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Measurement-based
quantum computation



Measurement-based quantum computation
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Measurement-based quantum computation

measurement of Z (�), X (↑), cosαX + sinαY (↗)

• Information written onto the resource state, pro-

cessed and read out by one-qubit measurements only.

• Universal computational resources exist:

cluster state, AKLT state.

R. Raussendorf, H.-J. Briegel, Physical Review Letters 86, 5188 (2001).



Measurement-based quantum computation

• The outcome bits of the computations are correlations among

measurement outcomes.

Correlations ferreted out by linear classical side processing.

R. Raussendorf and H.J. Briegel, Computational model underlying the one-way quantum

computer, Quant. Inf. Comp. 6, 443 (2002).
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Fault tolerant
measurement-based
quantum computation
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Progress up to 2023



Fault-tolerant MBQC

• I expected: Fault-tolerance in MBQC could only be resolved

if we understood the non-Pauli correlations in MBQC.

Solving fault-tolerance for MBQC would combine the inter-

esting with the useful — a goldilocks problem.

• I anticipated: first construction would be cumbersome, and

fail.

• 2005: We solved it!

•



Fault-tolerant MBQC

In Out

t

c

Zt

Zc

Zt

VD

Topologically protected CNOT gate in 3D cluster states

R. Raussendorf, J. Harrington, K. Goyal, Ann. Phys. (N.Y.) 321, 2242 (2006).

R. Raussendorf and J. Harrington, Phys. Rev. Lett. 98, 190504 (2007).



Fault-tolerant MBQC

• I expected: Fault-tolerance in MBQC could only be resolved

if we understood the non-Pauli correlations in MBQC.

Solving fault-tolerance for MBQC would combine the inter-

esting with the useful — a goldilocks problem.

• I anticipated: first construction would be cumbersome, and

fail.

• 2005: We solved it!

• The non-Pauli correlations did not

need to be understood to solve

fault-tolerance for MBQC.



Sergey Bravyi and I shared an office at IQI

Sergey −→ magic state distillation −→ Reed-Muller codes
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RM31 *
 
*: for Reed-Muller 



Why not use RM code states for MBQC?

1152 : 896 = 9 : 7

Reed-Muller code states provide MBQC resource states for

• Deterministically computing a non-linear Boolean function,

• While obeying the linear classical side processing relations of

MBQC, and

• Being non-Clifford.

All three criteria satisfied for 31 qubits.

(These are toy computations)
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Contextuality in MBQC:
Anders & Browne 



• Mermin’s star, a contextuality proof on 3 qubits, can be
repurposed as an MBQC!
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Contextuality and Cohomology:
Abramsky, Barbosa, Mansfield

QPL 2011 





Seemingly in close reach after QPL ’11

cohomology

contextuality MBQC

The contextuality – MBQC –cohomology triangle

Partially established (temporally flat MBQCs only)

Inspirations:

Anders and Browne, Computational Power of Correlations, PRL 102 (2009),

Abramsky, Barbosa, Mansfield, Cohomology of contextuality, arXiv:1111.3620.



But ...

Start 2011

Coho county

?

MBQC

Unlocking the triangle proved to be harder than thought.



6

Alaska,
Summer 2013
 





Joseph Emerson and Stephen Bartlett, July 2013
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Try quantum computation
         with magic states, 
        in even dimension
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Interaction Picture
 



(i) Sorting out MBQC ←→ contextuality

=
?

Theorem 1.∗ An MBQC evaluating a nonlinear Boolean function
o : (Z2)m −→ Z2 deterministically is contextual.

*: R. Raussendorf, Phys. Rev. A, 022322 (2013).



(i) Sorting out MBQC ←→ contextuality

Theorem 2.∗ Be M an MBQC evaluating a nonlinear Boolean function o :

(Z2)m −→ Z2 with average success probability pS. Then, M is contextual if

pS > 1− 1/2m, and, for bent functions, if pS > 1/2 + 1/2m/2+1.

Theorem 3.∗∗ Be M an MBQC evaluating a nonlinear Boolean function
o : (Z2)m −→ Zl2 with average success probability pS. Then,

pS ≤ 1− NCF
dH(o)

2m
.

Therein, dH(o) is the Hamming distance from the closest linear function.

*: R. Raussendorf, Phys. Rev. A, 022322 (2013).

**: S. Abramsky, R.S. Barbosa, S. Mansfield, Phys. Rev. Lett. 119, 050504 (2017).



(i) Sorting out MBQC ←→ contextuality

su
cc

es
s p

ro
ba

bi
lit

y 
p S

Hamming distance
dH

m2
0

1

1

1/2

general non-linear

bent

non-contextual

contextual

R. Raussendorf, PRA, 022322 (2013).



(i) Sorting out MBQC ←→ contextuality
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S. Abramsky, R.S. Barbosa, S. Mansfield, PRL 119, 050504 (2017).



(ii) Cohomology ↔ contextuality’

Theorem. An arrangement of observables is contextual if the
2-cocycle class [β] 6= 0.

C Okay, S Roberts, SD Bartlett, R Raussendorf, Topological proofs of con-

textuality in quantum mechanics, Quant. Inf. Comp. 17, 1135-1166 (2017).



(iii) It’s all positive

A counterpoint to the Wigner-

negativity-as-quantum-resource

body of work:

Theorem. Universal quantum computation can be represented
by repeated sampling from probability distributions over finite
state space.

M. Zurel, C. Okay, R. Raussendorf, A hidden variable model for universal

quantum computation with magic states on qubits, PRL 125, 260404 (2020).



Most in May 2018 (ASQC 3 @ UBC)


