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Introduction

This project is about quantum marrying natural language.

Two decades ago, categorial quantum mechanics met Lambek’s
grammar, DisCoCat was born.

Question

Are there more ways to connect quantum mechanics and language?

Context is a common theme in both quantum and language:

contextuality is a key feature of quantum that enables some of its
computational power,

disambiguating language requires context
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What is contextuality?

Quantum is (was) super weird:

measurements give probabilistic outcomes,

some measurements are incompatible (uncertainty principle).

People1 tried to fix it with non-contextual hidden variable theories:

measurements outcomes are pre-existing and deterministic,

the pre-existing outcomes are independent of the context, i.e. what
other measurements are performed (non-contextuality),

a quantum state is a probabilistic mixture of hidden states, explaining
the probabilistic nature of quantum mechanics.

1Einstein, Podolsky, Rosen, et al.
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What is contextuality?

Theorem (Bell-Kochen-Specker)

There is no non-contextual hidden variable theory that reproduces the
predictions of quantum mechanics.

Proof.

Proof by counterexample. The idea is to construct a quantum system that
does not admit a non-contextual hidden variable theory. (details
omitted)
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The computational power of contextuality

Contextuality supplies the magic in magic state distillation

Magic states are important for making fault-tolerant quantum
computing universal

ARTICLE
doi:10.1038/nature13460

Contextuality supplies the ‘magic’ for
quantum computation
Mark Howard1,2, Joel Wallman2, Victor Veitch2,3 & Joseph Emerson2

Quantum computers promise dramatic advantages over their classical counterparts, but the source of the power in
quantum computing has remained elusive. Here we prove a remarkable equivalence between the onset of contextuality
and the possibility of universal quantum computation via ‘magic state’ distillation,which is the leadingmodel for exper-
imentally realizinga fault-tolerantquantumcomputer.This is a conceptually satisfying link,becausecontextuality,which
precludes a simple ‘hidden variable’ model of quantummechanics, provides one of the fundamental characterizations of
uniquely quantumphenomena. Furthermore, this connection suggests a unifying paradigm for the resources of quantum
information: the non-locality of quantum theory is a particular kind of contextuality, and non-locality is already known
to be a critical resource for achieving advantages with quantum communication. In addition to clarifying these funda-
mental issues, this work advances the resource framework for quantum computation, which has a number of practical
applications, such as characterizing the efficiency and trade-offs between distinct theoretical and experimental schemes
forachieving robust quantum computation, and putting bounds on the overhead cost for the classical simulation of quan-
tum algorithms.

Quantuminformationprovidesuniquenewcapabilities for computation
suchasShor’s factoringalgorithm1 andquantumsimulationalgorithms2.
This naturally raises the fundamental question: what unique resources
of the quantumworld enable the advantages of quantum information?
Therehave beenmany attempts to answer this question,withproposals
including the hypothetical ‘quantum parallelism’3 some associate with
quantumsuperposition, thenecessity of large amounts of entanglement4,
and much ado about quantum discord5. Unfortunately none of these
proposalshaveprovensatisfactory6–9, and, inparticular, nonehavehelped
resolve outstanding challenges confronting the field. For example, on
the theoretical side, themostgeneral classes ofproblems forwhichquan-
tumalgorithmsmight offer an exponential speed-upover classical algo-
rithms are poorly understood. On the experimental side, there remain
significant challenges to the designof robust, large-scale quantumcom-
puters, and an important open problem is to determine the minimal
physical requirements of a useful quantum computer10,11. A framework
identifying relevant resources for quantum computation should help
clarify these issues—for example, by identifyingnewsimulation schemes
for classesof quantumalgorithmsandbyclarifying the trade-offsbetween
the distinct physical requirements for achieving robust quantum com-
putation.Herewe establish that quantumcontextuality, a generalization
ofnon-locality identified12,13 almost 50 years ago, is a critical resource for
quantum speed-upwithin the leadingmodel for fault-tolerant quantum
computation, known as magic state distillation (MSD)14–16.
Contextualitywas first recognized as an intrinsic feature of quantum

theory via the Bell–Kochen–Specker ‘no-go’ theorem. This theorem
implies the impossibility of explaining the statistical predictionsof quan-
tum theory in a natural way. In particular, the actual outcome observed
under a quantummeasurement cannot be understood as simply reveal-
ing a pre-existing value of some underlying ‘hidden variable’17. A key
observation is that the non-locality of quantum theory is a special case
of contextuality. Under the locality restrictions motivating quantum
communication, non-locality is a quantifiable cost for classical simula-
tion complexity18 and a fundamental resource forpractical applications

suchasdevice-independentquantumkeydistribution19–21. Locality restric-
tionscanbemaderelevant tomeasurement-basedquantumcomputation11,
forwhichnon-locality quantifies the resources required to evaluatenon-
linear functions22,23. However, locality restrictions are not relevant in
the standard quantum circuit model for quantum computation, and,
in this context, a large amount of entanglement has been shown to
be neither necessary nor sufficient for an exponential computational
speed-up9.
Herewe consider the framework of fault-tolerant stabilizer quantum

computation24 which provides the most promising route to achieving
robust universal quantum computation thanks to the discovery of high-
threshold codes in two-dimensional geometries25–29. In this framework,
only a subset of quantum operations—namely, stabilizer operations—
can be achieved via a fault-tolerant encoding. These operations define
a closed subtheory of quantum theory, the stabilizer subtheory, which
is not universal and in fact admits an efficient classical simulation30.
The stabilizer subtheory can be promoted to universal quantum com-
putation throughMSD14–16 which relies on a large number of ancillary
resource states. Here we show that quantum contextuality plays a cri-
tical role in characterizing the suitability of quantum states for MSD.
Our approach builds on recent work31,32 that has established a remark-
able connection between contextuality and graph-theory. We use the
framework of refs 31 and 32 to identify non-contextuality inequalities
such that the onset of state-dependent contextuality, using stabilizer
measurements, coincides exactlywith thepossibilityof universal quantum
computingviaMSD.Thescopeofour resultsdiffersdependingonwhether
we consider amodel of computationusingqubits (systemsof evenprime
dimension) or qudits (systems of odd prime dimension). We note that
some authors use the term qudit to describe a system with an arbitrary
numberof levels.Whereas inboth caseswe canprove that violating anon-
contextuality inequality is necessary for quantum-computational speed-
up via MSD, in the qudit case we are able to prove that a state violates a
non-contextuality inequality if andonly if it lies outside theknownbound-
ary for MSD.

1Department of Mathematical Physics, National University of Ireland, Maynooth, Ireland. 2Institute for Quantum Computing and Department of Applied Mathematics, University of Waterloo, Waterloo,
Ontario N2L 3G1, Canada. 3Department of Statistics, University of Toronto, 100 St George Street, Toronto, Ontario M5S 3G3, Canada.
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The computational power of contextuality

Contextuality lifts (classic) linear computers to non-linear ones in
MBQC

Computational Power of Correlations

Janet Anders* and Dan E. Browne†

Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT, United Kingdom
(Received 7 May 2008; published 4 February 2009)

We study the intrinsic computational power of correlations exploited in measurement-based quantum

computation. By defining a general framework, the meaning of the computational power of correlations is

made precise. This leads to a notion of resource states for measurement-based classical computation.

Surprisingly, the Greenberger-Horne-Zeilinger and Clauser-Horne-Shimony-Holt problems emerge as

optimal examples. Our work exposes an intriguing relationship between the violation of local realistic

models and the computational power of entangled resource states.

DOI: 10.1103/PhysRevLett.102.050502 PACS numbers: 03.67.Lx, 03.65.Ud, 89.70.Eg

A striking implication of measurement-based quantum
computation (MBQC) is that correlations possess intrinsic
computational power. MBQC is an approach to computa-
tion radically different from conventional circuit models.
In a circuit model, information is manipulated by a net-
work of logical gates. In contrast, in the standard model of
MBQC (also known as ‘‘one-way’’ quantum computation),
information is processed by a sequence of adaptive single-
qubit measurements on an entangled multiqubit resource
state [1–3]. Impressive characterization of the necessary
properties of quantum resource states that enable universal
quantum computation in the measurement model has al-
ready been achieved [4,5]. However, it is not the quantum
states themselves, but the correlated classical data returned
by the measurements which embodies this computational
power. A necessary ingredient to extract this power is a
classical control computer (see Fig. 1), which processes
and feeds forward measurement outcomes and directs
future adaptive measurements. From this classical com-
puter’s perspective, the correlated measurement outcomes
enable it to compute problems beyond its own power.

In this Letter we will make the notion of the computa-
tional power of a correlated resource precise. By doing so,
a natural classical analogue of measurement-based com-
putation emerges and we find a link to quantum nonlocal-
ity. Specifically, we show that the Greenberger-Horne-
Zeilinger (GHZ) problem [6] and the Clauser-Horne-
Shimony-Holt (CHSH) construction [7] emerge as closely
related to measurement-based classical computation
(MBCC), as does the Popescu-Rohrlich nonlocal box [8].

Framework for MBQC.—Wewish to study the computa-
tional power of correlated resources in a more general
setting than the particular models of MBQC which have
been proposed [1–5]. To achieve this, let us first define a
general framework of computational models which shares
the essential features of MBQC. It consists of two compo-
nents, a correlated multipartite resource and a classical
control computer. A correlated multipartite resource con-
sists of a number of parties, which exchange classical
information with the control computer; see Fig. 1. The

correlations in their outputs are solely due to their joint
history and no direct communication between parties is
allowed during the computation. There shall be just a
single exchange of data with each party. This restriction
is an important assumption and we discuss its necessity and
consequences in [9]. The party will receive an input from
an alphabet of k choices and will return one of l outcomes.
The second component is a classical control computer of

specified power. The control computer can store classical
information, exchange it with the parties, and compute
certain functions. Notably, the classical control computer
is the only part of the model where active computation
takes place. Before the computation commences, the sys-
tem components are preprogrammed to specify the com-
putation to be performed. Specifically, the control
computer receives the functions it will evaluate and the
individual parties receive a specific set of measurement
bases, or more generally a choice of k settings.
This framework consists only of explicitly classical

objects—all quantum features are hidden in the possibly
nonclassical nature of the correlations. The framework
captures the most general model of a single classical
system (the control computer) interacting with multiple
correlated (but nonsignalling) parties, with the key restric-
tion that each party is addressed only once. However, we
place as little restriction as possible on their internal struc-
ture. For example, the parties making up the system could

correlated resource

control computer

FIG. 1 (color online). The control computer provides one of k
choices as the classical input (downward arrows) to each of the
correlated parties (circles in the resource) and receives one of l
choices as the output.
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Contextuality in measurement-based quantum computation

Robert Raussendorf*

Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia V6T 1Z1, Canada
(Received 1 May 2013; revised manuscript received 11 July 2013; published 19 August 2013)

We show, under natural assumptions for qubit systems, that measurement-based quantum computations
(MBQCs) which compute a nonlinear Boolean function with a high probability are contextual. The class of
contextual MBQCs includes an example which is of practical interest and has a superpolynomial speedup over
the best-known classical algorithm, namely, the quantum algorithm that solves the “discrete log” problem.

DOI: 10.1103/PhysRevA.88.022322 PACS number(s): 03.67.Ac, 03.65.Ta

I. INTRODUCTION

While numerous quantum algorithms have been found
that offer polynomial or superpolynomial speedups over their
classical counterparts [1–3], the precise quantum mechanical
origin of this speedup remains unknown. The prominent
candidates—entanglement [4], superposition and interference
[5], and largeness of Hilbert space—provide an intuitive
understanding in many situations. Yet, as a whole, the
phenomenology so far uncovered does not lend itself to a
simple interpretation [6–12].

Here we turn our attention to a different characterization
of nonclassicality, namely, contextuality [13,14], and study its
relation to computational power. We choose measurement-
based quantum computation (MBQC) [15] as our setting.
The starting point for this investigation is the observation by
Anders and Browne [16] that one of Mermin’s proofs [17]
of the Kochen-Specker theorem [13] can be converted into
a simple MBQC. We are led to ask whether the connection
between MBQC and contextuality exhibited by this example
is accidental or whether it holds in general. The main finding
of this paper is that, under quite natural assumptions for
multiqubit systems, all MBQCs which compute a nonlinear
Boolean function with a sufficiently high success probability
are contextual.

For MBQC, the separation between linear and nonlinear
functions is fundamental. Every MBQC requires a classical
control computer for adjusting measurement bases according
to the computational input and for converting measurement
outcomes into computational output. This classical side pro-
cessing is all linear. Evaluating nonlinear functions is out of
reach for such a classical control computer without access to
additional resources.

This paper is organized as follows. In Sec. II, we review
Anders and Browne’s example and define the setting of MBQC
and notions of contextuality we use. In Sec. III we present
three results on the interplay between contextuality and the
nonlinearity of the computational output, Theorems 2, 3, and
5 . We point out that the class of contextual MBQCs contains
a computation which is of actual algorithmic interest, i.e.,
achieves a superpolynomial speedup over the best-known
classical algorithm. It is the MBQC variant of the quantum
algorithm for the “discrete log” problem [1,18]. In Sec. IV, we

*rraussendorf@phas.ubc.ca

discuss experimental tests of contextuality. We conclude with
a discussion in Sec. V.

II. THE SETTING

We discuss the link between contextuality and quantum
computation for MBQC [15]. MBQC is a model of quantum
computation in which a quantum algorithm is implemented
solely by local measurements on a fixed initial state. The
choice of measurement bases determines the algorithm to be
implemented, and correlations among the measurement out-
comes reveal the result of the computation. The computational
power of this scheme is fully determined by the initial quantum
state.1 For suitable initial states such as cluster states, MBQC
is universal.

A. Computation and contextuality: A first example

Following Anders and Browne [16], we consider a three-
party Greenberger-Horne-Zeilinger (GHZ) [21] state |GHZ〉 =
|000〉+|111〉√

2
, which can be used to execute a deterministic OR

gate within the framework of MBQC. While standard elec-
tronic devices routinely perform OR gates without quantum-
mechanical action, this result offers a structural insight into
MBQC. Namely, it is known that every MBQC requires a
classical control computer that converts the classical input
into measurement settings and the measurement outcomes
into computational output. This classical control computer is
capable of doing only one type of operation: addition mod 2. It
is thus not classically universal and, indeed, very limited. Now,
having access to GHZ states and local projective measurements
promotes this control computer to classical universality. Thus,
in the described setting, the access to quantum resources vastly
increases the set of computable functions.

What is more, Anders and Browne’s construction repur-
poses an existing proof [17] of the Kochen-Specker theorem
[13] into a quantum mechanical computation. The computation
takes two bits of input, i1 and i2, and outputs a single bit
o ≡ i1 ∨ i2. It proceeds as follows. Step 1: The settings for the
local measurements on the three qubits are calculated from the
input i1 and i2. For either of the three qubits, a priori the Pauli

1Note, however, that other schemes of universal quantum com-
putation by measurement exist in which the measurements are not
local [19,20]. For such schemes, the initial quantum state of the
system is irrelevant.

022322-11050-2947/2013/88(2)/022322(7) ©2013 American Physical Society
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Contextuality in language

The word bank has 9 different meanings in the Oxford English
Dictionary.

He sat near the bank, reviewing
his account details.

He sat near the bank, observing
the flowing water.

Images generated on Stable Diffusion Online
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Contextuality in language

Definition (contextuality in language (roughly))

The intended meaning of an ambiguous word depends on the words
around it, i.e. the context.
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Quantum contextuality vs. contextuality in language

In summary, we have 2 notions of contextuality:

Quantum contextuality
▶ The failure of having a non-contextual hidden variable theory for

quantum mechanics
▶ Have been shown to possess some computational power

Contextuality in language
▶ In the common usage of language, the meaning of a word depends on

the context

Goal

Can we exploit this connection to develop new quantum algorithms for
natural language processing?

We constructed two families of linguistic schemas that are “quantum
contextual”.
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Sheaf-theoretic framework for contextuality

Definition

A measurement scenario is a tuple ⟨X ,M,O⟩ where
X is a set of observables,

M is a set of contexts (compatible observables),

O is a set of outcomes.

Example

The Bell-CHSH experiments can be described as a measurement scenario
⟨X ,M,O⟩ where

X = {a1, a2, b1, b2};
M = {{a1, b1}, {a1, b2}, {a2, b1}, {a2, b2}};
O = {+1,−1}.

•a1

•
b1

• a2

•b2

K. I. Lo, M. Sadrzadeh & S. Mansfield Contextuality & Language QPL 2023 10 / 25



Empirical model

A measurement scenario ⟨X ,M,O⟩ tells us what measurements can be
made and what outcomes can be observed.

Definition (Empirical model)

An empirical model e for a measurement scenario ⟨X ,M,O⟩ is the
collection of probability distributions {eC}C∈M.

K. I. Lo, M. Sadrzadeh & S. Mansfield Contextuality & Language QPL 2023 11 / 25



Empirical model

Example

An empirical model of a Bell-CHSH experiment is

eC
C (+,+) (+,−) (−,+) (−,−)

(a1, b1) 1/2 0 0 1/2

(a1, b2) 3/8 1/8 1/8 3/8

(a2, b1) 3/8 1/8 1/8 3/8

(a2, b2) 1/8 3/8 3/8 1/8

Violation to Bell-CHSH inequality

⟨a1b1⟩+ ⟨a1b2⟩+ ⟨a2b1⟩ − ⟨a2b2⟩ = 2
√
2 ≈ 2.828 > 2

K. I. Lo, M. Sadrzadeh & S. Mansfield Contextuality & Language QPL 2023 12 / 25



Empirical model

Example

A beyond quantum empirical model of a Bell-CHSH measurement scenario
is the PR box:

eC
C (+,+) (+,−) (−,+) (−,−)

(a1, b1) 1/2 0 0 1/2

(a1, b2) 1/2 0 0 1/2

(a2, b1) 1/2 0 0 1/2

(a2, b2) 0 1/2 1/2 0

Violation to Bell-CHSH inequality

⟨a1b1⟩+ ⟨a1b2⟩+ ⟨a2b1⟩ − ⟨a2b2⟩ = 4

K. I. Lo, M. Sadrzadeh & S. Mansfield Contextuality & Language QPL 2023 13 / 25



Previous work: PR-like models
PR-boxes are the most contextual models

First attempt at constructing contextual examples of natural language

Example

There is an apple and a strawberry.
▶ One of them is red and the same one is sweet.
▶ One of them is sweet and the same one is round.
▶ One of them is round and the other one is red.

•red

•
sweet

• round

•apple

•strawberry

•
apple

• • apple

• strawberry
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Previous work: PR-like models

We ask BERT for probabilities to construct probabilistic models

eC
C (apl, apl) (apl, sby) (str, sby) (sby, sby)

(red, round) 0.4 0 0 0.6

(round, sweet) 0.3 0 0 0.7

(sweet, red) 0 0.6 0.4 0
11,000 models created for different choices of words.

10 Sheaves, BERT, and Anaphora
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Figure 5: The distribution of signalling fractions of the models constructed with adjective modifiers.

0 1 2 3 4 5 6
0
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1,000

1,500
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non-contextual

Figure 6: The distribution of direct influence of the models constructed with adjective modifiers.

shown in the appendix. This data generated 11,052 empirical models, of which 350 were contextual. Out of
the 11 noun pairs considered, (cat, dog), (girl, boy) and (man, woman) produced models that are contextual.
See below for example empirical tables of our contextual examples.

(1) (cat,cat) (cat,dog) (dog,cat) (dog,dog)
(good,young) 0.4941 0 0 0.5059
(young,small) 0.4536 0 0 0.5464
(small,good) 0 0.5718 0.4282 0

(2) (girl,girl) (girl,boy) (boy,girl) (boy,boy)
(young,small) 0.5711 0 0 0.4289
(small, little) 0.5655 0 0 0.4345
(little,young) 0 0.5280 0.4720 0

Figure 5 is a histogram of the distribution of signalling fractions of the models constructed using the
adjective modifiers considered. One can see that the majority of the model constructed are non-contextual
and that the distribution skews towards greater SF.

K. I. Lo, M. Sadrzadeh & S. Mansfield Contextuality & Language QPL 2023 15 / 25



Winograd Schema Challenge

Winograd Schema Challenge (WSC) is a test of machine intelligence,
proposed by Hector Levesque in 2011.

Intended to be an alternative to the Turing Test.

Example (councilmen-demonstrators)

▶ The city councilmen refused the demonstrators a permit because they
feared violence.

▶ The city councilmen refused the demonstrators a permit because they
advocated violence.

Generated on Stable Diffusion Online with prompts: (left) The city councilmen considering whether to grant the demonstrators
a permit. (right) Demonstrators without a permit advocating violence

K. I. Lo, M. Sadrzadeh & S. Mansfield Contextuality & Language QPL 2023 16 / 25



Winograd Schema Challenge

Example (trophy-suitcase)

The trophy doesn’t fit into the brown suitcase because it is too small.

The trophy doesn’t fit into the brown suitcase because it is too big.

Generated on Stable Diffusion Online with prompts: (left) A golden World Cup trophy placed inside an opened small brown
suitcase. (right) A huge golden World Cup trophy placed upright inside an opened brown suitcase.

K. I. Lo, M. Sadrzadeh & S. Mansfield Contextuality & Language QPL 2023 17 / 25



Winograd Schema Challenge

Sheaf-theoretic measurement scenario:
▶ X = {(p, s), (p, a)},
▶ M = {{(p, s)}, {(p, a)}},
▶ O = {A,B}.

•(p, s)
• (p, a)

K. I. Lo, M. Sadrzadeh & S. Mansfield Contextuality & Language QPL 2023 18 / 25



Generalised Winograd Schema

•(p, s)
• (p, a) → •(p1, s1)

•
(p2, s1)

• (p1, a1)

•
(p2, a1)

1 pronoun → 2 pronouns

1 special-alternate pair → 2 special-alternate pairs

K. I. Lo, M. Sadrzadeh & S. Mansfield Contextuality & Language QPL 2023 19 / 25



An example

Example

A and B belong to the same [cannibalistic/herbivorous]1 species of animal.
On a hot afternoon in the south Sahara, one of them1 was very hungry.
They noticed each other when they were roaming in the field. After a
while, one of them2 is no longer [hungry/alive]2.

Generated on Stable Diffusion Online with prompts: In the hot desert, cute but hungry cats are in a tough spot, with one eating
the other out of desperation.

K. I. Lo, M. Sadrzadeh & S. Mansfield Contextuality & Language QPL 2023 20 / 25



An example - scenario

Instruction: Please read the following short story which contains some ambiguities, then select the
interpretations you think are the most appropriate.

Story: A and B belong to the same ${word1} species of animals. In a hot afternoon in south Sahara,
one of them was very hungry. They notice each other when they were roaming in the field. In a while,
one of them is no longer ${word2}.

Question: The following are 4 different interpretations of the story. Please select the 2 most
appropriate interpretations.

 

 

A was the very hungry ${word1} animal. A is no longer ${word2}.
A was the very hungry ${word1} animal. B is no longer ${word2}.
B was the very hungry ${word1} animal. A is no longer ${word2}.
B was the very hungry ${word1} animal. B is no longer ${word2}.

Please provide your reasoning here.

(optional) Is there any feedback you would like to share with us?

Submit

${word1} ∈ {cannibalistic, herbivorous}
${word2} ∈ {hungry, alive}
Human judgements collected on Amazon Mechanical Turk
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Human judgements - Results

(word1, word2) (A, A) (A, B) (B, A) (B, B)

(canni, hungry) 0.402 0.097 0.097 0.402
(canni, alive) 0.044 0.455 0.455 0.044
(herbi, hungry) 0.345 0.154 0.154 0.345
(herbi, alive) 0.344 0.155 0.155 0.344

Gives 0.192 violation to Bell-CHSH inequality

=⇒ Our example of generalised Winograd schema is contextual
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Human judgements - Bootstrapping

Bootstrap resampled to establish statistical significance

87% resampled datasets lie in the contextual region

Standard deviation is 0.176
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Violation of Bell-CHSH inequality
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Conclusion

Quantum contextuality has been connected to the computational
power of quantum computers

Disambiguation in language requires context

We constructed two families of linguistic schemas that are able to
host contextual models

In particular, we generalised the Winograd Schema Challenge such
that it is able to host contextual models
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Future work

Construct a set of examples of the proposed Generalised Winograd
Schema

Detect contextuality in corpus

Connect contextuality to established phenomena in psycholinguistics,
e.g. reading time

It is not clear how to use the results to develop new quantum
algorithms for NLP...
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