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Quantum circuits…
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What if we use measurements instead?

Single-qubit 
operations

Bell measurementsGHZ states

UNIVERSAL QUANTUM COMPUTER

[Gottesman and Chuang, Nature 402, 390 (1999)]
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But, before we move on… 

… what is a universal quantum computer?
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Strict 
Universality

Computational 
Universalityvs

[Aharonov, arXiv:quant-ph/0301040 (2003)] or [van den Nest et al., New Journal of Physics 9, 204 (2007)]
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Strict 
Universality

Computational 
Universalityvs

Exact 
Universality

Approximate 
Universalityvs

[Aharonov, arXiv:quant-ph/0301040 (2003)] or [van den Nest et al., New Journal of Physics 9, 204 (2007)]
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|00⟩ + |11⟩
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|α⟩ = a |0⟩ + b |1⟩

|Ψ00⟩ =
|00⟩ + |11⟩

2

Bell measurement: { |Ψ00⟩ , |Ψ01⟩, |Ψ10⟩, |Ψ11⟩}
|Ψxz⟩ =

|0x⟩ + (−1)z |1x̄⟩

2

z

Quantum teleportation

[Gottesman and Chuang, Nature 402, 390 (1999)]
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|β⟩ = c |0⟩ + d |1⟩
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Proof step 1: Implementing the CNOT gate

|χ⟩ = ( |00⟩ + |11⟩) |00⟩ + ( |01⟩ + |10⟩) |11⟩
2

|α⟩ = a |0⟩ + b |1⟩

|β⟩ = c |0⟩ + d |1⟩

|out⟩ = CNOT |β⟩ |α⟩

[Gottesman and Chuang, Nature 402, 390 (1999)]
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|χ⟩ = ( |00⟩ + |11⟩) |00⟩ + ( |01⟩ + |10⟩) |11⟩
2?

[Gottesman and Chuang, Nature 402, 390 (1999)]
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|χ⟩ = ( |00⟩ + |11⟩) |00⟩ + ( |01⟩ + |10⟩) |11⟩
2?

Single-qubit 
operations

Bell 
measurementsGHZ states

UNIVERSAL QUANTUM 
COMPUTER

[Gottesman and Chuang, Nature 402, 390 (1999)]
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Proof step 2: Generating the  state|χ⟩

[Gottesman and Chuang, Nature 402, 390 (1999)]
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Greenberger-Horne-Zeilinger (GHZ) state:   |Υ⟩ := |GHZ⟩ =
|000⟩ + |111⟩

2

Proof step 2: Generating the  state|χ⟩

[Gottesman and Chuang, Nature 402, 390 (1999)]
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z

Proof step 3: Gate teleportation

[Gottesman and Chuang, Nature 402, 390 (1999)]
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Proof step 3: Gate teleportation

Rxz
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z

U

?

Proof step 3: Gate teleportation

Rxz

[Gottesman and Chuang, Nature 402, 390 (1999)]
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Proof step 3: Gate teleportation

Rxz

[Gottesman and Chuang, Nature 402, 390 (1999)]
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|ΨU⟩ = (1 ⊗ U)
|00⟩ + |11⟩

2

Proof step 3: Gate teleportation

Rxz

[Gottesman and Chuang, Nature 402, 390 (1999)]
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|ΨU⟩ = (1 ⊗ U)
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Proof step 3: Gate teleportation

Rxz R′￼

xz = URxzU†

[Gottesman and Chuang, Nature 402, 390 (1999)]
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Single-qubit 
operations

Bell measurementsGHZ states

UNIVERSAL QUANTUM COMPUTER

[Gottesman and Chuang, Nature 402, 390 (1999)]
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1-bit -teleportation:Z

[Zhou, Leung, and Chuang, arXiv:quant-ph/0002039 (2000).]

This will be useful later…



Core concepts and ideas One-way quantum computing Fusion-based computation Pauli-based computation

19[Raussendorf and Briegel, Phys. Rev. Lett. 86, 5188 (2001)]



Core concepts and ideas One-way quantum computing Fusion-based computation Pauli-based computation

19[Raussendorf and Briegel, Phys. Rev. Lett. 86, 5188 (2001)]



Core concepts and ideas One-way quantum computing Fusion-based computation Pauli-based computation

19[Raussendorf and Briegel, Phys. Rev. Lett. 86, 5188 (2001)]



Core concepts and ideas One-way quantum computing Fusion-based computation Pauli-based computation

19[Raussendorf and Briegel, Phys. Rev. Lett. 86, 5188 (2001)]

Input qubits,	
|ψ⟩



Core concepts and ideas One-way quantum computing Fusion-based computation Pauli-based computation

19[Raussendorf and Briegel, Phys. Rev. Lett. 86, 5188 (2001)]

Input qubits,	
|ψ⟩

Output	
qubits



Core concepts and ideas One-way quantum computing Fusion-based computation Pauli-based computation

19[Raussendorf and Briegel, Phys. Rev. Lett. 86, 5188 (2001)]

|+⟩

Input qubits,	
|ψ⟩

Output	
qubits



Core concepts and ideas One-way quantum computing Fusion-based computation Pauli-based computation

19[Raussendorf and Briegel, Phys. Rev. Lett. 86, 5188 (2001)]

|+⟩

CZ

Input qubits,	
|ψ⟩

Output	
qubits



Core concepts and ideas One-way quantum computing Fusion-based computation Pauli-based computation

19[Raussendorf and Briegel, Phys. Rev. Lett. 86, 5188 (2001)]

Measurements

|+⟩

CZ

Input qubits,	
|ψ⟩

Output	
qubits
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But, but…

… measurements are non-deterministic!

Can I still compute deterministically?



Core concepts and ideas One-way quantum computing Fusion-based computation Pauli-based computation

21

Of course!

And we already saw a hint of 
how…
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5

Z̄ : Z1 ⟶ Z1 ⟶ X2Z3 ⟶ (−1)m2Y3Z4 ⟶ (−1)m2+m3Z4
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5

Z̄ : Z1 ⟶ Z1 ⟶ X2Z3 ⟶ (−1)m2Y3Z4 ⟶ (−1)m2+m3Z4

CZs ΠX1
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5

Z̄ : Z1 ⟶ Z1 ⟶ X2Z3 ⟶ (−1)m2Y3Z4 ⟶ (−1)m2+m3Z4

CZs ΠX1
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5

Z̄ : Z1 ⟶ Z1 ⟶ X2Z3 ⟶ (−1)m2Y3Z4 ⟶ (−1)m2+m3Z4
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5

Z̄ : Z1 ⟶ Z1 ⟶ X2Z3 ⟶ (−1)m2Y3Z4 ⟶ (−1)m2+m3Z4
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5

Z̄ : Z1 ⟶ Z1 ⟶ X2Z3 ⟶ (−1)m2Y3Z4 ⟶ (−1)m2+m3Z4
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5

Z̄ : Z1 ⟶ Z1 ⟶ X2Z3 ⟶ (−1)m2Y3Z4 ⟶ (−1)m2+m3Z4
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5

Z̄ : Z1 ⟶ Z1 ⟶ X2Z3 ⟶ (−1)m2Y3Z4 ⟶ (−1)m2+m3Z4

CZs ΠX1
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5

Z̄ : Z1 ⟶ Z1 ⟶ X2Z3 ⟶ (−1)m2Y3Z4 ⟶ (−1)m2+m3Z4
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5

Z̄ : Z1 ⟶ Z1 ⟶ X2Z3 ⟶ (−1)m2Y3Z4 ⟶ (−1)m2+m3Z4
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5

Z̄ : Z1 ⟶ Z1 ⟶ X2Z3 ⟶ (−1)m2Y3Z4 ⟶ (−1)m2+m3Z4
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5

Z̄ : Z1 ⟶ Z1 ⟶ X2Z3 ⟶ (−1)m2Y3Z4 ⟶ (−1)m2+m3Z4
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5

Z̄ : Z1 ⟶ Z1 ⟶ X2Z3 ⟶ (−1)m2Y3Z4 ⟶ (−1)m2+m3Z4

CZs ΠX1
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5

Z̄ : Z1 ⟶ Z1 ⟶ X2Z3 ⟶ (−1)m2Y3Z4 ⟶ (−1)m2+m3Z4
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5

Z̄ : Z1 ⟶ Z1 ⟶ X2Z3 ⟶ (−1)m2Y3Z4 ⟶ (−1)m2+m3Z4
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ΠY2



Core concepts and ideas One-way quantum computing Fusion-based computation Pauli-based computation

23

Exercise

CZ1 2 3 4 5

|ψ⟩ |+⟩ |+⟩ |+⟩ |+⟩

X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5

Z̄ : Z1 ⟶ Z1 ⟶ X2Z3 ⟶ (−1)m2Y3Z4 ⟶ (−1)m2+m3Z4
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5

Z̄ : Z1 ⟶ Z1 ⟶ X2Z3 ⟶ (−1)m2Y3Z4 ⟶ (−1)m2+m3Z4
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5

Z̄ : Z1 ⟶ Z1 ⟶ X2Z3 ⟶ (−1)m2Y3Z4 ⟶ (−1)m2+m3Z4
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5

Z̄ : Z1 ⟶ Z1 ⟶ X2Z3 ⟶ (−1)m2Y3Z4 ⟶ (−1)m2+m3Z4

CZs ΠX1
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5 ⟶ Z4X5

X̄ : X1 ⟶ X1Z2 ⟶ (−1)m1Z2 ⟶ (−1)m1X3Z4 ⟶ (−1)m1+m3Y4Z5
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X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2
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X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2
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X2 ⟶ Z1X2Z3 ⟶ (−1)m1X1 ⟶ (−1)m1X1 ⟶ (−1)m1X1

X3 ⟶ Z2X3Z4 ⟶ Z2X3Z4 ⟶ (−1)m2Y2 ⟶ (−1)m2Y2

X4 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ Z3X4Z5 ⟶ (−1)m3Y3
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Clifford gates Other gates



Core concepts and ideas One-way quantum computing Fusion-based computation Pauli-based computation

26

What are the “good” resource states for 1WQC?

[Takeuchi, Morimae, and Hayashi, Scientific Reports 9, 13585 (2019).]
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Graph states

They can be described in terms of their 
stabilizer  where the 
generators are given by	

𝒮 := ⟨G1, …, Gn⟩

Gi = Xi ∏
j∈𝒩(i)

Zj .
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3-qubit QFT
One-way quantum computationQuantum circuit

[Hein et al., Proceedings of the International School of Physics "Enrico Fermi": Quantum Computers, Algorithms and Chaos 115-218 (2006).]
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3-qubit QFT
One-way quantum computationQuantum circuit

[Hein et al., Proceedings of the International School of Physics "Enrico Fermi": Quantum Computers, Algorithms and Chaos 115-218 (2006).]
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Recall 1-bit -teleportationZRecall our exercise

H



Core concepts and ideas One-way quantum computing Fusion-based computation Pauli-based computation

32

Let’s use 1-qubit -teleportation to understand 
the essence of 1WQC:

Z

[McKague, Theory of Computing 12 1-12 (2016).]
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Let’s use 1-qubit -teleportation to understand 
the essence of 1WQC:

Z

U(θ)

U(θ) = eiθZ/2

U(θ) U(θ)

[McKague, Theory of Computing 12 1-12 (2016).]

U(θ)†XU = R(θ) = cos(θ)X + sin(θ)Y
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U(θ)

[McKague, Theory of Computing 12 1-12 (2016).]
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U(θ)

1

1

[McKague, Theory of Computing 12 1-12 (2016).]
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U(θ)

1

1

2

1

1

[McKague, Theory of Computing 12 1-12 (2016).]
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U(θ)

1

1

U(θ2)HU(θ1)

2

1

1

[McKague, Theory of Computing 12 1-12 (2016).]
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U(θ)

1

1

U(θ2)HU(θ1)

2

1

1

U(θ2)HU(θ1)

[McKague, Theory of Computing 12 1-12 (2016).]
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U(θ2)HU(θ1)
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U(θ2)HU(θ1)



Why do we care about MBQC?



Entanglement

Magic Coherence



[Hein et al., Proceedings of the International School of Physics "Enrico Fermi": Quantum Computers, Algorithms and Chaos 115-218 (2006).] 37

Quantum circuit One-way quantum computation



38[Broadbent, Fitzsimons, Kashefi, Proceedings of the 50th Annual IEEE Symposium on Foundations of Computer Science (FOCS ’09) (2009).]



38[Broadbent, Fitzsimons, Kashefi, Proceedings of the 50th Annual IEEE Symposium on Foundations of Computer Science (FOCS ’09) (2009).]
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Exercise

[Bartolucci et al., Nature Communications 14, 912 (2023).]
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[Bartolucci et al., Nature Communications 14, 912 (2023).]
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Exercise

Solution:

X1Z2
Z1X2Z3
Z2X3
X4Z5
Z4X5
X6Z7
Z6X7Z8
Z7X8

X1Z2

(−1)m1X3Z4

(−1)m2Z3X4

(−1)m3X5Z6

(−1)m4Z5X6

(−1)m2+m4Z1X2Z7

(−1)m1+m3Z2X7Z8
Z7X8

[Bartolucci et al., Nature Communications 14, 912 (2023).]
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Quantum circuits with:	

•stabilizer state inputs,	

• Clifford gates,	

• and Pauli measurements	

are efficiently classically simulable.

GOTTESMAN-KNILL 
THEOREM

Recap from previous classes…
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But…	

Clifford+  circuits are universal 
for quantum computation!	

 

T

T = diag(1, eiπ/4) .
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Magic-state	
injection

[Zhou, Leung, and Chuang, arXiv:quant-ph/0002039 (2000).]
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|T⟩

Magic-state	
injection

[Zhou, Leung, and Chuang, arXiv:quant-ph/0002039 (2000).]



Core concepts and ideas One-way quantum computing Fusion-based computation Pauli-based computation

47

|T⟩ |T⟩ =
|0⟩ + eiπ/4 |1⟩

2

Magic-state	
injection

[Zhou, Leung, and Chuang, arXiv:quant-ph/0002039 (2000).]



Core concepts and ideas One-way quantum computing Fusion-based computation Pauli-based computation

48

𝒞 𝒬

[Bravyi, Smith, and Smolin, Phys. Rev. X 6, 021043 (2016).]
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𝒞
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𝒞
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•   gatest T
•  -measurementsw Z
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𝒞

• |0⟩⊗n

•   gatest T
•  -measurementsw Z

𝒬

• |T⟩⊗t

[Bravyi, Smith, and Smolin, Phys. Rev. X 6, 021043 (2016).]
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𝒞

• |0⟩⊗n

•   gatest T
•  -measurementsw Z

𝒬

• |T⟩⊗t

• at most  Pauli 
measurements

t

[Bravyi, Smith, and Smolin, Phys. Rev. X 6, 021043 (2016).]
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|T⟩ |T⟩ =
|0⟩ + eiπ/4 |1⟩

2

Example:
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|T⟩ |T⟩

|T⟩

Now…	

This does not fit the 
definition of PBC!
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There is a classical 
procedure that can be 
used to (efficiently) 

reduce the 
computation just to 
the magic register…

|T⟩ P1 P2

For the th measurement:i

|T⟩
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There is a classical 
procedure that can be 
used to (efficiently) 

reduce the 
computation just to 
the magic register…

|T⟩ P1 P2

For the th measurement:i

Does  commute with 
all the stabilizers?

Pi

1. Post-select the 
outcome to .	

2. Create the Clifford: 
	

3. Update upcoming 
measurements 
suitably via 
conjugation by .	

4. If  is a readout: coin-
toss  and 
track potential sign 
flips in upcoming 
measurements when 

.

0

Vi = (S + Pi)/ 2

Vi
Pi

mi ∈R {0,1}

mi = 1

NO

|T⟩

AC with S
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There is a classical 
procedure that can be 
used to (efficiently) 

reduce the 
computation just to 
the magic register…

|T⟩ P1 P2

For the th measurement:i

Does  commute with 
all the stabilizers?

Pi

1. Post-select the 
outcome to .	

2. Create the Clifford: 
	

3. Update upcoming 
measurements 
suitably via 
conjugation by .	

4. If  is a readout: coin-
toss  and 
track potential sign 
flips in upcoming 
measurements when 

.

0
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Vi
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mi ∈R {0,1}

mi = 1
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Is it independent of 
other stabilizers?
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AC with S
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There is a classical 
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computation just to 
the magic register…
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Pi
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outcome to .	
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procedure that can be 
used to (efficiently) 

reduce the 
computation just to 
the magic register…
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all the stabilizers?

Pi

1. Post-select the 
outcome to .	

2. Create the Clifford: 
	

3. Update upcoming 
measurements 
suitably via 
conjugation by .	

4. If  is a readout: coin-
toss  and 
track potential sign 
flips in upcoming 
measurements when 

.

0

Vi = (S + Pi)/ 2
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mi = 1
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Is it independent of 
other stabilizers?
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1. Use previous 
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procedure that can be 
used to (efficiently) 

reduce the 
computation just to 
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all the stabilizers?
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1. Post-select the 
outcome to .	
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