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Background History
People
While it is hard to pin down all of the developments that ultimately led to the modern 
computer there are a number of people who made significant contributions.

Joseph Marie Jacquard (1752–1834) 
Invented what is considered to have been the first programmable machine 
- a loom in which the pattern woven into the cloth was controlled by a 
series of punched cards.

Charles Babbage (1791-1871) 
Was a significant contributor who designed a number of Mechanical 
calculators starting with the Difference engine 1 and 2 but soon followed 
by the Analytical engine which was effectively the earliest known 
programmable Calculator.
While the Steam powered Analytical engine was never completed, it was 
designed to use a base 10 numbering scheme, and would have been 
significantly larger than a modern computer (30 meters long by 10 meters 
wide) It was to be fully programmable (using punched cards) and had the 

same basic components (Memory, Arithmetic and Logic Unit) and Ideas as that used by 
modern Computers. It was not until 1941 that a Computer was built that would have been 
comparable with Analytical engine.
Ada Byron (1815-1852) 

Later the countess of Lovelace (Lady Ada Lovelace) 
Ada Byron was the daughter of Lord Byron, and a good friend of Charles 
Babbage. 
After Translating notes by the Italian Mathematician Luigi Menabrea on 
Babbage’s Analytical Engine she added further notes on how the 
Analytical engine could be used to calculate Bernoulli numbers, while this 
program was never run (as the Analytical engine was never completed) it 
is considered by many to have been the very first Computer program.

George Boole (1815-1864)
George was a Mathematician who developed a mathematical model for 
Human reasoning using three Basic logical operations AND, OR and 
NOT. George Boole’s model (now known as Boolean algebra) has now 
become the principle~ behind all modern Computers.
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Almon Brown Strowger (1839-1902) 
Almon developed the first Automatic Telephone exchange. While not a 
Calculator or Programmable it was probably the first Electrical sequence 
controller and a lot of the Technology developed as a result was used in 
many of the earlier electronic Computers.
At the time he invented the Automatic Telephone exchange Strowger was 
an undertaker and it is said that he designed the Exchange because the 
Telephone operator would send all the work to his rival.
Claude Shannon (1916-2001) 
While studying Electrical engineering and Mathematics at University, 
Claude realised that Boolean algebra could be used to analyse switching 
systems in Telephone exchanges. The work Shannon did on this for his 
Masters Thesis became the foundation of Digital Electronics and modern 
Computing.
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Early Computers 
Zune Z3 (1941) Germany
Speed :5-10 Hz
Word size :22 bits

The Z3 was the first completed and working 
programmable Automatic Computing 
machine.
It was first demonstrated on May 12 1941 
and was used to assist in Aircraft design.
It used Binary and was capable of floating 
point arithmetic.
While not an Electronic computer it did use 
Electro-mechanical relays – 2000 of them
The original was destroyed by Allied 
bombing in 1944. A replica was built in 1960 

and it is still on Display at the Deutsches Museum in Munich.
Atanasoff-Berry (1941)
Speed :60 Hz
Word size :50 bits

While not a Programmable Computer, the 
Atanasoff Berry was probably one of the 
first machines to use Electronic memory, 
Binary arithmetic and Electronic 
components (rather than relays or 
mechanics) in the form of 280 Dual triode 
valves.
The original machine was dismantled by 
Philistines of the Iowa state college when 
they wanted to convert the basement in 
which it was stored into more classrooms.
In 1997 a replica was made by a team of 

researchers from Ames Laboratory at a cost of $350,000 which is now on permanent display 
in the first floor lobby of the Durham Centre for Computation and Communication at Iowa 
State University.
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Colossus (1943)
Speed :5000 Characters Per Second
Word size : ?

The Colossus machines were dedicated Code 
breakers rather than Computers, however they 
were programmable and utilised Boolean logic.
The original Mark 1 Colossus used 1,500 Valves 
and decoded its first message in February 1944.
The Colossus machines remained top secret until 
1976 and very little information about them was 
made public before then.
While it is rumoured that a Colossus machine still 
exists in the basement of MI6, officially the last 

one was dismantled in 1960. However in 2007 a replica was built, which is now on display at 
Bletchley park museum.
Harvard Mark I (1944)
Speed : 3 additions per second
Word size : 23 Digits (Decimal)

The Harvard Mark 1 or as IBM called it the 
‘Automatic Sequence Controlled Calculator’ 
(ASCC) was more a development of the 
mechanical adding machines in use at the time 
and appears to have used Decimal 
mathematics rather than Binary. 
It could however be programmed using paper 
tape and was fully automatic – requiring no 
Human intervention once it was started.
Although the Mark 1 was superseded by the 

mark 2 in 1948 it is thought to have remained intact until the 1950’s and some parts of it are 
on display in the Science centre at Harvard
Eniac (1946)
Speed : 5,000Hz
Word size :10 Digits (Decimal)

Eniac is considered the first general purpose 
Electronic computer. It was originally built 
for calculating Artillery firing tables and was 
in continuous operation until 1956. Parts of 
Eniac are on Display at various locations in 
the US.
Although Eniac was built as a Decimal 
computer it was upgraded to use Binary 
memory in 1953.
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Csirac (1949)
Speed : 1000Hz
Word size : 20 bits

While it is not the earliest Electronic 
Computer built, Csiriac is the oldest intact 
Electronic Computer, the fourth ever stored 
Program computer, the first Computer in 
Australia and the first Computer to have 
been used to play music.
Despite being moved around the country 
several times, Csiriac remained in use up 
until 1964 when it was placed in storage. 
Csiriac is now on Display in the Melbourne 
museum. 

Computer Mouse (1949?)
While Xerox claim the first use of a Mouse and GUI 
operating system it is commonly believed that the Csiriac 
mouse was the earliest association of Mice and Computers.
The Story goes (the book is available from the Melbourne 
Museum) that the Mouse repaired broken and damaged 
paper tapes used by CSIRAC
If you visit the Museum, are quiet and look carefully, the 
Csiriac mouse can often still be seen to this day tending the 
aging behemoth….  
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Boolean algebra
Boolean algebra is at the heart of Digital Electronics it is worth taking a look at what it is all 
about.
George Boole aim was not to create a computer, but rather to come to an understanding of 
human reasoning and logic. 
In pursuit of this, he started with two basic logic states 'True' and 'False' and narrowed down 
to a set of three basic logic operators ‘AND', 'OR' and 'NOT’ which he believed covered 
decision making.
AND
For the AND statement: 
False AND False = False
True AND False = False
False AND True = False
True AND True = True
OR
For the OR Statement:
False OR False =False
True OR False = True
False OR True = True
True OR True = True
NOT
For the NOT Statement:
NOT False = True
NOT True = False

to understand how this works let’s apply George Booles principles to choosing a car:
First we decide what we want in the car – starting with colour we decide that we like Blue or 
White then since we often need to carry luggage we need a Van or Station wagon. Since we 
need a reliable vehicle we want something less than 3 years old and certain manufacturers are 
discounted etc.
this leaves us with an equation looking something like: 
(Blue OR White) AND (Wagon OR Van) AND (NOT (Nissan OR Kia)) AND (2008 OR 2007) 
=
Now when we scan through a list of cars in the Newspaper we can use this to decide which 
cars to look at so applying our equation to the following cars:
White Wagon, Holden Commodore, 2004 
(Blue OR White) AND (Wagon OR Van) AND (NOT (Nissan OR Kia)) AND (2008 OR 2007) 
=
(False OR True)  AND (True OR False)   AND  (NOT (False OR False)) AND (False OR 
False) =
Working through the Equation in the Brackets leads us to:
True AND True AND (NOT False) AND False =False
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Enter the following Cars into the equation and see if any come out as true:
2007, Kia Carnivale Van, Green
2002, Ford Falcon Wagon, white
2006 Honda Odyssey Van, White  
2008, Toyota Corolla Wagon, Blue
While studying Electrical engineering and mathematics at University Claude Shannon 
realised that Boolean algebra could be used to analyse Relay based switching systems such as 
those used in Telephone exchanges and some early calculating machines.
A relay is basically an Electro mechanical switch – it uses an Electromagnet to activate a set 
of switch contacts since Relays only have two conditions on or off these were substituted for 
Boole’s true and false conditions.
By providing a structured way of thinking the widespread adoption of Boolean algebra helped 
to simplify the design of computing machines and provided a common terminology for people 
working in the field.
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Basic Gates
The three basic gates cover the three logical operations devised by George Boole, these are 
the most Basic Logic units and everything else can be made up using a combination of these.
There are two sets of symbols in Digital electronics the symbols I have shown on the left are 
the original ANSI (American) symbols and these can be readily identified at a glance.
However someone must have felt that these were too easy to read, so a new set of Symbols 
was devised by the DIN (Germans) and subsequently adopted by the IEC (European 
standards) in which every Gate looked the same I have shown these on the right.
Since the original ANSI symbols are much easier to read and recognise (and I much prefer 
them) I have chosen to use these Symbols.
AND
Boolean expression A⋅B=C
Symbols

When both inputs A AND B on the diagram above are 1 then the output is also 1
If any input is not 1 then the output is 0 
OR
Boolean expression A+B=C
Symbols

When input A OR B on the diagram above is 1 then the output is also 1
If neither input is 1 then the output is 0 also when both inputs are 1, the output is one.
NOT (Inverter)
Boolean expression  =B
Symbols:

When input A is NOT 1 then output B is 1 when the input is 1 then the output is 0

……………………………… Practical 1……………………………………
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AND truth table
A B C
0 0 0
0 1 0
1 0 0
1 1 1

OR truth table
A B C
0 0 0
0 1 1
1 0 1
1 1 1

NOT truth table
A B
0 1
1 0
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Combined Gates
While AND, OR and Inverters cover the basic Boolean functions, more complex gates are 
often required. The following Gates are made up of the Basic gates and I have included a 
circuit showing how these gates are made up from the basic gates.
NAND
Boolean expression A⋅B=
Symbols

The NAND, or NOT-AND is an AND gate with an inverted output.
 When both inputs are 1 the output is 0, if either or both inputs are 0 then the output is 1.
This gives the opposite result of the AND gate.
Circuit:

NOR
Boolean expression A+B=
Symbols

The NOR or NOT-OR is an OR Gate with 
an Inverted output.
When both inputs are 0 the output is 1, if either or both inputs are 1 then the output is 0.
This gives the opposite output of the OR Gate.
Circuit
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NOR truth table
A B C
0 0 1
0 1 0
1 0 0
1 1 0

NAND truth table
A B C
0 0 1
0 1 1
1 0 1
1 1 0
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XOR (Exclusive OR)
Boolean expression: A⊕B=C  
Symbols:

 

Exclusive OR, is a Gate in which the Output is 1 when only one of the inputs is 1, If both 
inputs are either 1 or 0 then the output is 0
Circuits:

Binary Numbers and Maths
Before we continue on with the next few Digital Gates and functions, it might be an idea to 
divert slightly and look into counting and maths using Binary.
While there are similarities to decimal numbering there are … well there are a lot less 
numbers to deal with, instead of having 0 to 9 we are restricted to only having 0 to 1.

So starting with 0 (which is the same as 0 in decimal) 1 more than 0 = 1 (so far the same as 
decimal) the next bit is where it gets a bit interesting 1 more than 1 is ….. well we cannot use 
2 in binary so we resort to the same trick we use in decimal when we want 1 more than 9 that 
is we add another digit, so in binary 1 more than 1 = 10, 1 more than that = 11 and 1 more 
than 11 = 100

If we think about it this gives each Binary digIT or ‘Bit’ a weighting of twice that of the 
previous bit (unlike Decimal where each digit has a weighting of ten times the previous digit).
If this is unclear maybe an illustration is called for.

Number Decimal 
weighting

Binary Digits (weighting in 
decimal)

10 1 Bit 3 (8) Bit 2 (4) Bit 1 (2) Bit 0 (1)

0 0 0
1 1 1
2 2 1 0
3 3 1 1
4 4 1 0 0
5 5 1 0 1
6 6 1 1 0
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XOR truth table
A B C
0 0 0
1 0 1
0 1 1
1 1 0
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7 7 1 1 1
8 8 1 0 0 0
9 9 1 0 0 1
10 1 0 1 0 1 0
11 1 1 1 0 1 1
12 1 2 1 1 0 0
13 1 3 1 1 0 1
14 1 4 1 1 1 0
15 1 5 1 1 1 1

If you look at the table above you will see that each bit is worth twice as much as the next 
lowest bit – much as in decimal, each digit is worth ten times the previous digit. 
Like decimal the most significant digits are on the left (also often called higher order or 
Maximum Scale Bits- msb) with the least significant on the right (also called lower order or 
Lower Scale Bit – lsb). 
Translating from Binary to Decimal is reasonably straight forward, what you do is you assign 
each bit its decimal weighting then add up all the weightings where the bit equals 1…. 
Hang on that does not sound as simple as it is, so let’s run through an example:
If we Start with the number 11001011.
First assign the weightings, you can do all this in your head if you like, but for the sake of this 
exercise I have written it down in a table.

Now we add together all the weightings where the bit 
equals 1 in this example, this would give us 
1+2+8+64+128 = 203 

Note it is easier to work from right to left.
Try these: 11101110, 10101010, 11001
Hexadecimal
Since binary numbering does not translate readily into Decimal and since long strings of 1’s 
and 0’s can be difficult to keep track of two numbering systems, Octal and Hexadecimal were 
adopted as a shorthand representation of binary numbers. 
As Octal is no longer in common use, lets look at Hexadecimal.
Hexadecimal is a base 16 numbering system using the numbers 0 to 9 to represent, well, 0 to 
9 and then the letters A to F to represent the number 10 to 15 
Base 16 was chosen because every group of 4 bits has 16 different possible values.
So Hexadecimal readily fits with Binary numbering and conversion from Binary to 
Hexadecimal (and back again) is somewhat easier than converting to or from Decimal.
The way it works is: you divide the Binary numbers into groups of 4 bits. Each group of bits 
then gets translated into hexadecimal in a similar manner to converting to Decimal.
Again you assign a weighting to each bit (only now you only have 4 bits to worry about) 
8,4,2,1 and you add up the weightings for the bits that = 1.
Now for the tricky part when you add up the weightings, if you get a result higher than 9 
instead of going to double digits (i.e. 10,11 etc) we use the letters A,B,C,D,E and F for the 
numbers between 10 and 15.
So: A=10, B=11, C=12, D=13, E=14, F=15. 
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Let us run through an Example: 
Start with the number 11001011 (again). Divide this number into 
nibbles (groups of 4 bits) starting from the right hand side. 
Take one nibble at a time and assign weightings to each bit in 
that nibble.
Now add up the weightings where the bit =1 in the example that 
would give us 8+2+1, which would normally give us 11 but since 
we are working in Hexadecimal this actually gives us B (don’t 
worry too much I will give you a handy translation chart later) so 
we write down B on the right hand side of our result, and attack 
the left hand nibble. This time we get 8+4 which is 12 or C so the 
result is CB.
To distinguish between Hexadecimal and other numbers or 

variables we end the number with a lower case h (i.e. CBh) and in order to make it clear that 
we are dealing with a number rather than a label or letter we start with a decimal number, 
since this example does not we add a 0 to end up with 0CBh.
Another common way of identifying a Hexadecimal number is using the prefix 0x which 
would express this number as 0xCB.
OK try converting these numbers to Hexadecimal: 11101101, 101010101001110, 11001
Now you have done this the hard way, let me give you a useful Decimal to Hexadecimal to 
Binary chart:

Binary Hex Decimal Binary Hex Decimal

0000 0 0 1000 8 8
0001 1 1 1001 9 9
0010 2 2 1010 A 10
0011 3 3 1011 B 11
0100 4 4 1100 C 12
0101 5 5 1101 D 13
0110 6 6 1110 E 14
0111 7 7 1111 F 15
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11001011

1100       1011

=B (11)

8 4 2 1
1 1 0 0

 =C (12)

  = CB

8 4 2 1
1 0 1 1
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Decoder
Before we look at Binary mathematics it is a good idea to briefly cover decoders. A decoder is 
really a circuit that converts one pattern of bits to another. 

Common Decoders are Binary to one of x where the decoder converts a binary number to a 
one of a number of possible outputs. The example at the above converts a three bit number 
into one of 8 possible outputs.
Decoders commonly follow the principle shown above, where all the inputs are inverted then 
AND gates are connected between non inverted and inverted inputs as required to decode 
each state.
Half Adder
As many of you should know 1+1 equals 2, however, in Binary we do not have a 2,
 If you look back over the notes however you may remember that the decimal 2 is 10 so 
1+1=10    1+0=1 of course, 0+1=1 and 0+0=0
 If we were to make a truth table of Binary addition that would give us the following truth 
table:

If we look at the Carry output this is only 1 when both 
inputs are 1 so an AND gate will give us this.
The A+B output is only 1 when one of the inputs is 1 so 
an XOR will give us A+B.
This would give us the following circuit:

this is called a half adder and so far matches what we 
need.
A limitation arises when we want to add numbers 
bigger than 1 bit.
Because now not only are we adding two bits 
together, but also the carry bit from the next lower 
order addition

Full Adder
This is where the 'full adder' comes in – this is really a circuit which adds three bits together 
(instead of just two) these three bits are input A, input B and the carry bit from the lower 
order addition.
If we work out a truth table for a full adder we end up with:
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A B A+B Carry
0 0 0 0
0 1 1 0
1 0 1 0
1 1 0 1
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Now, A+B+C is exactly 
the same as (A+B)+C.
So in other words, if we 
add A+B, then add this 
result to the Carry input 
this is the same as 
A+B+C.
OK, so that sounds 
obvious, but the 
significance is that we 
can use two half adders 

to make a Circuit to do this. 
The first half adder adds together the two 
inputs, the second half adder adds the 
carry input with result from the first half 
adder and the carry out is derived using 
an OR gate between the carry outputs 
from the two half adders.

Two’s complement addition (subtracting)
 While it is possible to cobble together a Circuit to subtract two binary numbers, a trick called 
twos complement addition is usually used. 

Complementing a number (aka a Bitwise or Ones 
complement) is simply a fancy way of saying that we invert 
all the bits in the number (i.e. 1’s become 0’s and vice-
versa).
To go from ones complement to Twos Complement we then 
add 1.
What exactly does this achieve? 
Take a look at the Table to the Left.
Imagine for a moment that we have a counter, going 
backwards instead of forwards1
1 less than 0 in decimal would equal -1, but since a Binary 
counter is an unintelligent device it cannot express a 
negative number, instead it overflows back to the highest 
number it can, in the case of the counter to our left, being a 4 
bit counter this number is 1111.
This means that 1111 could be either -1 or 15 (and usually 
checking the state of the carry output will tell us which the 
result is).
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A B A+B Half 
carry

Carry 
in

A+B+C Carry 
out

0 0 0 0 0 0 0
0 1 1 0 0 1 0
1 0 1 0 0 1 0
1 1 0 1 0 0 1
0 0 0 0 1 1 0
0 1 1 0 1 0 1
1 0 1 0 1 0 1
1 1 0 1 1 1 1

Binary
4 bits

decimal 2’s 
comp

0000 0 0
1111 15 -1
1110 14 -2
1101 13 -3
1100 12 -4
1011 11 -5
1010 10 -6
1001 9 -7
1000 8 -8
0111 7 -9
0110 6 -10
0101 5 -11
0100 4 -12
0011 3 -13
0010 2 -14
0001 1 -15



How Computers work Page  18

So, 1111 could also be -1 but what has this to do with subtracting? I hear you ask….
It may be easier to demonstrate this then go through a detailed explanation so let’s try the 
following:
Say we want to subtract 7 from 12, this is the same as adding -7 to 12 
i.e. 12+-7 where 12 = 1100 and -7 = 1001
  1100+
  1001
1 0101  (i.e. 0101)
or 12+9=5 Carry 1, which is the result we would expect from 12-7, except for the carry bit, 
but more on that shortly.
So adding the two’s complement of a number gives us the same result as subtracting that 
number. But we still have a problem though, how do we know if our result is a positive or 
negative number? Is 0101 = 5 or -11?
This is where the carry flag comes in useful, let’s try a sum we know will give us a negative 
result – let’s try 7-12
7= 0111 and 12 =1100, the ones complement of 12 is 0011 and add one (to get the two's 
complement) gives us 0100 

and this leaves us with:
  0111+
  0100
0 1011   
or, 1011 no carry.
looking up the table tells us this result is either 11 
or -5.
You may have noticed that I have made a point of 
the carry bit earlier, as you may have observed 
above, this is because in twos complement addition 
the carry bit indicates the sign of the result (i.e. if it 
is positive or negative).
 Carry = 1 means result is positive, Carry = 0 
means result is negative.
As suggested we can make up a 2’s complement 
adder using the Full adder from before and Several 
Exclusive OR gates. 
Why it works?
2’s Complement addition depends on the Register* 
having a finite or limited size.
The twos complement of a number ends up as the 
largest value the Register can hold, minus that 
number (which would be the complement) plus 1. 

Lets look at this idea in Decimal.
Presume that you have a one digit Decimal counter – this is capable of holding a number 
between 0 and 9 – the equivalent to the twos complement values would be:
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norma
l

0 1 2 3 4 5 6 7 8 9

  -VE 0 -9 -8 -7 -6 -5 -4 -3 -2 -1
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Now suppose we want to Subtract 3 from 6 using the Table as a ~~

We find that -3 is the same as seven and when we add 6 to this the result overflows (which 
setting the carry) and gives us 3 

* Register – fancy name for the Circuitry that holds, stores or manipulates a Binary number
Rotate left (Multiplication by 2)
If we take a Binary number and shift each bit left we effectively multiply the number by two

e.g. if we take 13 in binary, and we move each bit left
We end up with 26.
This may not seem a major step but it is often used as 
part of a routine for multiplying numbers together.

Rotate right (division by 2) 
Likewise if we take a binary number and rotate it right we divide the number by two instead
Any bits that fall off the end of the register when rotating are generally loaded into a carry bit.
Flip Flops

The output of all the Gates and circuits we have looked at so far, 
have been entirely dependant on the input – if the input changes then 
so to does the output. The next group of logic elements we will look 
at are capable of remembering an input condition after the inputs 
have changed.

Note that as there are many variations of Flip flop, there are also 
many different variations on the symbol for the Flip flop. The two 
symbols on the left however are fairly typical. 

Latching OR
Although not commonly considered as a Flip flop the circuit 
to the right does show the basic idea behind the Flip Flop. 

Presuming we start from a state where the input is 0 and the 
output is 0 – what will happen when the input changes to 1?
What happens then, if the input changes back to 0 does the 

output change?
Of course such a circuit has limited usefulness because there is no way to turn it off or clear it 
except by removing power from the circuit. So probably a more useful incarnation of this 
circuit would be the next one.

Page 19

Carry 0 1 2 3 4 5 6 7 8 9 0 1 2 3
No carry 0 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 -9 -8 -7
Addition 0 1 2 3 4 5 6
Carry bit 0 0 0 1 1 1 1

16 8 4 2 1
13 0 1 1 0 1
26 1 1 0 1 0



How Computers work Page  20

Resettable Latching OR
If we add an AND Gate to the previous Circuit, we can then 
use this to reset the latching OR gate.
The latching OR and resettable latching OR are not usually 
considered to be flip-flops but are shown here to help get a 
feel for flip-flops.

Basic NOR Flip Flop

While the last circuit can be used in many situations, the more 
common (in fact the traditional) flip-flop circuit is the NOR 
flip flop on the left.
This flip flop has two inputs – Set and Reset (S&R) and is 
often called either an SR or RS Flip flop.

This flip flop has two outputs: Ǫ and Ǭ a 1 on the Set input 
will toggle Q high (and Ǭ Low) while a 1 on the R input will 
toggle Q low (and Ǭ high).
Note that when the inputs revert to 0 the output remain set

A common variation on this Flip-flop is the NAND Flip flop which is exactly the same circuit 
except using NAND gates in place of the NOR gates.
The NAND Flip Flop works the same as the NOR except that it is set or Reset by 0’s on the 
inputs instead of 1’s
Clocked Flip Flop

While the Clocked Flip flop may look a bit intimidating at first glance, it is in fact merely 
made up of two NOR Flip flops with AND gates between them.
How it works is this: when the trigger input is high the first AND gates allow inputs S and R 
through to the first NOR Flip Flop, when the Trigger input goes from High to low the Data 
held by the first Flip Flop gets through to the second Flip flop (and the output).
For the clocked flip flop.
The Difference between this Flip-flop and the following one is that S or R may be set 
independently of the Clock or Asynchronously (out of Synchronisation with).
This form of Flip flop is not commonly used and is merely included here as a logical step to 
the Edge triggered Flip flop.

Page 20



How Computers work Page  21

Edge Triggered ‘D Flip Flop
As an extension of the Idea of the clocked flip flop is the edge Triggered Flip flop.
While the clocked Flip flop had inputs ‘S’ and ‘R’ this Flip flop now only has a single input 
‘D’. Since we usually either wish to set (S=1, Ǫ=1) or reset (R=1, Ǫ=0)  the Flip flop and 
having both inputs high is an indeterminate state (i.e. who knows how it will end up?) then it 
is not unusual to put an inverter between the inputs to ensure that the Flip flop is not given an 
indeterminate input.

The Flip flop I have illustrated here also has an asynchronous Set and Reset more commonly 
called Preset and Clear, although not included on all Flip flops these are shown here to give 
an idea of how they work.
A side effect of the input arrangement is that unlike the clocked flip flop where the input 
could be set or reset in advance, this flip-flop effectively only loads (or reads) its input on the 
Transition of the clock line from high to low.

This is known as ‘Edge triggering’ (hence the name of the Flip 
flop) and is signified on the Symbol for the flip flop by the >.

While we are discussing Edge triggering, a clock is thought of as 
a series of pulses or brief 1’s.
The transition from 0 to 1 is called the leading or positive edge.
The transition from 1 to 0 is called the trailing or negative edge

By default an Edge triggered input is presumed to be positive edge triggered, the circle or 
‘Not’ in front of the clock input of the Symbol for this Flip flop shows that it is negative edge 
Triggered – that is the clocking occurs when the clock changes from 1 to 0. 

JK Flip Flop
A very common Flip-Flop is the JK Flip Flop where the terms J 
and K came from no one quite knows. While I have covered 
enough internal workings I will not go into too many details here 
but since the JK is so popular it is worth covering.

The JK is not dissimilar to an SR flip flop in that it can be either 
set, reset however it does have another trick up it sleeve (which 

comes in handy as a counter) – that is it can toggle between set and reset on subsequent clock 
pulses.
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If J = 1 and K = 0 on the clock pulse (in this case changing 
from 0 to1) then the Flip flop will be set (i.e. Ǫ=1 Ǭ=0) if 
J=0 K=1 on the clock pulse then the Flip flop will be reset 
(i.e. Ǫ=0 Ǭ=1) if both J & K =1 then the Flip flop will toggle 
between Set and reset on subsequent clock pulses (i.e. Ǫ 

becomes Ǭ and Ǭ becomes Ǫ).
In the table above the symbol ↑ indicates the leading edge of the clock pulse. 

Counters
If we take a D type Flip flop and wire it up according to the 
diagram top left, or a JK flip flop and wire it up according to the 
lower left diagram then we end up with a flip flop where the 
output Q changes state on the leading edge (in this case) of every 
incoming Clock pulse:
Q 0 1 1 0 0 1 1 0 0 1 1 0
Clock 0 1 0 1 0 1 0 1 0 1 0 1

In effect this is a one bit counter counting incoming pulses of 
course we can expand this counter by cascading more Flip flops 
as follows:

Note that we are using negative edge 
triggered flip flops as this means that 
the overflow condition of each flip flop 
(i.e. going from 1 back to 0) will 
increment the next one.
Alternatively if we only had access to 
positive edge triggered Flip flops then 
we could use the Ǭ output to clock the 
next Flip flop instead.

Clk ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓
Q0 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
Q1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1
Q2 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1
Q3 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Pre-settable Counter
If the counter is made using pre-settable Flip flops 
then it is possible to make a counter that can be 
loaded or Preset.
This sort of counter is used extensively in 
computers.
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J K CLK Ǫ Ǭ
1 0 ↑ 1 0
0 1 ↑ 0 1
1 1 ↑ Ǭ Ǫ
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The Preset inputs are gated by AND gates and the clear lines to the flip flops are tied together 
to reset the counter.

Down counter
One last counter before we are 
done with counters.
 The down counter is a counter that 
counts backwards.
Where each successive flip flop in 
the up counter was wired to 
increment on the falling edge of 
the last stage, with the down 
counter subsequent stages 
increment on the leading edge

Memory
Another common use of Flip flops is to store and manipulate data, memory made up from flip 

flops is what is called static RAM.
RAM or Random Access Memory is called Random 
because it is possible to access any memory location you 
choose in any order you want, Early forms of memory 
were serial in nature and what this meant was, that data 
came out of the memory in the same order it went in and 
you had to wait for the data you wanted. Hard disks are 
an example of serial memory.
RAM chips contain an array of memory locations  which 
in the case of static RAM are made up of D type Flip 
flops, they also have a Binary decoder which selects the 
memory location (or Flip flops) that you wish to access.

Two examples of memory are provided above the 2114 on the left is an early memory IC and 
is no longer in production but it could store 1024 4 bit numbers the 4 in the part number gives 
the size of the memory in Kilobits (i.e. 4 x 1024 = 4K) the 6264 on the right at the time of 
writing this is still in production and the last two digits of the part number give the size of the 
device in Kilobits (in this case it holds 8192 x 8 bits or 64K).
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Sequence Controllers
Before the advent of the Processor, early computing machines and other forms of automation 
was based around the sequence controller. 
The first sequence controllers were mechanical devices such as the valve gear on steam 
engines however with the increasing use of Electricity electro mechanical devices were soon 
developed to control machinery such as the mechanical timer often found on washing 
machines.
Early computing machines used or were sequence controllers and in fact IBM officially called 
the Harvard mark one the Automatic Sequence Controlled Calculator.

A more 
modern 
Sequence 
controller is 
based on 
nothing more 
complex than 
a simple 
counter.
The idea 
behind a 
Sequence 
controller is 
that functions 
happen in a 
set order for 
a set period 
of time, so 
for example 
the sequence 
to the left 
illustrates a 
simple 
washing 
machine 
cycle.
The 
disadvantage 
of a sequence 
controller is 
that it is 

inflexible, and is incapable of making any decisions, or doing 
anything beyond following a simple sequence from beginning to 
end.

While a simple electronic sequence controller could be a counter 
feeding a binary decoder, a more flexible sequence controller 
can be made by using memory in place of or before the decoder 
this would make the sequence controller programmable. 
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Sequencers have largely been replaced by processors so there is 
little point going into too many details here.
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Processors
A significant advance on the sequence controller is the processor. While I will focus on the 
processor at this point 

something to remember is that a processor cannot function without a program usually stored 
in external memory.
Like many things the processor can be broken into a number of functions
PC or Program Counter
Arguably the core of a processor is the Program counter, as the name suggests the Program 
counter is a counter, the output of the program counter feeds the address lines of the program 

memory so it controls memory access 
and the progress of the program being 
run.
One of the things that makes a 
Processor significantly different from a 
sequence controller is that it is a pre-
settable counter. What this means in 
practise is that where a Sequence 
controller can only go from the 
beginning of a sequence to the end, a 
processor can jump to different 
locations in a program.
Processors that do multitasking and 
address large amounts of memory often 
have their Program counters broken up 
into to two sections: the Segment 
Counter which controls which segment 
of memory (typically 64K byte chunks) 
is being addressed and the Program 
counter which controls where in the 
memory segment the processor is 
addressing. 

Micro-code decoder (aka Instruction decoder)
The Microcode decoder decodes the incoming instructions into discrete steps and functions 
(known as ‘microcode’) within the processor itself. The microcode controller essentially acts 
as a programmable sequence controller and usually consists of a ROM containing each 
machine language instruction and a counter running off the master clock. The output from this 
ROM feeds the control line of every logic block within the processor. If the PC is the core of 
the processor then the Instruction decoder is the brains as it controls what happens in the 
processor and when.
Registers
Registers act as temporary storage within the processor, they hold data and results for the 
ALU and addresses to be loaded into the Program and Segment counters.
Data is usually stored initially in a Register called the W or working register and transferred 
from there into other registers as required.
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other important registers include the Instruction register which holds instruction for the 
microcode decoder and the Status or control register (or registers) which contain information 
about the results of functions within the processor such as Carry bits and Zero flags and 
enable or disable functions within the processor such as interrupts. 
ALU (Arithmetic Logic Unit)
The ALU as the name suggests looks after all the Arithmetic and logic functions within the 
processor. It can usually do addition (including 2’s complement addition) rotate left and right 
and a full complement of logic functions such as AND, OR, Exclusive or, not etc. while lower 
end processors usually cannot do multiplication or division more complex ALUs may also 
include this capability.
Interrupt
An interrupt is a way of (as the name suggests) of interrupting a program.
An interrupt usually forces the processor to jump to a fixed memory location (by loading the 
program counter) usually memory location 004 (why 4? There is probably some historical 
reason - I do not know!).
When an interrupt occurs the current memory location is usually stored in an area of memory 
called the stack.
Interrupts can come from outside the processor (by setting an external interrupt line) and these 
are known as External interrupts or from a function within the processor (which would be an 
Internal interrupt).
There are two different types on Interrupts Maskable interrupts which can be disabled (or 
masked) by the processor and Non-Maskable interrupts which cannot be disabled by the 
processor.
Stack
The stack is a section of Serial memory (i.e. NOT Random access) in the processor in which 
the last item written to (‘pushed’ onto) the stack is the first item read from (Popped off) the 
stack.
The stack is often used for temporary storage of things such as the Program counter during 
interrupts or subroutines so that when an interrupt (for example) is initiated the memory 
location held by the Program counter is pushed into the stack, when the interrupt ends this 
memory location is retrieved or popped off the stack and restored to the Program counter.
While some Processors use dedicated registers for the stack others can use regular memory. 
The current memory location in the stack is held by a register called the ‘Stack Pointer’
The size (number of words a stack can hold) is referred to as the stack depth.
I/O (Input/Output)
A Processor needs to be able to read data from the outside world and provide data to devices 
in the outside world it does this through I/O devices.
I/O can be done a couple of different ways.
I/O can be what is termed ‘Memory mapped’ that is I/O is accomplished by writing to, or 
reading from a memory location or locations or,
I/O can also be accomplished through special Input/Output registers and/or control lines in 
which case a dedicated command is used.
Architecture
Von Neumann architecture
Von Neumann Architecture is the most common architecture used by general purpose 
processors.
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Von Neumann architecture has only one area of memory, while this memory may consist of 
both ROM and RAM it is addressed by a single Address and Data bus.
The advantages of the Von Neumann architecture is that it is simpler and can be more 
flexible. The disadvantage is that it can be slower as the Program counter and Data bus have 
to handle both Program and Data this can result in what is known as the Von Neumann bottle- 
neck.
Harvard architecture
While less common, Harvard architecture is still very popular particularly with processors 
that have to has two address buses and two Data buses. One Address and Data bus controls 
dedicated program memory while the other controls Data memory.
The advantage of this system is that the processor can move Data more quickly. The 
disadvantage of this Architecture is that it increases the complexity of the processor and 
support circuitry.
Instructions.
While each different processor has its own instruction set and it is beyond the scope of any 
single paper to document them all there are some common ideas that are worth covering here.
Also while a processor acts on strings of 1’s and 0’s (machine code) it is a lot easier for us to 
think and write code in terms of commands which are shortened to mnemonics (assembly 
language). So for example the command to move data from the W register to memory 
location 052h might be 
Move W to F 052h F in this instance refers to a memory location this would be shortened 
to the mnemonic
MOVWF 052h

Note that the list of instructions here is by no means exhaustive but should cover most of the 
more common commands.

Move (Load) commands
Move to W
Move W to

Jump (Branch) commands
Direct jump
Relative jump
Conditional jump

ALU commands
Add
Subtract
Rotate
Compare
Increment
Decrement
Invert
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AND
OR
Xor

Stack commands
Push
Pop

Subroutine commands
Call
Return

Interrupt commands
Return from interrupt

I/O Commands
Input

Pseudo code and comments

Practical 1
Introduction to Digital lab 
Wire up and test:
Switch
AND gate
OR gate 
Inverter

Practical 2
Wire up NAND using an AND and Inverter
Wire up NAND
Compare functions
Wire up NOR
Wire up XOR
Wire up XOR using discrete gates

Explain how it works

Practical 3
Wire up and test:
Latching OR
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Resettable Latching OR
NOR Flip-Flop

NOTLetters  MS Reference Sans Serif    Subset: Private Use Area
XOR Symbol from Symbols
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