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Outline

• Why quantum computing?
• Programming and information flow.

• A graphical language for quantum 
computing.

• Example: teleportation.
• Designing distributed quantum computers.
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Disclaimer...  

“Dammit Jim,
I'm a physicist, 
not a computer 
scientist!”
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Quantum computing 101 

Physically, a transistor either conducts current (“1”) or it 

doesn't (“0”). The laws of physics that govern transistors 

determine the logical flow of information in a computer.

If the components in a computer follow quantum 

mechanics instead then the way they process 

information will be different.

Current (“classical”) computers use bits, 

0 and 1, as the fundamental unit of 

information to store and process.
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QC101 (cont.)  

A qubit can be in a state that is both 0 and 1 at the same 

time:

 Because the underlying physics is different, quantum 

computers can do some things (eg factoring) faster than 

classical computers.

Quantum computers need different algorithms/protocols 

to take advantage of the different physics.

∣0 〉∣1 〉

Quantum computers use qubits as the 

basic information unit.
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What is a quantum computer?  

Linear optical quantum 
computer simulating a 
hydrogen molecule 
(UQ, Brisbane).
Nature Chemistry 2, 
106 - 111 (2009).

How do we program 
things like this?
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Quantum programming 101

Evaluate a function f(x) for inputs {x}.

Classical: 

Quantum:

The difference is at the level of machine code.

{ for x = 1,2,...,10 {
    out = f(x);
    }
}

quantum_out = f(quantum_x)
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Information flow

Classically, a computer program describes how 

information flows logically in a compuation.

A machine code describes this further in terms of a 

physical information flow in the computer itself.

An information flow is local, causal and continuous.

Fine for classical computers, but...
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Oh No, It's... 

Quantum 
nonlocality!
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Example: teleportation 

Alice and Bob share an entangled pair of qubits

Alice has an unknown qubit to send to Bob. She 

entangles it with her half of the pair.

She then measures both her qubits, and sends the 

classical measurement information to Bob.

Suddenly Bob has Alice's original qubit!
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A quantum information flow?

Standard view 1: entangled states enable information to 

be transmitted nonlocally – so no information flow.
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only if some of it goes backwards in time.
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A quantum information flow?

Standard view 1: entangled states enable information to 

be transmitted nonlocally – so no information flow.

Standard view 2: we can have a flow of information, but 

only if some of it goes backwards in time.

We can use a Heisenberg formalism of quantum theory 

to get a local flow of information!
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QM the Heisenberg way

We use “generalised stabilizer states”. A qubit's state is 

given by a descriptor                          , 

Joint system descriptors are products: 

Can only change a descriptor by acting directly on that 

qubit.

Relation to the density matrix formalism:

qat =U
†qa0U qa0=I

a−1I n−a

q12ij=q1iq2j

12t = ij 〈q1i t q2j t 〉i j
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Simplifying the formalism 

It is the expected values of the descriptors which 
determine measurement outcomes.

For the Pauli operators                                 ,

Recall

Then

So can use only          throughout.

〈 x 〉=〈0∣ x∣0 〉= 〈 y 〉=0 〈 z 〉=〈 I 〉=1

i j=ij k , i , j , k∈0,1,2,3

〈∑ijkl
ai x b j y  ck z d l I 〉=〈∑ijkl

ai x  b j x ck I  d l I 〉

 x , I
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Category theory  

Before we can proceed with describing the 

associated graphical caluclus, we need to 

understand the basics of category theory.

In particular, the notion of a symmetric monoidal 

category with strong compact closure.

Also objects, morphisms...
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QM in pictures

We construct the initial state      :

We act on this with a NOT gate:

q t = x

I 
∣0 〉

NOT q t = x

−I 
Triangle 
composition 
rule:
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Gate operations  

A general qubit:

Specific gates: 

q t =qxqz 

H q t =qzqx
CZ q1 t =q1xq2zq1z 
CZ q2t =q2xq1zq2z 
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Measurement and bits 

A perfect measurement is a CNOT gate:

Bits are defined through computational basis decohering 

measurements:

Bits and qubits interact using the same gateset.

CNOT q1 t =q1x q2xq1z 
CNOT q2 t = q2xq1z q2z

MZ q t =q z 
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Entanglement

Entanglement is generated by using certain types of 2-

qubit gates. For example, we generate a singlet by 

applying two Hadamard gates then a CZ:
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Teleportation revisited 

How does this work in practice? Let's look at teleportation.
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Teleportation (cont.) 

Can also have a dynamic pictorial representation...
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Distributed QC

Teleportation is a fundamental protocol in measurement-

based quantum computing.

We start with a highly-entangled state then perform 

measurements. The classical measurement result is then 

propagated forward in the algorithm.

This is used in models of distributed computing: shared 

entanglement is used to teleport states and 

measurement results from one part to another.
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Distributed QC (cont.)

The graphical calculus can tell us where information is, 

and how to retrieve it.

We always need both the quantum data and the 

entanglement key to “unlock” it.

But we can communicate them separately, as long as they 

coincide by the end of the algorithm.

This also enables us to reduce the classical information 

processing requirement of the computation.
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Example: a quantum repeater

1

2

3

4

(1,2) and (3,4) are entangled.
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Quantum repeater (cont.)

Entangle (2,3)

Then measure in the X-
basis, giving two 
classical bits:
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Quantum repeater (cont.)

1

4

Bit 1

Bit 2
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Conclusions

We can have a high-level graphical representation 

of quantum computing with a local information flow.

The price is no projective measurements within 

the formalism.

But we still recover all quantum predictions, and can 

use this to separate out quantum information and 

classical messaging in algorithms.
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