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Measurement-based classical computation

Janet Anders!1 and Dan E. Browne†1
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(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
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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-

control computer

resource state

measurement site

Program is encoded in the classical control computer 
Computation Power is encoded in the entanglement



The First MBQC Protocol
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quantum computation. By focussing on the power of the classical computer that controls the mea-
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Figure 4: Implementation of a !/8 gate.

determinism, and allows measurements to be performed layer-by-layer. The action of the measure-
ment of the first three qubits on each wire is clearly given by the rotations in the right-hand part of
Figure 2 [BB06]. The circuit identity follows since ctrl-Z commutes with Z(") and is self-inverse.

By assigning specific values to the angles, we get the Hadamard gate (Figure 3), the !/8 gate
(Figure 4) and the identity (Figure 5). By symmetry, we can get H or !/8 acting on logical qubit 2
instead of logical qubit 1.

In Figure 6, we give a pattern and show using circuit identities that it implements a ctrl-X.
The verification of the circuit identities is straightforward. Again by symmetry, we can reverse the
control and target qubits. Note that as long as we have ctrl-Xs between any pair of neighbours,
this is su!cient to implement ctrl-X between further away qubits.

We now show how we can tile the patterns as given in Figures 2 through 6 (the underlying graph
states are the same) to implement any circuit using U as a universal set of gates. In Figure 7, we
show how a 4-qubit circuit with three gates, U1, U2 and U3 (each gate acting on a maximum of two
adjacent qubits) can be implemented on the brickwork state G9,4. We have completed the top and
bottom logical wires with a pattern that implements the identity. Generalizing this technique, we
get the family of brickwork states as given in Figure 1 and Definition 1.

C Quantum Inputs and Outputs
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Main 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.
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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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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$
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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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"

,
!
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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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is a modification of #x,y that depends on previous measurement outcomes in the following way:
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si be the parity of all measurement outcomes for qubits in Zx,y. Then #"

x,y =
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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 {
!

!+"x,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):
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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
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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:
let sX
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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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For each column x = 1, . . . , n
For each row y = 1, . . . ,m
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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
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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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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. Given the distribution of classical information described in 1, the state of the quantum system
obtained by Bob in P is fixed and independent of X.

Definition 2 captures the intuitive notion that Bob’s view of the protocol should not depend on X
(when given Y ); since his view consists of classical and quantum information, this means that the
distribution of the classical information should not depend on X (given Y ) and that for any fixed
choice of the classical information, the state of the quantum system should be uniquely determined
and not depend on X (given Y ). We are now ready to state and prove our main theorem. Recall
that in Protocol 1, (n,m) is the dimension of the brickwork state.

Theorem 3 (Blindness). Protocol 1 is blind while leaking at most (n,m).

Proof. Let (n,m) (the dimension of the brickwork state) be given. Note that the universality of
the brickwork state guarantees that Bob’s creating of the graph state does not reveal anything on
the underlying computation (except n and m).

Alice’s input consists of ! = (!x,y | x ! [n], y ! [m]), with the actual measurement angles !! =
(!!

x,y | x ! [n], y ! [m]) being a modification of ! that depends on previous measurement outcomes.
Let the classical information that Bob gets during the protocol be " = ("x,y | x ! [n], y ! [m]), and
let A be the quantum system initially sent from Alice to Bob.

To show independence of Bob’s classical information, let #!x,y = #x,y + $rx,y (for a uniformly
random chosen #x,y) and #! = (#!x,y | x ! [n], y ! [m]). We have " = !! + #!, with #! being uniformly
random (and independent of ! and/or !!), which implies the independence of " and !.

As for Bob’s quantum information, first fix an arbitrary choice of ". Because rx,y is uniformly
random, for each qubit of A, one of the following two has occurred:

1. rx,y = 0 so "x,y = !!
x,y + #!x,y and |%x,y" = 1"

2
(|0" + ei(!x,y#"!

x,y) |1".
2. rx,y = 1 so "x,y = !!

x,y + #!x,y + $ and |%x,y" = 1"
2
(|0" # ei(!x,y#"!

x,y) |1".

Since " is fixed, #! depends on !! (and thus on !), but since rx,y is independent of everything else,
without knowledge of rx,y (i.e. taking the partial trace of the system over Alice’s secret), A consists
of copies of the two-dimensional completely mixed state, which is fixed and independent of !.

There are two malicious scenarios that are covered by Definition 2 and that we explicitly mention
here. Suppose Bob has some prior knowledge, given as some a priori distribution on Alice’s input X.
Since Definition 2 applies to any distribution of X, we can simply apply it to the conditional
distribution representing the distribution of X given Bob’s a priori knowledge; we conclude that
Bob does not learn any information on X beyond what he already knows, as well as what is leaked.
The second scenario concerns a Bob whose goal it is to find Alice’s output. Definition 2 forbids
this: learning information on the output would imply learning information on Alice’s input.

Note that the protocol does not allow Alice to reveal to Bob whether or not she accepts the result
of the computation as this bit of information could be exploited by Bob to learn some information
about the actual computation. In this scenario, Protocol 2 can be used instead.

3 Quantum Inputs and Outputs

We can slightly modify Protocol 1 to deal with both quantum inputs and outputs. In the former
case, no extra channel resources are required, while the latter case requires a quantum channel
from Bob to Alice in order for him to return the output qubits. Alice will also need to be able to
apply X and Z Pauli operators in order to undo the quantum one-time pad. The exact protocols
are given as Protocols 4 and 5 in Appendix C; a brief description of the protocols follows. Note
that these protocols can be combined to obtain a protocol for quantum inputs and outputs.

3.1 Quantum Inputs

Consider the scenario where Alice’s input is the form of m physical qubits and she has no e!cient
classical description of the inputs to be able to incorporate it into Protocol 1. In this case, she
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random, for each qubit of A, one of the following two has occurred:
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2
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Since " is fixed, #! depends on !! (and thus on !), but since rx,y is independent of everything else,
without knowledge of rx,y (i.e. taking the partial trace of the system over Alice’s secret), A consists
of copies of the two-dimensional completely mixed state, which is fixed and independent of !.

There are two malicious scenarios that are covered by Definition 2 and that we explicitly mention
here. Suppose Bob has some prior knowledge, given as some a priori distribution on Alice’s input X.
Since Definition 2 applies to any distribution of X, we can simply apply it to the conditional
distribution representing the distribution of X given Bob’s a priori knowledge; we conclude that
Bob does not learn any information on X beyond what he already knows, as well as what is leaked.
The second scenario concerns a Bob whose goal it is to find Alice’s output. Definition 2 forbids
this: learning information on the output would imply learning information on Alice’s input.

Note that the protocol does not allow Alice to reveal to Bob whether or not she accepts the result
of the computation as this bit of information could be exploited by Bob to learn some information
about the actual computation. In this scenario, Protocol 2 can be used instead.

3 Quantum Inputs and Outputs

We can slightly modify Protocol 1 to deal with both quantum inputs and outputs. In the former
case, no extra channel resources are required, while the latter case requires a quantum channel
from Bob to Alice in order for him to return the output qubits. Alice will also need to be able to
apply X and Z Pauli operators in order to undo the quantum one-time pad. The exact protocols
are given as Protocols 4 and 5 in Appendix C; a brief description of the protocols follows. Note
that these protocols can be combined to obtain a protocol for quantum inputs and outputs.

3.1 Quantum Inputs

Consider the scenario where Alice’s input is the form of m physical qubits and she has no e!cient
classical description of the inputs to be able to incorporate it into Protocol 1. In this case, she
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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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➡ Independence of Bob’s quantum information for a fixed  

2. Given the distribution of classical information described in 1, the state of the quantum system
obtained by Bob in P is fixed and independent of X.

Definition 2 captures the intuitive notion that Bob’s view of the protocol should not depend on X
(when given Y ); since his view consists of classical and quantum information, this means that the
distribution of the classical information should not depend on X (given Y ) and that for any fixed
choice of the classical information, the state of the quantum system should be uniquely determined
and not depend on X (given Y ). We are now ready to state and prove our main theorem. Recall
that in Protocol 1, (n,m) is the dimension of the brickwork state.

Theorem 3 (Blindness). Protocol 1 is blind while leaking at most (n,m).

Proof. Let (n,m) (the dimension of the brickwork state) be given. Note that the universality of
the brickwork state guarantees that Bob’s creating of the graph state does not reveal anything on
the underlying computation (except n and m).

Alice’s input consists of ! = (!x,y | x ! [n], y ! [m]), with the actual measurement angles !! =
(!!

x,y | x ! [n], y ! [m]) being a modification of ! that depends on previous measurement outcomes.
Let the classical information that Bob gets during the protocol be " = ("x,y | x ! [n], y ! [m]), and
let A be the quantum system initially sent from Alice to Bob.

To show independence of Bob’s classical information, let #!x,y = #x,y + $rx,y (for a uniformly
random chosen #x,y) and #! = (#!x,y | x ! [n], y ! [m]). We have " = !! + #!, with #! being uniformly
random (and independent of ! and/or !!), which implies the independence of " and !.

As for Bob’s quantum information, first fix an arbitrary choice of ". Because rx,y is uniformly
random, for each qubit of A, one of the following two has occurred:

1. rx,y = 0 so "x,y = !!
x,y + #!x,y and |%x,y" = 1"

2
(|0" + ei(!x,y#"!

x,y) |1".
2. rx,y = 1 so "x,y = !!

x,y + #!x,y + $ and |%x,y" = 1"
2
(|0" # ei(!x,y#"!

x,y) |1".

Since " is fixed, #! depends on !! (and thus on !), but since rx,y is independent of everything else,
without knowledge of rx,y (i.e. taking the partial trace of the system over Alice’s secret), A consists
of copies of the two-dimensional completely mixed state, which is fixed and independent of !.

There are two malicious scenarios that are covered by Definition 2 and that we explicitly mention
here. Suppose Bob has some prior knowledge, given as some a priori distribution on Alice’s input X.
Since Definition 2 applies to any distribution of X, we can simply apply it to the conditional
distribution representing the distribution of X given Bob’s a priori knowledge; we conclude that
Bob does not learn any information on X beyond what he already knows, as well as what is leaked.
The second scenario concerns a Bob whose goal it is to find Alice’s output. Definition 2 forbids
this: learning information on the output would imply learning information on Alice’s input.

Note that the protocol does not allow Alice to reveal to Bob whether or not she accepts the result
of the computation as this bit of information could be exploited by Bob to learn some information
about the actual computation. In this scenario, Protocol 2 can be used instead.

3 Quantum Inputs and Outputs

We can slightly modify Protocol 1 to deal with both quantum inputs and outputs. In the former
case, no extra channel resources are required, while the latter case requires a quantum channel
from Bob to Alice in order for him to return the output qubits. Alice will also need to be able to
apply X and Z Pauli operators in order to undo the quantum one-time pad. The exact protocols
are given as Protocols 4 and 5 in Appendix C; a brief description of the protocols follows. Note
that these protocols can be combined to obtain a protocol for quantum inputs and outputs.

3.1 Quantum Inputs

Consider the scenario where Alice’s input is the form of m physical qubits and she has no e!cient
classical description of the inputs to be able to incorporate it into Protocol 1. In this case, she
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2. Given the distribution of classical information described in 1, the state of the quantum system
obtained by Bob in P is fixed and independent of X.

Definition 2 captures the intuitive notion that Bob’s view of the protocol should not depend on X
(when given Y ); since his view consists of classical and quantum information, this means that the
distribution of the classical information should not depend on X (given Y ) and that for any fixed
choice of the classical information, the state of the quantum system should be uniquely determined
and not depend on X (given Y ). We are now ready to state and prove our main theorem. Recall
that in Protocol 1, (n,m) is the dimension of the brickwork state.

Theorem 3 (Blindness). Protocol 1 is blind while leaking at most (n,m).

Proof. Let (n,m) (the dimension of the brickwork state) be given. Note that the universality of
the brickwork state guarantees that Bob’s creating of the graph state does not reveal anything on
the underlying computation (except n and m).

Alice’s input consists of ! = (!x,y | x ! [n], y ! [m]), with the actual measurement angles !! =
(!!

x,y | x ! [n], y ! [m]) being a modification of ! that depends on previous measurement outcomes.
Let the classical information that Bob gets during the protocol be " = ("x,y | x ! [n], y ! [m]), and
let A be the quantum system initially sent from Alice to Bob.

To show independence of Bob’s classical information, let #!x,y = #x,y + $rx,y (for a uniformly
random chosen #x,y) and #! = (#!x,y | x ! [n], y ! [m]). We have " = !! + #!, with #! being uniformly
random (and independent of ! and/or !!), which implies the independence of " and !.

As for Bob’s quantum information, first fix an arbitrary choice of ". Because rx,y is uniformly
random, for each qubit of A, one of the following two has occurred:

1. rx,y = 0 so "x,y = !!
x,y + #!x,y and |%x,y" = 1"

2
(|0" + ei(!x,y#"!

x,y) |1").
2. rx,y = 1 so "x,y = !!

x,y + #!x,y + $ and |%x,y" = 1"
2
(|0" # ei(!x,y#"!

x,y) |1").

Since " is fixed, #! depends on !! (and thus on !), but since rx,y is independent of everything else,
without knowledge of rx,y (i.e. taking the partial trace of the system over Alice’s secret), A consists
of copies of the two-dimensional completely mixed state, which is fixed and independent of !.

There are two malicious scenarios that are covered by Definition 2 and that we explicitly mention
here. Suppose Bob has some prior knowledge, given as some a priori distribution on Alice’s input X.
Since Definition 2 applies to any distribution of X, we can simply apply it to the conditional
distribution representing the distribution of X given Bob’s a priori knowledge; we conclude that
Bob does not learn any information on X beyond what he already knows, as well as what is leaked.
The second scenario concerns a Bob whose goal it is to find Alice’s output. Definition 2 forbids
this: learning information on the output would imply learning information on Alice’s input.

Note that the protocol does not allow Alice to reveal to Bob whether or not she accepts the result
of the computation as this bit of information could be exploited by Bob to learn some information
about the actual computation. In this scenario, Protocol ?? can be used instead.

3 Quantum Inputs and Outputs

We can slightly modify Protocol 1 to deal with both quantum inputs and outputs. In the former
case, no extra channel resources are required, while the latter case requires a quantum channel from
Bob to Alice in order for him to return the output qubits. Alice will also need to be able to apply
X and Z Pauli operators in order to undo the quantum one-time pad. The exact protocols are
given as Protocols ?? and ?? in Appendix ??; a brief description of the protocols follows. Note
that these protocols can be combined to obtain a protocol for quantum inputs and outputs.

3.1 Quantum Inputs

Consider the scenario where Alice’s input is the form of m physical qubits and she has no e!cient
classical description of the inputs to be able to incorporate it into Protocol 1. In this case, she
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Definition 2.2 For vectors x, z in Fm
q , we denote a Px,z the Pauli operator Zz1Xx1!. . .!ZzmXxm .

We denote the set of all unitary matrices over a vector space A as (A). The Pauli group Pn is a basis to the

matrices acting on n-qubits. In particular, we can write any matrix U " (A ! B) for A the space of n qubits, as!
P!Pn

P ! UP with UP some matrix on B.
Let Cn denote the n-qubit Clifford group. Recall that it is a finite subgroup of (2n) generated by the Hadamard

matrix-H, byK =

"
1 0
0 i

#
, and by controlled-NOT. The Clifford group is characterized by the property that it maps

the Pauli group n to itself, up to a phase ! " {±1,±i}. That is: #C " Cn, P " n : !CPC† " n

Fact 2.1 A random element from the Clifford group on n qubits can be sampled efficiently by choosing a string k of

poly(n) length uniformly at random. The map from k to the group element represented as a product of Clifford group
generators can be computed in classical polynomial time.

2.2 Signed Polynomial Codes

For background on polynomial quantum codes see Appendix A.

Definition 2.3 ([BOCG+06]) The signed polynomial code with respect to a string k " {±1}m (denoted Ck) is defined

by:
$$Sk

a

% def
=

1&
qd

'

f :def(f)"d,f(0)=a

|k1 · f(!1). . .km · f(!m)$ (1)

We use m = 2d + 1. In this case, the code can detect d errors. Also, Ck is self dual [BOCG
+06], namely, the code

subspace is equal to the dual code subspace.

3 Quantum Authentication

3.1 Definitions

Definition 3.1 (adapted from Barnum et. al. [BCG+02]). A quantum authentication scheme (QAS) is a pair of

polynomial time quantum algorithmsA and B together with a set of classical keysK such that:

• A takes as input an m-qubit message system M and a key k " K and outputs a transmitted system T of m + d
qubits.

• B takes as input the (possibly altered) transmitted system T # and a classical key k " K and outputs two systems: a

m-qubit message stateM , and a single qubit V which indicate whether the state is considered valid or erroneous.

The basis states of V are called |V AL$ , |ABR$. For a fixed k we denote the corresponding super-operators by
Ak and Bk.

Given a pure state |"$, consider the following test on the joint systemM, V : output a 1 if the firstm qubits are in

state |"$ or if the last qubit is in state |ABR$, otherwise, output 0. The corresponding projections are:

P |!$
1 = |"$ %"|! IV + (IM & |"$ %"|) ! |ABR$ %ABR| (2)

P |!$
0 = (IM & |"$ %"|) ! |V AL$ %V AL| (3)

The scheme is secure if for all possible input states |"$ and for all possible interventions by the adversary, the expected
fidelity of B’s output to the space defined by P |!$

1 is high:

Definition 3.2 A QAS is secure with error # if for every state |"$ it holds:
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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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Alice choses a random error correcting code.

[BCGST 02]. A family of codes where  

Definition 2 A QAS is secure with error ! for a state |"! if it satisfies:

Completeness: For all keys k " K: Bk(Ak(|"!#"|)) = |"!#"| $ |ACC!#ACC|

Soundness: For all super-operators O, let #Bob be the state output by B when the adversary’s intervention1

is characterized byO, that is:

#Bob = Ek

!

Bk(O(Ak(|"!#"|)))
"

=
1

|K|
#

k

Bk(O(Ak(|"!#"|)))

where “ Ek” means the expectation when k is chosen uniformly at random from K. The QAS has
soundness error ! for |"! if:

Tr
$

P |!!
1 #Bob

%

% 1 & !

A QAS is secure with error ! if it is secure with error ! for all states |"!.

Note that our definition of completeness assumes that the channel connecting A to B is noiseless in

the absence of the adversary’s intervention. This is in fact not a significant problem, as we can simulate a

noiseless channel using standard quantum error correction.

Interactive protocols In the previous section, we dealt only with non-interactive quantum authentication

schemes, since that is both the most natural notion, and the one we achieve in this paper. However, there is

no reason to rule out interactive protocols in whichA and B at the end believe they have reliably exhanged a
quantum message. The definitions of completeness and soundness extend naturally to this setting: as before,

B’s final output is a pair of systems M,V , where the state space of V is spanned by |ACC!, |REJ!. In that
case #Bob is B’s density matrix at the end of the protocol, averaged over all possible choices of shared private
key and executions of the protocol. The soundness error is !, where Tr

$

P |!!
1 #Bob

%

% 1 & !.

4 Purity Testing Codes

An important tool in our proof is the notion of a purity testing code, which is a way for A and B to ensure
that they share (almost) perfect EPR pairs. We shall concentrate on purity testing codes based on stabilizer

QECCs.

Definition 3 A stabilizer purity testing code with error ! is a set of stabilizer codes {Qk}, for k " K, such
that 'Ex " E with x (= 0, #{k|x " Q"

k & Qk} ) !(#K).

That is, for any error x in the error group, if k is chosen later at random, the probability that the codeQk

detects x is at least 1 & !.

Definition 4 A purity testing protocol with error ! is a superoperator T which can be implemented with
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B) to 2m + 1 qubits and satisfies the following two conditions:

Completeness: T (|!+!#n) = |!+!#m $ |ACC!
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Alice should also estimate the error rate.



Verification 

Vazirani (07)

Can we test the validity of QM in the regime of 

exponential-dimension Hilbert Space?



Interactive Proofs

Gottesman (04) - Aaronson $25 Challenge (07)

Does every language in the class BQP admit  an interactive protocol 

where the prover is in BQP and the verifier is in BPP?

Can we classically and efficiently verify 
quantum devices ?    



Bell pairs

Interactive Proofs

2-way classical channel

Classical Computer + 2 Provers + Entanglement = Quantum Computer 



Interactive Proofs

Quantum Computer + Interactive Proof = 
Classical  Computer + Interactive Proof = 

PSPACE 

[Jain,Ji,Upadhyay,Watrous 2009]

Quantum Computer + Multi Interactive Proof = 
Classical  Computer + Multi Interactive Proof = 

NEXP 

[Kobayashi, Matsumoto, 2003]

parallel matrix multiplicative weights update method to a class of semidefinite programs



Entangled Provers

Quantum Computer + Multi Interactive Proof + Entanglement = 
Classical  Computer + Multi Interactive Proof + Entanglement =

[Broadbent, Fitzsimons, Kashefi 2010]

Classical Channel + Entanglement = Quantum Channel

Classical Computer + 2 Provers + Entanglement = Quantum Computer 



Speculation

Quantum computing adds no power to the 
interactive proof system 

even with multi provers and entanglement

Entanglement = Quantum memory



Bell pairs

Interactive proof 

Protocol 3 Universal Blind Quantum Computation with Entangled Servers

Initially, Servers 1 and 2 share
!

!!+
x,y

"

= 1!
2
(|00! + |11!) (x = 1, . . . , n, y = 1, . . . m).

1. Alice’s preparation with Server 1
For each column x = 1, . . . , n
For each row y = 1, . . . ,m

1.1 Alice chooses !̃x,y "R {0,"/4, 2"/4, . . . , 7"/4} and sends it to Server 1, who measures his
part of

!

!!+
x,y

"

in |±!̃x,y
!.

1.2 Server 1 sends mx,y, the outcome of his measurement, to Alice.

2. Alice’s computation with Server 2

2.1 Alice runs the authenticated blind quantum computing protocol (Protocol 2) with
Server 2, taking !x,y = !̃x,y + mx,y".
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Summary

Classical Computer
random single qubit  generator

Our protocol is described in terms of the measurement-based model for quantum computation
(MBQC) [RB01, RBB03]. While the computational power of this model is the same as in the
quantum circuit model [Deu89] (and our protocol could be completely recast into this model), it
has proven to be conceptually enlightening to reason about the distributed task of blind quantum
computation using this approach. The novelty of our approach is in using the unique feature
of MBQC that separates the classical and quantum parts of a computation, leading to a generic
scheme for blind computation of any circuit without requiring any quantum memory for Alice. This
is fundamentally di!erent from previously known classical or quantum schemes. Our protocol can
be viewed as a distributed version of an MBQC computation (where Alice prepares the individual
qubits, Bob does the entanglement and measurements, and Alice computes the classical feedforward
mechanism), on top of which randomness is added in order to obscure the computation from Bob’s
point of view. The family of graph states called cluster states [RB01] is universal for MBQC (graph
states are initial entangled states required for the computation in MBQC). However, the method
that allows arbitrary computation on the cluster state consists in first tailoring the cluster state
to the specific computation by performing some computational basis measurements. If we were to
use this principle for blind quantum computing, Alice would have to reveal information about the
structure of the underlying graph state. We introduce a new family of states called the brickwork
states (Figure 1) which are universal for X ! Y plane measurements and thus do not require the
initial computational basis measurements. Other universal graph states for that do not require
initial computational basis measurements have appeared in [CLN05].

To the best of our knowledge, this is the first time that a new functionality has been achieved
thanks to MBQC (other theoretical advances due to MBQC appear in [RHG06, MS08]). From
a conceptual point of view, our contribution shows that MBQC has tremendous potential for the
development of new protocols, and maybe even of algorithms.

1.3 Outline of Protocols

The outline of the main protocol is as follows. Alice has in mind a quantum computation given as
a measurement pattern on a brickwork state. There are two stages: preparation and computation.
In the preparation stage, Alice prepares single qubits chosen randomly from {1/

"
2
!

|0# + ei! |1#
"

|
! = 0,"/4, 2"/4, . . . , 7"/4} and sends them to Bob. After receiving all the qubits, Bob entangles
them according to the brickwork state. Note that this unavoidably reveals upper bounds on the
dimensions of Alice’s underlying graph state, that correspond to the length of the input and depth
of the computation. However, due to universality of the brickwork state, it does not reveal any
additional information on Alice’s computation. The computation stage involves interaction: for
each layer of the brickwork state, for each qubit, Alice sends a classical message to Bob to tell him
in which basis of the X!Y plane he should measure the qubit. Bob performs the measurement and
communicates the outcome; Alice’s choice of angles in future rounds will depend on these values.
Importantly, Alice’s quantum states and classical messages are astutely chosen so that, no matter
what Bob does, he cannot infer anything about her measurement pattern. If Alice is computing
a classical function, the protocol finishes when all qubits are measured. If she is computing a
quantum function, Bob returns to her the final qubits. A modification of the protocol also allows
Alice’s inputs to be quantum.

We give an authentication technique which enables Alice to detect an interfering Bob with over-
whelming probability (strictly speaking, either Bob’s interference is corrected and he is not detected,
or his interference is detected with overwhelming probability). The authentication requires that
Alice encode her input into an error correction code and choose an appropriate fault-tolerant im-
plementation of her desired computation. She also uses some qubits as traps; they are prepared in
the eigenstates of the Pauli operators X, Y and Z.

The remainder of the paper is structured as follows: the main protocol is given in Section 2,
where correctness and blindness are proven. Section 3 discusses extensions to the case of quantum
inputs or outputs; authentication techniques that are used to detect an interfering Bob and perform
fault-tolerant computations are in Section 4, while Section 5 presents the two-server protocol with
a purely classical Alice. The reader unfamiliar with MBQC is referred to a short introduction in
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