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Superposition



Qubits

● Elements of unit circle in ℂ2

● false = (1,0)         true = (0,1)

● Also |+⟩ = (1,1)/√2     |-⟩ = (1,-1)/√2

● Manipulate by 2x2 unitary matrices

● Cannot clone or delete



Measurement

● Probabilistic operation qubit → bit

true with probability √⟨ψ|1⟩
● Depends on basis/angle

● Collapse after measurement

● Makes while loops problematic



Circuits

● Time flows left to right

● Space goes up and down

● Qubits undergo unitary gates

● Gates can be controlled by multiple qubits

● Bits may influence control flow



Quantum conditional

● ⟦if q then U else V⟧ 

=            ⟦U⟧  0 
       0  ⟦V⟧

● Both branches “concurrently”

● Not monotone
(unlike probabilistic computing)



Coherent Control
● Quantum switch:

if q then UV else VU

● Possible as circuit
(with multiple uses of oracles U and V)

● Possible experimentally
(with single use of oracles U and V)

● Impossible as circuit
(with single use of oracles U and V)



Entanglement



Multiple qubits

● Compound systems given by tensor product

● Notation |i⟩⊗ |j⟩ = |ij⟩
● State not determined by factors

Dimension multiplies

● Measurement of one qubit influences other



Teleportation
● Use entanglement as communication channel

● Transmit 2 bits (finite amount of information)
to teleport 1 qubit (uncountable)

● Pay cost ahead of time



Distribution
● Cut big circuit into small parts

● Minimise communication between parts

● Reduces to hypergraph partitioning
NP-hard problem, solve heuristically



● 2-dimensional notation, only connectivity matters

● Teleportation natural

● Cyclicity trace easy

String diagrams



Spacetime



Threads

● Wall clock vs logical clock 

● Spacetime diagrams like relativity



Double-speed computing
● Not all permutations have square roots

● Allowing computation to stop halfway
is universal for quantum computing



Bit commitment

● Alice commits to value hidden from Bob

● Cryptographic primitive, essential in

○ zero-knowledge proofs

○ secret sharing

○ secure multi-party computation

● Impossible with quantum values



Summoning

● Alice and Bob have 
network of agents 
distributed in spacetime. 
Bob gives Alice random 
state at some point. Alice 
must return state at some 
later point when asked by 
Bob.

● Depends on causality of spacetime:
if and only if 
○ every reveal point is ‘after’ start point
○ all diamonds are causally related



Categories



Rig categories
Categorification of natural numbers: finite sets and bijections



Sheaves
● Data that varies continuously over 

some base (topological) space

● Sh(1, Set) = Set
Sh(2, Set) = Set2

Sh(ℕ, Dcpo), Sh(ℝ, Vect), Sh(X, Cat), …



Locality

● Set2 is easy, but Set is easier: local

● Don’t need points, only open regions
Can reconstruct stalks

● Any monoidal category has hidden base space
open regions are idempotents 



Sheaf representation
● Can restrict category to idempotent

● Any monoidal category represented as global 
sections of sheaf of local ones 

● Localisable monads: can characterise when 
effectful computation respects base space



Support
● Canonical notion of ‘where morphism lives’

     supp(f) = ⋁{ u | f ⊗ u = f }
     supp(gf) ≤ supp(f) ∧ supp(g)

● Relativistic teleportation:

can only teleport to Alice and Bob’s common 
causal future



Causality
● Order transfers from points to regions

● Cover: all info reaching V must pass through U



Conclusion

● Several interesting notions of concurrency 
in quantum computing:

○ within single qubit with superposition

○ between qubits with entanglement

○ between qubits with spacetime relations

● Need new methods: categories

● Good notion of message passing: connection?
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