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Bits and pieces
Classical computing

Relies on processing ‘bits’

Data broken down into 1s and 0s

Each bit has the value 1 or 0 depending on if it is ‘set’

Process multiple bits (bytes)

Patterns of voltages

1 = 5V;     0 = 0V



NAND gate…

{Inputs
A

B Q

Short for ‘not’ ‘and’

Not an obvious ‘gate’

But the easiest to build

Backbone of all other possibilities…



NAND gate…
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NAND gate…

{Inputs
A

B Q
Input Output

A B Q

0 0 1

1 0 1

0 1 1

1 1 0

Truth Table



Marriage gate…



Half adder…

B

A

Sum

Carry

Two inputs

Two binary digits…

An output

Their sum

Carry bit



Half adder…
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Half adder…
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Half adder…
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Adding the two bits together

The carry goes to the next adder…



C

Sum

I’ve got this terrible pain in all the diodes down my left side…

Marvin - the paranoid android

Three inputs
Three binary digits…



Full adder…?



Moore’s law…
No of transistors per chip

Doubles every 2 years

Hence size of a transistor

Heading downwards…

1971 ~ 10 μm

2020 ~ 5 nm

—>  atomic scale…



Qubits
Analogy with a computer bit

A quantum system with two states…

|ψ⟩ = A |U⟩ + B |D⟩

1 0

|ψ⟩

|D⟩

|U⟩



Qubits

|ψ⟩ = A |U⟩ + B |D⟩

1 0

α

θ
A = αeiθ/ℏ

β

ϕ
B = βeiϕ/ℏ

|ψ⟩

|D⟩

|U⟩



Qubits
α

θ
A = αeiθ/ℏ

β

ϕ
B = βeiϕ/ℏ

Might think we have 4 numbers to play with…

α and β being two of them…

θ and φ being two more…

But…

α + β = 1
Only phase difference matters…

γ = ϕ − θ



Information dense…

|ψ⟩ = α |1⟩ + (1 − α)eiγ |0⟩

Our qubit is…

However, if can contain a lot of data

n bits of data can go into γ by specifying the angle to n bits…. 

n bits of data can go into α by specifying the length to n bits…. 



Result poor

|ψ⟩ = α |1⟩ + (1 − α)eiγ |0⟩

How do you get the information out?

Imagine our qbit is the result of a calculation

Need to get values for α and γ

Measurement only yields

State collapses…

1 0



The needs of the many…

A collection of identical qbits…

Measure using a vertical SG

|ψ⟩ = α |1⟩ + (1 − α)eiγ |0⟩

Make N measurements

α2 ≈
no of times we get  |1⟩

N

Estimation precision ∼
1

N
|ψ⟩

|D⟩

|U⟩



The needs of the many…

A collection of identical qbits…

Measure using a horizontal SG

|ψ⟩ = α |1⟩ + (1 − α)eiγ |0⟩

Make N measurements

Having already got α you can extract γ



Quantum computation
Prepare a qubit according to a repeatable process

|ψ⟩

Qubit

Force it to evolve

This is your calculation….

Qubit

Measure to get 1 classical bit

Reset and repeat…~ 10 000 times per second…



Better…

Forced to evolve Measure to get N classical bits

Reset and repeat…

N entangled qubits



Best of the best (ish)

IBM Condor

1121 qubits

12 ft

22 ft

Superconducting atomic junctions

Two lowest energy states of the junction

Quantum gates:

Microwave pulses applied to the qubits

Specific frequencies, phases, shapes and timing



Quantum Gates

Qubit

Force it to evolve

This is your calculation….

Qubit

Measure to get 1 classical bit

Needs to be ‘programmable’

Break it down into a set of ‘gates’



Quantum Gates

Qubit Qubit

X, Y, Z gates

Rotate the state about the axes

ψ = α |1⟩ + βeiγ |0⟩

Z

ϕ

ψ = αeiϕ/2 |1⟩ + βeiγe−iϕ/2 |0⟩



Quantum Gates

Qubit Qubit

Phase gate

Inserts a relative phase into the qubit

ψ = α |1⟩ + βeiγ |0⟩ ψ = αeiϕ |1⟩ + βeiγ |0⟩

ϕ



Quantum Gates

Qubit Qubit

Hadamard gate

Kind of generally fiddles with things….

ψ = α |1⟩ + βeiγ |0⟩ ψ =
1

2
[(βeiγ − α) |1⟩ + (βeiγ + α) |0⟩]



Quantum Gates

Qubit Qubit

CNOT gate

Acts on one qubit according to the state of another

Q

|0⟩

Do nothing…

Ψ = α |0⟩ |1⟩ + βeiγ |0⟩ |0⟩ Ψ = α |0⟩ |1⟩ + βeiγ |0⟩ |0⟩

|1⟩

Flip state

Ψ = α |1⟩ |1⟩ + βeiγ |1⟩ |0⟩ Ψ = α |1⟩ |0⟩ + βeiγ |1⟩ |1⟩



Quantum Gates

Qubit Qubit

If control qubit is in a superposition…

CNOT entangles the qubits…

Q

A |0⟩ + Beiδ |1⟩

Aα |0⟩ |1⟩ + βeiδ |0⟩ |1⟩ + Aβeiδ |1⟩ |1⟩ + βBei(δ+γ) |1⟩ |0⟩



So…

N entangled qubits

Sequence of gates

This forms our ‘programme’

Or algorithm
N entangled qubits

New state

Measure to get N 
classical bits



Example…
Evaluate a statement:

a AND NOT b

a b NOT b a AND NOT b

F F T F

T F T T

F T F F

T T F T

Conventionally, evaluate a row at a time…



Quantum Computer
a b NOT b a AND NOT b

F F T F

T F T T

F T F F

T T F T

F = |0⟩ T = |1⟩

One qubit for each variable

Set to F

|0⟩ |0⟩ . . . |0⟩

One qubit for the result

|0⟩

Another sequence is the query being evaluated 

| . . . ϕ . . . ⟩



Quantum Computer
a b NOT b a AND NOT b

F F T F

T F T T

F T F F

T T F T

Apply Hadamard gate to first qubit…

|0⟩ |0⟩ . . . |0⟩| . . . ϕ . . . ⟩

|0⟩
1

2
[ |1⟩ + |0⟩]| . . . ϕ . . . ⟩ |0⟩ . . . |0⟩

Apply to each qubit in turn

until the sequence is an entanglement of each qubit in a superposition of T/F



Quantum Computer
a b NOT b a AND NOT b

F F T F

T F T T

F T F F

T T F T

Then run the ‘code’ that evaluates all possibilities in one go…

|0⟩| . . . ϕ . . . ⟩ |1/0⟩ |1/0⟩ . . . |1/0⟩

Cool….

But… how do you get the answer out?

Becomes an entanglement 
of all the row answers…

Any measurement collapses the entanglement

Just gives the answer for one row…

Rinse and repeat… No better than 
conventional…



Scott Aaronson

The goal in devising an algorithm for a quantum computer is to choreograph a pattern of 

constructive and destructive interference so that for each wrong answer the contributions to its 

amplitude cancel each other out, whereas for the right answer the contributions reinforce each 

other. If, and only if, you can arrange that, you’ll see the right answer with a large probability when 

you look.

If you take nothing else from this blog: quantum 
computers won't solve hard problems instantly by 
just trying all solutions in parallel.

https://scottaaronson.blog/



How do we do that?







Snake Oil…
No general proof

That a quantum computer must

Be faster than a digital

In all situations

Believe it or not…



But…
Shor’s factoring algorithm

Breaks a number into prime factors

84 = 2 × 42
Prime Not prime…

84 = 2 × 2 × 3 × 7
All prime…



But…
N=13506641086599522334960321627880596993888147560566702752448514385152651060
4859533833940287150571909441798207282164471551373680419703964917430464965892
7425623934102086438320211037295872576235850964311056407350150818751067659462
9205563685529475213500852879416377328533906109750544334999811150056977236890
927563

2.2 GHz Athlon 64 CPU PC with ≤ 2 GB memory

2 years…



Why does it matter???

Factoring large numbers:

The key to cracking RSA and other encryption…

Shor’s factoring algorithm

Exponentially faster than a digital computer



But…
2001 - IBM team

7 qubit device

Nuclear magnetic resonance

Successfully factored….

15 = 3 × 5

Best so far, fully using the algorithm

21 = 3 × 7



But…
Qubit has to be screened from the environment 

That decoherence again…

So:

Let the engineers play

Can do some physics with what they create

Study shielded quantum systems

Also:

Exposes more people to the nature of quantum reality…




