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Factoring and Discrete Logarithm [Shor 94] Principal ideal problem [Hallgren 02] 

Quantum effects breaking Information-theoretical assumptions
 commitment scheme becomes non-binding [Crepeau,Salvail,Simard,Tapp 06] 

 Classical proof techniques no longer apply
rewinding
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(classical) mixed commitment schemes (secure against quantum)
lifting classical security proof to the quantum setting, coin flipping protocols
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Regev, STOC 2005

(classical) Zero-Knowledge Proof-of-Knowledge (secure against quantum)
lifting classical security proof to the quantum setting, secure function evaluation

Learning with Error (LWE) 
as hard as worst-case lattice problems which are believed to be exponentially hard against QC

LWE-based Crypto Systems (FHE and etc) 

Hallgren, Smith and Song, Crypto 11
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unconditional security based on physical laws

Information gain vs. disturbance
No Cloning

Spooky actions at a distance
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1970 - quantum money (Wiesner) 
The first link between secrecy and quantum physics 

The bill contains photons that bank “polarised” in random directions 
(conjugate coding)

1984 - quantum key distribution (Bennett and Brassard; Ekert) 
Become the most promising task of quantum cryptography

1999 - quantum secret sharing (Hillery, Buzek and Berthiaume; Cleve, Gottesman and Lo) 
To distribute secret such that only the authorised partners could recover it

1997 - bit commitment and oblivious transfer (Lo and Chau, Mayers)
contrary to the case of QKD and secret sharing 

quantum physics cannot guarantee unconditional security
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2007 - bounded-storage models (Damgaard et al; Wehner, Schaffner, Terhal) 
unconditionally secure OT and  BC is possible 

where honest parties need no quantum memory, whereas an adversarial must store 
at least n/2 qubits to break the protocol, where n is the number of qubits

2001- quantum digital signature  (Gottesman and Chuang) 
Similar to the classical case, based on one-way quantum function 

2009 - coin flipping (Chailloux and Kerenidis)
Perfect quantum CF is impossible, but better than classical protocols exist

with best possible bias 0.21 (Kitaev 03) 

2009 - blind quantum computing (Broadbent, Fitzsimons and Kashefi )
Unconditionally secure quantum delegated computing
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Pre-Post Quantum Crypto

A hybrid network of classical protocols with quantum gadgets

boosting efficiency and security 

of every task achievable against classical attackers against quantum attackers
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Pre-Post Quantum Crypto - Examples 

Digital Signature

Coin Flipping

One Time Memory

Secure QMC

Delegated QC

Verification
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Classically-controlled QC

Q Crypto: qubits transmissions and classical post-processing   

Teleportation Protocol
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Measurement-based classical computation

Janet Anders!1 and Dan E. Browne†1

1Department of Physics and Astronomy, University College London,
Gower Street, London WC1E 6BT, United Kingdom.

(Dated: May 8, 2008)

We study the intrinsic computational power of entangled states exploited in measurement-based
quantum computation. By focussing on the power of the classical computer that controls the mea-
surements, we develop a classification of computational resource power, leading naturally to a notion
of resource states for measurement-based classical computation. Surprisingly, the Greenberger-
Horne-Zeilinger and Clauser-Horne-Shimony-Holt problems emerge naturally as optimal examples.
Our work exposes an intriguing relationship between the violation of local realistic models and the
computational power of entangled resource states.

PACS numbers: 03.67.Lx, 03.65.Ud

Introduction.– Measurement-based quantum computa-
tion is an approach to computation radically di!erent to
conventional circuit models. In a circuit model, infor-
mation is manipulated by a network of logical gates. In
measurement-based quantum computation (also known
as “one-way” quantum computation) information is pro-
cessed by a sequence of adaptive single-qubit mea-
surements on a pre-prepared multi-qubit resource state
[1, 2, 3]. A classical computer controls all measurements
(see Fig. 1) by keeping track of the outcomes of previous
measurements and determining the bases for the mea-
surements to come. The separation of entangling and
single-qubit operations leads to significant experimental
advantages in a number of di!erent systems [4]. Notably,
the classical control computer is the only part of the
model where active computation takes place. A strik-
ing implication of the measurement-based model is that
entangled resource states can possess an innate computa-
tional power. Merely by exchanging single bits with each
of the measurement sites of the resource state (see Fig.
1), the control computer is enabled to compute problems
beyond its own power. For example, by controlling mea-
surements on the cluster states the control computer is
promoted to full quantum universality.

Impressive characterization of the necessary properties
of resource states that enable a computational “boost”
to universal quantum computation has already been
achieved [5, 6], however, little is known about the re-
quirements for a resource state to increase the power of
the classical control computer at all. In this paper, we de-
velop a framework which allows us to classify the compu-
tational power of resource states for a control computer
of given power. By doing so, a natural classical ana-
logue of measurement-based computation emerges: con-
sidering a control computer of restricted computational

!janet@qipc.org
†d.browne@ucl.ac.uk

resource state

control computer

measurement

sites

FIG. 1: The control computer provides one bit of classical
information (downward arrows) to each site (circles in the re-
source state) determining the choice of measurement basis.
After the measurement, one bit of classical information (up-
ward arrow), such as the outcome of the binary measurement,
is sent back to the control computer.

power what are resource states that enable determinis-
tic universal classical computation? Here we show that
such resource states exist and that an unlimited supply
of three-qubit Greenberger-Horne-Zeilinger (GHZ) states
implements this task in an optimal way. Moreover, our
model provides a unifying picture drawing together some
of the most important results in the study of quantum
non-locality. Specifically, we show that the GHZ prob-
lem [7] and the Clauser-Horne-Shimony-Holt (CHSH)
construction [8] emerge as closely related to tasks in
measurement-based classical computation (MBCC), as
does the Popescu-Rohrlich non-local box [9].

Framework for measurement-based computation.– First
we need to cast measurement-based quantum computa-
tion in a framework which assumes as little as possible
about the physical properties of the computational re-
source. The model consists of the following components
(see Fig. 1): 1) a control computer, with a specified com-
putational power; 2) n measurement-sites, which may
share pre-existing entanglement, or correlation, but may
not communicate during the computation 3) limited com-
munication between control computer and sites - during
the computation each measurement site receives a single
bit from the control computer and sends back a single
bit in return. It is emphasized that we place no restric-

control computer

resource state

measurement site

(universal) Q Comp: qubits transmissions and classical controlling  



Q Crypt + Q Comp = Universal Blind QC

Classical Computer
random single qubit  generator

Unconditional Perfect Privacy
Server learns nothing about client’s input/output/computation

Classical Communication

Broadbent, Fitzsimons and Kashefi, FOCS 2009
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UBQC Protocol

Appendix A. Appendix B contains a universality proof of the brickwork states that is lengthy
due to its figures, while Appendix C contains modified versions of the main protocol to deal with
quantum inputs or outputs.

2 Main Protocol

Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |"x,y! " Gn!m is
indexed by a column x " {1, . . . , n} and a row y " {1, . . . ,m}. Thus each qubit is assigned: a
measurement angle #x,y, a set of X-dependencies Dx,y # [x$ 1]% [m], and a set of Z-dependencies
D"

x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
flow construction [DK06]. During the execution of the pattern, the actual measurement angle #"

x,y
is a modification of #x,y that depends on previous measurement outcomes in the following way:
let sX

x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,

sZ
x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =

($1)s
X
x,y#x,y + sZ

x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
!

!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
!

!+"x,y

"

,
!

!$"x,y

"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
4. For each column j ' 7 (mod 8) and each even row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
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Figure 1: The brickwork state, Gn!m. Qubits |!x,y! (x = 1, . . . , n, y = 1, . . . ,m) are arranged
according to layer x and row y, corresponding to the vertices in the above graph, and are originally
in the |+! = 1"

2
|0! + 1"

2
|1! state. Controlled-Z gates are then performed between qubits which

are joined by an edge.

The proof of the following theorem is relegated to Appendix B due to lack of space.

Theorem 1 (Universality). The brickwork state Gn!m is universal for quantum computation. Fur-
thermore, we only require single-qubit measurements under the angles {0,±"/4,±"/2}, and mea-
surements can be done layer-by-layer.

In this work, we only consider approximate universality. This allows us to restrict the angles
of preparation and measurement to a finite set and hence simplify the description of the protocol.
However one can easily extend our protocol to achieve exact universality as well, provided Alice
can communicate real numbers to Bob.

Correctness refers to the fact that the outcome of the protocol is the same as the outcome
if Alice has run the pattern herself. The fact that Protocol 1 correctly computes U |0! follows
from the commutativity of Alice’s rotations and Bob’s measurements in the rotated bases. This is
formalized below.

Theorem 2 (Correctness). Assume Alice and Bob follow the steps of Protocol 1. Then the
outcome is correct.

Proof. Firstly, since ctrl-Z commutes with Z-rotations, steps 1 and 2 do not change the underlying
graph state; only the phase of each qubit is locally changed, and it is as if Bob had done the Z-
rotation after the ctrl-Z. Secondly, since a measurement in the |+!! , |"!! basis on a state |!! is
the same as a measurement in the |+!+"! , |"!+"! basis on Z(#) |!! (see Appendix A), and since
$ = %# + # + "r, if r = 0, Bob’s measurement has the same e!ect as Alice’s target measurement; if
r = 1, all Alice needs to do is flip the outcome.

We now define and prove the security of the protocol. Intuitively, we wish to prove that whatever
Bob chooses to do (including arbitrary deviations from the protocol), his knowledge on Alice’s
quantum computation does not increase. Note, however that Bob does learn the dimensions of the
brickwork state, giving an upper bound on the size of Alice’s computation. This is unavoidable:
a simple adaptation of the proof of Theorem 2 from [AFK89], confirms this. We incorporate
this notion of leakage in our definition of blindness. A quantum delegated computation protocol
is a protocol by which Alice interacts quantumly with Bob in order to obtain the result of a
computation, U(x), where X = (Ũ , x) is Alice’s input with Ũ being a description of U .

Definition 2. Let P be a quantum delegated computation on input X and let L(X) be any function
of the input. We say that a quantum delegated computation protocol is blind while leaking at most
L(X) if, on Alice’s input X, for any fixed Y = L(X), the following two hold when given Y :

1. The distribution of the classical information obtained by Bob in P is independent of X.

5
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quantum inputs or outputs.

2 Main Protocol

Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |"x,y! " Gn!m is
indexed by a column x " {1, . . . , n} and a row y " {1, . . . ,m}. Thus each qubit is assigned: a
measurement angle #x,y, a set of X-dependencies Dx,y # [x$ 1]% [m], and a set of Z-dependencies
D"

x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
flow construction [DK06]. During the execution of the pattern, the actual measurement angle #"

x,y
is a modification of #x,y that depends on previous measurement outcomes in the following way:
let sX

x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,

sZ
x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =

($1)s
X
x,y#x,y + sZ

x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
!

!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
!

!+"x,y

"

,
!

!$"x,y

"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
4. For each column j ' 7 (mod 8) and each even row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
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Figure 1: The brickwork state, Gn!m. Qubits |!x,y! (x = 1, . . . , n, y = 1, . . . ,m) are arranged
according to layer x and row y, corresponding to the vertices in the above graph, and are originally
in the |+! = 1"

2
|0! + 1"

2
|1! state. Controlled-Z gates are then performed between qubits which

are joined by an edge.

The proof of the following theorem is relegated to Appendix B due to lack of space.

Theorem 1 (Universality). The brickwork state Gn!m is universal for quantum computation. Fur-
thermore, we only require single-qubit measurements under the angles {0,±"/4,±"/2}, and mea-
surements can be done layer-by-layer.

In this work, we only consider approximate universality. This allows us to restrict the angles
of preparation and measurement to a finite set and hence simplify the description of the protocol.
However one can easily extend our protocol to achieve exact universality as well, provided Alice
can communicate real numbers to Bob.

Correctness refers to the fact that the outcome of the protocol is the same as the outcome
if Alice has run the pattern herself. The fact that Protocol 1 correctly computes U |0! follows
from the commutativity of Alice’s rotations and Bob’s measurements in the rotated bases. This is
formalized below.

Theorem 2 (Correctness). Assume Alice and Bob follow the steps of Protocol 1. Then the
outcome is correct.

Proof. Firstly, since ctrl-Z commutes with Z-rotations, steps 1 and 2 do not change the underlying
graph state; only the phase of each qubit is locally changed, and it is as if Bob had done the Z-
rotation after the ctrl-Z. Secondly, since a measurement in the |+!! , |"!! basis on a state |!! is
the same as a measurement in the |+!+"! , |"!+"! basis on Z(#) |!! (see Appendix A), and since
$ = %# + # + "r, if r = 0, Bob’s measurement has the same e!ect as Alice’s target measurement; if
r = 1, all Alice needs to do is flip the outcome.

We now define and prove the security of the protocol. Intuitively, we wish to prove that whatever
Bob chooses to do (including arbitrary deviations from the protocol), his knowledge on Alice’s
quantum computation does not increase. Note, however that Bob does learn the dimensions of the
brickwork state, giving an upper bound on the size of Alice’s computation. This is unavoidable:
a simple adaptation of the proof of Theorem 2 from [AFK89], confirms this. We incorporate
this notion of leakage in our definition of blindness. A quantum delegated computation protocol
is a protocol by which Alice interacts quantumly with Bob in order to obtain the result of a
computation, U(x), where X = (Ũ , x) is Alice’s input with Ũ being a description of U .

Definition 2. Let P be a quantum delegated computation on input X and let L(X) be any function
of the input. We say that a quantum delegated computation protocol is blind while leaking at most
L(X) if, on Alice’s input X, for any fixed Y = L(X), the following two hold when given Y :

1. The distribution of the classical information obtained by Bob in P is independent of X.
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due to its figures, while Appendix C contains modified versions of the main protocol to deal with
quantum inputs or outputs.
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Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
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measurement angle #x,y, a set of X-dependencies Dx,y # [x$ 1]% [m], and a set of Z-dependencies
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x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
flow construction [DK06]. During the execution of the pattern, the actual measurement angle #"
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is a modification of #x,y that depends on previous measurement outcomes in the following way:
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x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,
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si be the parity of all measurement outcomes for qubits in Zx,y. Then #"
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x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
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For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
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= 1$
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(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
!

!+"x,y
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,
!

!$"x,y

"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
4. For each column j ' 7 (mod 8) and each even row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
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The proof of the following theorem is relegated to Appendix B due to lack of space.

Theorem 1 (Universality). The brickwork state Gn!m is universal for quantum computation. Fur-
thermore, we only require single-qubit measurements under the angles {0,±"/4,±"/2}, and mea-
surements can be done layer-by-layer.

In this work, we only consider approximate universality. This allows us to restrict the angles
of preparation and measurement to a finite set and hence simplify the description of the protocol.
However one can easily extend our protocol to achieve exact universality as well, provided Alice
can communicate real numbers to Bob.

Correctness refers to the fact that the outcome of the protocol is the same as the outcome
if Alice has run the pattern herself. The fact that Protocol 1 correctly computes U |0! follows
from the commutativity of Alice’s rotations and Bob’s measurements in the rotated bases. This is
formalized below.

Theorem 2 (Correctness). Assume Alice and Bob follow the steps of Protocol 1. Then the
outcome is correct.

Proof. Firstly, since ctrl-Z commutes with Z-rotations, steps 1 and 2 do not change the underlying
graph state; only the phase of each qubit is locally changed, and it is as if Bob had done the Z-
rotation after the ctrl-Z. Secondly, since a measurement in the |+!! , |"!! basis on a state |!! is
the same as a measurement in the |+!+"! , |"!+"! basis on Z(#) |!! (see Appendix A), and since
$ = %# + # + "r, if r = 0, Bob’s measurement has the same e!ect as Alice’s target measurement; if
r = 1, all Alice needs to do is flip the outcome.

We now define and prove the security of the protocol. Intuitively, we wish to prove that whatever
Bob chooses to do (including arbitrary deviations from the protocol), his knowledge on Alice’s
quantum computation does not increase. Note, however that Bob does learn the dimensions of the
brickwork state, giving an upper bound on the size of Alice’s computation. This is unavoidable:
a simple adaptation of the proof of Theorem 2 from [AFK89], confirms this. We incorporate
this notion of leakage in our definition of blindness. A quantum delegated computation protocol
is a protocol by which Alice interacts quantumly with Bob in order to obtain the result of a
computation, U(x), where X = (Ũ , x) is Alice’s input with Ũ being a description of U .

Definition 2. Let P be a quantum delegated computation on input X and let L(X) be any function
of the input. We say that a quantum delegated computation protocol is blind while leaking at most
L(X) if, on Alice’s input X, for any fixed Y = L(X), the following two hold when given Y :

1. The distribution of the classical information obtained by Bob in P is independent of X.
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Appendix A. Appendix B contains a universality proof of the brickwork states that is lengthy
due to its figures, while Appendix C contains modified versions of the main protocol to deal with
quantum inputs or outputs.

2 Main Protocol

Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |"x,y! " Gn!m is
indexed by a column x " {1, . . . , n} and a row y " {1, . . . ,m}. Thus each qubit is assigned: a
measurement angle #x,y, a set of X-dependencies Dx,y # [x$ 1]% [m], and a set of Z-dependencies
D"

x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
flow construction [DK06]. During the execution of the pattern, the actual measurement angle #"

x,y
is a modification of #x,y that depends on previous measurement outcomes in the following way:
let sX

x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,

sZ
x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =

($1)s
X
x,y#x,y + sZ

x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
!

!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
!

!+"x,y

"

,
!

!$"x,y

"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
4. For each column j ' 7 (mod 8) and each even row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
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2.1 Bob creates an entangled state from all received qubits, according to their indices, by
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The proof of the following theorem is relegated to Appendix B due to lack of space.

Theorem 1 (Universality). The brickwork state Gn!m is universal for quantum computation. Fur-
thermore, we only require single-qubit measurements under the angles {0,±"/4,±"/2}, and mea-
surements can be done layer-by-layer.

In this work, we only consider approximate universality. This allows us to restrict the angles
of preparation and measurement to a finite set and hence simplify the description of the protocol.
However one can easily extend our protocol to achieve exact universality as well, provided Alice
can communicate real numbers to Bob.

Correctness refers to the fact that the outcome of the protocol is the same as the outcome
if Alice has run the pattern herself. The fact that Protocol 1 correctly computes U |0! follows
from the commutativity of Alice’s rotations and Bob’s measurements in the rotated bases. This is
formalized below.

Theorem 2 (Correctness). Assume Alice and Bob follow the steps of Protocol 1. Then the
outcome is correct.

Proof. Firstly, since ctrl-Z commutes with Z-rotations, steps 1 and 2 do not change the underlying
graph state; only the phase of each qubit is locally changed, and it is as if Bob had done the Z-
rotation after the ctrl-Z. Secondly, since a measurement in the |+!! , |"!! basis on a state |!! is
the same as a measurement in the |+!+"! , |"!+"! basis on Z(#) |!! (see Appendix A), and since
$ = %# + # + "r, if r = 0, Bob’s measurement has the same e!ect as Alice’s target measurement; if
r = 1, all Alice needs to do is flip the outcome.

We now define and prove the security of the protocol. Intuitively, we wish to prove that whatever
Bob chooses to do (including arbitrary deviations from the protocol), his knowledge on Alice’s
quantum computation does not increase. Note, however that Bob does learn the dimensions of the
brickwork state, giving an upper bound on the size of Alice’s computation. This is unavoidable:
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X = (Ũ , {⌅x,y})

⌅�x,y = (�1)sX
x,y⌅x,y + sZ

x,y⇤

rx,y ⌅R {0, 1}

3

Appendix A. Appendix B contains a universality proof of the brickwork states that is lengthy
due to its figures, while Appendix C contains modified versions of the main protocol to deal with
quantum inputs or outputs.

2 Main Protocol

Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |"x,y! " Gn!m is
indexed by a column x " {1, . . . , n} and a row y " {1, . . . ,m}. Thus each qubit is assigned: a
measurement angle #x,y, a set of X-dependencies Dx,y # [x$ 1]% [m], and a set of Z-dependencies
D"

x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
flow construction [DK06]. During the execution of the pattern, the actual measurement angle #"

x,y
is a modification of #x,y that depends on previous measurement outcomes in the following way:
let sX

x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,

sZ
x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =

($1)s
X
x,y#x,y + sZ

x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
!

!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
!

!+"x,y

"

,
!

!$"x,y

"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
4. For each column j ' 7 (mod 8) and each even row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
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Figure 1: The brickwork state, Gn!m. Qubits |!x,y! (x = 1, . . . , n, y = 1, . . . ,m) are arranged
according to layer x and row y, corresponding to the vertices in the above graph, and are originally
in the |+! = 1"

2
|0! + 1"

2
|1! state. Controlled-Z gates are then performed between qubits which

are joined by an edge.

The proof of the following theorem is relegated to Appendix B due to lack of space.

Theorem 1 (Universality). The brickwork state Gn!m is universal for quantum computation. Fur-
thermore, we only require single-qubit measurements under the angles {0,±"/4,±"/2}, and mea-
surements can be done layer-by-layer.

In this work, we only consider approximate universality. This allows us to restrict the angles
of preparation and measurement to a finite set and hence simplify the description of the protocol.
However one can easily extend our protocol to achieve exact universality as well, provided Alice
can communicate real numbers to Bob.

Correctness refers to the fact that the outcome of the protocol is the same as the outcome
if Alice has run the pattern herself. The fact that Protocol 1 correctly computes U |0! follows
from the commutativity of Alice’s rotations and Bob’s measurements in the rotated bases. This is
formalized below.

Theorem 2 (Correctness). Assume Alice and Bob follow the steps of Protocol 1. Then the
outcome is correct.

Proof. Firstly, since ctrl-Z commutes with Z-rotations, steps 1 and 2 do not change the underlying
graph state; only the phase of each qubit is locally changed, and it is as if Bob had done the Z-
rotation after the ctrl-Z. Secondly, since a measurement in the |+!! , |"!! basis on a state |!! is
the same as a measurement in the |+!+"! , |"!+"! basis on Z(#) |!! (see Appendix A), and since
$ = %# + # + "r, if r = 0, Bob’s measurement has the same e!ect as Alice’s target measurement; if
r = 1, all Alice needs to do is flip the outcome.

We now define and prove the security of the protocol. Intuitively, we wish to prove that whatever
Bob chooses to do (including arbitrary deviations from the protocol), his knowledge on Alice’s
quantum computation does not increase. Note, however that Bob does learn the dimensions of the
brickwork state, giving an upper bound on the size of Alice’s computation. This is unavoidable:
a simple adaptation of the proof of Theorem 2 from [AFK89], confirms this. We incorporate
this notion of leakage in our definition of blindness. A quantum delegated computation protocol
is a protocol by which Alice interacts quantumly with Bob in order to obtain the result of a
computation, U(x), where X = (Ũ , x) is Alice’s input with Ũ being a description of U .

Definition 2. Let P be a quantum delegated computation on input X and let L(X) be any function
of the input. We say that a quantum delegated computation protocol is blind while leaking at most
L(X) if, on Alice’s input X, for any fixed Y = L(X), the following two hold when given Y :

1. The distribution of the classical information obtained by Bob in P is independent of X.
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si be the parity of all measurement outcomes for qubits in Zx,y. Then #"
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X
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x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
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!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX
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x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
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}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).
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Figure 1: The brickwork state, Gn!m. Qubits |!x,y! (x = 1, . . . , n, y = 1, . . . ,m) are arranged
according to layer x and row y, corresponding to the vertices in the above graph, and are originally
in the |+! = 1"

2
|0! + 1"

2
|1! state. Controlled-Z gates are then performed between qubits which

are joined by an edge.

The proof of the following theorem is relegated to Appendix B due to lack of space.

Theorem 1 (Universality). The brickwork state Gn!m is universal for quantum computation. Fur-
thermore, we only require single-qubit measurements under the angles {0,±"/4,±"/2}, and mea-
surements can be done layer-by-layer.

In this work, we only consider approximate universality. This allows us to restrict the angles
of preparation and measurement to a finite set and hence simplify the description of the protocol.
However one can easily extend our protocol to achieve exact universality as well, provided Alice
can communicate real numbers to Bob.

Correctness refers to the fact that the outcome of the protocol is the same as the outcome
if Alice has run the pattern herself. The fact that Protocol 1 correctly computes U |0! follows
from the commutativity of Alice’s rotations and Bob’s measurements in the rotated bases. This is
formalized below.

Theorem 2 (Correctness). Assume Alice and Bob follow the steps of Protocol 1. Then the
outcome is correct.

Proof. Firstly, since ctrl-Z commutes with Z-rotations, steps 1 and 2 do not change the underlying
graph state; only the phase of each qubit is locally changed, and it is as if Bob had done the Z-
rotation after the ctrl-Z. Secondly, since a measurement in the |+!! , |"!! basis on a state |!! is
the same as a measurement in the |+!+"! , |"!+"! basis on Z(#) |!! (see Appendix A), and since
$ = %# + # + "r, if r = 0, Bob’s measurement has the same e!ect as Alice’s target measurement; if
r = 1, all Alice needs to do is flip the outcome.

We now define and prove the security of the protocol. Intuitively, we wish to prove that whatever
Bob chooses to do (including arbitrary deviations from the protocol), his knowledge on Alice’s
quantum computation does not increase. Note, however that Bob does learn the dimensions of the
brickwork state, giving an upper bound on the size of Alice’s computation. This is unavoidable:
a simple adaptation of the proof of Theorem 2 from [AFK89], confirms this. We incorporate
this notion of leakage in our definition of blindness. A quantum delegated computation protocol
is a protocol by which Alice interacts quantumly with Bob in order to obtain the result of a
computation, U(x), where X = (Ũ , x) is Alice’s input with Ũ being a description of U .

Definition 2. Let P be a quantum delegated computation on input X and let L(X) be any function
of the input. We say that a quantum delegated computation protocol is blind while leaking at most
L(X) if, on Alice’s input X, for any fixed Y = L(X), the following two hold when given Y :

1. The distribution of the classical information obtained by Bob in P is independent of X.
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Appendix A. Appendix B contains a universality proof of the brickwork states that is lengthy
due to its figures, while Appendix C contains modified versions of the main protocol to deal with
quantum inputs or outputs.

2 Main Protocol

Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |"x,y! " Gn!m is
indexed by a column x " {1, . . . , n} and a row y " {1, . . . ,m}. Thus each qubit is assigned: a
measurement angle #x,y, a set of X-dependencies Dx,y # [x$ 1]% [m], and a set of Z-dependencies
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x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
flow construction [DK06]. During the execution of the pattern, the actual measurement angle #"

x,y
is a modification of #x,y that depends on previous measurement outcomes in the following way:
let sX

x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,
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x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =

($1)s
X
x,y#x,y + sZ

x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
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the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX
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0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
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}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
4. For each column j ' 7 (mod 8) and each even row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
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x,y =

($1)s
X
x,y#x,y + sZ

x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
!

!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
!

!+"x,y

"

,
!

!$"x,y

"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
4. For each column j ' 7 (mod 8) and each even row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
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Figure 1: The brickwork state, Gn!m. Qubits |!x,y! (x = 1, . . . , n, y = 1, . . . ,m) are arranged
according to layer x and row y, corresponding to the vertices in the above graph, and are originally
in the |+! = 1"

2
|0! + 1"

2
|1! state. Controlled-Z gates are then performed between qubits which

are joined by an edge.

The proof of the following theorem is relegated to Appendix B due to lack of space.

Theorem 1 (Universality). The brickwork state Gn!m is universal for quantum computation. Fur-
thermore, we only require single-qubit measurements under the angles {0,±"/4,±"/2}, and mea-
surements can be done layer-by-layer.

In this work, we only consider approximate universality. This allows us to restrict the angles
of preparation and measurement to a finite set and hence simplify the description of the protocol.
However one can easily extend our protocol to achieve exact universality as well, provided Alice
can communicate real numbers to Bob.

Correctness refers to the fact that the outcome of the protocol is the same as the outcome
if Alice has run the pattern herself. The fact that Protocol 1 correctly computes U |0! follows
from the commutativity of Alice’s rotations and Bob’s measurements in the rotated bases. This is
formalized below.

Theorem 2 (Correctness). Assume Alice and Bob follow the steps of Protocol 1. Then the
outcome is correct.

Proof. Firstly, since ctrl-Z commutes with Z-rotations, steps 1 and 2 do not change the underlying
graph state; only the phase of each qubit is locally changed, and it is as if Bob had done the Z-
rotation after the ctrl-Z. Secondly, since a measurement in the |+!! , |"!! basis on a state |!! is
the same as a measurement in the |+!+"! , |"!+"! basis on Z(#) |!! (see Appendix A), and since
$ = %# + # + "r, if r = 0, Bob’s measurement has the same e!ect as Alice’s target measurement; if
r = 1, all Alice needs to do is flip the outcome.

We now define and prove the security of the protocol. Intuitively, we wish to prove that whatever
Bob chooses to do (including arbitrary deviations from the protocol), his knowledge on Alice’s
quantum computation does not increase. Note, however that Bob does learn the dimensions of the
brickwork state, giving an upper bound on the size of Alice’s computation. This is unavoidable:
a simple adaptation of the proof of Theorem 2 from [AFK89], confirms this. We incorporate
this notion of leakage in our definition of blindness. A quantum delegated computation protocol
is a protocol by which Alice interacts quantumly with Bob in order to obtain the result of a
computation, U(x), where X = (Ũ , x) is Alice’s input with Ũ being a description of U .

Definition 2. Let P be a quantum delegated computation on input X and let L(X) be any function
of the input. We say that a quantum delegated computation protocol is blind while leaking at most
L(X) if, on Alice’s input X, for any fixed Y = L(X), the following two hold when given Y :

1. The distribution of the classical information obtained by Bob in P is independent of X.
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Appendix A. Appendix B contains a universality proof of the brickwork states that is lengthy
due to its figures, while Appendix C contains modified versions of the main protocol to deal with
quantum inputs or outputs.

2 Main Protocol

Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |"x,y! " Gn!m is
indexed by a column x " {1, . . . , n} and a row y " {1, . . . ,m}. Thus each qubit is assigned: a
measurement angle #x,y, a set of X-dependencies Dx,y # [x$ 1]% [m], and a set of Z-dependencies
D"

x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
flow construction [DK06]. During the execution of the pattern, the actual measurement angle #"

x,y
is a modification of #x,y that depends on previous measurement outcomes in the following way:
let sX

x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,

sZ
x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =

($1)s
X
x,y#x,y + sZ

x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
!

!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
!

!+"x,y

"

,
!

!$"x,y

"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
4. For each column j ' 7 (mod 8) and each even row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
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let sX

x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,

sZ
x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =

($1)s
X
x,y#x,y + sZ

x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
!

!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
!

!+"x,y

"

,
!

!$"x,y

"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)
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4

Appendix A. Appendix B contains a universality proof of the brickwork states that is lengthy
due to its figures, while Appendix C contains modified versions of the main protocol to deal with
quantum inputs or outputs.

2 Main Protocol
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x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
flow construction [DK06]. During the execution of the pattern, the actual measurement angle #"

x,y
is a modification of #x,y that depends on previous measurement outcomes in the following way:
let sX

x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,
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x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =

($1)s
X
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x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
!

!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
!

!+"x,y

"

,
!

!$"x,y

"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
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2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
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Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |"x,y! " Gn!m is
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x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
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x,y
is a modification of #x,y that depends on previous measurement outcomes in the following way:
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x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,
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x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =
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X
x,y#x,y + sZ

x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
!

!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
!

!+"x,y

"

,
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!$"x,y

"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)
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Appendix A. Appendix B contains a universality proof of the brickwork states that is lengthy
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quantum inputs or outputs.
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2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
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3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).
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Figure 1: The brickwork state, Gn!m. Qubits |!x,y! (x = 1, . . . , n, y = 1, . . . ,m) are arranged
according to layer x and row y, corresponding to the vertices in the above graph, and are originally
in the |+! = 1"

2
|0! + 1"

2
|1! state. Controlled-Z gates are then performed between qubits which

are joined by an edge.

The proof of the following theorem is relegated to Appendix B due to lack of space.

Theorem 1 (Universality). The brickwork state Gn!m is universal for quantum computation. Fur-
thermore, we only require single-qubit measurements under the angles {0,±"/4,±"/2}, and mea-
surements can be done layer-by-layer.

In this work, we only consider approximate universality. This allows us to restrict the angles
of preparation and measurement to a finite set and hence simplify the description of the protocol.
However one can easily extend our protocol to achieve exact universality as well, provided Alice
can communicate real numbers to Bob.

Correctness refers to the fact that the outcome of the protocol is the same as the outcome
if Alice has run the pattern herself. The fact that Protocol 1 correctly computes U |0! follows
from the commutativity of Alice’s rotations and Bob’s measurements in the rotated bases. This is
formalized below.

Theorem 2 (Correctness). Assume Alice and Bob follow the steps of Protocol 1. Then the
outcome is correct.

Proof. Firstly, since ctrl-Z commutes with Z-rotations, steps 1 and 2 do not change the underlying
graph state; only the phase of each qubit is locally changed, and it is as if Bob had done the Z-
rotation after the ctrl-Z. Secondly, since a measurement in the |+!! , |"!! basis on a state |!! is
the same as a measurement in the |+!+"! , |"!+"! basis on Z(#) |!! (see Appendix A), and since
$ = %# + # + "r, if r = 0, Bob’s measurement has the same e!ect as Alice’s target measurement; if
r = 1, all Alice needs to do is flip the outcome.

We now define and prove the security of the protocol. Intuitively, we wish to prove that whatever
Bob chooses to do (including arbitrary deviations from the protocol), his knowledge on Alice’s
quantum computation does not increase. Note, however that Bob does learn the dimensions of the
brickwork state, giving an upper bound on the size of Alice’s computation. This is unavoidable:
a simple adaptation of the proof of Theorem 2 from [AFK89], confirms this. We incorporate
this notion of leakage in our definition of blindness. A quantum delegated computation protocol
is a protocol by which Alice interacts quantumly with Bob in order to obtain the result of a
computation, U(x), where X = (Ũ , x) is Alice’s input with Ũ being a description of U .

Definition 2. Let P be a quantum delegated computation on input X and let L(X) be any function
of the input. We say that a quantum delegated computation protocol is blind while leaking at most
L(X) if, on Alice’s input X, for any fixed Y = L(X), the following two hold when given Y :

1. The distribution of the classical information obtained by Bob in P is independent of X.
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Appendix A. Appendix B contains a universality proof of the brickwork states that is lengthy
due to its figures, while Appendix C contains modified versions of the main protocol to deal with
quantum inputs or outputs.

2 Main Protocol

Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |"x,y! " Gn!m is
indexed by a column x " {1, . . . , n} and a row y " {1, . . . ,m}. Thus each qubit is assigned: a
measurement angle #x,y, a set of X-dependencies Dx,y # [x$ 1]% [m], and a set of Z-dependencies
D"

x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
flow construction [DK06]. During the execution of the pattern, the actual measurement angle #"

x,y
is a modification of #x,y that depends on previous measurement outcomes in the following way:
let sX

x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,

sZ
x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =

($1)s
X
x,y#x,y + sZ

x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
!

!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
!

!+"x,y

"

,
!

!$"x,y

"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
4. For each column j ' 7 (mod 8) and each even row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
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2.1 Bob creates an entangled state from all received qubits, according to their indices, by
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3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
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= 1$
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(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
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x,y + $x,y + !rx,y .
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}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
4. For each column j ' 7 (mod 8) and each even row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).

4

|+⌥ = 1⇥
2
(|0⌥+ |1⌥)

|⇧⌥

|±⌥

X

Z

H

J(� + ⇥ + r⇤)

⇤r

|+⇥⌥

|±�+⇥+r⇤⌥

{|+⇥⌥}
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is a modification of #x,y that depends on previous measurement outcomes in the following way:
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1. Alice’s preparation
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= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
!
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,
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"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
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Measurement-based classical computation

Janet Anders!1 and Dan E. Browne†1

1Department of Physics and Astronomy, University College London,
Gower Street, London WC1E 6BT, United Kingdom.

(Dated: May 8, 2008)

We study the intrinsic computational power of entangled states exploited in measurement-based
quantum computation. By focussing on the power of the classical computer that controls the mea-
surements, we develop a classification of computational resource power, leading naturally to a notion
of resource states for measurement-based classical computation. Surprisingly, the Greenberger-
Horne-Zeilinger and Clauser-Horne-Shimony-Holt problems emerge naturally as optimal examples.
Our work exposes an intriguing relationship between the violation of local realistic models and the
computational power of entangled resource states.

PACS numbers: 03.67.Lx, 03.65.Ud

Introduction.– Measurement-based quantum computa-
tion is an approach to computation radically di!erent to
conventional circuit models. In a circuit model, infor-
mation is manipulated by a network of logical gates. In
measurement-based quantum computation (also known
as “one-way” quantum computation) information is pro-
cessed by a sequence of adaptive single-qubit mea-
surements on a pre-prepared multi-qubit resource state
[1, 2, 3]. A classical computer controls all measurements
(see Fig. 1) by keeping track of the outcomes of previous
measurements and determining the bases for the mea-
surements to come. The separation of entangling and
single-qubit operations leads to significant experimental
advantages in a number of di!erent systems [4]. Notably,
the classical control computer is the only part of the
model where active computation takes place. A strik-
ing implication of the measurement-based model is that
entangled resource states can possess an innate computa-
tional power. Merely by exchanging single bits with each
of the measurement sites of the resource state (see Fig.
1), the control computer is enabled to compute problems
beyond its own power. For example, by controlling mea-
surements on the cluster states the control computer is
promoted to full quantum universality.

Impressive characterization of the necessary properties
of resource states that enable a computational “boost”
to universal quantum computation has already been
achieved [5, 6], however, little is known about the re-
quirements for a resource state to increase the power of
the classical control computer at all. In this paper, we de-
velop a framework which allows us to classify the compu-
tational power of resource states for a control computer
of given power. By doing so, a natural classical ana-
logue of measurement-based computation emerges: con-
sidering a control computer of restricted computational

!janet@qipc.org
†d.browne@ucl.ac.uk

resource state

control computer

measurement

sites

FIG. 1: The control computer provides one bit of classical
information (downward arrows) to each site (circles in the re-
source state) determining the choice of measurement basis.
After the measurement, one bit of classical information (up-
ward arrow), such as the outcome of the binary measurement,
is sent back to the control computer.

power what are resource states that enable determinis-
tic universal classical computation? Here we show that
such resource states exist and that an unlimited supply
of three-qubit Greenberger-Horne-Zeilinger (GHZ) states
implements this task in an optimal way. Moreover, our
model provides a unifying picture drawing together some
of the most important results in the study of quantum
non-locality. Specifically, we show that the GHZ prob-
lem [7] and the Clauser-Horne-Shimony-Holt (CHSH)
construction [8] emerge as closely related to tasks in
measurement-based classical computation (MBCC), as
does the Popescu-Rohrlich non-local box [9].

Framework for measurement-based computation.– First
we need to cast measurement-based quantum computa-
tion in a framework which assumes as little as possible
about the physical properties of the computational re-
source. The model consists of the following components
(see Fig. 1): 1) a control computer, with a specified com-
putational power; 2) n measurement-sites, which may
share pre-existing entanglement, or correlation, but may
not communicate during the computation 3) limited com-
munication between control computer and sites - during
the computation each measurement site receives a single
bit from the control computer and sends back a single
bit in return. It is emphasized that we place no restric-

control computer

resource state

measurement site

Anders and Browne, PRL, 2009
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Impressive characterization of the necessary properties
of resource states that enable a computational “boost”
to universal quantum computation has already been
achieved [5, 6], however, little is known about the re-
quirements for a resource state to increase the power of
the classical control computer at all. In this paper, we de-
velop a framework which allows us to classify the compu-
tational power of resource states for a control computer
of given power. By doing so, a natural classical ana-
logue of measurement-based computation emerges: con-
sidering a control computer of restricted computational
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FIG. 1: The control computer provides one bit of classical
information (downward arrows) to each site (circles in the re-
source state) determining the choice of measurement basis.
After the measurement, one bit of classical information (up-
ward arrow), such as the outcome of the binary measurement,
is sent back to the control computer.

power what are resource states that enable determinis-
tic universal classical computation? Here we show that
such resource states exist and that an unlimited supply
of three-qubit Greenberger-Horne-Zeilinger (GHZ) states
implements this task in an optimal way. Moreover, our
model provides a unifying picture drawing together some
of the most important results in the study of quantum
non-locality. Specifically, we show that the GHZ prob-
lem [7] and the Clauser-Horne-Shimony-Holt (CHSH)
construction [8] emerge as closely related to tasks in
measurement-based classical computation (MBCC), as
does the Popescu-Rohrlich non-local box [9].

Framework for measurement-based computation.– First
we need to cast measurement-based quantum computa-
tion in a framework which assumes as little as possible
about the physical properties of the computational re-
source. The model consists of the following components
(see Fig. 1): 1) a control computer, with a specified com-
putational power; 2) n measurement-sites, which may
share pre-existing entanglement, or correlation, but may
not communicate during the computation 3) limited com-
munication between control computer and sites - during
the computation each measurement site receives a single
bit from the control computer and sends back a single
bit in return. It is emphasized that we place no restric-
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We study the intrinsic computational power of entangled states exploited in measurement-based
quantum computation. By focussing on the power of the classical computer that controls the mea-
surements, we develop a classification of computational resource power, leading naturally to a notion
of resource states for measurement-based classical computation. Surprisingly, the Greenberger-
Horne-Zeilinger and Clauser-Horne-Shimony-Holt problems emerge naturally as optimal examples.
Our work exposes an intriguing relationship between the violation of local realistic models and the
computational power of entangled resource states.
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Introduction.– Measurement-based quantum computa-
tion is an approach to computation radically di!erent to
conventional circuit models. In a circuit model, infor-
mation is manipulated by a network of logical gates. In
measurement-based quantum computation (also known
as “one-way” quantum computation) information is pro-
cessed by a sequence of adaptive single-qubit mea-
surements on a pre-prepared multi-qubit resource state
[1, 2, 3]. A classical computer controls all measurements
(see Fig. 1) by keeping track of the outcomes of previous
measurements and determining the bases for the mea-
surements to come. The separation of entangling and
single-qubit operations leads to significant experimental
advantages in a number of di!erent systems [4]. Notably,
the classical control computer is the only part of the
model where active computation takes place. A strik-
ing implication of the measurement-based model is that
entangled resource states can possess an innate computa-
tional power. Merely by exchanging single bits with each
of the measurement sites of the resource state (see Fig.
1), the control computer is enabled to compute problems
beyond its own power. For example, by controlling mea-
surements on the cluster states the control computer is
promoted to full quantum universality.

Impressive characterization of the necessary properties
of resource states that enable a computational “boost”
to universal quantum computation has already been
achieved [5, 6], however, little is known about the re-
quirements for a resource state to increase the power of
the classical control computer at all. In this paper, we de-
velop a framework which allows us to classify the compu-
tational power of resource states for a control computer
of given power. By doing so, a natural classical ana-
logue of measurement-based computation emerges: con-
sidering a control computer of restricted computational
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power what are resource states that enable determinis-
tic universal classical computation? Here we show that
such resource states exist and that an unlimited supply
of three-qubit Greenberger-Horne-Zeilinger (GHZ) states
implements this task in an optimal way. Moreover, our
model provides a unifying picture drawing together some
of the most important results in the study of quantum
non-locality. Specifically, we show that the GHZ prob-
lem [7] and the Clauser-Horne-Shimony-Holt (CHSH)
construction [8] emerge as closely related to tasks in
measurement-based classical computation (MBCC), as
does the Popescu-Rohrlich non-local box [9].

Framework for measurement-based computation.– First
we need to cast measurement-based quantum computa-
tion in a framework which assumes as little as possible
about the physical properties of the computational re-
source. The model consists of the following components
(see Fig. 1): 1) a control computer, with a specified com-
putational power; 2) n measurement-sites, which may
share pre-existing entanglement, or correlation, but may
not communicate during the computation 3) limited com-
munication between control computer and sites - during
the computation each measurement site receives a single
bit from the control computer and sends back a single
bit in return. It is emphasized that we place no restric-
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Figure 6: Server generates a single qubit state and sends it via an untrusted 
quantum channel to the client. Client applies a series of rotation quantum 
operators depending on the values of the inputs a, b, their classical XOR and a 
classical random bit. Client sends the rotated qubit to sever via untrusted 
quantum channel. Sever applies a Pauli-X measurement on the qubit and 
sends the classical result to the client via an untrusted classical channel. Client 
produces the final output by applying classical XOR gates between the 
received classical bit, a classical bit in state 1 and the random bit.

Key:
S.Q.G.: Single Qubit Generator

S, S
†
, Z: (π/2, -π/2, π) – phase rotation quantum Operators or Identity quantum 

operator depending on classical Control
 

R.G: Classical bits Random Generator
Tx: Transmiter
Rx: Receiver
q.c: quantum channel
c.c: classical channel
M: Quantum Measurement on Pauli-X
XOR: eXlusive OR classical gate
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Protocol 4 Single Qubit Bounce SecureNAND

• Input (to Client): two bits a, b
• Output (from Client): ¬(a ^ b)
• The Protocol:

– Server’s round
1. The Server prepares the state |+i and sends it to the Client

– Client’s round
1. Client receives the state |+i from the server.
2. Client generates r 2R {0, 1}
3. Client modifies the state |+i to | i as follows

MX | i = ZaSxSy

�
S†�x�y|+i

and sends it to the Server.
– Server’s round

1. The server measures the qubit with respect to the X basis, obtaining the outcome s
2. Server sends s to Client

– Client’s round
1. Client computes

measurement outcome = x.y � a� 1 (7)

2. Client outputs out.

For completeness we only analyse the Single Qubit Bounce SecureNAND protocol (Protocol 4).
Server generates a single qubit state and sends it via an untrusted quantum channel to the client.
Client applies a series of rotation quantum operators depending on the values of the inputs a, b,
a � b, and a classical random bit. Client sends the rotated qubit to sever via untrusted quantum
channel. Sever applies a Pauli-X measurement on the qubit and sends the classical result to the
client via an untrusted classical channel. Client produces the final output by applying classical
XOR gates between the received classical bit, a classical bit in state 1 and the random bit (Figure
6 in Appendix A). To see the correctness note that if the server was honest, it is a straightforward
calculation to see the state of the qubit the server receives is

ZrZa^b|+i

Then the result of the measurement performed by the server is s = r � a ^ b, and the decoding
produces out = 1� a ^ b as required.

To see the security, note that the most general strategy of the server is to prepare a bipartite
state ⇡1,2 and send the first subsystem to the client. Then the state of the server system (up to a
normalization factor 1/2), once the client performed her round is:

P
r

�
ZrZa^b ⌦ 2

�
⇡1,2

�
ZrZa^b ⌦ 2

�
=

P
r

0

⇣
Zr

0 ⌦ 2

⌘
⇡1,2

⇣
Zr

0 ⌦ 2

⌘

where r0 = r � a ^ b. Since r is distributed uniformly at random, so is r0 so the state above does
not depend on a or b.
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Figure 3: Server generates a GHZ state of 3 qubits and sends them via an 
untrusted quantum channel to the client. Client applies rotation quantum 
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quantum channel. Sever applies a Pauli-X measurement on the qubits and 
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R.G: Classical bits Random Generator
Tx: Transmiter
Rx: Receiver
q.c: quantum channel
c.c: classical channel
M: Quantum Measurement on Pauli-X
XOR: eXlusive OR classical gate

where ⇢S is any state the malevolent server could have prepared. Note that the actions of the
client are only on the fraction of the system ⇢S , signifying that the server might have prepared an
entangled state, and sent only a fraction of the state to the client to be modified, while keeping the
remainder of the state.

Since Z operators commute with the phase S† operators, and the parameters of the phase operators

do not depend on r
i

values, by introducing the shorthand S =

✓⇣
S†
1

⌘
a

⇣
S†
2

⌘
b

⇣
S†
3

⌘
a�b

⌦
S

◆
we

can rewrite the state of the server’s system as:

(S⌦
S

)
P

r1,r2,r3

1

8
(Zr1

1 Zr2
2 Zr3

3 ⌦
S

) ⇢S (Zr1
1 Zr2

3 Zr3
3 ⌦

S

)
�
S

† ⌦
S

�
.

The state ⇢S has two partitions - the partition corresponding to the subsystem the server sends to

10



Issues about UBQC Protocol for other Crypto Tasks 

Appendix A. Appendix B contains a universality proof of the brickwork states that is lengthy
due to its figures, while Appendix C contains modified versions of the main protocol to deal with
quantum inputs or outputs.

2 Main Protocol

Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |"x,y! " Gn!m is
indexed by a column x " {1, . . . , n} and a row y " {1, . . . ,m}. Thus each qubit is assigned: a
measurement angle #x,y, a set of X-dependencies Dx,y # [x$ 1]% [m], and a set of Z-dependencies
D"

x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
flow construction [DK06]. During the execution of the pattern, the actual measurement angle #"

x,y
is a modification of #x,y that depends on previous measurement outcomes in the following way:
let sX

x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,

sZ
x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =

($1)s
X
x,y#x,y + sZ

x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
!

!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
!

!+"x,y

"

,
!

!$"x,y

"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
4. For each column j ' 7 (mod 8) and each even row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
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Figure 1: The brickwork state, Gn!m. Qubits |!x,y! (x = 1, . . . , n, y = 1, . . . ,m) are arranged
according to layer x and row y, corresponding to the vertices in the above graph, and are originally
in the |+! = 1"

2
|0! + 1"

2
|1! state. Controlled-Z gates are then performed between qubits which

are joined by an edge.

The proof of the following theorem is relegated to Appendix B due to lack of space.

Theorem 1 (Universality). The brickwork state Gn!m is universal for quantum computation. Fur-
thermore, we only require single-qubit measurements under the angles {0,±"/4,±"/2}, and mea-
surements can be done layer-by-layer.

In this work, we only consider approximate universality. This allows us to restrict the angles
of preparation and measurement to a finite set and hence simplify the description of the protocol.
However one can easily extend our protocol to achieve exact universality as well, provided Alice
can communicate real numbers to Bob.

Correctness refers to the fact that the outcome of the protocol is the same as the outcome
if Alice has run the pattern herself. The fact that Protocol 1 correctly computes U |0! follows
from the commutativity of Alice’s rotations and Bob’s measurements in the rotated bases. This is
formalized below.

Theorem 2 (Correctness). Assume Alice and Bob follow the steps of Protocol 1. Then the
outcome is correct.

Proof. Firstly, since ctrl-Z commutes with Z-rotations, steps 1 and 2 do not change the underlying
graph state; only the phase of each qubit is locally changed, and it is as if Bob had done the Z-
rotation after the ctrl-Z. Secondly, since a measurement in the |+!! , |"!! basis on a state |!! is
the same as a measurement in the |+!+"! , |"!+"! basis on Z(#) |!! (see Appendix A), and since
$ = %# + # + "r, if r = 0, Bob’s measurement has the same e!ect as Alice’s target measurement; if
r = 1, all Alice needs to do is flip the outcome.

We now define and prove the security of the protocol. Intuitively, we wish to prove that whatever
Bob chooses to do (including arbitrary deviations from the protocol), his knowledge on Alice’s
quantum computation does not increase. Note, however that Bob does learn the dimensions of the
brickwork state, giving an upper bound on the size of Alice’s computation. This is unavoidable:
a simple adaptation of the proof of Theorem 2 from [AFK89], confirms this. We incorporate
this notion of leakage in our definition of blindness. A quantum delegated computation protocol
is a protocol by which Alice interacts quantumly with Bob in order to obtain the result of a
computation, U(x), where X = (Ũ , x) is Alice’s input with Ũ being a description of U .

Definition 2. Let P be a quantum delegated computation on input X and let L(X) be any function
of the input. We say that a quantum delegated computation protocol is blind while leaking at most
L(X) if, on Alice’s input X, for any fixed Y = L(X), the following two hold when given Y :

1. The distribution of the classical information obtained by Bob in P is independent of X.
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2 Main Protocol

Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |"x,y! " Gn!m is
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measurement angle #x,y, a set of X-dependencies Dx,y # [x$ 1]% [m], and a set of Z-dependencies
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x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
flow construction [DK06]. During the execution of the pattern, the actual measurement angle #"
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is a modification of #x,y that depends on previous measurement outcomes in the following way:
let sX

x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,
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x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =
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X
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x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
!

!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
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x,y
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qubits constructed as follows (see also Figure 1):
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2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
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3. Interaction and measurement
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x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
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sZ
x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =

($1)s
X
x,y#x,y + sZ
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compute U |0!, her input is classical and the first layers of U may depend on it.
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the qubits to Bob.
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2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
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3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
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}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
4. For each column j ' 7 (mod 8) and each even row i, apply the operator ctrl-Z on qubits (i, j)
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Appendix A. Appendix B contains a universality proof of the brickwork states that is lengthy
due to its figures, while Appendix C contains modified versions of the main protocol to deal with
quantum inputs or outputs.

2 Main Protocol

Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |"x,y! " Gn!m is
indexed by a column x " {1, . . . , n} and a row y " {1, . . . ,m}. Thus each qubit is assigned: a
measurement angle #x,y, a set of X-dependencies Dx,y # [x$ 1]% [m], and a set of Z-dependencies
D"

x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
flow construction [DK06]. During the execution of the pattern, the actual measurement angle #"

x,y
is a modification of #x,y that depends on previous measurement outcomes in the following way:
let sX

x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,
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x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =

($1)s
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x,y#x,y + sZ

x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m
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= 1$
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(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
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"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
4. For each column j ' 7 (mod 8) and each even row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
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X = (Ũ , {⌅x,y})

3

Secret input

|+⌥ = 1⇥
2
(|0⌥+ |1⌥)

|⇧⌥

|±⌥

X

Z

H

J(� + ⇥ + r⇤)

⇤r

|+⇥⌥

|±�+⇥+r⇤⌥

{|+⇥⌥}
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2 Main Protocol

Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |"x,y! " Gn!m is
indexed by a column x " {1, . . . , n} and a row y " {1, . . . ,m}. Thus each qubit is assigned: a
measurement angle #x,y, a set of X-dependencies Dx,y # [x$ 1]% [m], and a set of Z-dependencies
D"

x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
flow construction [DK06]. During the execution of the pattern, the actual measurement angle #"

x,y
is a modification of #x,y that depends on previous measurement outcomes in the following way:
let sX

x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,
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x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =

($1)s
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x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
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!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
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"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)
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Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
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we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
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2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
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3. Interaction and measurement
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0,y = 0.
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}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
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4. For each column j ' 7 (mod 8) and each even row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
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Appendix A. Appendix B contains a universality proof of the brickwork states that is lengthy
due to its figures, while Appendix C contains modified versions of the main protocol to deal with
quantum inputs or outputs.

2 Main Protocol

Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |"x,y! " Gn!m is
indexed by a column x " {1, . . . , n} and a row y " {1, . . . ,m}. Thus each qubit is assigned: a
measurement angle #x,y, a set of X-dependencies Dx,y # [x$ 1]% [m], and a set of Z-dependencies
D"

x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
flow construction [DK06]. During the execution of the pattern, the actual measurement angle #"

x,y
is a modification of #x,y that depends on previous measurement outcomes in the following way:
let sX

x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,

sZ
x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =

($1)s
X
x,y#x,y + sZ

x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
!

!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
!

!+"x,y

"

,
!

!$"x,y

"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
4. For each column j ' 7 (mod 8) and each even row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
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Appendix A. Appendix B contains a universality proof of the brickwork states that is lengthy
due to its figures, while Appendix C contains modified versions of the main protocol to deal with
quantum inputs or outputs.
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Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |"x,y! " Gn!m is
indexed by a column x " {1, . . . , n} and a row y " {1, . . . ,m}. Thus each qubit is assigned: a
measurement angle #x,y, a set of X-dependencies Dx,y # [x$ 1]% [m], and a set of Z-dependencies
D"

x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
flow construction [DK06]. During the execution of the pattern, the actual measurement angle #"

x,y
is a modification of #x,y that depends on previous measurement outcomes in the following way:
let sX

x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,

sZ
x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =

($1)s
X
x,y#x,y + sZ

x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
!

!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
!

!+"x,y

"

,
!

!$"x,y

"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
4. For each column j ' 7 (mod 8) and each even row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
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Appendix A. Appendix B contains a universality proof of the brickwork states that is lengthy
due to its figures, while Appendix C contains modified versions of the main protocol to deal with
quantum inputs or outputs.

2 Main Protocol

Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |"x,y! " Gn!m is
indexed by a column x " {1, . . . , n} and a row y " {1, . . . ,m}. Thus each qubit is assigned: a
measurement angle #x,y, a set of X-dependencies Dx,y # [x$ 1]% [m], and a set of Z-dependencies
D"

x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
flow construction [DK06]. During the execution of the pattern, the actual measurement angle #"

x,y
is a modification of #x,y that depends on previous measurement outcomes in the following way:
let sX

x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,

sZ
x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =

($1)s
X
x,y#x,y + sZ

x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
!

!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
!

!+"x,y

"

,
!

!$"x,y

"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
4. For each column j ' 7 (mod 8) and each even row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
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Appendix A. Appendix B contains a universality proof of the brickwork states that is lengthy
due to its figures, while Appendix C contains modified versions of the main protocol to deal with
quantum inputs or outputs.

2 Main Protocol

Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |"x,y! " Gn!m is
indexed by a column x " {1, . . . , n} and a row y " {1, . . . ,m}. Thus each qubit is assigned: a
measurement angle #x,y, a set of X-dependencies Dx,y # [x$ 1]% [m], and a set of Z-dependencies
D"

x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
flow construction [DK06]. During the execution of the pattern, the actual measurement angle #"

x,y
is a modification of #x,y that depends on previous measurement outcomes in the following way:
let sX

x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,

sZ
x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =

($1)s
X
x,y#x,y + sZ

x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
!

!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
!

!+"x,y

"

,
!

!$"x,y

"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
4. For each column j ' 7 (mod 8) and each even row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
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Figure 1: The brickwork state, Gn!m. Qubits |!x,y! (x = 1, . . . , n, y = 1, . . . ,m) are arranged
according to layer x and row y, corresponding to the vertices in the above graph, and are originally
in the |+! = 1"

2
|0! + 1"

2
|1! state. Controlled-Z gates are then performed between qubits which

are joined by an edge.

The proof of the following theorem is relegated to Appendix B due to lack of space.

Theorem 1 (Universality). The brickwork state Gn!m is universal for quantum computation. Fur-
thermore, we only require single-qubit measurements under the angles {0,±"/4,±"/2}, and mea-
surements can be done layer-by-layer.

In this work, we only consider approximate universality. This allows us to restrict the angles
of preparation and measurement to a finite set and hence simplify the description of the protocol.
However one can easily extend our protocol to achieve exact universality as well, provided Alice
can communicate real numbers to Bob.

Correctness refers to the fact that the outcome of the protocol is the same as the outcome
if Alice has run the pattern herself. The fact that Protocol 1 correctly computes U |0! follows
from the commutativity of Alice’s rotations and Bob’s measurements in the rotated bases. This is
formalized below.

Theorem 2 (Correctness). Assume Alice and Bob follow the steps of Protocol 1. Then the
outcome is correct.

Proof. Firstly, since ctrl-Z commutes with Z-rotations, steps 1 and 2 do not change the underlying
graph state; only the phase of each qubit is locally changed, and it is as if Bob had done the Z-
rotation after the ctrl-Z. Secondly, since a measurement in the |+!! , |"!! basis on a state |!! is
the same as a measurement in the |+!+"! , |"!+"! basis on Z(#) |!! (see Appendix A), and since
$ = %# + # + "r, if r = 0, Bob’s measurement has the same e!ect as Alice’s target measurement; if
r = 1, all Alice needs to do is flip the outcome.

We now define and prove the security of the protocol. Intuitively, we wish to prove that whatever
Bob chooses to do (including arbitrary deviations from the protocol), his knowledge on Alice’s
quantum computation does not increase. Note, however that Bob does learn the dimensions of the
brickwork state, giving an upper bound on the size of Alice’s computation. This is unavoidable:
a simple adaptation of the proof of Theorem 2 from [AFK89], confirms this. We incorporate
this notion of leakage in our definition of blindness. A quantum delegated computation protocol
is a protocol by which Alice interacts quantumly with Bob in order to obtain the result of a
computation, U(x), where X = (Ũ , x) is Alice’s input with Ũ being a description of U .

Definition 2. Let P be a quantum delegated computation on input X and let L(X) be any function
of the input. We say that a quantum delegated computation protocol is blind while leaking at most
L(X) if, on Alice’s input X, for any fixed Y = L(X), the following two hold when given Y :

1. The distribution of the classical information obtained by Bob in P is independent of X.
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Appendix A. Appendix B contains a universality proof of the brickwork states that is lengthy
due to its figures, while Appendix C contains modified versions of the main protocol to deal with
quantum inputs or outputs.

2 Main Protocol

Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |"x,y! " Gn!m is
indexed by a column x " {1, . . . , n} and a row y " {1, . . . ,m}. Thus each qubit is assigned: a
measurement angle #x,y, a set of X-dependencies Dx,y # [x$ 1]% [m], and a set of Z-dependencies
D"

x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
flow construction [DK06]. During the execution of the pattern, the actual measurement angle #"

x,y
is a modification of #x,y that depends on previous measurement outcomes in the following way:
let sX

x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,

sZ
x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =

($1)s
X
x,y#x,y + sZ

x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
!

!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
!

!+"x,y

"

,
!

!$"x,y

"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
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x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
!

!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends
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• Correctness: in the absence of any interference, client accepts 
and the output is correct

• Soundness: Client rejects an incorrect output, except with 
probability at most exponentially small in the security parameter

Fitzsimons and Kashefi, arXiv:1203.5217, 2012
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FIG. 4: Schematic of a quantum computation with verification sub-routines.

Whereas the laws of physics have been tested in vari-
ous limits - small or large scales, high or low energies -
the boundary of high computational complexity is mostly
unexplored. So, it is even imaginable that quantum
mechanics might break down at some scale of complex-
ity [22].

On the experimental side, current quantum comput-
ers [23] are limited to the processing of a few qubits,
which does not allow yet to solve problems which are in-
tractable using classical computers. In the future when
large-scale quantum computers might be available [24–
27], the verification of quantum computations and quan-
tum simulations will be a crucial task [28].

Thus, our demonstration might have implications for
new quantum computing experiments as well as on the
foundations of quantum physics.

Add Caslav’s statement: In our implementation, we
assume the correctness of quantum mechanics for
the verification of quantum resources. Without this
assumption, a full demonstration would require the
two entangled photons to be sent far apart from each
other in two distant laboratories of the prover where
only in the very last instant of the computation the
verifier gives the measurement instructions to the
prover. By this means, no classical computers could
mimic the output of the computation.

ACKNOWLEDGEMENTS

Please add Acknowledgements

The authors are grateful to D. Aharonov and S. Aaron-
son for discussions. We acknowledge support from...

AUTHOR CONTRIBUTION

S.B. designed and performed the experiments, acquired
the experimental data, carried out theoretical calcula-
tions and the data analysis, and wrote the manuscript.
E.K. and J.F. carried out theoretical calculations, con-
tributed the proofs, and edited the manuscript. C.B.
provided theoretical analysis and wrote the manuscript.
P.W. edited the manuscript and supervised the project.

[1] D. Deutsch, Proc. R. Soc. A 400, 97 (1985),
http://rspa.royalsocietypublishing.org/content/400/1818/97.full.pdf+html,
URL http://rspa.royalsocietypublishing.org/

content/400/1818/97.abstract.
[2] D. Deutsch and R. Jozsa, Proc. R. Soc. A 439, 553

(1992).
[3] L. K. Grover, in Proceedings of the 28th Annual ACM

Symposium on the Theory of Computing (1996), pp. 212–
219.

[4] P. W. Shor, SIAM J. Comput. 26, 1484 (1997), first pub-
lished in 1995.

[5] A. W. Harrow, A. Hassidim, and S. Lloyd, Phys. Rev.
Lett. 103, 150502 (2009).

[6] D. Aharonov, M. Ben-Or, and E. Eban, arXiv:0810.5375
(2008).

[7] D. Aharonov and U. Vazirani, arXiv:1206.3686 (2012).
[8] A. Broadbent, J. Fitzsimons, and E. Kashefi, in Proceed-

ings of the 50th Annual Symposium on Foundations of
Computer Science (2009), pp. 517–526.

[9] S. Barz, E. Kashefi, A. Broadbent, J. Fitzsimons,
A. Zeilinger, and P. Walther, Science 335, 303 (2012).

[10] R. Feynman, Int. J. Theor. Phys. 21, 467 (1982), URL
http://dx.doi.org/10.1007/BF02650179.

[11] J. Watrous, arXiv:0804.3401 (2008).
[12] L. Babai, in Proceedings of the seventeenth annual ACM

trapification

trapification



Blind Verification of Entanglement




 








 








 





Barz, Fitzsimons, Kashefi Walther. Nature Physcis 2013



Verifying Alice - Distributed UBQC - QSMC



Verifying Alice - Distributed UBQC - QSMC

|+⇧ = 1�
2
(|0⇧+ |1⇧)

|⇧⇧

|±⇧

X

Z

H

J(� + ⇥ + r⇤)

⇥r

|+⇥⇧

|±�+⇥+r⇤⇧

{|+⇥⇧}
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Appendix A. Appendix B contains a universality proof of the brickwork states that is lengthy
due to its figures, while Appendix C contains modified versions of the main protocol to deal with
quantum inputs or outputs.

2 Main Protocol

Suppose Alice has in mind a unitary operator U that is implemented with a pattern on a brickwork
state Gn!m (Figure 1) with measurements given as multiples of !/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |"x,y! " Gn!m is
indexed by a column x " {1, . . . , n} and a row y " {1, . . . ,m}. Thus each qubit is assigned: a
measurement angle #x,y, a set of X-dependencies Dx,y # [x$ 1]% [m], and a set of Z-dependencies
D"

x,y # [x$ 1]% [m] . Here, we assume that the dependency sets Xx,y and Zx,y are obtained via the
flow construction [DK06]. During the execution of the pattern, the actual measurement angle #"

x,y
is a modification of #x,y that depends on previous measurement outcomes in the following way:
let sX

x,y = &i#Dx,ysi be the parity of all measurement outcomes for qubits in Xx,y and similarly,

sZ
x,y = &i#D!

x,y
si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =

($1)s
X
x,y#x,y + sZ

x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
compute U |0!, her input is classical and the first layers of U may depend on it.

Protocol 1 Universal Blind Quantum Computation
1. Alice’s preparation

For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice prepares |"x,y! "R {
!

!+!x,y

"

= 1$
2
(|0!+ ei!x,y |1!) | $x,y = 0,!/4, . . . , 7!/4} and sends

the qubits to Bob.

2. Bob’s preparation

2.1 Bob creates an entangled state from all received qubits, according to their indices, by
applying ctrl-Z gates between the qubits in order to create a brickwork state Gn!m (see
Definition 1).

3. Interaction and measurement
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

3.1 Alice computes #"
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y "R {0, 1} and computes %x,y = #"
x,y + $x,y + !rx,y .

3.3 Alice transmits %x,y to Bob. Bob measures in the basis {
!

!+"x,y

"

,
!

!$"x,y

"

}.
3.4 Bob transmits the result sx,y " {0, 1} to Alice.
3.5 If rx,y = 1 above, Alice flips sx,y; otherwise she does nothing.

The universality of Protocol 1 follows from the universality of brickwork state (defined below)
for measurement-based quantum computing.

Definition 1. A brickwork state Gn!m, where m ' 5 (mod 8), is an entangled state of n % m
qubits constructed as follows (see also Figure 1):

1. Prepare all qubits in state |+! and assign to each qubit an index (i, j), i being a column (i " [n])
and j being a row (j " [m]).

2. For each row, apply the operator ctrl-Z on qubits (i, j) and (i, j + 1) where 1 ( j ( m $ 1.
3. For each column j ' 3 (mod 8) and each odd row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
4. For each column j ' 7 (mod 8) and each even row i, apply the operator ctrl-Z on qubits (i, j)

and (i + 1, j) and also on qubits (i, j + 2) and (i + 1, j + 2).
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Appendix A. Appendix B contains a universality proof of the brickwork states that is lengthy
due to its figures, while Appendix C contains modified versions of the main protocol to deal with
quantum inputs or outputs.
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($1)s
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x,y#x,y + sZ

x,y! . Protocol 1 implements a blind quantum computation for U . Note that
we assume that Alice’s input to the computation is built into U . In other words, Alice wishes to
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