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Chapter 2: Computer Organisation
– A simple computer and its instruction set
– Communicating with devices
– Introduction to interrupts
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Computer Organisation:
Chapter Overview

• How does a computer work?
• Enough to understand key OS ideas:

– how instructions are executed
– how can a processor send and receive data 

from another device
• Textbook

– Tanenbaum Chapter 
– Nutt Chapter 4
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NARC - Not A Real Computer

opcode operand (D)

02431

Maximum addressable memory ?

Memory 

Word Size - 32 bits
0
1
2
3
4
5
6
7

max

Registers

Accumulator (ACC)

Program Counter(PC)

Link (LNK)

Word AddressedProcessor

• Processor operates on data items - “words” stored in memory
• Each word consists of 32 binary (i.e. 0 or 1) digits - “bits”
• A word may represent a number (or characters or anything…)
• A word may represent an instruction for the processor
• Processor is a machine which interprets (“executes”) instructions:

Instruction
Layout

(bit)
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The NARC Instruction Set
Instruction opcode Meaning

LOADC 1 ACC:= D
LOADM 2 ACC:= Memory(D)
STOREM 3 Memory(D):=ACC
ADDC 4 ACC:=ACC + D
ADDM 5 ACC:=ACC + Memory(D)
SUBC 6 ACC:=ACC - D
SUBM 7 ACC:=ACC - Memory(D)
JMP 8 PC:=D
JMPZ 9 If ACC=0 then PC:=D
JMPN 10 If ACC<0 then PC:=D
CALL 11 LNK:=PC;     PC:=D
RET 12 PC:=LNK
HALT 13
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int Mem[MAX];  // main memory

// Internal registers of the processor
int Acc; // accumulator
int Lnk; // link register
int PC; // program counter
int Op; // current  opcode
int D; // current operand

void fetch() {
int W;
W =  Mem[PC];
Op = Opcode(W); // most significant 8 bits of W
D =  Operand(W); // least significant 24 bits of W

}

What exactly does the processor do?

This piece of C 
code describes
what the 
processor does to 
fetch an 
instruction
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Executevoid execute( ) {
switch(op) { // (opcode)

case 1: Acc = D; // loadc
case 2: Acc = Mem[D]; // loadm
case 3: Mem(D) := Acc; // storem
case 4: Acc = Acc+D; // addc
case 5: Acc = Acc+Mem[D]; // addm
case 6: Acc = Acc-D; // subc
case 7: Acc = Acc-Mem[D]; // subm
case 8: PC = D; // jmp
case 9: if (Acc=0) PC:=D; // jmpz
case 10: if (Acc<0) PC:=D; // jmpn
case 11: Lnk=PC; PC=D; // call
case 12: PC=Lnk // ret

}
} This C function describes what the 

processor does to execute an instruction
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PC = 0;
do {

fetch( );
PC=PC+1;
execute( );

} forever;

The “Fetch-Execute Cycle”

• Execution starts at location zero (when NARC boots)
• Instructions are stored in memory
• So are the computation’s working variables
• Fetch and execute are realised as digital circuits

(see next slide)
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PC

Acc

Lnk

Add/sub

NARC data path

Switch
(“multiplexer”)

Arithmetic unit
add/subtract controlled
by control signal

Read/write
control signal

Data in

Data out

Address in

Memory

Incrementer

Op D
Instruction Register
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• The data path shows how data flows through the 
machine as instructions are executed

• The flow of data is controlled by switches 
(sometimes called multiplexers/demultiplexers):

• The arithmetic unit can add or substract
• The memory can read or write
• In each case, what happens to the data is 

determined by a control signal 
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PC

Accumulator

Lnk

Add/sub

Incrementer

DataIn

DataOut

AddressIn

Memory

Control unit

Op D
Instruction Register



© Department of Computing, Imperial College London.  Operating Systems Concepts (MSc Computing / JMC2) 2005/’06 – Chapter 2           11

Instruction execution
• The control unit generates a sequence of 

control signals
• First, the PC (Program Counter) is passed 

to the Memory as its Address In signal
• The Memory is set to “Read”
• The DataOut is passed to the Instruction 

Register (which consists of two parts: 
OpCode and Data)

• Meanwhile the PC is passed to the 
incrementer so that it is ready to point to 
the next instruction

Example: “addm”...
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PC=0

OpLnk D

Add/sub
1: AddressIn=PC;

Read

ReadIncrementer

Memory

0: 5   4
1:
2:
3:
4: 13

...

Accumulator=0

Instruction Register
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PC=1

Lnk

Add/sub2: Op&D = DataOut
PC=PC+1

ReadIncrementer

Memory

Accumulator=0

0: 5   4
1:
2:
3:
4: 13

...

(=addm)
Op=5 D=4

Instruction Register
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PC=1

Lnk

Add/sub
3 Switch(Op) {

ReadIncrementer

Memory

Accumulator=0

0: 5   4
1:
2:
3:
4: 13

...

(=addm)
Op=5 D=4

Instruction Register
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PC=1

Lnk

Add/sub

Switch(Op) {
case 5: // addm

4: AddressIn = D;

...

ReadIncrementer

Memory

Accumulator=0

0: 5   4
1:
2:
3:
4: 13

...

(=addm)
Op=5 D=4

Instruction Register
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PC=1

Lnk

Add/sub
Switch(Op) {
case 5: // addm
…

5: Acc=Acc+DataOut

ReadIncrementer

Memory

Add

Accumulator=13

0: 5   4
1:
2:
3:
4: 13

...

(=addm)
Op=5 D=4

Instruction Register
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Exercise

• Suppose that word 2 of the 
memory contains a “storem 3”
instruction:
case 3: Mem(D) := Acc;   // storem

• Trace through the sequence of 
operations to execute this 
instruction

Memory

0: 5   4
1: 3   3
2:
3:
4: 13

...
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PC=1

Lnk

Add/sub
1: AddressIn=PC;

Read

ReadIncrementer

Memory

0: 7   4
1:
2:
3:
4: 13

...

Accumulator=13

Op=7 D=4
Instruction Register 3   3
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PC=2

Lnk

Add/sub2: Op&D = DataOut
PC=PC+1

ReadIncrementer

Memory

Accumulator=13

0: 7   4
1:
2:
3:
4: 13

...

(=storem)
Op=3 D=3

Instruction Register 3   3
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PC=2

Lnk

Add/sub
3: Switch(Op) {

ReadIncrementer

Memory

Accumulator=13

0: 7   4
1:
2:
3:
4: 13

...

3   3

(=storem)
Op=3 D=3

Instruction Register
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PC=2

Lnk

Add/sub

Switch(Op) {
case 3: // storem

4: AddressIn = D;

...

ReadIncrementer

Memory

Accumulator=13

0: 7   4
1:
2:
3:
4: 13

...

3   3

(=storem)
Op=3 D=3

Instruction Register
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PC=2

Lnk

Add/sub

Switch(Op) {
case 3: // storem
...

5: DataIn=Acc; Write

WriteIncrementer

Memory

Accumulator=13

0: 7   4
1:
2:
3: 13
4: 13

...

3   3

(=storem)
Op=3 D=3

Instruction Register
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Exercise
• Suppose that word 3 of the 

memory contains a “jmpn 0”
instruction:
case 10:  if (Acc<0) PC:=D;   // jmpn

• Trace through the sequence of 
operations to execute this 
instruction

• You need to add something to the 
data path!

Memory

0: 5   4
1: 3   3
2: 10  0 
3:
4: 13

...
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PC=2

Lnk

Add/sub
1: AddressIn=PC;

Read

ReadIncrementer

Memory

0: 7   4
1:
2: 10  0 
3:
4: 13

...

Accumulator=13

Op=3 D=3
Instruction Register 3   3
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PC=3

Lnk

Add/sub2: Op&D = DataOut
PC=PC+1

ReadIncrementer

Memory

Accumulator=13

0: 7   4
1:

3:
4: 13

...

(=jmpn)
Op=10 D=0

Instruction Register 3   3
2: 10  0 
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PC=3

Lnk

Add/sub
3: Switch(Op) {

ReadIncrementer

Memory

Accumulator=13

0: 7   4
1:

3:
4: 13

...

3   3
2: 10  0 

(=jmpn)
Op=10 D=0

Instruction Register
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PC=3

Lnk

Add/sub
Switch(Op) {
case 10: // jmpn

4: Test

ReadIncrementer

Memory

Accumulator=13

0: 7   4
1:

3:
4: 13

...

3   3
2: 10  0 

(=jmpn)
Op=10 D=0

Instruction Register

Test

Add/sub unit
needs to be able
to Test if Acc<0
producing 
signal N

N
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PC=3

Lnk

Add/sub
Switch(Op) {
case 10: // jmpn
…

5: if (N) 

ReadIncrementer

Memory

Accumulator=13

0: 7   4
1:

3:
4: 13

...

3   3
2: 10  0 

(=jmpn)
Op=10 D=0

Instruction Register

Test

Add/sub unit
needs to be able
to Test if Acc<0
producing 
signal N

N
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PC=0

Lnk

Add/subSwitch(Op) {
case 10: // jmpn
…
if (N) 

6: PC:=D;

ReadIncrementer

Memory

Accumulator=13

0: 7   4
1:

3:
4: 13

...

3   3
2: 10  0 

(=jmpn)
Op=10 D=0

Instruction Register

Test

Add/sub unit
needs to be able
to Test if Acc<0
producing 
signal N

N
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NARC Datapath - Summary
• The fetch-execute cycle
• Instructions and data are all stored in the 

same memory
• So one program can operate on another

This is the famous “von Neumann” principle -
the concept of a stored-program computer 
(EDSAC, ca. 1946)
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NARC - Control
• Each instruction in the NARC instruction set is 

implemented by a sequence of steps in which 
data is moved around the data path

• Eg. addm D:
1: AddressIn=PC; Read
2: Op&D = DataOut; PC=PC+1
3 Switch(Op) {
4: AddressIn = D;
5: Acc=Acc+DataOut

• These steps are sometimes called 
“microinstructions”
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NARC is much simplified
• NARC is a simplified computer 

architecture; realistic architectures work in 
basically the same way, but 
– instead of just one accumulator, have many 

registers
– have multiple arithmetic units that can do 

multiplication etc
– are pipelined: while one instruction is being 

executed, the next is being fetched
– are very pipelined: while one instruction is 

using arithmetic unit, the next is accessing 
registers, the next is being fetched, etc
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Turning a Keypress into a Signal
• Suppose we need to connect a keyboard 

to the NARC 
• Each key makes an electrical contact
• Each key generates a signal - 1/0

• Now, how can we connect this to the 
NARC?

Q W E R T Y U I

5v

0v
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Connecting a keyboard… the memory bus

NARC
Processor Address

DataToMem

DataFromMem

Memory
AddressIn

DataIn

DataOut

The processor is connected to the memory via three 
bundles of wire - for example, each 8 bits wide:

Idea: let’s use the same wiring to connect the keyboard

(bit) 0

(bit) 7

0

7

7

0
MemReadWrite ReadWrite
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Hitching a ride on the memory bus

NARC
Processor Address

DataToMem

DataFromMem

Memory
Address

DataIn

DataOut

Let’s attach the keyboard so it can send data to the 
processor just like the memory can:

KeyboardSelect

“Select” signal controls whether the Keyboard signals are sent

0

7

0

7

7
0
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“Memory-mapped” input/output

NARC
Processor Address

DataToMem

DataFromMem

Memory
Address

DataIn

DataOut

How can we get the processor to Select the keyboard?
Use one of the bits of the Memory address

KeyboardSelect

Now we can sense the keyboard using a ‘loadm’ instruction

0
6

0

7

7
0

Select
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Connecting several devices

NARC
ProcessorAddress

DataToMem

DataFromMem

How can we get the processor to Select the keyboard?
Use one of the bits of the Memory address

KeyboardSelect

0

31
0

0

MemorySelect PrinterSelect

31

31



© Department of Computing, Imperial College London.  Operating Systems Concepts (MSc Computing / JMC2) 2005/’06 – Chapter 2           38

Separate bus for input/output devices

NARC
ProcessorAddress

DataToMem

DataFromMem

• CPU-memory interface runs at very high speed
• Devices are connected to a separate, more robust bus

0

31
0

0

MemorySelect

31

31

M
em

or
y 

bu
s <

->
 I/

O
 b

us
 b

rid
ge

Keyboard Printer
(Example: PCI)
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Attaching devices to NARC - Summary 
• In the NARC design shown here, a program 

communicates with input and output devices 
using load and store instructions

• Whether the load/store refers to memory, the 
keyboard or the printer depends on the address

• This is called “memory-mapped I/O”
• Some processors have “in” and “out” instructions
• Exactly like load and store, except processor 

generates a signal to indicate whether each bus 
request is for memory, or for I/O
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Chapter 2 - Summary
• Ch.2 gives simplified view of how a computer works
• Should now understand how instructions are 

encoded, and how a “universal” machine can be 
built which can perform any computation

• Picture is incomplete - in later lectures we will see 
how real machines need one or two key features 
which are missing from the NARC presented here

• In particular, interrupts, address translation, 
privileged execution mode

• Real machines have further features for 
performance reasons - pipelining, registers, cache


