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Quantum CAE* and Al for Science
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#J AIST HOME

@ AIST '} G-QuAT
Global Research and Development Center for Business by Quantum-AI technology

(G-QUAT) Established in

HOME > Organization > G-QuAT A u g 2 O 2 3
. Top page

* Organization

Hard: 6 teams

* Research Results

Soft: 2 teams
» Job Opportunities c I O u d

* Access

w application

https://unit.aist.go.jp/g-quat/index_en.html

@)% FUJITSU < NVIDIA.

COMPUTING

Computing Inc.
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What’s Quantum CAE?

Quantum CAE (Computer Aided Engineering)

Accelerating and empowering CAE with quantum computing

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST)

Existing
Design

https://webinars.sw.siemens.com/en-US/cae-vehicle-structural-analysis-process/
https://blogs.sw.siemens.com/nx-design/design-for-purpose-heeds-design-exploration-study/

a Simcenter Multimech

Lattice Generation and Shape Update & . -
| Material Calculation _J FE-Preprocessing _) sl Snld"{'u

?

Process Automation

Lattice Design

ﬂ’ Simcenter 3D 0 Simcenter 30
=  Geometry = MNastran FEA

L AIST
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Battar
Dasign

HEEDS Intelligent Design Search
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DENO Extreme goals of the industrial design automation ZZAlST

Design fusion reactors & spaceships “automatically”

iter.org
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e Automation in Science

How science is automated by Al.

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST) 7
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Kadowaki, et. al.,

A typical scientific study (before automation)

Environ. Sci. Technol. 41, 7997 (2007)

Random samph
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FIGURE 1. Overview of the prediction system. Each decision
stump determines if a given chemical contains a specific
substructure. A Kudo classifier integrates the weighted T inputs
and provides an output consisting of a binary prediction, (e.g.,
active or inactive). These K outputs are used to generate the
final output. Decision stumps and Kudo classifiers are trained
with the EDKB and COMPOUND database.
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FIGURE 2. Decision stumps for active chemicals commonly
used in Kudo classifiers. Matc!led suhstructums are drawn
with thick lines. The fr of d ps in 100
Kudo classifiers are also dlsplaved

(Hypothesis)

(a)

(b)
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Data => Prediction model => Candidate molecules => Experiments
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DENSO Beyond a typical scientific study (after automation) e

Kadowaki, et. al., Environ. Sci. Technol. 41, 7997 (2007)
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e Ross King’s Robot scientist AT

Figure 1. The robot scientist closed-loop cycle of experiments

M_a
N = % = a
| Background knowledge | —— | Hypothesis formation = < Analysis
Mode E
/ E Data
Knowledge * |
B @

_» | Result interpretation

OECD, Artificial Intelligence in Science
NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST) King, R_, Whelan, K_’ _JOI']eS, F et al_, Nature 427, 247—252 (2004) 10
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Automation in Science

White papers:

e JST CRDS-FY2021-SP-03 (2021)
Artificial Intelligence and Science

-Toward discovery and understanding by Al-driven science-

* National Academies DOI:10.17226/26532 (2022)
Automated Research Workflows for Accelerated Discovery

Closing the Knowledge Discovery Loop

* OECD DOI:10.1787/a8d820bd-en (2023)
Artificial Intelligence in Science:

Challenges, Opportunities and the Future of Research

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST)
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Artificial Intelligence and Science

), Artificial Intelligence
5., in Science

@) OECD

CHALLENGES, OPPORTUNITIES AND THE FUTURE
F RESEARCH
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Automated Research
Workflows for

Consensus Study Report
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Sgtater Nobel Turing Challenge & Al for Science ARt

Home News Overview  Workshops Publications

Al for Science

NeurlPS 2021 ICML 2022 NeurlPS 2022 NeurlPS 2023 ICML 2024

About

For centuries, the method of discovery—the fundamental practice of science that scientists use to
explain the natural world systematically and logically—has remained largely the same. Artificial
intelligence (Al) and machine learning (ML) hold tremendous promise in having an impact on the way
scientific discovery is performed today at the fundamental level. However, to realize this promise, we

THE NOBEL TURING CHALLENGE IS
A GRAND CHALLENGE AIMING AT DEVELOPING A HIGHLY AUTONOMOUS Al AND ROBOTICS
SYSTEM THAT CAN MAKE MAJOR SCIENTIFIC DISCOVERIES, SOME WHICH MAY BE WORTHY
OF THE NOBEL PRIZE AND EVEN BEYOND.

Accomplishing this challenge requires a development of a series of technologies and in-depth understanding on the process
need to identify priorities and outstanding open questions for the cutting edge of Al going forward. of scientific discoveries. From the system development perspective the challenge is to make a closed-loop system from

We are a series of WOI’kShOpS that facilitate the development of Al for Science with the identified gaps knowledge acquisition and hypothesis generation and verification to full automation of experiments and data analytics.
from the 1st Al for Science workshop held with NeurlIPS 2021 and theories and foundations from 2nd

Al for Science workshop with ICML 2022, progress and promises from 3rd Al for Science workshop

with NeurlPS 2022, from theory to practice from 4th Al for Science workshop with NeurlPS 2023, https://wvvw.no belturingchallenge.org

scaling in Al for scientific discovery from 5th Al for Science workshop with ICML 2024. We look

forward to meeting you (again) in our future events. Let us know if you have any feedback through

email.

https://aidsciencecommunity.github.io

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST) 12



DENSO DeepMind as an Al-for-Science company AT

The Nobel Prize in Chemistry

Google DeepMind About v Research v  Technologies v  Discover v Q +

AlphaFold Overview Impactstories AlphaFold Database [/  AlphaFold Server
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Explore the AlphaFold Database [ /
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NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST) https://nobelprize.org https://deepmind.google 13



25022 Robot scientist in Sci-Fi, half a century ago by Osamu Tezuka =247

FHBR #kBE 7 b L (ASTROBOY) #i Efe KD AR Y D&
FIH - BAM39E6B 5 ~BI40FELIB = [DE| &E#H (from 1964/6 to 1965/1)

(a)

(a) | am a robot.

(b) Sultan desired the world's greatest robot, so
even though | am a robot myself, | became a
robotics scientist and created Pluto.

(b) => Robot scientist of Robotics

<= Sultan

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST) 14



DEN2D Robot scientist and laboratory of the future ZEAIST
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Al scientist in Sci-Fi, a quarter of a century ago by Ted Chiang

L AIST
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Al will invest own language for Science

a.k.a. “The Evolution of Human Science” by Ted Chiang

Catching crumbs from the table

Inthe face of metahurman science, humans have become metascientists. <+ | (BT X Z DR

Ted Chiang

nal research was last submitted to our

editors for publication, making this an
appropriate time to revisit the question
that was so widely debated then: what is
the role of human scientists in an age when
the frontiers of scientific inquiry have
moved beyond the comprehensibility of
humans?

I t has been 25 years since a report of origi-

futures

Palaeography

ances, which frequently provides us with

new insights into mechanosynthesis. il
The newest and by far the most ,.{

speculative mode of inquiry is 3

remote sensing of metahuman ,';f:;" J

research facilities. A recent o

target of investigation is

the ExaCollider recently \k\ "

installed beneath the ~N %

Gobi Desert, whose

puzzling neutrino o

signature has been

SDS 09

o UD! = ? ()

Chiang, T. Catching crumbs from the table. Nature 405, 517 (2000)

“But as metahumans began to dominate experimental research, they increasingly made their findings
available only via DNT (digital neural transfer), leaving journals to publish second-hand accounts
translated into human language.” => Beyond the human cognitive limitation

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST)
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Computer Science > Artificial Intelligence

[Submitted on 12 Aug 2024 (v1), last revised 1 Sep 2024 (this version, v3)]

The Al Scientist: Towards Fully Automated Open-Ended Scientific Discovery
Chris Lu, Cong Lu, Robert Tjarko Lange, Jakob Foerster, Jeff Clune, David Ha

@ Idea Generation Experiment Iteration L;Est' Paper Write-Up
e, . . .

) LLM Idea/Plan Experiment ' Experlments] . I Manuscript
. Innovation Template : Template |
—> ‘ - L] \

Text A via

Novelty Check Code A via : | LLM&aider

Sem. Scholar [ LLM & aiderJ . [ Update Plan ] Y
l l .... l o | Manuscript

4 N
Idea scoring / Experiment Numerical LLM Paper
archiving Exec Script Data/Plots Reviewing
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R.P. Feynman: “l can safely say that nobody understands quantum mechanics”
Al Scientist: “l can fairly say that machines may grasp quantum mechanics”

Richard Feynman, the Physicist Who
Didn't Understand his Own Theories

© History | Nobel Prize | Physics | Researc h | Science

https://www.bbvaopenmind.com/en/science/le
F ading-figures/richard-feynman-the-physicist-

| think | can safely say that nobody understands quantum mechanics.” It is one of the most repeated quotes of vvho—didnt—understand—his—own—theories/

Richard Feynman (11 May 1918 - 15 February 1988), and is undoubtedly an unusual phrase coming from the mouth

of a physicist. But the words make sense when you understand how Feynman'’s fine mental gears worked, a man E

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST) 18
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GPT speaks Quantum Circuits :

@@L AIST

Create the Future, Collaborate Together

A path for Al to grasp Quantum Physics

—

u—jl(i) L’ Wsum (.7)

k=N

Jk
Append X i
&’ {[)u]l?..'.]k*l}

om o Wl T L=
ﬂ.—kll.{j—libllrl

Ujl Uj Ujs i Uj
GPT-QE
7 3 5
] ~ "Once upon a time . .. happily ever after"
word, word,, word, word,, word, , word,  word,,

LLM

J

Wsum (.7)

—

Nakaji et. al., The generative quantum

eigensolver (GQE) and its application for
ground state search, arXiv:2401.09253

GPU x QPU: a platform for research in this field

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST)
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Minami et. al.,

Generative quantum combinatorial
optimization by means of a novel
conditional generative quantum
eigensolver, arXiv:2501.16986
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* Quantum CAE

How quantum computing accelerates engineering and science.

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST) 25



Stater Quantum CAE ecosystem T
Strategy & Community
Founding
D-Wave
Researcher Quantum vender |¢,...
(PoC) (Implementation) |52,
End user CAE vender |Ass
(Business) (Tool) | Cederee
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Sgtater Implementation of the loop & CAE ARt
Inverse problem (optimization) Experiment (simulation)
x* = argmin f(x) T {(x,M|x € RN,y = f(x)}
HYPOTHESIS GENERATION DATA GENERATRION

+ We may use other functions
as acquisition functions.
Automated

Research
Loop

Modeling (machine learning)
y=fX)
MODEL GENERATION

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 27
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Implementation of the loop & CAE

Optimization

Design Experiment

Automated
Research
Loop

Learn About Model

Machine learning

Simulation

28



et From classical to quantum ZanT
The loop Potential speed-up by
Simulation Quantum Simulation (QSim)

Machine Learning Quantum Machine Learning (QML)

Optimization Quantum Optimization (Qopt)

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST) 29
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Optimization of combinatorial black box function

Antibody design
(Khan+ 2023)

Ant|m|crob|al peptides
(Tu¢s+ 2023)

Medicine

~

Chemical design

Radiative cooler

(Mao+ 2023)

/

OLED de5|gn
(Gao+ 2023)

\_ Chemistry /

\ (Kim+ 2023)

Plant control
(Drouet+ 2020)

\_

o
1] K
NHV

Data compression
(Kadowaki+ 2022)

Data science

BOCS
Model parameter reduction
(Baptista+ 2018)

/

Barrier matemals in MT)J
(Nawa+ 2023)

L-] a
—
“h
.&Ifo I
.[_.q,--m el L.
oW T w

Magnetic shield
(Maruo+ 2022)

Solar absorber
(Kim+ 2023)

Optics

FMQA
wavelength selective radiator
(Kitai+ 2020)

e T L T——

Tg‘:_i__

Thermal radiation
(Zhu+ 2022)

Initial structure

=-73+i66 cm*! E>

B e

12 m
-16 I >
Band-edge freq, (GHz)

Optimized structure
=-58+101 cm™

16 TN 6
Band-edge freq. (GMz)

Photonic crystal laser
(Inoue+ 2022)

/

Noise filter
(Okada+ 2023)

Spintronics & Magnetism/ \_

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST)

Mounting holes
(Matsumori+ 2022)

b -

Circuit analysis

Electronics (Dou+2022)

~

l_ o IEJI

Chip design
(Oh+ 2022)

/




2e0=C  Printed circuit board design to protect from resonant vibration 45T

Mounting holes : number and positions

A ——

Power control unit

https://www.denso.com/jp/ja/news/newsroom/2019
/20190522-01/-

/media/8c44d0012d0148f893903eb515d52b67.ashx Printed circuit board

The more mounting holes we place, the higher the natural frequency we
achieve, which avoid defects of electric parts by the resonance. On the

other hand, mounting holes is costly, we want to reduce them.
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e Implementation of the loop & CAE AR
Optimization Simulation
x;41 = argmin f (x) Yirr = f(Xi11)
x€{0,1}M" S

B tm—s

QUBO form

xTQx+b

9 = F(x) Machine learning
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optimization in a distributed-element circuit

Printed circuit board
Output port

Conductor

A
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Input port | f | Inductor | Output port
positions i B | positions positions
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* > st m- <
N il a-':__:--'“*-i : i i
\\\1( __#___,\\\ b E C)'V
s - T -~
o \“s\ ___,.—-*"'- — X . . . -

N \,)f"
R | Capacitor 2 » X

N = Capacitor 1 Capacitor 2

Input port ) positions positions
Capacitor 1
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Crafting the Core Re S u I tS Create the qum,tollahorfmgethr

Reference Topology optimization Out method

(Industrial standard method)

Nomura, et. al., Struct Multidisc Optim 59, 2205-2225 (2019)
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Seamless quantum data flow
between algorithms
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Machine learning
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Etator Other approach : Quantum topology optimization AT

:)’timization ‘S,nulation
Automated
Research @ ‘ Solve state equilibrium ]
Loop

for all structures
ychine learning

Extract the optimal structure

Sato, et. al., arXiv:2207.09181
(IEEE Quantum Week 2023)
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Quantum algorithm for the radiative-transfer equation il
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lgarashi, et.al., Phys Rev Applied 21, 034010 (2024)
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DENZO Integer decomposition (lossy matrix compression) AT
Opyization Simulation K<DN D Real matrix
argmin W -V/* K c € ROP
Me{-1, 1)K
(eRK*D "

1
=

Machine learning

Target Approximated Integer matrix
matrix matrix M € {—1,1}V*xK
BBO algorithm variations
—— nBOCS ME{—l,l}NXK
:%10—4 — ?Sgiia CeRKXD
E —— FMQAI2
_'% == QOriginal . . . .
: o 2nd best mixed-integer non-linear programming;
o MINLP This compression problem is NP-hard.

0 200 400 600 800 1000 1200
iterati t .
FEETOn e Ambai and Sato, ECCV2014
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JST CRDS Artificial Intelligence and Science SAE Levels of Driving Automation™
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A solution toward level 4 & 5 automation? Z=AlsT
| | GET ¢peakaQuaRKIIT GIFGUIE: ; =

Computer Science > Artificial Intelligence
[Submitted on 12 Aug 2024 (v1), last revised 1 Sep 2024 (this version, v3)]
The Al Scientist: Towards Fully Automated Open-Ended Scientific Discovery
Chris Lu, Cong Lu, Robert Tjarko Lange, Jakob Foerster, Jeff Clune, David Ha

Q Idea Generation

@ Experiment Iteration E'h Paper Write-Up

. LLM Idea/Plan Experiment Manuscript
¢ Innovation Template . p Template
Y Y : c:) : Text A via
Novelty Check Code A via : : LLM & aider
[ Sem. Scholar ] [ LLM & aider ] . Jpdate Par
"""""
\ \ 4
Idea scoring / Experiment Numerical LLM Paper
archiving Exec Script Data/Plots Reviewing
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A path for Al to grasp Quantum Physics

- -8
ome- -
o= et
Ups
GPT-QE
QPU Nakaji et. al., The generative quantum
j ~ "Onceupon a time - - . happily ever after” eigensolver (GQE) and its application for

¢ ground state search, arXiv:2401.09253
2

GPU x QPU: a platform for research in this field

MATIONAL SSTITUTE OF ADVANCED MOUSTINAL SCINCE AND TECHNOLOGY LAIST
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Crafting the Core S u m m a ry aﬁﬂm{msi

 CAE aims to automate product design process in 0

Engineering.
V3 ,
* Automation in Science and Engineering follows o 2
a similar structure. 68 GP

.

—

* Level 3 automation has been extensively studied

— e
YA

and applied across various Scientific and

Engineering fields.

 Examples show how quantum computing
accelerates complex CAE tasks.

 The combination of Al and QC will accelerate
Science and Engineering.
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