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Coverage – Lesson1

Discusses the basic functional units and the 
way they are connected to form  a complete 
computer system 
Gives a methodical treatment of machine 
instructions, addressing techniques and 
instruction sequencing
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Lesson1 – Functional Units and 
Machine Instructions

1. Functional Units
2. Basic Operational Concepts
3. Bus Structures
4. Performance
5. Instructions and Instruction Sequencing
6. Addressing modes
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1. Functional Units
Computer hardware consists of electronic 

circuits, displays, magnetic and optical storage 
media, electromechanical equipment, and 
communication facilities

Computer architecture encompasses the 
specification of an instruction set and the 
hardware units that implement the instructions
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Computer Types
A computer is a fast electronic calculating 

machine that accepts digitized input 
information, processes it according to a list of 
internally stored instructions, and produces the 
resulting information

The list of instructions is called program and the 
internal storage is called memory

Computers are of different types depending on 
size, cost, computational power and intended 
use– Eg. Notebooks, Desktops, Work stations, 
Servers, Mainframes and Super computers
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Functional Units

Input

Output

Arithmetic 
And

Logic 

Control

Memory

Basic Functional Units of a Computer
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Functional Units (contd..)
Computers contain five functionally different 

parts – Input, Memory, arithmetic and logic 
unit, output and control units

1.Input unit accepts coded information from 
human operators, from electromechanical 
devices( such as Keyboards) or other 
computers via digital communication lines

2.The  information received is either stored in the 
computers memory for later reference or 
immediately used by the used by the arithmetic 
and logic circuitry to perform desired operations
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Functional Units (contd..)
3.The processing steps are determined by a 

program stored in the memory
4.Finally the results are sent back to the outside 

world through the output unit
5. All these actions are coordinated by the 

control unit
Information handled by computers is categorized 

as Instructions or data
Instructions are specific commands that govern 

a. Transfer of information with in a computer  
and b. Arithmetic and logical operations
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Functional Units (contd..)
A list of instructions that perform a task is called 

a program and is stored in the memory
Processor fetches the instructions from the 

memory, one after the other and performs the 
desired operations

The computer is completely controlled by the 
stored program, except for possible external 
interruptions by an operator or by I/O devices

Data are numbers and encoded characters that 
are used as operands by the instructions  
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Functional Units (contd..)
Compiler converts a high level language source 

program in to a list of machine instructions, 
called the object program

Each number, character or instruction is 
encoded as a string of binary digits called bits

Numbers are usually represented in BCD format
Alphanumeric characters are also expressed in 

terms binary codes such as ASCII and 
EBCDIC
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Input unit
Computers accept coded data from input units
Key board is a popular  input unit – whenever a 

key is depressed the corresponding letter or 
digit is translated in to corresponding binary 
code and transmitted to the memory or 
processor

Joysticks, trackballs and mouses are other input 
devices – called graphic input devices

Microphones are input devices which capture 
sound (which is then sampled and converted 
to digital code)
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Memory Unit
Purpose of memory unit is to store programs and 

data 
There are two classes of memory – Primary and 

Secondary
Primary storage is a fast memory made of 

semiconductor storage cells, each capable of 
storing a bit

The memory cells are processed in groups of 
fixed size called words,  containing n bits, that  
can be stored or retrieved  in one basic 
memory operation
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Memory Unit (contd..)
A distinct address is associated with each word 

location
A given word is accessed by specifying its 

address and issuing control command that 
stores or retrieves information stored

The number of bits in each word is called word 
length of the computer - usually 16-64 bits

Capacity of memory is the number of words the 
memory has

Programs must reside in memory during 
execution
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Memory Unit (contd..)
Instructions and data can be written into the 

memory and read out under the control of 
processor

Memory in which any location can be reached in 
a fixed amount time after specifying its address  
is called Random Access Memory (RAM)

The time required to access one word is called 
memory access time

Memory is usually implemented as a hierarchy of 
three to four levels of RAM with different sizes 
and speeds – registers, cache, main memory 
etc.
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Memory Unit (contd..)
Primary memory is expensive, hence secondary 

storage is used when large amounts of data 
and many programs have to be stored

Secondary storage devices are magnetic disks 
and tapes and optical disks ( CDROM and 
DVD)
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Arithmetic and Logic Unit - ALU
Most computer operations are executed in 

Arithmetic Logic Unit
If two numbers are to be added, they are brought 

from memory into the processor and addition is 
done in ALU

When operands are brought into processor they 
are stored in high-speed storage elements 
called registers

Access times to registers are  faster than other 
devices connected to the computer



KSB-9211-09 17

Output Unit
Purpose of output unit is to send processed 

results to the outside world
Printer is a popular output device
Units such as graphic displays provide both an 

output function and input function and are 
called I/O devices
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Control Unit
Memory, ALU, and input output units store and 

process information and perform input and 
output operations

The operation of these units is controlled by 
Control unit

Generates timing signals for I/O operations
A large set of control lines carries the signals 

used for timing and synchronization of events
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Summary of Operation of Computer
The computer accepts information in the form of 

programs and data through an input unit and 
stores it in the memory

Information stored in memory is fetched, under 
program control, in to ALU where it is processed

Processed information leaves the computer 
through an output unit

All activities inside the machine are directed by 
the control unit
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2. Basic Operational Concepts
To perform a task, the appropriate program 

consisting of instructions and data are stored in 
the memory

Instructions are brought in to the processor which 
executes the specified operation

Typical instructions may be:
Load LOCA,R1
Add  R1,R0

First instruction transfers the contents of memory 
location LOCA in to register  R1

Second instruction adds R1 to R0 and stores 
result in R0
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MAR

PC

IR
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E
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O
R

Connections between the Processor and the Memory
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IR (Instruction Register) holds the instruction 
that is currently being executed, its output is 
available to control circuits for the generation of 
timing signals

PC (Program Counter) points to the next 
instruction to be executed

The GPR (General Purpose Registers) store 
operands and results

MAR (Memory Address Register) holds the 
address of the location to be accessed

MDR (Memory Data Register) contains data to 
be written into or read out of the addressed 
location
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I/O Servicing
Normal execution of programs may be preempted 

if some device requires urgent servicing – this 
concept is called interrupt

Device  when needs servicing raises interrupt 
signal

Interrupt is a request from an I/O device for 
service by the processor

The processor provides the requested service by 
executing an appropriate interrupt –service 
routine
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3. Bus Structures
To form a computer the individual functional 

units must be connected in some organized 
way

To achieve reasonable speed of operation, a 
computer must be organized so that all units 
can handle one full word of data at a given 
time

To achieve this we need to connect all the units 
by several connecting wires or lines

A group of wires that serves as a connecting 
path for several devices is called a bus
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Input Output Memory Processor

Single Bus Structure
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Bus Structures (contd..)

Main advantage of bus system is its low cost and 
its flexibility to connect peripheral devices

Systems with multiple busses achieve more 
concurrency because they allow two or more 
transfers to take place simultaneously

To take care of speed of operation of various 
devices, buffer registers are included to hold 
the information during data transfers
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4. Performance
The most important measure of performance of 

a computer is how quickly it can execute 
programs

Speed is affected by the design of its hardware, 
machine language instructions and compiler

The elapsed time for execution of a program 
depends   on all units of a computer system 
(OS, Program, Disk and Printer) (next slide)

The processor time depends on the hardware 
involved in the execution of individual machine 
instructions as shown on the next to next slide
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Disk Disk

Printer

ProgramProgram

OS

t0 t1 t2
t3 t4 t5

Total time required to
Execute program is t5 – t0

User Program and OS routine sharing of the processor
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Main 
Memory

Processor
Cache

memory

Bus 

The Processor Cache
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Flow of program instructions & data
At the start of execution, all program instructions 

and required data are stored in the main 
memory

As execution proceeds, instructions are fetched 
one by one over the bus into the processor, and 
copy is placed in the cache

When the execution of an instruction calls for data 
located in the main memory, the data are 
fetched and a copy is placed in the cache

Later, if the same instruction or data item is 
needed a second time, it is read directly from 
the cache
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Processor Clock
To execute a machine instruction, the processor 

divides the action to be performed into a 
sequence of basic steps and each step is 
completed in a clock cycle

The length P of one clock cycle is an important 
parameter that affects processor performance

R= 1/P which is the clock rate
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Basic Performance Equation
Let T be the processor time required to execute 

a program 
Assume that complete execution of the program 

requires the execution of N machine language 
instructions 

The number N is the actual instructions executed 
and not the number of instructions in the 
program

Suppose that the average number of basic steps 
needed to execute one machine instruction is S, 
where each basic step is completed in one clock 
cycle
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Basic Performance Equation (contd..)
If the clock rate is R cycles per second, the 

program execution time is given by
T = N X S / R 

which is referred to as basic performance 
equation

To achieve high performance, T must be reduced 
which means reducing N and S and increasing R  

N depends on compiler, S is reduced if 
instructions have a smaller number of steps or if 
instructions are overlapped
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Pipelining  
Instruction execution can be divided into many 

functional parts (steps), each one handled by a 
different hardware unit, all of which run in 
parallel

S2 S3 S4 S5S1

Instruction
fetch

Instruction
decode

Operand
fetch

Instruction
execution Write back
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Pipeline (contd..)

Instructions

S1 1 2 3 4 5 6 7 8 9

1 2 3 4 5 6 7 8S2

1 2 3 4 5 6 7S3

1 2 3 4 5 6S4

1 2 3 4 5S5

Functional
unit

1          2         3           4          5      6           7          8         9   

Time
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Super Scalar Architecture

Instruction
Fetch
unit

S4S3

S2

S2

S5S4S3

S5

Dual Five stage pipeline with common Instruction Fetch unit 

Disadvantage:
Duplication of H/W
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Super Scalar Architecture (contd..)
S4

S1 S2 S3 S5

ALU

Floating
Point

Store

Load

ALU

Single pipeline with more functional units
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Clock Rate R
There are two possibilities to increase the clock 

rate R :
1. Improving the IC manufacturing technology
2. Reducing the amount of processing done in 
one basic step which makes it possible to 
reduce the clock period

The value of T will be reduced by the same 
factor as R is increased (because S and N are 
not affected)
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RISC Vs CISC
The primary objective of processor designers is 

to improve performance
Performance is defined as the amount of work 

that the processor can do in a given period of 
time

Different instructions perform different amounts 
of work 

To increase performance, you can either have 
the processor execute instructions in less time, 
or make each instruction it executes do more 
work 
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RISC Vs CISC (contd..)
Increasing performance by executing 

instructions in less time means increasing the 
clock speed of the processor

Making it do more work with each instruction 
means increasing the power and complexity of 
each instruction

Ideally you'd like to do both, of course, but it is a 
design tradeoff; it is hard to make more 
complex instructions run faster  
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RISC Vs CISC (contd..)
This tradeoff in basic instruction set design 

philosophy is reflected in the two main labels 
given to instruction sets

CISC stands for Complex Instruction 
Set Computer and is the name given to 
processors that use a large number of 
complicated instructions, to try to do more 
work with each instruction

RISC stands for Reduced Instruction Set 
Computer and is the generic name given to 
processors that use a small number of simple 
instructions, to try to do less work with each 
instruction but execute them much faster 
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RISC Vs CISC - Example
Multiplying Two Numbers in Memory

On the next slide is a diagram representing the 
storage scheme for a generic computer
The main memory is divided into locations numbered 
from       row1:column1 to row6:column4
The execution unit is responsible for carrying out all 
computations
However, the execution unit can only operate on data 
that has been loaded into one of the six registers 

(A, B, C, D, E, or F)
Assume we want to find the product of two numbers -
one stored in location 2:3 and another stored in 
location 5:2 – and then store the product back in the 
location 2:3 
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1 2 3 4

1

A B

C

E

D

F

x ÷ + -

2

3

4

5

6

Memory

Registers

Execution Unit
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The CISC Approach
The primary goal of CISC architecture is to 

complete a task in as few lines of assembly as 
possible

This is achieved by building processor hardware 
that is capable of understanding and executing 
a series of operations

For this particular task, a CISC processor would 
come prepared with a specific instruction (we'll 
call it "MULT"). 
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The CISC Approach (contd..)
When executed, this instruction

- loads the two values into separate registers 
- multiplies the operands in the execution unit
- and then stores the product in the appropriate
register  

Thus, the entire task of multiplying two numbers 
can be completed with one instruction:

MULT 2:3, 5:2
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The CISC Approach (contd..)
MULT is what is known as a

“Complex Instruction " 
It operates directly on the computer's memory 

banks and does not require
- the programmer to explicitly call any loading 
or storing functions 
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RISC Approach
RISC  processors  only  use  simple  instructions 

that can  be  executed  within  one  clock cycle
Thus, the  "MULT"  command  described  above 

could  be  divided  into  three  separate 
commands:

1.  "LOAD,“ which moves data  from the memory 
bank to a register

2. "PROD," which finds  the   product  of  two  
operands   located within  the  registers

3."STORE,"  which moves data from a register to 
the memory banks 
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Risc Approach (contd..)
“MULT” program using RISC Instructions:     

LOAD   2:3,A
LOAD   5:2,B
PROD   B, A
STORE A.2:3
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CISC RISC
Emphasis on hardware Emphasis on software

Includes multi-clock
complex instructions 

Single-clock,
reduced instruction only 

Memory-to-memory:
"LOAD" and "STORE"
incorporated in 
instructions 

Register to register:
"LOAD" and "STORE"
are independent 
instructions 

Small code sizes,
high cycles per second 

Low cycles per second,
large code sizes 



KSB-9211-09 50

Compiler
A compiler translates a high-level language 

program into a sequence of machine 
instructions

To reduce N, optimizing compiler takes 
advantage of various features of the target 
processors to reduce the product N X S which 
is the total number of clock cycles needed to 
execute a program

High quality compiler must be closely linked to 
the processor architecture
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Performance Measurement
Computing value of T is not simple hence bench 

mark programs are used to measure 
performance of computers

Performance measure is the time it takes a 
computer to execute a benchmark

Real application programs are used for 
evaluation

A nonprofit organization called “ System 
Performance Evaluation Corporation” (SPEC) 
selects and publishes representative 
application programs for different application 
domains together with test results



KSB-9211-09 52

SPEC Benchmark
Running time on ref. Computer

SPEC Rating = -----------------------------------------
running time on test computer

for a particular program 
For a program suite
SPEC Rating = (πSPECi)1/n for i = 1 to n where 

n is the number of programs in the suite



KSB-9211-09 53

5. Instructions and Instruction Sequencing

A computer must have instructions capable of 
performing four types of operations
1. Data transfers between the memory and the

processor registers          
2. Arithmetic and logic operations
3. Program sequencing and control
4. I/O transfers
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Register Transfer Notation
We need to describe transfer of information from 

one location in the computer to another
Possible locations for the transfer may be 

memory locations (LOC,PLACE,A,VAR2) 
processor registers (R0,R5) or 
I/O registers (INSTATUS,OUTSTATUS)

The contents of locations are denoted by placing 
square brackets around the name of location

R1 ← [LOC] contents of LOC transferred to R1
R3 ← [R1] + [R2] contents of R1plus contents 
of R2 is stored in R3
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Assembly Language Notation
Mov LOC,R1
causes transfer from memory location LOC to 
register R1, LOC contents are unchanged

Add R1,R2,R3 
adds two numbers contained in registers R1 
and R2 and places the result in R3
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Basic Instruction Types
Instructions are specified by number of operands 

such as 3 operands, 2 operands,1 operand etc
Example: C ← A + B

3 address: 
Operation  Source1,Source2,Destination

Add A,B,C (add contents of A to contents of B 
and store in C)
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Basic Instruction Types (contd..)
2 address:
Operation   Source,Destination
Move B,C ( transfer contents of B to C)
Add A,C (add contents of A to C and store in C)
1 address: 
Only one address is specified and the other is 

implied (usually accumulator)
Load A ( transfer the contents of A to accumulator)
Add B ( add the contents of B to accumulator)
Store C (Store the contents of accumulator in C)
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Basic Instruction Types (contd..)
11/2 address
Instead of implying accumulator, a register is 

specified
Load R(i),A
Add B,R(i)
Store R(i),C
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Big-Endian Little-Endian
There are two ways that byte addresses can be 

assigned across words in memory
The name Big-Endian is used when lower byte 

addresses are used for the more significant 
bytes (the left most bytes) of the word

The name Little-Endian is used when lower byte 
addresses are used for the less significant 
bytes (the right most bytes) of the word
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Instruction Execution and Straight Line 
Sequencing
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Branching
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Condition Codes
The processor keeps track of information about 

results of various operations for subsequent 
conditional branch instructions

This done by recording required information in 
individual bits called condition code flags

These are grouped in a special register called
status register or condition code register

Individual condition code flags are set to 1 or 
cleared to 0 depending on the outcome of the 
operation performed
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Commonly used Flags

N (Negative) Set to 1 if the result is negative;
otherwise cleared to 0

Z (Zero) Set to 1 if the result is zero;
otherwise cleared to 0

V (Overflow) Set to 1 if arithmetic overflow occurs
otherwise cleared to 0

C (Carry) Set to 1 if a carry-out results from the 
operation; otherwise cleared to 0
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6. Addressing Modes
The different ways in which the location of the operand is 
specified in an instruction, are called addressing modes
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a). Immediate Addressing 
The operand is directly specified in the operand 

field of the instruction
No memory or register access is necessary, 
hence instruction is relatively faster
Disadvantage is the operand data is 
restricted to the max value that can be fitted 
in the operand field of the instruction

Operand dataOp
code

Operand = Value
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b). Register Addressing

Register numberOp
code

Operand data

Register Bank
R1

R2

Rn

The operand is the contents of a processor register; 
The  name  (address) of  the  register is given in the 
Instruction

EA = Ri
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c). Absolute or Direct Addressing

Operand AddressOp
code

Operand data

Memory

The operand is in memory location; the address of 
this  location  is  given  explicitly in  the  instruction 
(called direct mode)

EA = LOC
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Examples of Direct Addressing

Move  B,R1 ; specifies two operands, one
is direct mode (B), another  
is register mode (R1)

Add    #6,R1 ; specifies immediate mode (#6) 
and register mode (R1)

Move  R1,A   ; Specifies register mode (R1)
and direct mode (A)
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Indirection and Pointers

In these addressing modes, the instruction does 
not give the operand or its address explicitly

Instead it provides information from which the 
memory address of the operand can be 
determined

This address is called Effective Address
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d) Indirect Addressing Mode
Indirect addressing mode – the effective 

address (EA) of the operand is the contents of 
a register or memory location whose 
address appears in the instruction
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Indirect Addressing Mode (contd..)

Add (A),R0

Operand

BOperand

Add (R1),R0

Main
memory

A
B

B
B RegisterR1

ii) Through a memory locationi) Through GPR
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d. i) Indirect Register Addressing

Register NumberOp
code

MemoryRegister Bank

Operand Data

Operand address

R1

R2

Rn

EA = [ Ri ]
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d). ii) Indirect Memory Addressing

Operand AddressOp
code

Operand Address

Memory

Operand Data

EA = [ LOC ]
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Pointers
The register or memory location that contains the 

address of an operand is called a pointer
Example of treasure hunt: In the instruction to hunt you 

may be told to go to a house at a given address
Instead of finding the treasure there, you find a note 

that gives you another address where you will find 
the treasure

By changing the note, the location of the treasure can 
be changed but the instructions for the hunt remain 
the same

Changing the note is equivalent to changing the 
contents of the pointer in a program
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Example using indirect addressing mode
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Implementation of pointers in C
Consider the C-Language Statement

A = *B;
where B is a pointer variable
This statement may be compiled into

Move B,R1
Move (R1),A

using indirect addressing through register 
(or)

Move (B),A
using indirect addressing through memory
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Indexing and Arrays
Useful in dealing with lists and arrays
Index Mode: The effective address of the 

operand is generated by adding a constant 
value to the contents of a register

The register may be a special register or one of 
General Purpose Registers

Index mode is represented as   X(Ri) where X 
denotes the constant value and Ri is the 
register

Effective address EA =   [ Ri ] + X
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e. Indexed Addressing

Index
register

Op
code

Memory

Operand Data

Displacement

+

EA = [ Ri ] + X
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f). Base with Index Addressing
Yet another version of the index mode uses two 

registers (Base and Index) plus a constant (X)
which can be denoted as   X(Ri,Rj) 

Here the effective address is the sum of the 
constant X and the contents of registers Ri
andRj

The added flexibility is useful in accessing 
multiple components inside each item in a 
record 

The beginning of an item is specified by the  
(Ri,Rj) part of the addressing mode 

This mode implements a three dimensional array
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f). i) Base with Index Addressing

Base RegisterOp
code

Memory

Operand Data

Index Register

+

EA = [ Ri ] + [ Rj ]
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f).ii)  Base with Index and Offset Addressing

Base RegisterOp
code

Memory

Operand Data

Index Register

+

Displacement

EA = [ Ri ] + [ Rj ] + X
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Relative Addressing
A useful version of the Index mode is obtained if 

the program counter, PC, is used instead of 
General Purpose Register

X(PC) can be used to address a memory 
location that is X bytes away from the location 
presently pointed by the Program Counter 

Relative mode – The effective address is 
determined by the index mode using the 
program counter in place of General Purpose 
Register Ri
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Relative Addressing (contd..)
The most common use of this instruction is to  

specify the target address in branch 
instructions
An instruction such as:  Branch>0 LOOP

Causes program execution to go to branch 
target location identified by the name LOOP if 
the branch condition is satisfied

Instead this location can be computed by 
specifying it as an offset (a signed number) 
from current value of the program counter 

Useful in relocation of memory
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g). (PC) Relative Addressing

DisplacementOp
code

Memory

Operand Data

+

Program Counter

EA = [ PC ] + X
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h). Autoincrement Addressing

Register NumberOp
code

MemoryRegister Bank

Operand Data

Operand address

R1

R2
+1

Rn

EA = [ Ri ]:

Increment Ri
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Autoincrement addressing mode (contd..)
Move N,R1
Move #NUM1,R2
Clear R0
Add (R2)+,R0
Decrement R1
Branch>0 LOOP
Move R0,SUM

Initialization

LOOP

Autoincrement addressing mode using Branch 
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i). Autodecrement Addressing

Register NumberOp
code

MemoryRegister Bank

Operand Data

Operand address

R1

R2

-1

Rn

Decrement Ri:

EA = [ Ri ]
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