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We are presented every day with multiple decision to make.

However, we would like to delegate most of them to a kind of personal assistant who can make
near-optimal decisions for us.
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First, we need a mathematical model that can describe probabilistic systems to handle uncertainty.

Bayesian networks

Workout P(Workout) Smoke Workout Marathon P(Marathon |
True 0.7 Workout,Smoke)
@ @ False 0.3 True True True 0.2
True True False 0.8
Smoke P(Smoke) True False True 0.05
True 0.6 True False False 0.95
False 0.4 False True True 0.4
False True False 0.6
@ @ False False True 0.1
False False False 0.9
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True True 0.02 True True 0.7
True False 0.98 True False 0.3
False True 0.005 False True 0
False False 0.995 False False 1




y

Automated decision making processs

First, we need a mathematical model that can describe probabilistic systems to handle uncertainty.

Bayesian networks

Workout P(Workout) Smoke Workout Marathon P(Marathon |
True 0.7 Workout,Smoke)
@ @ False 0.3 True True True 0.2
True True False 0.8
Smoke P(Smoke) True False True 0.05
True 0.6 True False False 0.95
False 0.4 False True True 0.4
False True False 0.6
@ @ False False True 0.1
False False False 0.9
Smoke Lung cancer | P(Lung cancer | Somke) Marathon Duathlon P(Duathlon | Marathon)
True True 0.02 True True 0.7
True False 0.98 True False 0.3
False True 0.005 False True 0
False False 0.995 False False 1

P(X1, ..., Xn) = H P(x;| Parents(X;)

=1
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Naive quantum Bayesian decision making process
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Naive quantum Bayesian decision making process

A Sy 2 |0)ER U(b)

(4 )
Quantum bayesian b(s) )\l/\ SAt: :zizz - m
b1 : U
. ®k4 [7/1
network states ~ @ . |0§ %]

\S,’t/ Rt+1 . |0 ®ks Us
+ @ (0
Amplitude ‘ H H H
amplification

algorithm ‘

05
w S




y

Naive quantum Bayesian decision making process
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Naive quantum Bayesian decision making process
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Naive quantum Bayesian decision making process

Quantum bayesian

@ Syt |0Y®* {U(b)
Sppr: |0>®k3 A
)
)

b(s) " ]
network states O 10— (14 .
Rusy: |0)%5 Us Classical Quantum
(@) (b)
+ » Complexity | O (NMP(e)™%) | O (N2MP(e)—%)
Amplitude 111 [ ‘ H H H
amplification
algorithm ‘ |
— — Goal
EU(ale) = ZP(Result =rla,e) x U(r) We obtain subquadratic
7 N A ) W_/
i Classical » guantum advantages for
sparse Bayesian networks. | &
action = argmax,EU(ale)




y

A new Quantum Bayesian Decision-Making

Condition




y

A new Quantum Bayesian Decision-Making

Condition Solution
—  We encode the BN but do not  We amplify the observation v. and
select an action the outcome v. based on their utility.
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A new Quantum Bayesian Decision-Making

Condition Solution

 We encode the BN but do not  We amplify the observation v. and

select an action the outcome v. based on their utility.
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A new Quantum Bayesian Decision-Making

Condition Solution
 We encode the BN but do not  We amplify the observation v. and
select an action the outcome v. based on their utility.
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As a compact representation of joint probability distributions over a dependence graph of
random variables, and a tool for modelling and reasoning in the presence of uncertainty,
Bayesian networks are of great importance for artificial intelligence to combine domain
knowledge, capture causal relationships, or learn from incomplete datasets. Known as a
NP-hard problem in a classical setting, Bayesian inference pops up s a class of algorithms
worth to explore in a quantum framework. This paper explores such a research direction
and improves on previous proposals by a judicious use of the utility function in an entan-
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with a proven computational advantage. A prototype implementation in Qiskit (a Python-
based program development kit for the IBM Q machine) is discussed as a proof-of-concept.
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Main interest in quantum comes from the fact that these devices have computation complexity
theoretic implications.

A Shor’s algorithm prime factorization is conjectured to separate BPP BQP

from BQP. A
BPP

* Insimple terms it means that there exist quantum algorithms with
exponential advantages over any possible classical algorithm.

* Nevertheless, these quantum algorithms require large-scale fault-
tolerant quantum devices (1700 qubits, 103° Toffoli gates).

4

These algorithms (including Grover type search) are not within reach in the next years ...
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Quantum advantage within NISQ or LISQ regime

[Q Boson Sampling ] [‘ Random circuit sampling ]
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Quantum advantage within NISQ or LISQ regime

[Q Boson Sampling ] [‘ Random circuit sampling ]
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+ Shallow depth small quantum devices.

- Assuming the Polynomial Hierarchy does not collapse to the second level.

- Itis hard to verify their correctness in the presence of noise.
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Can we prove quantum advantage for any computational problem without relying on
assumptions?

Yes, if we fix time/depth to
be constant!!!

79990941

[ Hidden Linear shift problem A] [ 1D Magic square problem @ ]

+ Shallow depth small
guantum devices.

+ No assumptions. + Error-robust.
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Unconditional quantum advantage within NISQ
or LISQ regime

Can we prove quantum advantage for any computational problem without relying on
assumptions?

Yes, if we fix time/depth to
be constant!!!

79990941

[ Parity halving problem A] [ Single-qubit teleportation 0]

+ Average-case hardness. + Noise resilient.

- ACO circuit class is of rather
A QNC° £ AC° small practical use.
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® TCOcircuits are able a large set of gf-g?,ggg Integer Multiplication,
. / 7] L .
algebraic problems dii Division, Sorting, ..

® TCOircuits serve as the circuit class that
models Neural Networks (including LLMs)

ENP & ACCO [williams16]

We do not have any strong lower bound techniques!
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New Quantum-Classical unconditional separations

* We proved that parallel qguantum computation unconditionally
outperforms larger classical circuits classes, including biased
Neural Networks.
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New Quantum-Classical unconditional separations

* We proved that parallel qguantum computation unconditionally
outperforms larger classical circuits classes, including biased
Neural Networks.
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* This advantage is robust to noise and operates on qudit quantum
devices.



Solving the Hidden Linear shift problem on
guantum devices

This week, the Google team released a paper on the realization of HLF on their Willow chip.

Quantum circuit for finding the hidden linear function (HLF)
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Solving the Hidden Linear shift problem on
guantum devices

This week, the Google team released a paper on the realization of HLF on their Willow chip.

Quantum circuit for finding the hidden linear function (HLF)
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*If they could scale the number of qubits, they could realize our new quantum advantages.
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The Quantum Benchmarking problem
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Certifying the accuracy of quantum computers

* Developed a benchmark to formally certify quantum devices for executing broad classes of circuits.
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The circuit synthesis problem
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Unconditional quantum advantages with shallow depth circuits



Thank youl!



@IBM - A New Quantum Learning Algorithm

Understand how hard it is to learn an unknown process: Focus:
— Sample complexity
— Accuracy of the learned hypothesis

— Run-time
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Learning arbitrary Boolean functions is an extremely hard problem!

We present a novel, state-of-
the-art quantum learning
algorithm for PAC learning
depth-3 circuits.
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