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Quantum Informatics

• Greatest Fun Ever  

• Influenced Foundational Research

• A Computational Revolution



Hamming is Wrong !

... By important I mean guaranteed a Nobel Prize and 
any sum of money you want to mention. We didn’t 
work on (1) time travel, (2) teleportation, and (3) 
antigravity. They are not important problems because 
we do not have an attack. It’s not the consequence 
that makes a problem important, it is that you have a
reasonable attack.”



PP is closed under intersection

Time Travel

R CTC R CR

C

0 0 0

Answer

Quantum Computer + Closed Timelike Loop = 
Classical  Computer + Closed Timelike Loop = 

PSPACE 

[Aaronson.Watrous 2008]

Quantum Computers + Postselected Measurements = NP

[Aaronson.Watrous 2005]

"causal consistency"
A fixed-point of some evolution operator
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number of distillable Bell pairs provides a universal measure of bipartite pure state entanglement.

The situation is far more subtle and interesting for the case of entangled bipartite mixed states, or for pure-state 

entanglement with more than two parts. For example, some bipartite mixed states exhibit bound entanglement -- 

though entanglement is necessary to create these states, none of this entanglement can be distilled into Bell pairs.

Another significant surprise is that even bipartite states with no entanglement can exhibit a peculiar kind of quantum

nonlocality. One can construct a quantum book with two pages, such that it is impossible to read the book one page at

a time, even though the two pages are not entangled with one another.

Since entanglement cannot be created locally, an entangled state shared by two widely separated parties can be a

valuable resource (Fig. 3). One application of shared entanglement is a novel quantum communication protocol called

quantum teleportation. If one party (Alice) possesses a qubit in an unknown state, she cannot observe the state without

disturbing it. But if she shares a Bell pair with another party (Bob), then Alice can convey a perfect replica of her state

to Bob by sending him just two bits of classical information. In the process, the shared Bell pair is consumed, and

Alice’s original is destroyed. An odd feature of quantum teleportation is that the unknown state can take values in a

continuum; nevertheless, thanks to the pre-existing shared entanglement, Bob needs to receive only two classical bits

to recover the perfect replica. This protocol has been convincingly demonstrated in the laboratory.

Figure 3: Two related tasks that require quantum entanglement as a resource. In quantum

teleportation, Alice receives a qubit in an unknown state, and destroys it by performing a Bell

measurement on that qubit and a member of an entangled pair of qubits that she shares with 

Bob. She sends a two-bit classical message (her measurement outcome) to Bob, who then

performs a unitary transformation on his member of the pair to reconstruct a perfect replica of

the unknown state. In superdense coding, Alice receives a two-bit classical message, transmits

the message by performing a unitary transformation on a member of an entangled pair that she

shares with Bob, and then sends that qubit to Bob. Thus one qubit suffices to carry two

classical bits of information.

Quantum Key Distribution

Today’s protocols for secure Internet commerce depend on the presumed intractability of factoring large numbers, and

would become insecure if fast factoring algorithms are discovered, or if large-scale quantum computations become

practical. Although unconditionally secure encryption and authentication techniques do exist, they are used mainly in

Teleportation

Classical Channel + Entanglement = Quantum Channel



Hamming is Right !

... He who works with the door open gets all kinds 
of interruptions, but he also occasionally gets 
clues as to what the world is and what might be 
important.



The Answer

... “How do I do this one so I’ll be on top of it? How 
do I obey Newton’s rule? He said, ‘If I have seen 
further than others, it is because I’ve stood on the 
shoulders of giants.’ These days we stand on each 
other’s feet!

Quantum Love



Distinctive features of QI

• Superposition Principle

• Imperfect Distinguishability

• No-Cloning

• No-Deleting

• Non-local Correlation

• ....



Old days ... 

Information and Computation Theory was developed 
by considering bits and logic gates abstractly, ignoring 
the nature of the information carriers and the 
mechanisms of their interaction.

Our information society is built on the success of
this abstraction



Nowadays ... 

The correct arena for making this abstraction is 
quantum, not classical

=
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A classical wire is a quantum channel 
that conducts 0 and 1 faithfully, but 
randomises superpositions of 0 and 1.

This slide is taken from Charlie Bennett’s talk.



Charlie Bennett 

Quantum Information is like the information in a 
dream. You know that it was there, but you don’t 
know what it  was until you tell someone about it.

Classical  computation is Quantum computation 
handicapped by having  an eavesdropper on all 
its wires. You can’t really get anything done if 
someone is always looking over your back.



Nowadays ... 

Recasting the classical theory in this way yields

• Dramatic speedups of some classically hard computations
• New kinds of communication and measurement
• New encryption techniques and breaking of some old ones
• New Classical Simulation Techniques
...
• An exciting area of basic science



A Federal Vision for Quantum Information Science

The Call for a Co-ordinated Approach

To create a scientific foundation for controlling, manipulating, and 
exploiting the behaviour of quantum matter, and for identifying 
the physical, mathematical, and computational capabilities and 
limitations of quantum information processing systems in order to 
build a knowledge base for this 21st century technology.



Quantum Computing

• The true power of a general purpose quantum computer? 

• Problems that can be computed efficiently? 

• What does it teach us about nature? 

• What error correction schemes can be developed to 
allow quantum computer free of errors? 



• What are the weak interactions that destroy QI?  

• Are there fundamental limits on the control and read-
out of QI in quantum systems that are also interacting 
with an environment? 

• What constructs, such as decoherence-free subspaces 
and topological methods, can be employed to manage 
or avoid decoherence?

Decoherence



• Are there fundamental limits to how large an entangled 
system can become? 

•  How can we best quantify “multi-partite” entanglement? 
  
•  How does one characterise a highly entangled state or 

at least verify that it is the state one intended to create? 

•  What is the power of distributed entanglement and what 
unique capabilities does this provide?

Non-Locality



Complex Quantum System

• Are there exotic new states of matter that emerge from 
collective quantum systems? 

• What are they useful for? 

• How robust are they to environmental interactions? 

• Does collective quantum phenomena limit the 
complexity of computing devices we can build? 



Conclusion

QI phenomena are at an early pre-application stage, but possess a novelty 
and a richness that suggests the likelihood of unanticipated impact 

The impact of QIS is not yet known, 
nor is the schedule on which working systems might be available.  

• 19th: Thermodynamics and Classical mechanics 
• 20th: Quantum mechanics lasers, transistors, computers 

but constrained by semi-classical approximations



Interactive Proofs

What can a computationally unbounded entity prove to a mere mortal*? 
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A Quantum Supervisor

What can a computationally unbounded entity prove to a mere mortal*? 
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Verification 

Vazirani (07)

Can we test the validity of QM in the regime of 

exponential-dimension Hilbert Space?

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?

How will a user interface with a quantum server?

- Classical Client

- Perfect Privacy with Authentication

Cryptographic Scenario



Universal Blind QC Protocol

 - Detection of malicious Bob

- Fault Tolerance 

BPP
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 different 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〉 + eiθ |1〉
)

|
θ = 0,π/4, 2π/4, . . . , 7π/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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Perfect Privacy

10001110101

[Broadbent, Fitzsimons, Kashefi, 2009]



Applications

Factoring, Jones Polynomial (BQP-complete), State Preparation

10001110101

Quantum Money

[Mosca, Stebila 2009]



Bell pairs

Interactive Proofs

2-way classical channel

Classical Computer + 2 Provers + Entanglement = Quantum Computer 



Bell pairs

Interactive Proofs

2-way classical channel$15
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 



A Formal Method Approach
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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 different 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 different 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

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

Measurement-based Quantum Computing 

[Raussendorf, Briegel, 2001]

Measurement Calculus
[Danos, Kashefi, Panangaden 2007]



The First MBQC 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)
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Teleportation Again
A universal set for unitaries on C2

J(α) := 1√
2

(
1 eiα

1 −eiα

)

Some nice equations:

J(α)J(0)J(β) = J(α + β)
J(α)J(π)J(β) = eiαZ J(β − α)
XJ(α) = J(α + π) = J(α)Z
H = J(0)
P (α) = J(0)J(α)
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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 π/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |ψx,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 φx,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 φ′

x,y
is a modification of φx,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 φ′

x,y =

(−1)s
X
x,yφx,y + sZ

x,yπ . 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 |ψx,y〉 ∈R {
∣

∣+θx,y

〉

= 1√
2
(|0〉+ eiθx,y |1〉) | θx,y = 0,π/4, . . . , 7π/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 φ′
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y ∈R {0, 1} and computes δx,y = φ′
x,y + θx,y + πrx,y .

3.3 Alice transmits δx,y to Bob. Bob measures in the basis {
∣

∣+δx,y

〉

,
∣

∣−δx,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 |ψx,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,±π/4,±π/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 |+φ〉 , |−φ〉 basis on a state |ψ〉 is
the same as a measurement in the |+φ+θ〉 , |−φ+θ〉 basis on Z(θ) |ψ〉 (see Appendix A), and since
δ = φ′ + θ + πr, if r = 0, Bob’s measurement has the same effect 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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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

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 π/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |ψx,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 φx,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 φ′

x,y
is a modification of φx,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 φ′

x,y =

(−1)s
X
x,yφx,y + sZ

x,yπ . 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 |ψx,y〉 ∈R {
∣

∣+θx,y

〉

= 1√
2
(|0〉+ eiθx,y |1〉) | θx,y = 0,π/4, . . . , 7π/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 φ′
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y ∈R {0, 1} and computes δx,y = φ′
x,y + θx,y + πrx,y .

3.3 Alice transmits δx,y to Bob. Bob measures in the basis {
∣

∣+δx,y

〉

,
∣

∣−δx,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).

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

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 π/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |ψx,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 φx,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 φ′

x,y
is a modification of φx,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 φ′

x,y =

(−1)s
X
x,yφx,y + sZ

x,yπ . 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 |ψx,y〉 ∈R {
∣

∣+θx,y

〉

= 1√
2
(|0〉+ eiθx,y |1〉) | θx,y = 0,π/4, . . . , 7π/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 φ′
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y ∈R {0, 1} and computes δx,y = φ′
x,y + θx,y + πrx,y .

3.3 Alice transmits δx,y to Bob. Bob measures in the basis {
∣

∣+δx,y

〉

,
∣

∣−δx,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).
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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 π/4. This pattern could have been
designed either directly in MBQC or from a circuit construction. Each qubit |ψx,y〉 ∈ Gn×m is
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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 φ′

x,y
is a modification of φx,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 φ′

x,y =

(−1)s
X
x,yφx,y + sZ

x,yπ . 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
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For each row y = 1, . . . ,m

1.1 Alice prepares |ψx,y〉 ∈R {
∣

∣+θx,y

〉

= 1√
2
(|0〉+ eiθx,y |1〉) | θx,y = 0,π/4, . . . , 7π/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 φ′
x,y where sX

0,y = sZ
0,y = 0.

3.2 Alice chooses rx,y ∈R {0, 1} and computes δx,y = φ′
x,y + θx,y + πrx,y .

3.3 Alice transmits δx,y to Bob. Bob measures in the basis {
∣

∣+δx,y

〉

,
∣

∣−δx,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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Protocol 3 Universal Blind Quantum Computation with Entangled Servers

Initially, Servers 1 and 2 share
∣

∣Φ+
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 θ̃x,y ∈R {0,π/4, 2π/4, . . . , 7π/4} and sends it to Server 1, who measures his
part of

∣

∣Φ+
x,y

〉

in |±θ̃x,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 θx,y = θ̃x,y + mx,yπ.
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[BCG+02] H. Barnum, C. Crépeau, D. Gottesman, A. Smith, and A. Tapp. Authentication of
quantum messages. In Proceedings of the 43rd Annual IEEE Symposium on Founda-
tions of Computer Science (FOCS 2002), page 449, 2002.

[BR03] P. O. Boykin and V. Roychowdhury. Optimal encryption of quantum bits. Physical
Review A, 67:042317, 2003.

[Chi05] A. M. Childs. Secure assisted quantum computation. Quantum Information and Com-
putation, 5:456–466, 2005. Initial version appeared online in 2001.

11

Measures his half of 
the Bell pair in

Protocol 3 Universal Blind Quantum Computation with Entangled Servers

Initially, Servers 1 and 2 share
∣

∣Φ+
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 θ̃x,y ∈R {0,π/4, 2π/4, . . . , 7π/4} and sends it to Server 1, who measures his
part of

∣

∣Φ+
x,y

〉

in |±θ̃x,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 θx,y = θ̃x,y + mx,yπ.

References

[AB09] J. Anders and D. E. Browne. Computational power of correlations. Physical Review
Letters, 102:050502 [4 pages], 2009.

[ABE08] D. Aharonov, M. Ben-Or, and E. Eban. Interactive proofs for quantum computations.
Available as arXiv:0810.5375[quant-ph], 2008.

[AFK89] M. Abadi, J. Feigenbaum, and J. Kilian. On hiding information from an oracle. Journal
of Computer and System Sciences, 39:21–50, 1989.

[AJL06] D. Aharonov, V. Jones, and Z. Landau. A polynomial quantum algorithm for approx-
imating the Jones polynomial. In Proceedings of the 38th annual ACM symposium on
Theory of computing (STOC 2006), pages 427–436, 2006.

[AL06] P. Aliferis and D. W. Leung. Simple proof of fault tolerance in the graph-state model.
Phys. Rev. A, 73, 2006.

[AMTW00] A. Ambainis, M. Mosca, A. Tapp, and R. de Wolf. Private quantum channels. In Pro-
ceedings of the 41st Annual Symposium on Foundations of Computer Science (FOCS
2000), pages 547–553, 2000.

[AS06] P. Arrighi and L. Salvail. Blind quantum computation. International Journal of
Quantum Information, 4:883–898, 2006.

[BB84] C. H. Bennett and G. Brassard. Quantum cryptography: Public-key distribution and
coin tossing. In Proceedings of the IEEE International Conference on Computers,
Systems and Signal Processing, pages 175–179, 1984.

[BB06] D. E. Browne and H. J. Briegel. One-way quantum computation. In Lectures on Quan-
tum Information, pages 359–380. Wiley-VCH, Berlin, 2006.
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QMIP = MIP *

We design an interactive protocol with only classical communication that 
replaces a turn for the verifier in a given quantum interactive proof system

the new protocol requires only classical resources for the verifier.



What Next ?

The remaining $10 ? 

Interactive Proof

Authentication
Blindness

Making Alice weaker ?

?

Pα
i

1√
2
(|0〉+ eiα|1〉)

θ1, θ2 · · ·

H := ({1, 2}, {1}, {2}, P 0
1 E12N2)

P 0
1−→ 1√

2
((a + b)|0〉+ (a− b)|1〉)

|ψ〉

∧̃Z = 1
2





1 1 1 −1
1 −1 1 1
1 1 −1 1
1 −1 −1 −1





H = 1√
2

(
1 1
1 −1

)

X =
(

0 1
1 0

)
Z =

(
1 0
0 −1

)

Local Clifford Group{H,S, I}

[[P1P2]] = [[P2]][[P1]]

[[P1 ⊗ P2]] = [[P2]]⊗ [[P1]]

∀a ∈ A, ∀a′ ∈ Pl(a) : a < a′

BQP = MIPBQP∗[2]

BQP = IPBQP

2



Quantum Money 

The uncertainty principle and no-cloning made 
quantum money one of the original interests of QI

[Wiesner, 1969]

Ordinary serial number + few hundreds photons

Locally verifiable, unforgable, and anonymous

Quantum Coins.

Public-key Quantum Money. [Lutomirski, et.al., 2009]

[Mosca, Stebila, 2009]



10001110101

Bank

Blind Quantum Coin

Merchant

Input Coin

Question: Can we do this without any final Q communication?

 An interactive protocol for quantum circuit obfuscation



What does my mum think about all of these ?

Mum: I’m struggling to learn about internet and now you are

telling me without knowing teleportation I cannot even shop! 


