent a binary number, but this
same string of bits may be interpreted as holding an octal number in binary-coded
form (if we divide the bits into groups of three) or as holding a hexadecimal number
in binary-coded form (if we divide the bits into groups of four). The registers in a
digital computer contain many bits. Specifying the content of registers by their
binary values will require a long string of binary digits. It is more convenient to
specify content of registers by their octal or hexadecimal equivalent. The number of
digits is reduced by one-third in the octal designation and by one-fourth in the
hexadecimal designation.
For example, the binary number 1111 1111 1111 has 12 digits. It can be expressed
in octal as 7777 (four digits) or in hexadecimal as FFF (three digits). Computer
manuals invariably choose either the octal or the hexadecimal designation for
specifying contents of registers.
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Decimal Representation
The binary number system is the most natural system for a computer, but people are
accustomed to the decimal system. One way to solve this conflict is to convert all
input decimal numbers into binary numbers, let the computer perform all arithmetic
operations in binary and then convert the binary results back to decimal for the
human user to understand. However, it is also possible for the computer to perform
arithmetic operations directly with decimal numbers provided they are placed in
registers in a coded form. Decimal numbers enter the computer usually as binarycoded alphanumeric characters. These codes, introduced later, may contain from six
to eight bits for each decimal digit. When decimal numbers are used for internal
arithmetic computations, they are converted into a binary code with four bits per
n

digit.A binary code is a group of n bits that assume up to 2 distinct combination of
1s and 0s with each combination representing one element of the set that is being
coded. For example, a set of four elements can be coded by a 2-bit code with each
element assigned one of the following bit combinations; 00, 01, 10, or 11. A set of
eight elements requires a 3-bit code; a set of 16 elements requires a 4-bit code, and
so on. A binary code will have some unassigned bit combinations if the number of
elements in the set is not a multiple power of 2. The 10 decimal digits from 0 to 9
form such a set. A binary code that distinguishes among 10 elements must contain
at least four bits, but six combinations will remain unassigned. Numerous different
codes can be obtained by arranging four bits in 10 distinct combinations. The bit
assignment most commonly used for the decimal digits is the straight binary
assignment listed in the first 10 entries of Table 1.3. This particular code is called
Binary Coded Decimal (BCD). Other decimal codes are sometimes used and a few
of them are given in the section 1.7. It is very important to understand the difference
between the conversion of decimal numbers into binary and the binary coding of
decimal numbers. For example, when converted to a binary number, the decimal
number 99 is represented by the string of bits 1100011, but when represented in
BCD, it becomes 1001 1001. The only difference between a decimal number
represented by the familiar digit symbols 0, 1, 2, …, 9 and the BCD symbols 0001,
0010, …, 1001 is in the symbols used to represent the digits – the number itself is
exactly the same. A few decimal numbers and their representation in BCD are listed
in Table 1.3.
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Decimal number

Binary-coded decimal (BCD)
number

0

0000

1

0001

2

0010

3

0011

4

0100

5

0101

6

0110

decimal

7

0111

digit

8

1000

9

1001

10

0001 0000

20

0010 0000

50

0101 0000

99

1001 1001

248

0010 0100 1000

Code for
one

Table 1.3: Binary Coded Decimal (BCD) Numbers

Alphanumeric Representation
Many applications of digital computers require the handling of data that consist not
only of numbers, but also of the letters of the alphabet and certain special
characters. An alphanumeric character set is a set of elements that includes the 10
decimal digits, the 26 letters of the alphabet and a number of special characters,
such as $, +, and =. Such a set contains between 32 and 64 elements (if only
uppercase letters are included) or between 64 and 128 (if both uppercase and
lowercase letters are included). In the first case, the binary code will require six bits
and in the second case, seven bits. The standard alphanumeric binary code is the
American Standard Code for Information Interchange (ASCII), which uses seven
bits to code 128 characters. The binary code for the uppercase letters, the decimal
digits, and a few special characters is listed in Table 1.4. Note that the decimal
digits in ASCII can be converted into BCD by removing the three high-order bits,
011.
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Character

Binary code

Character

Binary code

A

100 0001

0

011 0000

B

100 0010

1

011 0001

C

100 0011

2

011 0010

D

100 0100

3

011 0011

E

100 0101

4

011 0100

F

100 0110

5

011 0101

G

100 0111

6

011 0110

H

100 1000

7

011 0111

I

100 1001

8

011 1000

J

100 1010

9

011 1001

K

100 1011

L

100 1100

M

100 1101

Space

010 0000

N

100 1110

.

010 1110

O

100 1111

(

010 1000

P

101 0000

+

010 1011

Q

101 0001

$

010 0100

R

101 0010

*

010 0100

S

101 0011

)

010 1001

T

101 0100

-

010 1101

U

101 0101

/

010 1111

V

101 0110

,

010 1100

W

101 0111

=

011 1101

X

101 1000

Y

101 1001

Z

101 1010

Table 1.4: American Standard Code for Information Interchange (ASCII)
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Complements
Complements are used in digital computers for simplifying the subtraction
operation and for logical manipulation. There are two types of complements
for each base r system: the r’s complement and the (r-1)’s complement. When the
value of the base r is substituted in the name, the two types are referred to as the 2‘s
and 1‘s complement for binary numbers and the 10‘s and 9‘s complement for
decimal numbers.
(r-1)’s Complement
Given a number N in base r having n digits, the (r-1)’s complement of N is defined
n

as (r – 1) – N. For decimal numbers r = 10 and r – 1 = 9, so the 9’s complement of
n

n

N is (10 – 1) – N. Now, 10 represents a number that consists of a single 1
n

followed by n 0s. 10 – 1 is a number represented by n 9s. For example, with n = 4
4

4

we have 10 = 10000 and 10 – 1 = 9999. It follows that the 9’s complement of a
decimal number is obtained by subtracting each digit from 9. For example, the 9’s
complement of 546700 is 999999 – 546700 = 453299 and the 9’s complement of
12389 is 99999 –12389 = 87610.
n

For binary numbers, r = 2 and r – 1 = 1, so the 1‘s complement of N is (2 – 1) – N.
n

Again, 2 is represented by a binary number that consists of a 1 followed by n 0s.
n

4

2 – 1 is a binary number represented by n 1s. For example, with n = 4, we have 2
4

= (10000)2 and 2 – 1 = (1111)2. Thus the 1’s complement of a binary number is
obtained by subtracting each digit from 1. However, the subtraction of a binary digit
from 1 causes the bit to change from 0 to 1 or from 1 to 0. Therefore, the 1’s
complement of a binary number is formed by changing 1s into 0s and 0s into 1s.
For example, the 1’s complement of 1011001 is 0100110 and the 1’s complement
of 0001111 is 1110000.
The (r – 1)’s complement of octal or hexadecimal numbers are obtained by
subtracting each digit from 7 or F (decimal 15) respectively.
(r’s) Complement
n

The r’s complement of an n digit number N in base r is defined as r – N for N ≠ 0
and 0 for N = 0. Comparing with the (r – 1)’s complement, we note that the r’s
n

complement is obtained by adding 1 to the (r – 1)’s complement since r – N = [(r

n

– 1) – N] + 1. Thus the 10’s complement of the decimal 2389 is 7610 + 1 = 7611
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and is obtained by adding 1 to the 9’s complement value. The 2’s complement of
binary 101100 is 010011 + 1 = 010100 and is obtained by adding 1 to the 1’s
n

complement value. Since 10 is a number represented by a 1 followed by n 0s, then
n

10 – N, which is the 10’s complement of N, can be formed also by leaving all least
significant 0s unchanged, subtracting the first non-zero least significant digit from
10, and then subtracting all higher significant digits from 9. The 10’s complement
of 246700 is 753300 and is obtained by leaving the two zeros unchanged,
subtracting 7 from 10, and subtracting the other three digits from 9. Similarly, the
2’s complement can be formed by leaving all least significant 0’s and the first 1
unchanged, and then replacing 1s by 0s and 0s by 1s in all other higher significant
bits. The 2’s complement of 1101100 is 0010100 and is obtained by leaving the two
low-order 0s and the first 1 unchanged, and then replacing 1s by 0s and 0s by 1s in
the other four most significant bits. In the definitions above it was assumed that the
numbers do not have a radix point. If the original number N contains a radix point,
it should be removed temporarily to form the r’s or (r-1)’s complement. The radix
point is then restored to the complemented number in the same relative position. It
is also worth mentioning that the complement of the complement restores the
n

number to its original value. The r’s complement of N is r – N. The complement of
n

n

the complement is r – (r – N) = N giving back the original number.
Subtraction of Unsigned Numbers
The direct method of subtraction taught in elementary schools uses the borrow
concept. In this method we borrow a 1 from a higher significant position when the
minuend digit is smaller than the corresponding subtrahend digit. This seems to be
easiest when people perform subtraction with paper and pencil. When subtraction is
implemented with digital hardware, this method is found to be less efficient than the
method that uses complements.
The subtraction of two n digit unsigned numbers M – N ( N ≠ 0) in base r can be
done as follows:
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1. Add the minuend M to the r’s complement of the subtrahend N.
n

n

This performs M + (r – N) = M – N + r .
n

2. If M ≥ N, the sum will produce an end carry r which is discarded, and what
is left is the result M – N.
n

3. If M < N, the sum does not produce an end carry and is equal to r –
(N – M), which is the r’s complement of (N – M). To obtain the answer in a
familiar form, take the r’s complement of the sum and place a negative sign
in front.
Consider, for example, the subtraction 72532 – 13250 = 59282. The 10‘s
complement of 13250 is 86750. Therefore:

M

=

72532

10‘s complement of N

=

+86750

Sum

=

159282

=

-100000

=

59282

Discard end carry 10

5

Answer

Since we are dealing with unsigned numbers, there is really no way to get an
unsigned result for the second example. When working with paper and pencil, we
recognize that the answer must be changed to a signed negative number. When
subtracting with complements, the negative answer is recognized by the absence of
the end carry and the complemented result. Subtraction with complements is done
with binary numbers in a similar manner using the same procedure outlined above.
Using the two binary numbers X = 1010100 and Y = 1000011, we perform the
subtraction X – Y and Y – X using 2‘s complements:

X

=

1010100

2‘s complement of Y

=

+0111101

Sum

=

10010001

=

-10000000

=

0010001

Discard end carry 2
Answer: X – Y
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Y

=

1000011

2‘s complement of X

=

+0101100

Sum

=

1101111

There is no end carry. Answer is negative 0010001 = 2‘s complement of
1101111.

Fixed-Point Representation
Positive integers, including zero, can be represented as unsigned numbers.
However, to represent negative integers, we need a notation for negative values. In
ordinary arithmetic, a negative number is indicated by a minus sign and a positive
number by a plus sign. Because of hardware limitations, computers must represent
everything with 1s and 0s, including the sign of a number. As a consequence, it is
customary to represent the sign with a bit placed in the leftmost position of the
number. The convention is to make the sign bit equal to 0 for positive and to 1 for
negative. In addition to the sign, a number may have a binary (or decimal) point.
The position of the binary point is needed to represent fractions, integers, or mixed
integer-fraction numbers. The representation of the binary point in a register is
complicated by the fact that it is characterized by a position in the register. There
are two ways of specifying the position of the binary point in a register: by giving it
a fixed position or by employing a floating-point representation. The fixed-point
method assumes that the binary point is always fixed in one position. The two
positions most widely used are (1) a binary point in the extreme left of the register
to make the stored number a fraction, and (2) a binary point in the extreme right of
the register to make the stored number an integer. In either case, the binary point is
not actually present, but its presence is assumed from the fact that the number stored
in the register is treated as a fraction or as an integer. The floating-point
representation uses a second register to store a number that designates the position
of the decimal point in the first register. Floating-point representation is discussed
further in the next section.
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Integer Representation
When an integer binary number is positive, the sign is represented by 0 and the
magnitude by a positive binary number. When the number is negative,
the sign is represented by 1 but the rest of the number may be represented in one of
three possible ways:
1.

Signed-magnitude representation

2. Signed-1’s complement representation
3. Signed-2’s complement representation
The signed-magnitude representation of a negative number consists of the
magnitude and a negative sign. In the other two representations, the negative
number is represented in either the 1‘s or 2‘s complement of its positive value. As
an example, consider the signed number 14 stored in an 8-bit register. +14 is
represented by a sign bit of 0 in the leftmost position followed by the binary
equivalent of 14: 00001110. Note that each of the eight bits of the register must
have a value and therefore 0‘s must be inserted in the most significant positions
following the sign bit. Although there is only one way to represent +14, there are
three different ways
to represent -14 with eight bits.
In signed-magnitude representation

1

0001110

In signed-1’s complement representation

1

1110001

In signed-2’s complement representation

1

1110010

The signed-magnitude representation of -14 is obtained from +14 by
complementing only the sign bit. The signed-1‘s complement representation of -14
is obtained by complementing all the bits of +14, including the sign bit. The signed2‘s complement representation is obtained by taking the 2‘s complement of the
positive number, including its sign bit. The signed-magnitude system is used in
ordinary arithmetic but is awkward when employed in computer arithmetic.
Therefore, the signed-complement is normally used. The 1‘s complement imposes
difficulties because it has two representations of 0 (+0 and -0). It is seldom used for
arithmetic operations except in some older computers. The 1‘s complement is useful
as a logical operation since the change of 1 to 0 or 0 to 1 is equivalent to a logical
complement operation.
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The following discussion of signed binary arithmetic deals exclusively with the
signed-2‘s complement representation of negative numbers.
Arithmetic Addition
The addition of two numbers in the signed-magnitude system follows the rules of
ordinary arithmetic. If the signs are the same, we add the two magnitudes and give
the sum the common sign. If the signs are different, we subtract the smaller
magnitude from the larger and give the result the sign of the larger magnitude. For
example, (+25) + (-37) = -(37 – 25) = -12 and is done by subtracting the smaller
magnitude 25 from the larger magnitude 37 and using the sign of 37 for the sign of
the result. This is a process that requires the comparison of the signs and the
magnitudes and then performing either addition or subtraction.

+6

00000110

-6

11111010

+13

00001101

+13

00001101

-----

-------------

-----

-------------

+19

00010011

+7

00000111

+6

00000110

-6

11111010

-13

11110011

-13

11110011

----

-------------

-----

-------------

-7

11111001

-19

11101101

By contrast, the rule for adding numbers in the signed-2‘s complement system does
not require a comparison or subtraction, only addition and complementation. The
procedure is very simple and can be stated as follows: Add the two numbers,
including their sign bits, and discard any carry out of the sign (leftmost) bit
position. Numerical examples for addition are shown below. Note that negative
numbers must initially be in 2’s complement and that if the sum obtained after
the addition is negative, it is in 2’s complement form.
In each of the four cases, the operation performed is always addition, including the
sign bits. Any carry out of the sign bit position is discarded, and negative results are
automatically in 2‘s complement form. The complement form of representing
negative numbers is unfamiliar to people used to the signed-magnitude system. To
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determine the value of a negative number when in signed-2‘s complement, it is
necessary to convert it to a positive number to place it in a more familiar form. For
example, the signed binary number 11111001 is negative because the leftmost bit is
1.Its 2‘s complement is 00000111, which is the binary equivalent of +7. We
therefore recognize the original negative number to be equal to -7.
Arithmetic Subtraction
Subtraction of two signed binary numbers when negative numbers are in 2‘s
complement form is very simple and can be stated as follows: Take the 2’s
complement of the subtrahend (including the sign bit) and add it to the minuend
(including the sign bit). A carry out of the sign bit position is discarded.
This procedure stems from the fact that a subtraction operation can be changed to an
addition operation if the sign of the subtrahend is changed. This is demonstrated by
the following relationship:
(±A) – (+B) = (±A) + (-B)
(±A) – (-B) = (±A) + (+B)

But changing a positive number to a negative number is easily done by taking its 2‘s
complement. The reverse is also true because the complement of a negative number
in complement form produces the equivalent positive number. Consider the
subtraction of (-6) – (-13) = +7. In binary with eight bits this is written as 11111010
– 11110011. The subtraction is changed to addition by taking the 2‘s complement of
the subtrahend (-13) to give (+13). In binary this is 11111010 + 00001101 =
100000111. Removing the end carry, we obtain the correct answer 00000111 (+7).
It is worth noting that binary numbers in the signed-2‘s complement system are
added and subtracted by the same basic addition and subtraction rules as unsigned
numbers. Therefore, computers need only one common hardware circuit to handle
both types of arithmetic. The user or programmer must interpret the results of such
addition or subtraction differently depending on whether it is assumed that the
numbers are signed or unsigned.
Overflow
When two numbers of n digits each are added and the sum occupies n+1 digits, we
say that an overflow has occurred. When the addition is performed with paper and
pencil, an overflow is not a problem since there is no limit to the width of the page
to write down the sum. An overflow is a problem in digital computers because the
width of registers is finite. A result that contains n+1 bits cannot be accommodated
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in a register with a standard length of n bits. For this reason, many computers detect
the occurrence of an overflow, and when it occurs, a corresponding flip-flop is set
which can then be checked by the user.The detection of an overflow after the
addition of two binary numbers depends on whether the numbers are considered to
be signed or unsigned. When two unsigned numbers are added, an overflow is
detected from the end carry out of the most significant position. In the case of
singed numbers, the leftmost bit always represents the sign, and negative numbers
are in 2‘s complement form. When two signed numbers are added, the sign bit is
treated as part of the number and the end carry does not indicate an overflow.An
overflow cannot occur after an addition if one number is positive and the other is
negative, since adding a positive number to a negative number produces a result that
is smaller than the larger of the two original numbers. An overflow may occur if the
two numbers added are both positive or both negative. To see how this can happen,
consider the following example. Two signed binary numbers, +70 and +80, are
stored in two 8-bit registers. The range of numbers that each register can
accommodate is from binary +127 to binary -128. Since the sum of the two numbers
is +150, it exceeds the capacity of the 8-bit register. This is true if the numbers are
both positive or both negative. The two additions in binary are shown below
together with the last two carries.

carries: 0 1

carries: 1

0

+70

0 1000110

-70

1 0111010

+80

0 1010000

-80

1 0110000

-------

----------------

-------

----------------

+150

1 0010110

-150

0 1101010

Note that the 8-bit result that should have been positive has a negative sign bit and
the 8-bit result that should have been negative has a positive sign bit. If, however,
the carry out of the sign bit position is taken as the sign bit of the result, the 9-bit
answer so obtained will be correct. Since the answer cannot be accommodated
within 8 bits, we say that an overflow occurred.
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An overflow condition can be detected by observing the carry into the sign bit
position and the carry out of the sign bit position. If these two carries are not equal,
an overflow condition is produced. This is indicated in the examples where the two
carries are explicitly shown. If the two carries are applied to an exclusive-OR gate,
an overflow will be detected when the output of the gate is equal to 1.
Decimal Fixed-Point Representation
The representation of decimal numbers in registers is a function of the binary code
used to represent a decimal digit. A 4-bit decimal code requires four flip-flops for
each decimal digit. The representation of 4385 in BCD requires 16 flip-flops, four
flip-flops for each digit. The number will be represented in a register with 16 flipflops as follows:

0100

0011 1000 0101

By representing numbers in decimal we are wasting a considerable amount of storage
space since the number of bits needed to store a decimal number in a binary code is
greater than the number of bits needed for its equivalent binary representation. Also,
the circuits required to perform decimal arithmetic are more complex. However, there
are some advantages in the use of decimal representation because computer input and
output data are generated by people who use the decimal system. Some applications,
such as business data processing, require small amounts of arithmetic computations
compared to the amount required for input and output of decimal data. For this
reason, some computers and all electronic calculators perform arithmetic operations
directly with the decimal data (in a binary code) and thus eliminate the need for
conversion into binary and back to decimal. Some computer systems have hardware
for arithmetic calculations with both binary and decimal data.The representation of
signed decimal numbers in BCD is similar to the representation of signed numbers in
binary. We can either use the familiar signed-magnitude system or the signedcomplement system. The sign of a decimal number is usually represented with four
bits to conform to the 4-bit code of the decimal digits. It is customary to designate a
plus with four 0‘s and a minus with the BCD equivalent of 9, which is 1001. The
signed-magnitude system is difficult to use with computers. The signed-complement
system can be either the 9‘s or the 10‘s complement, but the 10‘s complement is the
one most often used. To obtain the 10‘s complement of a BCD number, we first take
the 9‘s complement and then add one to the least significant digit. The
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complement is calculated from the subtraction of each digit from 9. The procedures
developed for the signed-2‘s complement system apply also to the signed-10‘s
complement system for decimal numbers. Addition is done by adding all digits,
including the sign digit, and discarding the end carry. Obviously, this assumes that all
negative numbers are in 10‘s complement form.
Consider the addition (+375) + (-240) = +135 done in the signed-10‘s complement
system.
0 375

(0000 0011 0111 0101)BCD

+9 760

(1001 0111 0110 0000)BCD

--------

-----------------------------------

0 135

(0000 0001 0011 0101)BCD

The 9 in the leftmost position of the second number indicates that the number is
negative. 9760 is the 10‘s complement of 0240. The two numbers are added and the
end carry is discarded to obtain +135. Of course, the decimal numbers inside the
computer must be in BCD, including the sign digits. The addition is done with BCD
adders. The subtraction of decimal numbers either unsigned or in the signed-10‘s
complement system is the same as in the binary case. Take the 10‘s complement of
the subtrahend and add it to the minuend. Many computers have special hardware to
perform arithmetic calculations directly with decimal numbers in BCD. The user of
the computer can specify by programmed instructions that the arithmetic operations
be performed with decimal numbers directly without having to convert them to
binary.

Floating-Point Representation
The floating-point representation of a number has two parts. The first part represents
a signed, fixed-point number called the mantissa. The second part designates the
position of the decimal (or binary) point and is called the exponent. The fixed-point
mantissa may be a fraction or an integer. For example, the decimal

number

+6132.789 is represented in floating-point with a fraction and an exponent as follows:
Fraction

Exponent

+0.6132789

+04

The value of the exponent indicates that the actual position of the decimal point is four
positions to the right of the indicated decimal point in the fraction. This representation
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+4

is equivalent to the scientific notation +0.6132789 x 10 . Floating-point is always
interpreted to represent a number in the following form:
mxr

e

Only the mantissa m and the exponent e are physically represented in the register
(including their signs). The radix r and the radix-point position of the mantissa are
always assumed. The circuits that manipulate the floating-point numbers in registers
conform with these two assumptions in order to provide the correct computational
results. A floating-point binary number is represented in a similar manner except that
it uses base 2 for the exponent. For example, the binary number +1001.11 is
represented with an 8-bit fraction and 6-bit exponent as follows:
Fraction

Exponent

01001110

000100

The fraction has a 0 in the leftmost position to denote positive. The binary point of the
fraction follows the sign bit but is not shown in the register. The exponent has the
equivalent binary number +4. The floating-point number is equivalent to
e

+4

m x 2 = +(.1001110)2 x 2

A floating-point number is said to be normalized if the most significant digit of the
mantissa is nonzero. For example, the decimal number 350 is normalized but 00035 is
not. Regardless of where the position of the radix point is assumed to be in the
mantissa, the number is normalized only if its leftmost digit is nonzero. For example,
the 8-bit binary number 00011010 is not normalized because of the three leading 0s.
The number can be normalized by shifting it three positions to the left and discarding
the leading 0s to obtain 11010000. The three shifts multiply the number by 2

3

= 8. To

keep the same value for the floating-point number, the exponent must be subtracted by
3. Normalized numbers provide the maximum possible precision for the floating-point
number. A zero cannot be normalized because it does not have a nonzero digit. It is
usually represented in floating-point by all 0s in the mantissa and exponent. Arithmetic
operations with floating-point numbers are more complicated than arithmetic
operations with fixed-point numbers and their execution takes longer and requires more
complex hardware. However, floating-point representation is a must for scientific
computations because of the scaling problems involved with fixed-point computations.
Many computers and all electronic calculators have the built-in capability of
performing floating-point arithmetic operations. Computers that do not have hardware
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for floating-point computations have a set of subroutines to help the user program
scientific problems with floating-point numbers.

Other Binary Codes
In previous sections we introduced the most common types of binary-coded data found
in digital computers. Other binary codes for decimal numbers and alphanumeric
characters are sometimes used. Digital computers also employ other binary codes for
special applications. A few additional binary codes encountered in digital computers
are presented in this section.
Gray Code
Digital systems can process data in discrete form only. Many physical systems supply
continuous output data. The data must be converted into digital form before they can be
used by a digital computer. Continuous, or analog, information is converted into digital
form by means of an analog-to-digital converter. The reflected binary or Gray code,
shown in Table 1.5, is sometimes used for the converted digital data.

Binary

Decimal

Binary

Decimal

code

equivalent

code

equivalent

0000

0

1100

8

0001

1

1101

9

0011

2

1111

10

0010

3

1110

11

0110

4

1010

12

0111

5

1011

13

0101

6

1001

14

0100

7

1000

15

Table 1.5: 4-Bit Gray Code

Gray codes counters are sometimes used to provide the timing sequence that control the
operations in a digital system. A Gray code counter is a counter whose flip-flops go
through a sequence of states as specified in Table 1.5. Gray code counters remove the
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ambiguity during the change from one state of the counter to the next because only one
bit can change during the state transition.
Other Decimal Codes
Binary codes for decimal digits require a minimum of four bits. Numerous different
codes can be formulated by arranging four or more bits in 10 distinct possible
combinations. A few possibilities are shown in Table 1.6.
Decimal digit

BCD 8421

2421

Excess-3

Excess-3
gray

0

0000

0000

0011

0010

1

0001

0001

0100

0110

2

0010

0010

0101

0111

3

0011

0011

0110

0101

4

0100

0100

0111

0100

5

0101

1011

1000

1100

6

0110

1100

1001

1101

7

0111

1101

1010

1111

8

1000

1110

1011

1110

9

1001

1111

1100

1010

Unused

1010

0101

0000

0000

bit

1011

0110

0001

0001

1100

0111

0010

0011

1101

1000

1101

1000

1110

1001

1110

1001

1111

1010

1111

1011

combinations

Fig:1.6 Different Binary Codes for the Decimal Digit

The BCD (binary-coded decimal) has been introduced before. It uses a straight
assignment of the binary equivalent of the digit. The six unused bit combinations listed
have no meaning when BCD is used, just as the letter H has no meaning when decimal
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digit symbols are written down. For example, saying that 1001 110 is a decimal number
in BCD is like saying that 9H is a decimal number in the conventional symbol
designation. Both cases contain an invalid symbol and therefore designate a
meaningless number.
One disadvantage of using BCD is the difficulty encountered when the 9‘s complement
of the number is to be computed. On the other hand, the 9‘s complement is easily
obtained with the 2421 and the excess-3 codes listed in Table 1.6. These two codes
have a self-complementing property which means that the 9‘s complement of a decimal
number, when represented in one of these codes, is easily obtained by changing 1‘s to
0‘s and 0‘s to 1‘s. The property is useful when arithmetic operations are done in signedcomplement representation. The 2421 is an example of a weighted code. In a weighted
code, the bits are multiplied by the weights indicated and the sum of the weighted bits
gives the decimal digit. For example, the bit combination 1101, when weighted by the
respective digits 2421, gives the decimal equivalent of 2 x 1 + 4 x 1 + 2 x 0 + 1 + 1 =
7. The BCD code can be assigned the weights 8421 and for this reason it is sometimes
called the 8421 code. The excess-3 code is a decimal code that has been used in older
computers. This is an unweighted code. Its binary code assignment is obtained from the
corresponding BCD equivalent binary number after the addition of binary 3 (0011).
From Table 1.5 we note that the Gray code is not suited for a decimal code if we were
to choose the first 10 entries in the table. This is because the transition from 9 back to 0
involves a change of three bits (from 1101 to 0000). To overcome this difficulty, we
choose the 10 numbers starting from the third entry 0010 up to the twelfth entry 1010.
Now the transition from 1010 to 0010 involves a change of only one bit. Since the code
has been shifted up three numbers, it is called the excess-3 Gray. This code is listed
with the other decimal codes in Table 1.6.
Other Alphanumeric Codes
The ASCII code (Table 1.4) is the standard code commonly used for the transmission
of binary information. Each character is represented by a 7-bit code and usually an
eighth bit is inserted for parity. The code consists of 128 characters. Ninety-five
characters represent graphic symbols that include upper- and lowercase letters,
numerals zero to nine, punctuation marks, and special symbols. Twenty-three
characters represent format effectors, which are functional characters for controlling the
layout of printing or display devices such as carriage return, line feed, horizontal
tabulation, and back space.
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The other 10 characters are used to direct the data communication flow and report its
status. Another alphanumeric (sometimes called alphanumeric code used in IBM
equipment is the EBCDIC (Extended BCD Interchange Code). It uses eight bits for
each character (and a ninth bit for parity). EBCDIC has the same character symbols as
ASCII but the bit assignment to characters is different. When alphanumeric characters
are used internally in a computer for data processing (not for transmission purpose) it is
more convenient to use a 6-bit code to represent 64-characters. A 6-bit code can specify
the 26 uppercase letters of the alphabet, numerals zero to nine, and up to 28 special
characters. This set of characters is usually sufficient for data-processing purposes.
Using fewer bits to code characters has the advantage of reducing the memory space
needed to store large quantities of alphanumeric data.
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Register Transfer and Micro-operations
Introduction
A digital system is an interconnection of digital hardware modules that
accomplish a specific information-processing task. Digital systems vary in
size and complexity, from a few integrated circuits to a complex of
interconnected and interacting digital computers. Digital system design
invariably uses a modular approach. The modules are constructed from
such digital components as registers, decoders, arithmetic elements, and
control logic. The various modules are interconnected with common data
and control paths to form a digital computer system.
Objectives:
After studying this unit, the learner will be able to


Explain Register Transfer Language



Understand bus selection techniques
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Explain arithmetic and logical circuits



Understand the operation of arithmetic logic shift unit

Register Transfer Language
Digital modules are best defined by the registers they contain and the
operations that are performed on the data stored in them. The operations
executed on data stored in registers are called microoperations. A
microoperation is an elementary operation performed on the information
stored in one or more registers. The result of the operation may replace the
previous binary information of a register or may be transferred to another
register. Examples of microoperations are shift, count, clear, and load.
The internal hardware organization of a digital computer is best defined by
specifying:
1. The set of registers it contains and their function.
2. The sequence of microoperations performed on the binary
information stored in the registers.
3. The control that initiates the sequence of microoperations.
It is possible to specify the sequence of microoperations in a computer by
explaining every operation in words, but this procedure usually involves a
lengthy descriptive explanation. It is more convenient to adopt a suitable
symbology to describe the sequence of transfers between registers and the
various arithmetic and logic microoperations associated with the transform.
The use of symbols instead of a narrative explanation provides an organized
and concise manner for listing the microoperation sequences in registers
and the control functions that initiate them.
The symbolic notation used to describe the microoperation transfers among
registers is called a register transfer language. The term ―register transfer‖
implies the availability of hardware logic circuits that can perform a stated

jntuworldupdates.org

Specworld.in

Smartzworld.com

Smartworld.asia

microoperation and transfer the result of the operation to the same or
another register. The word ―language‖ is borrowed from programmers, who
apply this term to programming languages. A programming language is a
procedure for writing symbols to specify a given computational process.
Similarly, a natural language such as English is a system for writing symbols
and combining them into words and sentences for the purpose of
communication between people. A register transfer language is a system for
expressing in symbolic form the microoperation sequences among the
registers of a digital module. It is a convenient tool for describing the internal
organization of digital computers in concise and precise manner. It can also
be used to facilitate the design process of digital systems.
The register transfer language adopted here is believed to be as simple as
possible, so it should not take very long to memorize. We will proceed to
define symbols for various types of microoperations, and at the same time,
describe

associated

hardware

that

can

implement

the

stated

microoperations. The symbolic designation introduced in this chapter will be
utilized in subsequent chapters to specify the register transfers, the
microoperations, and the control functions that describe the internal
hardware organization of digital computers.

Register Transfer
Computer registers are designated by capital letters (sometimes followed by
numerals) to denote the function of the register. For example, the register
that holds an address for the memory unit is usually called a memory
address register and is designated by the name MAR. Other designations
for registers are PC (for program counter), IR (for instruction register),
and R1 (for processor register). The individual flip-flops in an n-bit register
are numbers in sequence from 0 through n-1, starting from 0 in the
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rightmost position and increasing the numbers toward the left. Fig.2.1 shows
the representation of registers in block diagram form. The most common
way to represent a register is by a rectangular box with the name of the
register inside, as in Fig.2.1 (a). The individual bits can be distinguished as
in (b). The numbering of bits in a 16-bit register can be marked on top of the
box as shown in (c). A 16-bit register is partitioned into two parts in (d). Bits
0 through 7 are assigned the symbol L (for low byte) and bits 8 through 15
are assigned the symbol H (for high byte). The name of the 16-bit register is
PC. The symbol PC (0-7) or PC (L) refers to the low-order byte and

PC (8-

15) or PC (H) to the high-order byte.
R1

7 6 5 4 3 2 1 0

a) Register R

b) Showing individual bits

15

0

15

R2

8 7
PC (H)

c) Numbering of bits

0
PC (L)

d) Divided into two parts

Fig. 2.1: Block diagram of register

Information transfer from one register to another is designated in symbolic
form by means of a replacement operator. The statement


R2

R1

denotes a transfer of the content of register R1 into register R2. It
designates a replacement of the content of R2 by the content of R1. By
definition, the content of the source register R1 does not change after the
transfer.

A statement that specifies a register transfer implies that circuits are
available from the outputs of the source register to the inputs of

jntuworldupdates.org

the

Specworld.in

Smartzworld.com

Smartworld.asia

destination register and that the designation register has a parallel load
capability. Normally, we want the transfer to occur only under a
predetermined control condition. This can be shown by means of an if-then
statement.


If (P = 1) then (R2

R1)

where P is a control signal generated in the control section. It is sometimes
convenient to separate the control variables from the register transfer
operation by specifying a control function. A control function is a Boolean
variable that is equal to 1 or 0. The control function is included in the
statement as follows:


P: R2

R1

The control condition is terminated with a colon. It symbolizes the
requirement that the transfer operation be executed by the hardware only if
P = 1.
Every statement written in a register transfer notation implies a hardware
construction for implementing the transfer. Fig.2.2 shows the block diagram
that depicts the transfer from R1 to R2. The n outputs of register R1 are
connected to the n inputs of register R2. The letter n will be used to indicate
any number of bits for the register. It will be replaced by an actual number
when the length of the register is known. Register R2 has a load input that is
activated by the control variable P. It is assumed that the control variable is
synchronized with the same clock as the one applied to the register. As
shown in the timing diagram (b), P is activated in the control section by the
rising edge of a clock pulse at time t. The next positive transition of the clock
at time t + 1 finds the load input active and the data inputs of R2 are then
loaded into the register in parallel. P may go back to 0 at time t + 1;
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otherwise, the transfer will occur with every clock pulse transition while P
remains active.
Control circuit

P

Load

R2

Clock

n
R1
a) Block diagram
r+1

r
Clock

Load
Transfer occurs here
b) Timing diagram

Fig. 2.2: Transfer from R1 to R2 when P = 1

Note that the clock is not included as a variable in the register transfer
statements. It is assumed that all transfers occur during a clock edge
transition. Even though the control condition such as P becomes active just
after time t, the actual transfer does not occur until the register is triggered
by the next positive transition of the clock at time t + 1.
The basic symbols of the register transfer notation are listed in Table 2.1.
Registers are denoted by capital letters, and numerals may follow the
letters. Parentheses are used to denote a part of a register by specifying the
range of bits or by giving a symbol name to a portion of a register. The
arrow denotes a transfer of information and the direction of transfer. A
comma is used to separate two or more operations that are executed at the
same time. The statement

T: R2



R1, R1



R2

denotes an operation that exchanges the contents of two registers during
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one common clock pulse provided that T = 1. This simultaneous operation is
possible with registers that have edge-triggered flip-flops.
Symbol

Description

Letters

Examples

Denotes a register

MAR, R2

Parentheses ( )


Denotes a part of a register

Arrow

Denotes transfer of information

Comma,

Separates two microoperations

R2(0-7), R2(L)

R2 R1


R2 R1, R1 R2

(and numerals)

Table 2.1: Basic Symbols for Register Transfers

Bus and Memory Transfers
A typical digital computer has many registers, and paths must be provided
to transfer information from one register to another. The number of wires will
be excessive if separate lines are used between each register and all other
registers in the system. A more efficient scheme for transferring information
between registers in a multiple-register configuration is a common bus
system. A bus structure consists of a set of common lines, one for each bit
of a register, through which binary information is transferred one at a time.
Control signals determine which register is selected by the bus during each
particular register transfer.
One way of constructing a common bus system is with multiplexers. The
multiplexers select the source register whose binary information is then
placed on the bus. The construction of a bus system for four registers is
shown in Fig.2.3. Each register has four bits, numbered 0 through 3. The
bus consists of four 4 x 1 multiplexers each having four data inputs, 0
through 3, and two selection inputs, S1 and S0. In order not to complicate
the diagram with 16 lines crossing each other, we use labels to show the

connections from the outputs of the registers to the inputs of the
multiplexers. For example, output 1 of register A is connected to input 0 of
MUX 1 because this input is labeled A1. The diagram shows that the bits in
the same significant position in each register are connected to the data
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inputs of one multiplexer to form one line of the bus. Thus MUX 0
multiplexes the four 0 bits of the registers, MUX 1 multiplexes the four 1 bits
of the registers, and similarly for the other two bits.

Fig. 2.3: Bus system for four registers

The two selection lines S1 and S0 are connected to the selection inputs of
all four multiplexers. The selection lines choose the four bits of one register
and transfer them into the four-line common bus. When S1S0 = 00, the 0
data inputs of all four multiplexers are selected and applied to the outputs
that form the bus. This causes the bus lines to receive the content of
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register A since the outputs of this register are connected to the 0 data
inputs of the multiplexers. Similarly, register B is selected if S1S0 = 01, and
so on. Table 2.2 shows the register that is selected by the bus for each of
the four possible binary values of the selection lines.
1

S0

Register selected

0

0

A

0

1

B

1

0

C

1

1

D

Table 2.2: Function Table for Bus of Fig. 2.3

In general, a bus system will multiplex k registers of n bits each to produce
an n-line common bus. The number of multiplexers needed to construct the
bus is equal to n, the number of bits in each register. The size of each
multiplexer must be k x 1 since it multiplexes k data lines. For example, a
common bus for eight registers of 16 bits each requires 16 multiplexers, one
for each line in the bus. Each multiplexer must have eight data input lines
and three selection lines to multiplex one significant bit in the eight registers.
The transfer of information from a bus into one of many destination registers
can be accomplished by connecting the bus lines to the inputs of all
destination registers and activating the load control of the particular
destination register selected. The symbolic statement for a bus transfer may
mention the bus or its presence may be implied in the statement. When the
bus is included in the statement, the register transfer is symbolized as
follows:
BUS



C,

R1



BUS

The content of register C is placed on the bus, and the content of the bus is
loaded into register R1 by activating its load control input. If the bus is
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known to exist in the system, it may be convenient just to show the direct
transfer.


R1

C

From this statement the designer knows which control signals must be
activated to produce the transfer through the bus.
Three-State Bus Buffers
A bus system can be constructed with three-state gates instead of
multiplexers. A three-state gate is a digital circuit that exhibits three states.
Two of the states are signals equivalent to logic 1 and 0 as in a conventional
gate. The third state is a high-impedance state. The high-impedance state
behaves like an open circuit, which means that the output is disconnected
and does not have a logical significance. Three-state gates may perform
any conventional logic, such as AND or NAND. However, the one most
commonly used in the design of a bus system is the buffer gate.
The graphic symbol of a three-state buffer gate is shown in Fig.2.4. It is
distinguished from a normal buffer by having both a normal input and a
control input. The control input determines the output state. When the
control input is equal to 1, the output is enabled and the gate behaves like
any conventional buffer, with the output equal to the normal input. When the
control input is 0, the output is disabled and the gate goes to a highimpedance state, regardless of the value in the normal input. The highimpedance state of a three-state gate provides a special feature not
available in other gates. Because of this feature, a large number of threestate gate outputs can be connected with wires to form a common bus line
without endangering loading effects.
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Normal input A

Output Y=A if C=1
High-impedance if C=0

Control input C

Fig. 2.4: Graphic symbols for three-state buffer

The construction of a bus system with three-state buffers is demonstrated
in Fig.2.5. The outputs of four buffers are connected together to form a
single bus line. (It must be realized that this type of connection cannot be
done with gates that do not have three-state outputs). The control inputs to
the buffers determine which of the four normal inputs will communicate with
the bus line. No more than one buffer may be in the active state at any given
time. The connected buffers must be controlled so that only one three-state
buffer has access to the bus line while all other buffers are maintained in a
high-impedance state.

Fig. 2.5: Bus line with three state-buffers

One way to ensure that no more than one control input is active at any given
time is to use a decoder, as shown in the diagram. When the enable input
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of the decoder is 0, all of its four outputs are 0, and the bus line is in a highimpedance state because all four buffers are disabled. When the enable
input is active, one of the three-state buffers will be active, depending on the
binary value in the select inputs of the decoder. Careful investigation will
reveal that Fig.2.5 is another way of constructing a 4 x 1 multiplexer since
the circuit can replace the multiplexer in Fig.2.3.
To construct a common bus for four registers of n bits each using threestate buffers, we need n circuits with four buffers in each as shown in
Fig.2.5. Each group of four buffers receives one significant bit from the four
registers. Each common output produces one of the lines for the common
bus for a total of n lines. Only one decoder is necessary to select between
the four registers.
Memory Transfer
The transfer of information from a memory word to the outside environment
is called a read operation. The transfer of new information to be stored into
the memory is called a write operation. A memory word will be symbolized
by the letter M. The particular memory word among the many available is
selected by the memory address during the transfer. It is necessary to
specify the address of M when writing memory transfer operations. This will
be done by enclosing the address in square brackets following the letter M.
Consider a memory unit that receives the address from a register, called the
address register, symbolized by AR. The data are transferred to another
register, called the data register, symbolized by DR. The read operation can
be stated as follows:


Read: DR

M[AR]

This causes a transfer of information into DR from the memory word M
selected by the address in AR.
The write operation transfers the content of a data register to a memory
word M selected by the address. Assume that the input data are in register
R1 and the address is in AR. The write operation can be stated symbolically
as follows:
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Write: M[AR]
R1
This causes a transfer of information from R1 into the memory word M
selected by the address in AR.

Arithmetic Microoperations
A microoperation is an elementary operation performed with the data
stored in registers. The microoperations most often encountered in digital
computers are classified into four categories:
1. Register transfer microoperations transfer binary information from
one register to another.
2. Arithmetic microoperations perform arithmetic operations on numeric
data stored in registers.
3. Logic microoperations perform bit manipulation operations on nonnumeric data stored in registers.
4. Shift microoperations perform shift operations on data stored in
registers.
The register transfer microoperation was introduced in Sec.2.3. This type of
microoperation does not change the information content when the binary
information moves from the source register to the destination register. The
other three types of microoperations change the information content during
the transfer. In this section we introduce a set of arithmetic microoperations.
In the next two sections we present the logic and shift microoperations.
The basic arithmetic microoperations are addition, subtraction, increment,
decrement, and shift. Arithmetic shifts are explained later in conjunction with
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the shift microoperations. The arithmetic microoperation defined by the
statement
R3



R1 + R2

specifies an add microoperation. It states that the contents of register R1
are added to the contents of register R2 and the sum transferred to register
R3. To implement this statement with hardware we need three registers and
the digital component that performs the addition operation. The other basic
arithmetic microoperations are listed in Table 2.3. Subtraction is most often
implemented through complementation and addition. Instead of using the
minus operator, we can specify the subtraction by the following statement:
R3



R1 + R2 + 1

R2 is the symbol for the 1’s complement of R2. Adding 1 to the 1’s
complement produces the 2’s complement. Adding the contents of R1 to the
2’s complement of R2 is equivalent to R1 – R2.
Symbolic designation

R1 + R2
R3

R1 – R2
R3

Description
Contents of R1 plus R2 transferred to R3

R2  R2

Contents of R1 minus R2 transferred to R3
Complement the contents of R2 (1’s
complement)

R2  R2 + 1

2’s complement the contents of R2 (negate)

R3  R1 + R2 + 1

R1 plus the 2’s complement of R2
(subtraction)

R1
R1



R1 + 1

Increment the contents of R1 by one

R1 – 1

Decrement the contents of R1 by one



Table 2.3: Arithmetic Microoperations

The increment and decrement microoperations are symbolized by plus-one
and minus-one operations, respectively. These microoperations are
implemented with a combinational circuit or with a binary up-down counter.
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The arithmetic operations of multiply and divide are not listed in Table 2.3.
These two operations are valid arithmetic operations but are not included in
the basic set of microoperations. The only place where these operations can
be considered as microoperations is in a digital system, where they are
implemented by means of a combinational circuit. In such a case,

the

signals that perform these operations propagate through gates, and the
result of the operation can be transferred into a destination register by a
clock pulse as soon as the output signal propagates through the
combinational circuit. In most computers, the multiplication operation is
implemented with a sequence of add and shift microoperations. Division is
implemented with a sequence of subtract and shift microoperations. To
specify the hardware in such a case requires a list of statements that use
the basic microoperations of add, subtract and shift.
Binary Adder
To implement the add microoperation with hardware, we need the registers
that hold the data and the digital component that performs the arithmetic
addition. The digital circuit that forms the arithmetic sum of two bits and a
previous carry is called a full-adder. The digital circuit that generates the
arithmetic sum of two binary numbers of any lengths is called a binary
adder. The binary adder is constructed with full-adder circuits connected in
cascade, with the output carry from one full-adder connected to the input
carry of the next full-adder. Fig.2.6 shows the interconnections of four fulladders (FA) to provide a 4-bit binary adder. The augend bits of A and the
addend bits of B are designated by subscript numbers from right to left, with
subscript 0 denoting the low-order bit. The carries are connected in a chain
through the full-adders. The input carry to the binary adder is C0 and the
output carry is C4. The S outputs of the full-adders generate the required
sum bits.
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Fig. 2.6: 4-bit binary adder

An n-bit binary adder requires n full-adders. The output carry from each fulladder is connected to the input carry of the next-high-order full-adder. The n
data bits for the A inputs come from one register (such as R1), and the n
data bits for the B inputs come from another register (such as R2). The sum
can be transferred to a third register or to one of the source registers (R1 or
R2), replacing its previous content.
Binary Adder-Subtractor
The subtraction of binary numbers can be done most conveniently by
means of complements. Remember that the subtraction, A – B can be done
by taking the 2’s complement of B and adding it to A. The 2’s complement
can be obtained by taking the 1’s complement and adding one to the least
significant pair of bits. The 1’s complement can be implemented with
inverters and a one can be added to the sum through the input carry.
The addition and subtraction operations can be combined into one common
circuit by including an exclusive-OR gate with each full-adder. A 4-bit addersubtractor circuit is shown in Fig.2.7. The mode input M controls the
operation. When M = 0 the circuit is an adder and when M = 1 the circuit
becomes a subtractor. Each exclusive-OR gate receives input M and one of
the inputs of B. When M = 0, we have B  0 = B. The full-adders receive the
value of B, the input carry is 0, and the circuit performs A plus B. When M =
1, we have B  1 = B’ and C0 = 1. The B inputs are all complemented and a
1 is added through the input carry. The circuit performs the operation
A plus the 2’s complement of B. For unsigned numbers, this gives A – B if
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A ≥ B or the 2’s complement of (B – A) if A < B. For signed numbers, the
result is A – B provided that there is no overflow.

Fig. 2.7: 4-bit adder-subtractor

Binary Incrementer
The increment microoperation adds one to a number in a register. For
example, if a 4-bit register has a binary value 0110, it will go to 0111 after it
is incremented. This microoperation is easily implemented with a binary
counter. Every time the count enable is active, the clock pulse transition
increments the content of the register by one. There may be occasions
when the increment microoperation must be done with a combinational
circuit independent of a particular register. This can be accomplished by
means of half-adders connected in cascade.
The diagram of a 4-bit combinational circuit incrementer is shown in Fig.2.8.
One of the inputs to the least significant half-adder (HA) is connected to
logic-1 and the other input is connected to the least significant bit of the
number to be incremented. The output carry from one half-adder is
connected to one of the inputs of the next-higher-order half-adder. The
circuit receives the four bits from A0 through A3, adds one to it, and
generates the incremented output in S0 through S3. The output carry C4 will
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be 1 only after incrementing binary 1111. This also causes outputs S0
through S3 to go to 0.

Fig. 2.8: 4-bit binary incrementer

The circuit of Fig.2.8 can be extended to an n-bit binary incrementer by
extending the diagram to include n half-adders. The least significant bit must
have one input connected to logic-1. The other inputs receive the number to
be incremented or the carry from the previous stage.
Arithmetic Circuit
The arithmetic microoperations listed in Table 2.3 can be implemented in
one composite arithmetic circuit. The basic component of an arithmetic
circuit is the parallel adder. By controlling the data inputs to the adder, it is
possible to obtain different types of arithmetic operations.
The diagram of a 4-bit arithmetic circuit is shown in Fig.2.9. It has four fulladder circuits that constitute the 4-bit adder and four multiplexers for
choosing different operations. There are two 4-bit inputs A and B and a 4-bit
output D. The four inputs from A go directly to the X inputs of the binary
adder. Each of the four inputs from B is connected to the data inputs of the
multiplexers. The multiplexers data inputs also receive the complement of B.
The other two data inputs are connected to logic-0 and logic-1. Logic-0 is a
fixed voltage value (0 volts for TTL integrated circuits) and the logic-1 signal
can be generated through an inverter whose input is 0. The four multiplexers
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are controlled by two selection inputs, S1 and S0. The input carry Cin goes
to the carry input of the FA in the least significant position. The other carries
are connected from one stage to the next.

Fig. 2.9: 4-bit arithmetic circuit
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The output of the binary adder is calculated from the following arithmetic
sum:
D = A + Y + Cin
where A is the 4-bit binary number at the X inputs and Y is the 4-bit binary
number at the Y inputs of the binary adder. Cin is the input carry, which can
be equal to 0 or 1. Note that the symbol + in the equation above denotes an
arithmetic plus. By controlling the value of Y with the two selection inputs S1
and S0 and making Cin equal to 0 or 1, it is possible to generate the eight
arithmetic microoperations listed in Table 2.4.
Select

Input

Output

Microoperation

S1

S0

0

0

Cin
0

Y
B

D=A+Y+Cin
D=A+B

Add

0

0

1

B

D=A+B+1

Add with carry

0

1

0

B

D=A+ B

Subtract with borrow

0

1

1

B

D=A+ B +1

Subtract

1

0

0

0

D=A

Transfer A

1

0

1

0

D=A+1

Increment A

1

1

0

1

D=A-1

Decrement A

1

1

1

1

D=A

Transfer A

Table 2.4: Arithmetic Circuit Function Table

When S1S0 = 00, the value of B is applied to the Y inputs of the adder. If Cin
= 0, the output D = A + B. If Cin = 1, output D = A + B + 1. Both cases
perform the add microoperation with or without adding the input carry.
When S1S0 = 01, the complement of B is applied to the Y inputs of the
adder. If Cin = 1, then D = A + B + 1. This produces A plus the 2’s
complement of B, which is equivalent to a subtraction of A – B. When Cin =
0, then D = A + B . This is equivalent to a subtract with borrow, that is, A – B
– 1.
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When S1S0 = 10, the inputs from B are neglected, and instead, all 0’s are
inserted into the Y inputs. The output becomes D = A + 0 + Cin. This gives D
= A when Cin = 0 and D = A + 1 when Cin = 1. In the first case we have a
direct transfer from input A to output D. In the second case, the value of A is
incremented by 1.
When S1S0 = 11, all 1’s are inserted into the Y inputs of the adder to
produce the decrement operation D = A – 1 when Cin = 0. This is because a
number with all 1’s is equal to the 2’s complement of 1 (the 2’s complement
of binary 0001 is 1111). Adding a number A to the 2’s complement of 1
produces F = A + 2’s complement of 1 = A – 1. When Cin = 1, then D = A –
1 + 1 = A, which causes a direct transfer from input A to output D. Note that
the microoperation D = A is generated twice, so there are only seven distinct
microoperations in the arithmetic circuit.

Logic Microoperations
Logic microoperations specify binary operations for strings of bits stored in
registers. These operations consider each bit of the register separately and
treat

them

as

binary

variables.

For

example,

the

exclusive-OR

microoperation with the contents of two registers R1 and R2 is symbolized
by the statement
P: R1



R1  R2

It specifies a logic microoperation to be executed on the individual bits of the
registers provided that the control variable P = 1. As a numerical example,
assume that each register has four bits. Let the content of R1 be 1010 and
the content of R2 be 1100. The exclusive-OR microoperation stated above
symbolizes the following logic computation:
1010 Content of R1
1100 Content of R2
0110 Content of R1 after P = 1
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The content of R1, after the execution of the microoperation, is equal to the
bit-by-bit exclusive-OR operation on pairs of bits in R2 and previous values
of R1. The logic microoperations are seldom used in scientific computations,
but they are very useful for bit manipulation of binary data and for making
logical decisions.
Special symbols will be adopted for the logic microoperations OR, AND, and
complement, to distinguish them from the corresponding symbols used to
express Boolean functions. The symbol V will be used to denote an OR
microoperation and the symbol ʌ to denote an AND microoperation. The
complement microoperation is the same as the 1’s complement and uses a
bar on top of the symbol that denotes the register name. By using different
symbols, it will be possible to differentiate between a logic microoperation
and a control (or Boolean) function. Another reason for adopting two sets of
symbols is to be able to distinguish the symbol +, when used to symbolize
an arithmetic plus, from a logic OR operation. Although the + symbol has
two meanings, it will be possible to distinguish between them by noting
where the symbol occurs. When the symbol + occurs in a microoperation, it
will denote an arithmetic plus. When it occurs in a control (or Boolean)
function, it will denote an OR operation. We will never use it to symbolize an
OR microoperation. For example, in the statement


P + Q: R1


R2 + R3, R4

R5 V R6

the + between P and Q is an OR operation between two binary variables of
a control function. The + between R2 and R3 specifies an add
microoperation. The OR microoperation is designated by the symbol V
between registers R5 and R6.
List of Logic Microoperations
There are 16 different logic

operations that can be performed with two be

binary variables. They can

determined from all possible truth tables
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obtained with two binary variables as shown in Table 2.5. In this table, each
of the 16 columns F0 through F15 represents a truth table of one possible
Boolean function for the two variables x and y. Note that the functions are
determined from the 16 binary combinations that can be assigned to F.
xy

F 0 F1 F2 F3 F4 F5 F6

F7 F8 F9 F10 F11

F12 F13

F14 F15

00

0

0

0

0

0

0

0 0

1

1

1

1

1

1

1

1

01

0

0

0

0

1

1

1 1

0

0

0

0

1

1

1

1

10

0

0

1

1

0

0

1 1

0

0

1

1

0

0

1

1

11

0

1

0

1

0

1

0 1

0

1

0

1

0

1

0

1

Table 2.5: Truth Tables for 16 Functions of Two Variables

The 16 Boolean functions of two variables x and y are expressed in
algebraic form in the first column of Table 2.6. The 16 logic microoperations
are derived from these functions by replacing variable x by the binary
content of register A and variable y by the binary content of register B. It is
important to realize that the Boolean functions listed in the first column of
Table 2.6 represent a relationship between two binary variables x and y.
The logic microoperations listed in the second column represent a
relationship between the binary content of two registers A and B. Each bit of
the register is treated as a binary variable and the microoperation is
performed on the string of bits stored in the registers.
Boolean function
F0 = 0

F

Clear

AʌB

AND

F

F2 = xy’

F AʌB


F4 = x’y
F5 = y

F

A

F AʌB

F

F6 = x  y

F

F7 = x + y

F

Name

0



F1 = xy

F3 = x
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B



AB

AVB

Transfer A

Transfer B
Exclusive-OR
OR
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F8 = (x + y)’
F9 = (x  y)’

F  AVB

F
AB

F10 = y’

FB

F11 = x + y’

FAVB

F12 = x’

F A

F13 = x’ + y

F AVB

F14 = (xy)’

F AB


F15 = 1

NOR
Exclusive-NOR
Complement B

Complement A

NAND

F
all 1s
Set to all 1s
Sixteen Logic Microoperations

Hardware Implementation
The hardware implementation of logic microoperations requires that logic
gates be inserted for each bit or pair of bits in the registers to perform the
required logic function. Although there are 16 logic microoperations, most
computers use only four – AND, OR, XOR (exclusive-OR), and
complement–from which all others can be derived.

shows one stage of a circuit that generates the four basic logic
microoperations. It consists of four gates and a multiplexer. Each of the four
logic operations is generated through a gate that performs the required
logic. The outputs of the gates are applied to the data inputs of

the

multiplexer. The two selection inputs S1 and S0 choose one of the data
inputs of the multiplexer and direct its value to the output. The diagram
shows one typical stage with subscript i. For a logic circuit with n bits, the
diagram must be repeated n times for I = 0, 1, 2, …, n-1. The selection
variables are applied to all stages. The function table in Fig.2.10 (b) lists the
logic microoperations obtained for each combination of the selection
variables.
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One stage of logic circuit

Some Applications
Logic microoperations are very useful for manipulating individual bits or a
portion of a word stored in a register. They can be used to change bit
values, delete a group of bits, or insert new bit values into a register. The
following examples show how the bits of one register (designated by A) are
manipulated by logic microoperations as a function of the bits of another
register (designated by B). In a typical application, register A is a processor
register and the bits of register B constitute a logic operand extracted from
memory and placed in register B.
The selective-set operation sets to 1 the bits in register A where there are
corresponding 1’s in register B. It does not affect bit positions that have 0’s
in B. The following numerical example clarifies this operation:
1010 A before
1100 B (logic operand)
1110 A after
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The two leftmost bits of B are 1’s, so the corresponding bits of A are set to
1. One of these two bits was already set and the other has been changed
from 0 to 1. The two bits of A with corresponding 0’s in B remain
unchanged. The example above serves as a truth table since it has all four
possible combinations of two binary variables. From the truth table we note
that the bits of A after the operation are obtained from the logic-OR
operation of bits in B and previous values of A. Therefore, the OR
microoperation can be used to selectively set bits of a register.
The selective-complement operation complements bits in A where there are
corresponding 1’s in B. It does not affect bit positions that have 0’s in B.
For example:
1010 A before
1100 B (logic operand)
0110 A after
Again the two leftmost bits of B are 1’s, so the corresponding bits of A are
complemented. This example again can serve as a truth table from which
one can deduce that the selective-complement operation is just an
exclusive-OR microoperation. Therefore, the exclusive-OR microoperation
can be used to selectively complement bits of a register.
The selective-clear operation clears to 0 the bits in A only where there are
corresponding 1’s in B. For example:
1010 A before
1100 B (logic operand)
0010 A after
Again the two leftmost bits of B are 1’s, so the corresponding bits of A are
cleared to 0. One can deduce that the Boolean operation performed on the
individual bits is AB’. The corresponding logic microoperation is
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A

A˄B

The mask operation is similar to the selective-clear operation except that the
bits of A are cleared only where there are corresponding 0’s in B. The mask
operation is an AND micro operation as seen from the following numerical
example:
1010 A before
1100 B (logic operand)
1000 A after masking
The two rightmost bits of A are cleared because the corresponding bits of B
are 0s. The two leftmost bits are left unchanged because the corresponding
bits of B are 1s. The mask operation is more convenient to use than the
selective-clear operation because most computers provide an AND
instruction, and few provide an instruction that executes the microoperation
for selective-clear.
The insert operation inserts a new value into a group of bits. This is done by
first masking the bits and then ORing them with the required value. For
example, suppose that an A register contains eight bits, 0110, 1010. To
replace the four leftmost bits by the value 1001 we first mask the four
unwanted bits:
0110 1010

A before

0000 1111

B (mask)

0000 1010

A after masking

and then insert the new value:
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1001 0000

B (insert)

1001 1010

A after insertion
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The mask operation is an AND microoperation and the insert operation is an
OR microoperation.
The clear operation compares the words in A and B and produces an all 0s
result if the two numbers are equal. This operation is achieved by an
exclusive-OR microoperation as shown by the following example:
1010 A
1010 B



AB

0000 A

When A and B are equal, the two corresponding bits are either both 0 or
both 1. In either case the exclusive-OR operation produces a 0. The all-0s
result is then checked to determine if the two numbers were equal.

Shift Microoperations
Shift microoperations are used for serial transfer of data. They are also used
in conjunction with arithmetic, logic, and other data-processing operations.
The contents of a register can be shifted to the left or the right. At the same
time that the bits are shifted, the first flip-flop receives its binary information
from the serial input. During a shift-left operation the serial input transfers a
bit into the rightmost position. During a shift-right operation the serial input
transfers a bit into the leftmost position. The information transferred through
the serial input determines the type of shift. There are three types of shifts:
logical, circular, and arithmetic.
A logical shift is one that transfers 0 through the serial input. We will adopt
the symbols shl and shr for logical shift-left and shift-right microoperations.
For example:
R1
R2
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shl R1
shr R2
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are two microoperations that specify a 1-bit shift to the left of the content of
register R1 and a 1-bit shift to the right of the content of register R2. The
register symbol must be the same on both sides of the arrow. The bit
transferred to the end position through the serial input is assumed to be 0
during a logical shift.
The circular shift (also known as a rotate operation) circulates the bits of the
register around the two ends without loss of information. This is
accomplished by connecting the serial output of the shift register to its serial
input. We will use the symbols cil and cir for the circular shift left and right,
respectively. The symbolic notation for the shift microoperations is shown in
Table 2.7.
Symbolic designation
R
R
R
R
R
R

Description



shl R

Shift-left register R

shr R

Shift-right register R

cil R

Circular shift-left register R

cir R

Circular shift-right register R

ashl R

Arithmetic shift-left R

ashr R

Arithmetic shift-right R







Shift Micro-operations

An arithmetic shift is a microoperation that shifts a signed binary number to
the left or right. An arithmetic shift-left multiplies a signed binary number by
2. An arithmetic shift-right divides the number by 2. Arithmetic shifts must
leave the sign bit unchanged because the sign of the number remains the
same when it is multiplied or divided by 2. The leftmost bit in a register holds
the sign bit, and the remaining bits hold the number. The sign bit is 0 for
positive and 1 for negative. Negative numbers are in 2’s complement form.
Fig.2.11 shows a typical register of n bits. Bit Rn-1 in the leftmost position
holds the sign bit. Rn-2 is the most significant bit of the number and R0 is the
least significant bit. The arithmetic shift-right leaves the sign bit unchanged
and shifts the number (including the sign bit) to the right. Thus Rn-1 remains
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the same, Rn-2 receives the bit from Rn-1, and so on for the other bits in the
register. The bit in R0 is lost.
Rn-1
Rn-1

Rn-2

R1

R0

Sign bit

Fig. 2.11: Arithmetic shift right

The arithmetic shift-left inserts a 0 into R0, and shifts all other bits to the left.
The initial bit of Rn-1 is lost and replaced by the bit from Rn-2. A sign reversal
occurs if the bit in Rn-1 changes in value after the shift. This happens if the
multiplication by 2 causes an overflow. An overflow occurs after an
arithmetic shift left if initially, before the shift, Rn-1 is not equal to Rn-2. An
overflow flip-flop Vs can be used to detect an arithmetic shift-left overflow.
Vs = Rn-1  Rn-2
If Vs = 0, there is no overflow, but if Vs = 1, there is an overflow and a sign
reversal after the shift. Vs must be transferred into the overflow flip-flop with
the same clock pulse that shifts the register.
Hardware Implementation
A possible choice for a shift unit would be a bidirectional shift register with
parallel load. Information can be transferred to the register in parallel and
then shifted to the right or left. In this type of configuration, a clock pulse is
needed for loading the data into the register, and another pulse is needed to
initiate the shift. In a processor unit with many registers it is more efficient to
implement the shift operation with a combinational circuit. In this way the
content of a register that has to be shifted is first placed onto a common bus
whose output is connected to the combinational shifter, and the shifted
number is then loaded back into the register. This requires only one clock
pulse for loading the shifted value into the register.
A combinational circuit shifter can be constructed with multiplexers as
shown in Fig.2.12. The 4-bit shifter has four data inputs. A0 through A3, and
four data outputs, H0 through H3. There are two serial inputs, one for shift
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left (IL) and the other for shift right (IR). When the selection input S=0, the
input data are shifted right (down in the diagram). When S=1, the input data
are shifted left (up in the diagram). The function table in Fig.2.12 shows
which input goes to each output after the shift. A shifter with n data inputs
and outputs requires n multiplexers. The two serial inputs can be controlled
by another multiplexer to provide the three possible types of shifts.
Computer Organization and Architecture

Unit 2

4-bit combinational circuit shifter
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Arithmetic Logic Shift Unit
Instead of having individual registers performing the microoperations
directly, computer systems employ a number of storage registers connected
to a common operational unit called an arithmetic logic unit, abbreviated
ALU. To perform a microoperation, the contents of specified registers are
placed in the inputs of the common ALU. The ALU performs an operation
and the result of the operation is then transferred to a destination register.
The ALU is a combinational circuit so that the entire register transfer
operation from the source registers through the ALU and into the destination
register can be performed during one clock pulse period. The shift
microoperations are often performed in a separate unit, but sometimes the
shift unit is made part of the overall ALU.
The arithmetic, logic, and shift circuits introduced in previous sections can
be combined into one ALU with common selection variables. One stage of
an arithmetic logic shift unit is shown in Fig.2.13. The subscript I designates
a typical stage. Inputs Ai and Bi are applied to both the arithmetic and logic
units. A particular microoperation is selected with inputs S1 and S0. A 4 x 1
multiplexer at the output chooses between an arithmetic output in Ei and a
logic output in Hi. The data in the multiplexer are selected with inputs S3 and
S2. The other two data inputs to the multiplexer receive inputs Ai-1 for the
shift-right operation and Ai+1 for the shift-left operation. Note that the
diagram shows just one typical stage. The circuit of Fig.2.13 must be
repeated n times for an n-bit ALU. The output carry Ci+1 of a given
arithmetic stage must be connected to the input carry Ci of the next stage in
sequence. The input carry to the first stage is the input carry Cin, which
provides a selection variable for the arithmetic operations.
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One stage of arithmetic logic shift unit

The circuit whose one stage is specified in Fig.2.13 provides eight arithmetic
operation, four logic operations, and two shift operations. Each operation is selected
with the five variables S3, S2, S1, S0, and Cin. The input carry Cin is used for selecting
an arithmetic operation only.
Table 2.8 lists the 14 operations of the ALU. The first eight are arithmetic operations
and are selected with S3S2=00. The next four are logic operations and are selected
with S3S2=01. The input carry has no effect
during the logic operations and is marked with don’t-care x’s. The last two operations
are shift operations and are selected with S3S2=10 and 11. The other three selection
inputs have no effect on the shift.
Operation Select
S3
0
0
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S2
0
0

S1
0
0

S0
0
0

Cin
0
1

Operation

Function

F=A
F=A+1

Transfer A
Increment A
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0
0
0

0
0
0

0
0
1

1
1
0

0
1
0

F=A+B
F=A+B+1

0

0

1

0

1

0
0
0
0

0
0
1
1

1
1
0
0

1
1
0
1

0
1
X
X

F=A+B+1
F=A–1
F=A
F=AʌB
F=AVB

0
0

1
1

1
1

0
1

X
X

1
1

0
1

X
X

X
X

X
X

F=A+B

F=AB
F=A
F = shr A
F = shl A

Addition
Add with carry
Subtract with borrow
Subtraction
Decrement A
Transfer A
AND
OR
XOR
Complement A
Shift right A into F
Shift left A into F

: Function Table for Arithmetic Logic Shift Unit

INSTRUCTION CODES
•

Every different processor type has its own design (different registers, buses,
microoperations,

machine instructions, etc)
•

•

Modern processor is a very complex device
–

It containMany registers

–

Multiple arithmetic units, for both integer and floating point
calculations

–

The ability to pipeline several consecutive instructions to speed
execution

•

However, to understand how processors work, we will start with a simplified
processor model This is similar to what real processors were like ~25 years ago

•

M. Morris Mano introduces a simple processor model he calls the Basic
Computer

We will use this to introduce processor organization and the relationship of the
RTL model to the higher level computer processor
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Instructions

COMPUTER INSTRUCTIONS
• Basic Computer Instruction Format
Memory-Reference Instructions
15

14
12 11
Opcode

I

0
Address

Register-Reference Instructions
15
0

12 11
1

1

1

1

0

12 11
1

1

1

(OP-code = 111, I = 0)

Register operation

Input-Output Instructions
15

(OP-code = 000 ~ 110)

(OP-code =111, I = 1)
0

I/O operation

INSTRUCTION CYCLE
•

In Basic Computer, a machine instruction is executed in the following cycle:
1. Fetch an instruction from memory
2. Decode the instruction
3. Read the effective address from memory if the instruction has an
indirect address
4. Execute the instruction

•

After an instruction is executed, the cycle starts again at step 1, for the next
instruction

•

Note: Every different processor has its own (different) instruction cycle
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Instruction Cycle

FETCH and DECODE
• Fetch and Decode

T0: AR  PC (S 0S1S2=010, T0=1)
T1: IR  M [AR], PC  PC + 1 (S0S1S2=111, T1=1)
T2: D0, . . . , D7  Decode IR(12-14), AR  IR(0-11), I  IR(15)

T1

S2
S1 Bus

T0

S0

Memory
unit

7
Address

Read

AR

1

LD

PC

2

INR

IR
LD

5
Clock

Common bus

I/O and Interrupt

INPUT-OUTPUT AND INTERRUPT
A Terminal with a keyboard and a Printer
• Input-Output Configuration
Input-output
terminal

Serial
communication
interface

Printer

Receiver
interface

Computer
registers and
flip-flops
OUTR

FGO

AC

INPR Input register - 8 bits
OUTR Output register - 8 bits
FGI
Input flag - 1 bit
FGO Output flag - 1 bit
IEN
Interrupt enable - 1 bit

Keyboard

Transmitter
interface

INPR

FGI

Serial Communications Path
Parallel Communications Path

- The terminal sends and receives serial information
- The serial info. from the keyboard is shifted into INPR
- The serial info. for the printer is stored in the OUTR
- INPR and OUTR communicate with the terminal
serially and with the AC in parallel.
- The flags are needed to synchronize the timing
difference between I/O device and the computer
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MR Instructions

MEMORY REFERENCE INSTRUCTIONS
Symbol

AND
ADD
LDA
STA
BUN
BSA
ISZ

Operation
Decoder

Symbolic Description

AC  AC  M[AR]
AC  AC + M[AR], E  Cout
AC  M[AR]
M[AR]  AC
PC  AR
M[AR]  PC, PC  AR + 1
M[AR]  M[AR] + 1, if M[AR] + 1 = 0 then PC  PC+1

D0
D1
D2
D3
D4
D5
D6

- The effective address of the instruction is in AR and was placed there during
timing signal T2 when I = 0, or during timing signal T3 when I = 1
- Memory cycle is assumed to be short enough to complete in a CPU cycle
- The execution of MR instruction starts with T4
AND to AC
D0T4:
D0T5:
ADD to AC
D1T4:
D1T5:

DR  M[AR]
AC  AC  DR, SC  0

Read operand
AND with AC

DR  M[AR]
AC  AC + DR, E  Cout, SC  0

Read operand
Add to AC and store carry in E

ARITHMETIC LOGIC SHIFT UNIT
S3

S2

S1

S0

Cin

Operation

0

0

0

0

0

F=A

0

0

0

0

1

F=A+1

Increment A

0

0

0

1

0

F=A+B

Addition

0

0

0

1

1

F=A+B+1

Add with carry

0

0

1

0

0

F = A + B‘

Subtract with borrow

0

0

1

0

1

F = A + B‘+ 1

Subtraction

0

0

1

1

0

F=A-1

Decrement A

1

0

X

X

X

F = shr A

Shift right A into F

1

1

X

X

X

F = shl A

Shift left A into F
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MR Instructions

MEMORY REFERENCE INSTRUCTIONS
Symbol

AND
ADD
LDA
STA
BUN
BSA
ISZ

Operation
Decoder

D0
D1
D2
D3
D4
D5
D6

Symbolic Description

AC  AC  M[AR]
AC  AC + M[AR], E  Cout
AC  M[AR]
M[AR]  AC
PC  AR
M[AR]  PC, PC  AR + 1
M[AR]  M[AR] + 1, if M[AR] + 1 = 0 then PC  PC+1

- The effective address of the instruction is in AR and was placed there during
timing signal T2 when I = 0, or during timing signal T3 when I = 1
- Memory cycle is assumed to be short enough to complete in a CPU cycle
- The execution of MR instruction starts with T4
AND to AC
D0T4:
D0T5:
ADD to AC
D1T4:
D1T5:

DR  M[AR]
AC  AC  DR, SC  0

Read operand
AND with AC

DR  M[AR]
AC  AC + DR, E  Cout, SC  0

Read operand
Add to AC and store carry in E

MEMORY REFERENCE INSTRUCTIONS
LDA: Load to AC
D2T4: DR  M[AR]
D2T5: AC  DR, SC  0
STA: Store AC
D3T4: M[AR]  AC, SC  0
BUN: Branch Unconditionally
D4T4: PC  AR, SC  0
BSA: Branch and Save Return Address
M[AR]  PC, PC  AR + 1
Memory, PC, AR at time T4
20
PC = 21

0

BSA

135

Next instruction

AR = 135

0

21

Next instruction

1

BUN
Memory

135

BSA

135

21

135
Subroutine

136
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Memory, PC after execution
20

Subroutine

PC = 136

1

BUN

135

Memory
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MR Instructions

MEMORY REFERENCE
INSTRUCTIONS
BSA:
D5T4: M[AR]  PC, AR  AR + 1
D5T5: PC  AR, SC  0
ISZ: Increment and Skip-if-Zero
D6T4: DR  M[AR]
D6T5: DR  DR + 1
D6T4: M[AR]  DR, if (DR = 0) then (PC  PC + 1), SC  0

MR Instructions

LOWCHART FOR MEMORY REFERENCE INSTRUCTIO
Memory-reference instruction
AND
D0T4
DR  M[AR]

ADD

LDA

D1T4
DR  M[AR]

D0T5
D1T5
AC  AC DR
AC  AC + DR
SC  0
E  Cout
SC  0
BUN

BSA

STA
D2T4

DR  M[AR]

D3T4
M[AR]  AC
SC  0

D2T5
AC  DR
SC  0

ISZ

D5T4
D6T4
D4T4
PC  AR
M[AR]  PC
DR  M[AR]
SC  0
AR  AR + 1
D5T5
PC  AR
SC  0

D6T5
DR  DR + 1
D6T6
M[AR]  DR
If (DR = 0)
then (PC  PC + 1)
SC  0
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I/O and Interrupt

INPUT-OUTPUT AND INTERRUPT
A Terminal with a keyboard and a Printer
• Input-Output Configuration
Input-output
terminal
Printer

Serial
communication
interface
Receiver
interface

Computer
registers and
flip-flops
OUTR

FGO

AC

INPR Input register - 8 bits
OUTR Output register - 8 bits
FGI
Input flag - 1 bit
FGO Output flag - 1 bit
IEN
Interrupt enable - 1 bit

Keyboard

Transmitter
interface

INPR

FGI

Serial Communications Path
Parallel Communications Path

- The terminal sends and receives serial information
- The serial info. from the keyboard is shifted into INPR
- The serial info. for the printer is stored in the OUTR
- INPR and OUTR communicate with the terminal
serially and with the AC in parallel.
- The flags are needed to synchronize the timing
difference between I/O device and the computer
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INSTRUCTION FORMATS
The physical and logical structure of computers is normally described in reference manuals provided with the
system. Such manuals explain the internal construction of the CPU, including the processor registers available and their
logical capabilities. They list all hardware-implemented instructions, specify their binary code format, and provide a
precise definition of each instruction. A computer will usually have a variety of instruction code formats. It is the function
of the control unit within the CPU to interpret each instruction code and provide the necessary control functions needed to
process the instruction.
The format of an instruction is usually depicted in a rectangular box symbolizing the bits of the instruction as they
appear in memory words or in a control register. The bits of the instruction are divided into groups called fields. The most
common fields found in instruction formats are:
1 An operation code field that specifies the operation to be performed.
2. An address field that designates a memory address or a processor registers.
3. A mode field that specifies the way the operand or the effective address is determined.
Other special fields are sometimes employed under certain circumstances, as for example a field that gives the
number of shifts in a shift-type instruction.
The operation code field of an instruction is a group of bits that define various processor operations, such as add,
subtract, complement, and shift. The bits that define the mode field of an instruction code specify a variety of alternatives
for choosing the operands from the given address. The various addressing modes that have been formulated for digital
computers are presented in Sec. 5.5. In this section we are concerned with the address field of an instruction format and
consider the effect of including multiple address fields is an instruction.
Operations specified by computer instructions are executed on some data stored in memory or processor registers,
Operands residing in processor registers are specified with a register address. A register address is a binary number of k
k

bits that defines one of 2 registers in the CPU. Thus a CPU with 16 processor registers R0 through R15 will have a
register address field of four bits. The binary number 0101, for example, will designate register R5.
Computers may have instructions of several different lengths containing varying number of addresses. The number
of address fields in the instruction format of a computer depends on the internal organization of its registers. Most
computers fall into one of three types of CPU organizations:
1

Single accumulator organization.

2

General register organization.

3

Stack organization.

An example of an accumulator-type organization is the basic computer presented in Chap. 5. All operations are
performed with an implied accumulator register. The instruction format in this type of computer uses one address field.
For example, the instruction that specifies an arithmetic addition is defined by an assembly language instruction as
ADD.
Where X is the address of the operand. The ADD instruction in this case results in the operation AC ← AC +
M[X]. AC is the accumulator register and M[X] symbolizes the memory word located at address X.
An example of a general register type of organization was presented in Fig. 7.1. The instruction format in this type
of computer needs three register address fields. Thus the instruction for an arithmetic addition may be written in an
assembly language as

jntuworldupdates.org

Specworld.in

Smartzworld.com

Smartworld.asia

ADD

R1, R2, R3

To denote the operation R1 ← R2 + R3. The number of address fields in the instruction can be reduced from three
to two if the destination register is the same as one of the source registers. Thus the instruction
ADD

R1, R2

Would denote the operation R1 ← R1 + R2. Only register addresses for R1 and R2 need be specified in this
instruction.
Computers with multiple processor registers use the move instruction with a mnemonic MOV to symbolize a
transfer instruction. Thus the instruction
MOV

R1, R2

Denotes the transfer R1 ← R2 (or R2 ← R1, depending on the particular computer). Thus transfer-type instructions
need two address fields to specify the source and the destination.
General register-type computers employ two or three address fields in their instruction format. Each address field
may specify a processor register or a memory word. An instruction symbolized by
ADD

R1, X

Would specify the operation R1 ← R + M [X]. It has two address fields, one for register R1 and the other for the
memory address X.
The stack-organized CPU was presented in Fig. 8-4. Computers with stack organization would have PUSH and
POP instructions which require an address field. Thus the instruction
PUSH

X

Will push the word at address X to the top of the stack. The stack pointer is updated automatically. Operation-type
instructions do not need an address field in stack-organized computers. This is because the operation is performed on the
two items that are on top of the stack. The instruction
ADD
In a stack computer consists of an operation code only with no address field. This operation has the effect of
popping the two top numbers from the stack, adding the numbers, and pushing the sum into the stack. There is no need to
specify operands with an address field since all operands are implied to be in the stack.
Most computers fall into one of the three types of organizations that have just been described. Some computers
combine features from more than one organization structure. For example, the Intel 808- microprocessor has seven CPU
registers, one of which is an accumulator registerAs a consequence; the processor has some of the characteristics of a
general register type and some of the characteristics of a accumulator type. All arithmetic and logic instruction, as well as
the load and store instructions, use the accumulator register, so these instructions haveonly one address field. On the other
hand, instructions that transfer data among the seven processor registers have a format that contains two register address
fields. Moreover, the Intel 8080 processor has a stack pointer and instructions to push and pop from a memory stack. The
processor, however, does not have the zero-address-type instructions which are characteristic of a stack-organized CPU.
To illustrate the influence of the number of addresses on computer programs, we will evaluate the arithmetic
statement X = (A + B) ∗ (C + D).
.
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Using zero, one, two, or three address instruction. We will use the symbols ADD, SUB, MUL, and DIV for the four
arithmetic operations; MOV for the transfer-type operation; and LOAD and STORE for transfers to and from memory and
AC register. We will assume that the operands are in memory addresses A, B, C, and D, and the result must be stored in
memory at address X.

THREE-ADDRESS INSTRUCTIONS
Computers with three-address instruction formats can use each address field to specify either a processor register or
a memory operand. The program in assembly language that evaluates X = (A + B) ∗ (C + D) is shown below, together
with comments that explain the register transfer operation of each instruction.
ADD

R1, A, B

R1 ← M [A] + M [B]

ADD

R2, C, D

R2 ← M [C] + M [D]

MUL X, R1, R2

M [X] ← R1 ∗ R2

It is assumed that the computer has two processor registers, R1 and R2. The symbol M [A] denotes the operand at
memory address symbolized by A.
The advantage of the three-address format is that it results in short programs when evaluating arithmetic expressions. The
disadvantage is that the binary-coded instructions require too many bits to specify three addresses. An example of a
commercial computer that uses three-address instructions is the Cyber 170. The instruction formats in the Cyber computer
are restricted to either three register address fields or two register address fields and one memory address field.

TWO-ADDRESS INSTRUCTIONS
Two address instructions are the most common in commercial computers. Here again each address field can specify either
a processor register or a memory word. The program to evaluate X = (A + B) ∗ (C + D) is as follows:
MOV R1, A

R1 ← M [A]

ADD

R1 ← R1 + M [B]

R1, B

MOV R2, C

R2 ← M [C]

ADD

R2, D

R2 ← R2 + M [D]

MUL

R1, R2

R1 ← R1∗R2

MOV X, R1

M [X] ← R1

The MOV instruction moves or transfers the operands to and from memory and processor registers. The first
symbol listed in an instruction is assumed to be both a source and the destination where the result of the operation is
transferred.
ONE-ADDRESS INSTRUCTIONS
One-address instructions use an implied accumulator (AC) register for all data manipulation. For multiplication and
division there is a need for a second register. However, here we will neglect the second and assume that the AC contains
the result of tall operations. The program to evaluate X = (A + B) ∗ (C + D) is
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STORE

T

M [T] ← AC

LOAD

C

AC ← M [C]

ADD

D

AC ← AC + M [D]

MUL

T

AC ← AC ∗ M [T]

STORE

X

M [X] ← AC

All operations are done between the AC register and a memory operand. T is the address of a temporary memory
location required for storing the intermediate result.

ZERO-ADDRESS INSTRUCTIONS
A stack-organized computer does not use an address field for the instructions ADD and MUL. The PUSH and POP
instructions, however, need an address field to specify the operand that communicates with the stack. The following
program shows how X = (A + B) ∗ (C + D) will be written for a stack organized computer. (TOS stands for top of stack)
PUSH

A

TOS ← A

PUSH

B

TOS ← B
TOS ← (A + B)

ADD
PUSH

C

TOS ← C

PUSH

D

TOS ← D

ADD

TOS ← (C + D)

MUL

TOS ← (C + D) ∗ (A + B)

POP

X

M [X] ← TOS

To evaluate arithmetic expressions in a stack computer, it is necessary to convert the expression into reverse Polish
notation. The name ―zero-address‖ is given to this type of computer because of the absence of an address field in the
computational instructions.
ADDRESSING MODES
The operation field of an instruction specifies the operation to be performed. This operation must be executed on
some data stored in computer registers or memory words. The way the operands are chosen during program execution in
dependent on the addressing mode of the instruction. The addressing mode of the instruction. The addressing mode
specifies a rule for interpreting or modifying the address field of the instruction before the operand is actually referenced.
Computers use addressing mode techniques for the purpose of accommodating one or both of the following provisions:
1 To give programming versatility to the user by providing such facilities as pointers to
Memory, counters for loop control, indexing of data, and program relocation
2 To reduce the number of bits in the addressing field of the instruction.
3 The availability of the addressing modes gives the experienced assembly language programmer
flexibility for writing programs that are more efficient with respect to the number of instructions and
execution time.
To understand the various addressing modes to be presented in this section, it is imperative that we understand the
basic operation cycle of the computer. The control unit of a computer is designed to go through an instruction cycle that is
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divided into three major phases:

1. Fetch the instruction from memory
2. Decode the instruction.
3. Execute the instruction.
There is one register in the computer called the program counter of PC that keeps track of the instructions in the
program stored in memory. PC holds the address of the instruction to be executed next and is incremented each time an
instruction is fetched from memory. The decoding done in step 2 determines the operation to be performed, the addressing
mode of the instruction and the location of the operands. The computer then executes the instruction and returns to step 1
to fetch the next instruction in sequence.
In some computers the addressing mode of the instruction is specified with a distinct binary code, just like the
operation code is specified. Other computers use a single binary code that designates both the operation and the mode of
the instruction. Instructions may be defined with a variety of addressing modes, and sometimes, two or more addressing
modes are combined in one instruction.
An example of an instruction format with a distinct addressing mode field is shown in Fig. 1. The operation code
specified the operation to be performed. The mode field is sued to locate the operands needed for the operation. There
may or may not be an address field in the instruction. If there is an address field, it may designate a memory address or a
processor register. Moreover, as discussed in the preceding section, the instruction may have more than one address field,
and each address field may be associated with its own particular addressing mode.
Although most addressing modes modify the address field of the instruction, there are two modes that need no
address field at all. These are the implied and immediate modes.
1 Implied Mode: In this mode the operands are specified implicitly in the definition of theinstruction. For
example, the instruction ―complement accumulator‖ is an implied-mode instruction because the operand in the
accumulator register is implied in the definition of the instruction. In fact, all register reference instructions that sue an
accumulator are implied-mode instructions.
Op code

Mode

Address

Figure 1: Instruction format with mode field
Zero-address instructions in a stack-organized computer are implied-mode instructions since the operands are
implied to be on top of the stack.
2 Immediate Mode: In this mode the operand is specified in the instruction itself. Inother words, an immediatemode instruction has an operand field rather than an address field. The operand field contains the actual operand to be
used in conjunction with the operation specified in the instruction. Immediate-mode instructions are useful for initializing
registers to a constant value.
It was mentioned previously that the address field of an instruction may specify either a memory word or a
processor register. When the address field specifies a processor register, the instruction is said to be in the register mode.
3 Register Mode: In this mode the operands are in registers that reside within the CPU.The particular register is
k

selected from a register field in the instruction. A k-bit field can specify any one of 2 registers.
4 Register Indirect Mode: In this mode the instruction specifies a register in the CPUwhose contents give the
address of the operand in memory. In other words, the selected register contains the address of the operand rather than the
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operand itself. Before using a register indirect mode instruction, the programmer must ensure that the memory address fo
the operand is placed in the processor register with a previous instruction. A reference to the register is then equivalent to
specifying a memory address. The advantage of a register indirect mode instruction is that the address field of the
instruction sues fewer bits to select a register than would have been required to specify a memory address directly.
5 Auto increment or Auto decrement Mode: This is similar to the register indirect modeexcept that the register is
incremented or decremented after (or before) its value is used to access memory. When the address stored in the register
refers to a table of data in memory, it is necessary to increment or decrement the register after every access to the table.
This can be achieved by using the increment or decrement instruction. However, because it is such a common
requirement, some computers incorporate a special mode that automatically increments or decrements the content of the
register after data access.

The address field of an instruction is used by the control unit in the CPU to obtain the operand from memory.
Sometimes the value given in the address field is the address of the operand, but sometimes it is just an address from
which the address of the operand is calculated. To differentiate among the various addressing modes it is necessary to
distinguish between the address part of the instruction and the effective address used by the control when executing the
instruction. The effective address is defined to be the memory address obtained from the computation dictated by the
given addressing mode. The effective address is the address of the operand in a computational-type instruction. It is the
address where control branches in response to a branch-type instruction. We have already defined two addressing modes
in previous chapter.
6 Direct Address Mode: In this mode the effective address is equal to the address part ofthe instruction. The
operand resides in memory and its address is given directly by the address field of the instruction. In a branch-type
instruction the address field specifies the actual branch address.

7 Indirect Address Mode: In this mode the address field of the instruction gives theaddress where the effective
address is stored in memory. Control fetches the instruction from memory and uses its address part to access memory
again to read the effective address.
8 Relative Address Mode: In this mode the content of the program counter is added to theaddress part of the
instruction in order to obtain the effective address. The address part of the instruction is usually a signed number (in 2‘s
complement representation) which can be either positive or negative. When this number is added to the content of the
program counter, the result produces an effective address whose position in memory is relative to the address of the next
instruction. To clarify with an example, assume that the program counter contains the number 825 and the address part of
the instruction contains the number 24. The instruction at location 825 is read from memory during the fetch phase and
the program counter is then incremented by one to 826 + 24 = 850. This is 24 memory locations forward from the address
of the next instruction. Relative addressing is often used with branch-type instructions when the branch address is in the
area surrounding the instruction word itself. It results in a shorter address field in the instruction format since the relative
address can be specified with a smaller number of bits compared to the number of bits required to designate the entire
memory address.
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9 Indexed Addressing Mode: In this mode the content of an index register is added to theaddress part of the
instruction to obtain the effective address. The index register is a special CPU register that contains an index value. The
address field of the instruction defines the beginning address of a data array in memory. Each operand in the array is
stored in memory relative to the beginning address. The distance between the beginning address and the address of the
operand is the index value stores in the index register. Any operand in the array can be accessed with the same instruction
provided that the index register contains the correct index value. The index register can be incremented to facilitate access
to consecutive operands. Note that if an index-type instruction does not include an address field in its format, the
instructionconverts to the register indirect mode of operation. Some computers dedicate one CPU register to function
solely as an index register. This register is involved implicitly when the index-mode instruction is used. In computers with
many processor registers, any one of the CPU registers can contain the index number. In such a case the register must be
specified explicitly in a register field within the instruction format.
10 Base Register Addressing Mode: In this mode the content of a base register is added tothe address part of the
instruction to obtain the effective address. This is similar to the indexed addressing mode except that the register is now
called a base register instead of an index register. The difference between the two modes is in the way they are used rather
than in the way that they are computed. An index register is assumed to hold an index number that is relative to the
address part of the instruction. A base register is assumed to hold a base address and the address field of the instruction
gives a displacement relative to this base address. The base register addressing mode is used in computers to facilitate the
relocation of programs in memory. When programs and data are moved from one segment of memory to another, as
required in multiprogramming systems, the address values of the base register requires updating to reflect the beginning of
a new memory segment.

Numerical Example
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Program Control
Instructions are always stored in successive memory locations. When processed in the CPU, the instructions are
fetched from consecutive memory locations and executed

Status Bit Conditions
It is sometimes convenient to supplement the ALU circuit in the CPU with a status register where status bit
conditions can be stored for further analysis. Status bits are also called condition-code bits or flag bits.
The four status bits are symbolized by C, S, Z, and V. The bits are set or cleared as a result of an operation
performed in the ALU.
1. Bit C (carry) is set to 1 if the end cany C8 is 1. It is cleared to 0 if the canyisO.
2. Bit S (sign) is set to 1 if the highest-order bit F? is 1. It is set to 0 if the bit is 0.
3. Bit Z (zero) is set to 1 if the output of the ALU contains all 0's. It is cleared to 0 otherwise.
In other words, Z = 1 if the output is zero and Z = 0 if the output is not zero.
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4. Bit V (overflow) is set to 1 if the exclusive-OR of the last two carries is equal to 1, and
Cleared to 0 otherwise. This is the condition for an overflow when negative numbers are
In 2's complement.
For the 8-bit ALU, V = 1 if the output is greater than +127 or less than -128.

Conditional Branch Instructions
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Some computers consider the C bit to be a borrow bit after a subtraction operation A — B. A Borrow
does not occur if
A ^ B, but a bit must be borrowed from the next most significant Position if A < B. The
condition for a borrow is the complement of the carry obtained when the subtraction is done by
taking the 2's complement of B. For this reason, a processor that considers the C bit to be a borrow
after a subtraction will complement the C bit after adding the 2's complement of the subtrahend
and denote this bit a borrow.

Subroutine Call and Return
- A subroutine is a self-contained sequence of instructions that performs a given computational task.
- The instruction that transfers program control to a subroutine is known by different names. The
most common names used are call subroutine, jump to subroutine, branch to subroutine, or branch
and save address.
- The instruction is executed by performing two operations:
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(1) The address of the next instruction available in the program counter (the return address) is
Stored in a temporary location so the subroutine knows where to return
(2) Control is transferred to the beginning of the subroutine.
Different computers use a different temporary location for storing the return address.
- Some store the return address in the first memory location of the subroutine, some store it in a
fixed location in memory, some store it in a processor register, and some store it in a memory stack.
The most efficient way is to store the return address in a memory stack. The advantage of using a
stack for the return address is that when a succession of subroutines is called, the sequential return
addresses can be pushed into the stack. The return from subroutine instruction causes the stack to
pop and the contents of the top of the stack are transferred to the program counter.
- A subroutine call is implemented with the following micro operations:
SP ←SP - 1 Decrement stack pointer
M [SP] ←PC Push content of PC onto the stack
PC ← effective address Transfer control to the subroutine
- If another subroutine is called by the current subroutine, the new return address is pushed into
The stack and so on. The instruction that returns from the last subroutine is implemented by the
Micro operations:
PC←M [SP] Pop stack and transfer to PC
SP ←SP + 1 Increment stack pointer

Program Interrupt
- Program interrupt refers to the transfer of program control from a currently running program to
another service program as a result of an external or internal generated request. Control returns to
the original program after the service program is executed.
- The interrupt procedure is, in principle, quite similar to a subroutine call except for three
Variations:
(1) The interrupt is usually initiated by an internal or external signal rather than from the Execution of
an instruction (except for software interrupt as explained later);
(2) The address of the interrupt service program is determined by the hardware rather than from the
address field of an

instruction.

(3) An interrupt procedure usually stores all the information
- The state of the CPU at the end of the execute cycle (when the interrupt is recognized) is determined
From:
1. The content of the program counter
2. The content of all processor registers
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3. The content of certain status conditions

- Program status word the collection of all status bit conditions in the CPU is sometimes called a
program status word or PSW. The PSW is stored in a separate hardware register and contains the
status information that characterizes the state of the CPU.

Types of Interrupts
- There are three major types of interrupts that cause a break in the normal execution of a
Program. They can be classified as:
1. External interrupts
2. Internal interrupts
3. Software interrupts
- External interrupts come from input-output (I/O) devices, from a timing device, from a circuit
monitoring the power supply, or from any other external source.
- Internal interrupts arise from illegal or erroneous use of an instruction or data. Internal
interrupts are also called traps. Examples of interrupts caused by internal error conditions are register
overflow, attempt to divide by zero, an invalid operation code, stack overflow, and protection
violation.
- A software interrupt is initiated by executing an instruction. Software interrupt is a special
call instruction that behaves like an interrupt rather than a subroutine call. It can be used by the
programmer to initiate an interrupt procedure at any desired point in the program.

RISC(REDUCED INSTRUCTION SET COMPUTERS)
Reduced instruction set computing, or RISC (pronounced /ˈrɪsk/), is a CPU design
strategy based on the insight that simplified (as opposed to complex) instructions can
provide higher performance if this simplicity enables much faster execution of each
instruction. A computer based on this strategy is a reduced instruction set computer
(also RISC). There are many proposals for precise definitions, but the term is slowly
being replaced by the more descriptive load-store architecture. Well known RISC
families include, and SPARC.Some aspects attributed to the first RISC-labeled designs
around 1975 include the observations that the memory-restricted compilers of the time
were often unable to take advantageof features intended to facilitate manual assembly
coding, and that complex addressing
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required additional memory accesses. It was argued that such functions would be better
performed by sequences of simpler instructions if this could yield implementations small
enough to leave room for many registers, reducing the number of slow memory accesses.
In these simple designs, most instructions are of uniform length and similar structure,
arithmetic operations are restricted to CPU registers and only separate load and store
instructions access memory. These properties enable a better balancing of pipeline stages
than before, making RISC pipelines significantly more efficient and allowing
Typical characteristics of RISC
For any given level of general performance, a RISC chip will typically have far fewer
transistors dedicated
to the core logic which originally allowed designers to increase the size of the register
set and increase internal parallelism.
Other features, which are typically found in RISC architectures are:


Uniform instruction format, using a single word with the opcode in the same bit
positions in every instruction, demanding less decoding;



Identical general purpose registers, allowing any register to be used in any context,
simplifying compiler design (although normally there are separate floating point
registers);



Simple addressing modes. Complex addressing performed via sequences of
arithmetic and/or load-store operations;



Fe data types in hardware, some CISCs have byte string instructions, or support
complex numbers; this is so far unlikely to be found on a RISC.Exceptions abound,
of course, within both CISC and RISC.RISC designs are also more likely to feature a
Harvard memory model, where the instruction stream and the data stream are
conceptually separated; this means that modifying the memory where code is held
might not have any effect on the instructions executed by the processor (because the
CPU has a separate instruction and data cache), at least until a special
synchronization instruction is issued. On the upside, this allows both caches to be
accessed simultaneously, which can often improve performanceMany early RISC
designs also shared the characteristic of having a branch delay slot.
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A branch delay slot is an instruction space immediately following a jump or branch.
The instruction in this space is executed,whether or not the branch is taken (in other
words the effect of the branch is delayed).

This instruction keeps the ALU of the CPU busy for the extra time normally needed to
perform a branch. Nowadays the branch delay slot is considered an unfortunate side
effect of a particular strategy for implementing some RISC designs, and modern RISC
designs generally do away with it .
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MICROPROGRAMMED CONTROL
Control Memory
Microprogram
Program stored in memory that generates all the control signals required to execute the
instruction set Correctly. Consists of microinstructions.it Contains a control word and a
sequencing word Control Word - All the control information required for one clock cycle
Sequencing Word - Information needed to decide the next microinstruction address.
Control Memory(Control Storage: CS) Storage in the microprogrammed control unit to store the
microprogramWriteable Control Memory(Writeable Control Storage:WCS) CS whose contents
can be modified, Allows the microprogram can be changed, Instruction set can be changed or
modified.
ADDRESS SEQUENSING
A Microprogram Control Unit that determines the Microinstruction Address to be executed n
the next clock cycle

CONDITIONAL BRANCHING
Load address
Control address register
Increment

MUX

Control memory

...
Status bits
(condition)
Condition select

Micro-operations

Next address

Conditional Branch
If Condition is true, then Branch (address from
the next address field of the current microinstruction)
else Fall Through
Conditions to Test: O(overflow), N(negative),
Z(zero), C(carry), etc.

Unconditional Branch
Fixing the value of one status bit at the input of the multiplexer to 1

CONDITIONAL BRANCHING
Unconditional Branch
Fixing the value of one status bit at the input of the multiplexer to 1
Conditional Branch
If Condition is true, then Branch (address from
the next address field of the current microinstruction)
else Fall Through
Conditions to Test: O(overflow), N(negative),
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Z(zero),

C(carry),

MICROPROGRAM

etc.

EXAMPLE

Computer Configuration
MUX
10

0
AR
Memory
2048 x 16

Address
10

0
PC

MUX
6

0

6

0

15

0
DR

CAR

SBR

Control memory
128 x 20

Arithmetic
logic and
shift unit

Control unit

15

0
AC

DESIGN OF CONTROL UNIT
- DECODING ALU CONTROL INFORMATION microoperation fields
F1

F2

3 x 8 decoder
7654 3210

F3

3 x 8 decoder
7654 3210

3 x 8 decoder
7654 3210

AND
ADD

Arithmetic
logic and
shift unit
From From
PC DR(0-10)

DRTAR

PCTAR

DRTAC
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Implementation of Control Unit

COMPARISON OF CONTROL UNIT IMPLEMENTATIONS
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MICROPROGRAMMED CONTROL
MICROINSTRUCTION FORMAT
- Control Information, Sequencing Information, Constant Information which is useful when
feeding into the system.
These information needs to be organized in some way for Efficient use of the microinstruction
bits Fast decoding
Field Encoding
- Encoding the microinstruction bits
- Encoding slows down the execution speed
due to the decoding delay
- Encoding also reduces the flexibility due to
the decoding hardware
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MACHINE INSTRUCTION FORMAT
Machine instruction format
15 14
11 10
Opcode
I

0
Address

Sample machine instructions
Symbol

OP-code

ADD
BRANCH
STORE
EXCHANGE

0000
0001
0010
0011

Description
AC  AC + M[EA]
if (AC < 0) then (PC  EA)
M[EA]  AC
AC  M[EA], M[EA]  AC

EA is the effective address

Microinstruction Format
3
F1

3
F2

3
F3

2
CD

2
BR

7
AD

F1, F2, F3: Microoperation fields
CD: Condition for branching
BR: Branch field
AD: Address field

SYMBOLIC MICROINSTRUCTIONS
• Symbols are used in microinstructions as in assembly language
• A symbolic microprogram can be translated into its binary equivalent by a microprogram
assembler.
Sample Format
five fields:
label; micro-ops; CD; BR; AD
CD:

BR:
AD:

one of {U, I, S, Z}, where

U: Unconditional Branch
I: Indirect address bit
S: Sign of AC
Z: Zero value in AC
one of {JMP, CALL, RET, MAP}
one of {Symbolic address, NEXT, empty}

SYMBOLIC MICROPROGRAM - FETCH ROUTINE
During FETCH, Read an instruction from memory and decode the instruction and update PC
Sequence of microoperations in the fetch cycle:AR  PC
DR  M[AR], PC  PC + 1,AR  DR(0-10), CAR(2-5)  DR(11-14), CAR(0,1,6)  0
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SYMBOLIC MICROPROGRAM
• Control Storage: 128 20-bit words
• The first 64 words: Routines for the 16 machine instructions
• The last 64 words: Used for other purpose (e.g., fetch routine and other subroutines)
• Mapping:
OP-code XXXX into 0XXXX00, the first address for the 16 routines

SYMBOLIC MICROPROGRAM

Partial Symbolic Microprogram
Label

Microops

ADD:

BRANCH:
OVER:

STORE:

EXCHANGE:

FETCH:
INDRCT:

CD

BR

AD

ORG 0
NOP
READ
ADD

I
U
U

CALL
JMP
JMP

INDRCT
NEXT
FETCH

ORG 4
NOP
NOP
NOP
ARTPC

S
U
I
U

JMP
JMP
CALL
JMP

OVER
FETCH
INDRCT
FETCH

ORG 8
NOP
ACTDR
WRITE

I
U
U

CALL
JMP
JMP

INDRCT
NEXT
FETCH

ORG 12
NOP
READ
ACTDR, DRTAC
WRITE

I
U
U
U

CALL
JMP
JMP
JMP

INDRCT
NEXT
NEXT
FETCH

ORG 64
PCTAR
READ, INCPC
DRTAR
READ
DRTAR

U
U
U
U
U

JMP
JMP
MAP
JMP
RET

NEXT
NEXT
NEXT

BINARY MICROPROGRAM
Micro Routine
ADD

BRANCH

STORE

EXCHANGE

FETCH

INDRCT

Address
Decimal Binary
0
0000000
1
0000001
2
0000010
3
0000011
4
0000100
5
0000101
6
0000110
7
0000111
8
0001000
9
0001001
10
0001010
11
0001011
12
0001100
13
0001101
14
0001110
15
0001111
64
65
66
67
68

1000000
1000001
1000010
1000011
1000100

F1
000
000
001
000
000
000
000
000
000
000
111
000
000
001
100
111

Binary Microinstruction
F2
F3
CD
000
000
01
100
000
00
000
000
00
000
000
00
000
000
10
000
000
00
000
000
01
000
110
00
000
000
01
101
000
00
000
000
00
000
000
00
000
000
01
000
000
00
101
000
00
000
000
00

BR
01
00
00
00
00
00
01
00
01
00
00
00
01
00
00
00

AD
1000011
0000010
1000000
1000000
0000110
1000000
1000011
1000000
1000011
0001010
1000000
1000000
1000011
0001110
0001111
1000000

110
000
101
000
101

000
100
000
100
000

00
00
11
00
10

1000001
1000010
0000000
1000100
0000000

000
101
000
000
000

00
00
00
00
00

This microprogram can be implemented using ROM
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Implementation of Control Unit

COMPARISON OF CONTROL UNIT IMPLEMENTATIONS
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NANOSTORAGE AND NANOINSTRUCTION
The decoder circuits in a vertical microprogram storage organization can be replaced by a ROM
=> Two levels of control storage First level

- Control Storage

Second level - Nano Storage
Two-level microprogram First level Vertical format Microprogram Second level
-Horizontal format Nanoprogram , Interprets the microinstruction fields, thus converts
a vertical microinstruction format into a horizontal nanoinstruction format.
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TWO-LEVEL MICROPROGRAMMING - EXAMPLE
Microprogram: 2048 microinstructions of 200 bits each With 1-Level Control Storage: 2048 x 200
= 409,600 bits Assumption:256 distinct microinstructions among 2048
* With 2-Level Control Storage:
Nano Storage: 256 x 200 bits to store 256 distinct nanoinstructions
Control storage: 2048 x 8 bits
To address 256 nano storage locations 8 bits are needed
* Total 1-Level control storage: 409,600 bits
Total 2-Level control storage: 67,584 bits (256 x 200 + 2048 x 8)
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