Computer Organization and Architecture

Engineering Notes

Chapter 1: Basics of Computer System
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1.1 Concept of Von Neumann Architecture and its Features

The Von Neumann Architecture is a foundational computer design model proposed by the mathematician John
von Neumann in 1945. It describes a computer system in which both the program instructions and the data
required by those instructions are stored together in the same memory unit, and are accessed using the same bus
system. Almost all modern general-purpose computers, from personal computers to large servers, are built on the

principles of this architecture, which is why it is often called the "stored-program concept."

Before this model was introduced, early computers had to be physically rewired to run a different program, which
was extremely time-consuming. Von Neumann's idea of storing the program itself as binary data inside memory,

exactly like any other data, made computers flexible and reprogrammable through software alone.

Structure of Von Neumann Architecture
AVon Neumann based system is organised around four essential components that work together to fetch, decode
and execute instructions:

e Central Processing Unit (CPU): Consists of the Control Unit (CU) and the Arithmetic Logic Unit (ALU). It

fetches instructions from memory, decodes them, and executes them.

* Memory Unit: A single, unified storage area that holds both program instructions and data in binary form,
addressed by memory location.

e Input/Output (I/0) Unit: Provides the interface through which the system communicates with the external
world, accepting input and delivering output.

e System Bus: A common set of pathways (address bus, data bus and control bus) that connects the CPU,
memory and |/O devices and carries data, addresses and control signals between them.

Fig 1.1 — Block Diagram of Von Neumann Architecture
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Fig 1.1: Block diagram of the Von Neumann Architecture, showing the CPU, memory and I/O units connected through a common system
bus.

Features of Von Neumann Architecture
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¢ Stored Program Concept: Both instructions and data reside in the same memory, allowing programs to be
loaded, modified and executed like ordinary data.

+ Single Memory for Instructions and Data: There is no separate memory for code and data; the CPU cannot
distinguish between them except by context, i.e., what it is currently fetching.

+ Sequential Execution: Instructions are normally fetched and executed one after another in the order they
are stored, using a Program Counter (PC) to track the next instruction address.

+ Common Bus System: Since a single bus connects memory to the CPU, data and instructions cannot be
fetched simultaneously, which leads to a performance limitation known as the Von Neumann Bottleneck.

+ Binary Representation: All instructions and data are represented and processed in binary form (0s and 15s)
inside the machine.

+ Fetch-Decode-Execute Cycle: The CPU repeatedly performs three basic steps — fetching an instruction
from memory, decoding it to understand the required operation, and executing it — which forms the
fundamental instruction cycle of the machine.

The Von Neumann Bottleneck

Because a single shared bus is used for both instructions and data, the CPU often has to wait for memory access
to complete before it can proceed, since it cannot fetch an instruction and read/write data at the same time. This
limitation on data transfer speed between the CPU and memory is called the Von Neumann Bottleneck, and it is
one of the key reasons alternative designs such as the Harvard Architecture (which uses separate memories and

buses for instructions and data) were later developed for certain specialised systems.

1.2 Components of Computer System

A computer system, regardless of its size or purpose, is broadly organised into three major functional units that
work together to accept input, process it and produce meaningful output: the Central Processing Unit (CPU), the
Memory Unit, and the Input/Output (I/0) Unit.

Structure of the CPU
The Central Processing Unit is regarded as the "brain" of the computer because it is responsible for carrying out
all arithmetic, logical and control operations. The CPU itself is composed of three main sub-units:

e Arithmetic Logic Unit (ALU): Performs all arithmetic operations (addition, subtraction, multiplication,

division) and logical operations (AND, OR, NOT, comparisons) on the data supplied to it.

¢ Control Unit (CU): Directs and coordinates the activities of the entire computer system. It generates timing
and control signals that tell the memory, ALU and 1/O devices how to respond, and it manages the fetch-
decode-execute cycle.

* Registers: Small, extremely fast storage locations located directly inside the CPU, used to hold data,

addresses and instructions temporarily during processing. Important registers include:

o Program Counter (PC): holds the address of the next instruction to be executed.
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Instruction Register (IR): holds the instruction currently being decoded/executed.
Memory Address Register (MAR): holds the address of the memory location to be accessed.

Memory Data Register / Memory Buffer Register (MDR/MBR): holds the data being transferred to or
from memory.

Accumulator (ACC): a general-purpose register used to store intermediate results of ALU operations.

The CU, ALU and register set are interconnected through an internal bus, and together they enable the CPU to

fetch an instruction from memory, interpret its meaning, and carry out the corresponding operation on the

required data.

Fig 1.2 — Internal Structure of the CPU
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Fig 1.2: Internal structure of the CPU, showing the Control Unit, ALU and the register set working together.

Function of the Memory Unit

The Memory Unit is responsible for storing data, instructions and intermediate or final results, either temporarily

or permanently, so that they are available to the CPU whenever required. Memory is generally organised in a

hierarchy based on speed, cost and capacity:

e Primary Memory (Main Memory): Directly accessible by the CPU; includes RAM (Random Access

Memory), which is volatile and temporarily holds running programs and data, and ROM (Read Only

Memory), which is non-volatile and stores permanent instructions such as the bootstrap loader.

¢ Cache Memory: A small, very high-speed memory placed between the CPU and main memory to store

frequently used data and instructions, reducing the effective access time of the CPU.

* Secondary Memory: Non-volatile storage such as hard disks, SSDs and optical media, used for long-term

storage of programs and data that are not currently being processed.

The core functions of the memory unit can be summarised as: storing data and instructions before, during and

after processing; providing fast access to the data currently needed by the CPU; and retaining data permanently

(in the case of secondary/ROM memory) even when power is switched off.
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Fig 1.3 — Memory Hierarchy of a Computer System
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Fig 1.3: Memory hierarchy — speed and cost decrease while capacity increases from registers down to secondary memory.

Function of the 1/0 Unit
The Input/Output Unit acts as the communication bridge between the computer system and the outside
environment, including the user and other computers or devices.

* Input Unit: Accepts data and instructions from the outside world (e.g., through a keyboard, mouse,

scanner or sensor) and converts them into a binary form that the computer can process.

¢ Output Unit: Takes the processed results from the computer, which exist in binary form, and converts
them into a human-readable or usable format (e.g., through a monitor, printer or speaker).

e 1/0 Interface / Controller: Manages the timing and data-format differences between the fast CPU and
comparatively slower peripheral devices, often using techniques such as interrupts and Direct Memory
Access (DMA) so the CPU is not held up waiting for slow devices.

Together, the CPU, memory unit and I/O unit, connected through the system bus, form the complete functional

structure of a computer system: the CPU processes, the memory stores, and the I/0 unit communicates.

1.3 Different Generations of Computer System

The evolution of computers is classified into five generations, primarily based on the technology used to build the
processing hardware. Each generation brought significant improvements in size, speed, reliability, power

consumption and cost.

Generation Period Technology Used Key Characteristics

First Generation 1940 - 1956 Vacuum Tubes Huge in size, generated excessive heat, high
power consumption, used machine
language, e.g., ENIAC, UNIVAC.
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Second Generation

1956 — 1963 Transistors Smaller, faster and more reliable than
vacuum tubes; used assembly language;
less heat and power than first generation.

Third Generation

1964 - 1971 Integrated Circuits (IC) Multiple transistors on a single chip;
increased speed and reliability; use of high-
level languages (FORTRAN, COBOL) and
operating systems began.

Fourth Generation

1971 — Present | Microprocessor (VLSI) Entire CPU fits on a single chip; birth of
personal computers; GUI, mouse, and
networking became common.

Fifth Generation

Present and Artificial Intelligence / Focus on Al, machine learning, parallel
Beyond uLsI processing, natural language interaction
and voice/gesture recognition.

1st Gen

Fig 1.4 — Timeline of Computer Generations
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Fig 1.4: Timeline showing the five generations of computers and their defining technologies.

First Generation (1940-1956) — Vacuum Tubes

These computers used vacuum tubes for circuitry and magnetic drums for memory. They were extremely large,
consumed enormous amounts of electricity, and produced excessive heat requiring dedicated cooling systems.

Programming was done in machine language, and input/output was handled through punched cards and paper

tape. Examples include ENIAC and UNIVAC.

Second Generation (1956-1963) — Transistors

Transistors replaced vacuum tubes, resulting in computers that were smaller, faster, more reliable, and cheaper

to operate. This generation introduced assembly language, which was easier for programmers to work with than

pure machine code, and also saw the emergence of early high-level languages such as COBOL and FORTRAN.

Third Generation (1964-1971) — Integrated Circuits

The invention of the Integrated Circuit (IC), which packed many transistors onto a single silicon chip, dramatically
reduced size and cost while increasing speed and reliability further. This generation saw the development of

operating systems, allowing computers to run multiple applications through time-sharing, and the use of

keyboards and monitors for interaction.

Fourth Generation (1971-Present) — Microprocessors
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The development of the microprocessor, which integrates the entire CPU onto a single chip using Very Large Scale
Integration (VLSI) technology, defined this generation. It made possible the personal computer (PC), along with

graphical user interfaces (GUI), the mouse, and eventually networking and the internet.

Fifth Generation (Present and Beyond) — Artificial Intelligence

Current and emerging computers are being built around Artificial Intelligence, parallel processing and Ultra Large
Scale Integration (ULSI) technology. The goal of this generation is to develop machines capable of learning, self-
organisation, and natural interaction with humans through speech, gesture and language understanding.

1.4 Concept of PC, Laptop, Workstation, Server, Super Computer

Computers are classified into different categories based on their size, processing power, cost and the purpose for
which they are used. The most common categories encountered in practice are the Personal Computer, Laptop,

Workstation, Server and Super Computer.

Personal Computer (PC)

A Personal Computer is a general-purpose, single-user computer designed for everyday individual use such as
document preparation, browsing, entertainment and small-scale computing tasks. It is relatively inexpensive, built
around a single microprocessor, and typically consists of a system unit, monitor, keyboard and mouse as a desktop
configuration. PCs are widely used in homes, schools and offices for routine, non-specialised computing needs.

Laptop

A Laptop (or notebook computer) is a portable, battery-powered version of a personal computer that integrates
the display, keyboard, pointing device (touchpad) and processing hardware into a single compact, foldable unit.
It offers the same general-purpose functionality as a desktop PC but with the added advantage of mobility, making
it suitable for users who need computing power while travelling or working from different locations, at the cost

of somewhat reduced performance and upgradability compared to a desktop of similar price.

Workstation

A Workstation is a high-performance, single-user computer designed for specialised, computation-intensive
technical or scientific tasks such as computer-aided design (CAD), 3D animation, video editing and engineering
simulations. Workstations typically have more powerful processors, larger and faster memory, high-end graphics
capability and support for multitasking of demanding applications than an ordinary PC, and they are often

connected to a network for sharing resources, though they are still used primarily by one user at a time.

Server

A Server is a powerful computer (or program) designed to manage, store, and deliver resources, data, services or
programs to other computers, known as clients, over a network. Unlike a PC, a server is optimised for reliability,

continuous uptime and the ability to handle many simultaneous requests rather than for a single user's interactive
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convenience. Common types include file servers, web servers, database servers and mail servers, and servers

typically run specialised server operating systems with strong emphasis on security and fault tolerance.

Super Computer

A Super Computer is among the fastest and most powerful classes of computers, built to perform an extremely
large number of calculations per second by using thousands of interconnected processors working in parallel.
Super computers are used for tasks requiring massive computational power, such as weather forecasting, climate
modelling, nuclear simulations, molecular modelling and large-scale scientific research. They are extremely
expensive, physically large, and require specialised cooling systems; examples include India's PARAM series and

the American Frontier system.

Fig 1.5 — Relative Scale of Computer Types
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Fig 1.5: Relative scale of computer types by processing power, cost and scale of use.

Comparative Summary

 Scale of use: PC and Laptop —> single individual user; Workstation - single expert/technical user; Server >
many simultaneous client users; Super Computer - large-scale organisational/research use.

e Primary goal: PC/Laptop prioritise affordability and general use; Workstation prioritises specialised
processing power; Server prioritises reliability and resource-sharing; Super Computer prioritises maximum
raw computational speed.

e Cost and size: Cost and physical/computational scale increase roughly in the order PC/Laptop >
Workstation - Server - Super Computer.

Multiple Choice Questions (MCQs)

1. Who is credited with proposing the Von Neumann Architecture?
A. Charles Babbage B. Alan Turing C.Johnvon Neumann D. Blaise Pascal

2. In the Von Neumann Architecture, instructions and data are stored:

A. In separate memories B. In the same memory unit C. Only in registers D. Only in ROM

3. The performance limitation caused by a single shared bus between CPU and memory is called:
A. Pipeline hazard B. Von Neumann Bottleneck C. Cache miss D. Deadlock

4. Which unit of the CPU performs arithmetic and logical operations?
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A. Control Unit B. Memory Unit C. Arithmetic Logic Unit (ALU) D. Input Unit

5. Which register holds the address of the next instruction to be executed?
A. Accumulator B. Memory Data Register C. Instruction Register D. Program Counter

6. Which of the following is a volatile memory?
A.ROM B.RAM C. Hard Disk D.SSD

7. Cache memory is placed between:
A. CPU and Secondary Memory B. CPU and Main Memory C. Input and Output units D. ALU and
Control Unit

8. Which technology characterised the First Generation of computers?
A. Transistors  B. Integrated Circuits C. Vacuum Tubes D. Microprocessors

9. The Third Generation of computers is primarily associated with:

A.Vacuum tubes B. Transistors C. Integrated Circuits (IC) D. Artificial Intelligence

10. Which generation of computers introduced the microprocessor and personal computer?
A. Second Generation B. Third Generation C. Fourth Generation D. Fifth Generation

11. The Fifth Generation of computers is mainly based on:
A. Transistors  B. Vacuum tubes C. Artificial Intelligence and ULSI  D. Punched cards

12. Which of the following is a portable, battery-powered general-purpose computer?

A.Server B. Workstation C. Super Computer D. Laptop
13. A computer optimised to provide resources and services to multiple client computers over a network is
called a:

A.PC B.Server C.Llaptop D.Workstation
14. Which type of computer is best suited for computation-intensive tasks such as CAD and 3D animation,
used typically by a single technical user?

A.Server B. Workstation C.PC D. Laptop
15. Which of the following computers is designed for extremely large-scale computations such as weather
forecasting and nuclear simulations?

A. Personal Computer B.Laptop C.Server D.Super Computer
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Answer Key

1-C 2-B 3-B 4-C 5-D 6-B 7-B 8-C 9-C 10-C 11-C 12-D 13-B 14-B 15-D

Broad / Long Answer Questions

10.

Explain the Von Neumann Architecture with a suitable diagram description. What is the Von Neumann
Bottleneck, and how does the Harvard Architecture attempt to overcome it?

Describe the stored-program concept and discuss any four important features of the Von Neumann
Architecture.

With the help of a block diagram, explain the basic structure of a computer system, covering the CPU,

memory unit and 1/0 unit.

Explain the internal structure of the CPU. Describe the functions of the Control Unit, Arithmetic Logic Unit
and the important registers used within the CPU.

Discuss the memory hierarchy of a computer system. Differentiate between primary memory, cache

memory and secondary memory.

Explain the function of the Input/Output unit in a computer system. How do techniques such as interrupts
and DMA help improve I/0 efficiency?

Trace the evolution of computers through their five generations, highlighting the technology used and key
characteristics of each generation.

Compare the First, Second and Third generations of computers in terms of technology, speed, size and

programming languages used.

Differentiate between a Personal Computer, Laptop, Workstation, Server and Super Computer on the basis
of purpose, performance and cost.

Explain why a Super Computer is considered different from a Server, even though both are high-
performance systems, in terms of their design goals and typical applications.
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