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Outline for presentation

1. Self-introduction ( )
The origins of computing ( )

Physics, computers, and quantum mechanics

( )
My work, and open questions ( )

5. Paths to international research ( )

Reminder: feel free to ask questions at any time!
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computer science,

, and

?

zmr@g.ecc.u-tokyo.ac.jp 3



My path through the United States

Santa Fe — San Francisco — DC — Chicago — Boston

Distance from 2 to 6 is the same as # 5% to A[Jz!



The origin of my interests (

Physics

Support from teachers,
parents, and friends

Science focused
high-school =

Afterschool clubs, math
team, student outreach

\.

Japan

Novels, games, and
Japanese friends!

Only ==, 1, and e
classes at my high school

Language summer
program in Minnesota

Wherever possible, I've tried to

my interests!
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Parallel interests ( )

& Class + Class + Life in
be‘\ summer program  Self study JLPT N2 Japan!
D IAIRS)
o
b=l
o S UTokyo NTT JSPS
gﬁw ‘é&% internship internship fellowship
N
o J. \/  \,J
é&% High school College Doctorate Postdoc
g } } } t >
2011 2015 2019 2024

Huge help from mentors, teachers, and fellow students!
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= Computers handle broad tasks

Calculate?

Search, sort, and optimize
Store, and communicate
Predict physics

‘Learn’ and ‘reason’ ...

What makes these tasks sim-
ilar, and how can we under-
stand a theory of computing?
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The origins of computing

Extends back long before electronics!
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The origins of computing
Extends back long before electronics!

FHIRRA > b

: person who performs calculations ( )
: the name of a 9t century mathematician

Algorithm: ( )
A series of steps that can be followed by a machine
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The origins of computing
Extends back long before electronics!

FHIRRA > b

: person who performs calculations ( )
: the name of a 9t century mathematician

Algorithm: ( )
A series of steps that can be followed by a machine

Historically, the has changed!
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1804: Jacquard loom* (
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1837: Babbage’s analytical engine ( )

Steam-powered general-purpose computer

( )
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1945: ENIAC ( )

Programmable, electronic, digital computer

( )
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Computer vocabulary ( )

( ): set of information that describes a
system at a certain time.

( ): process performed on a
computer (7/: addition, subtraction, multiplication).

( ): data received by or sent from
a computing system.

( ): Combination of operations on data; this
takes input, makes output, and changes system state.
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A computer updates its state over time by
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A computer updates its state over time by

(input) datum (output) datum

state at t, state at t;

Operations

Y1 =21 + X3
Yo = Ty + Ts
Y3 = Ty X Zg

to — 11
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A computer updates its state over time by

(input) datum (output) datum

state at t, state at t;

Operations

Y1 =21+ 23
Yo = Ty + Ts
Y3 = Ty X Zg

to — 14

We encode ( ) a question in input data, run our
, and read answer from output data.

We can organize operations with a circuit.
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How do we study computers?

: what problems can a computer solve?
: how efficient is a solution?

: how do + depend on type of computer?
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How do we study computers?

Question 1: what problems can a computer solve?
: how efficient is a solution?

: howdo Q1 + depend on type of computer?

The first question is computability ( ); the sec-
ond question is ( ). The third ques-
tion (my interest) relates to
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% Computers and physics
Computers follow ( )

All computers we build, and those of the past, seem to be
able to compute the !

In 1930s, Alonzo Church, Alan Turing, Kurt Godel and
others created mathematical definitions for computers

Church-Turing thesis:
The functions computable by physical devices (

) are the same as those computable by a Turing
machine.> = = Math definition.

5General recursive functions ( ). 3 (R GED.E G



The origin of quantum mechanics
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The origin of quantum mechanics

Hydrogen Emission Spectrum

©

o < ©
- [32) =] o]
¥ N ¥ wavelength, A (nm) &

(1900-1930) A new theory developed to explain strange
atomic and optical phenomena ( ).

Quantum ( ) means discrete amount ( )

The universe is quantum! But quantum effects usually
only appear at small size and low temperature

( )



1921: Stern-Gerlach experiment

r“s @\@@T

Silver atoms sent through magnetic field €
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1921: Stern-Gerlach experiment
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Silver atoms sent through magnetic field €

Atoms have intrinsic spin (|75 2 I >) that is quantized.
This spin is a simple quantum state.
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1921: Stern-Gerlach experiment

r“s @\@@T

Silver atoms sent through magnetic field €

Atoms have intrinsic spin (|75 2 I >) that is quantized.
This spin is a simple quantum state.

The experiment is a quantum measurement (£ fI7E)
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The rules of quantum mechanics ( )
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The rules of quantum mechanics ( )

A quantum state ( ) changes in time (t — t + At)
by equation® ( )
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A quantum state ( ) changes in time (t — t + At)
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Y+ A0 ~ [T —iHA (). (D
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The rules of quantum mechanics ( )

A quantum state ( ) changes in time (t — t + At)
by equation® ( )
Y+ A0 ~ [T —iHA (). (D

means if |/, — 1/, and |/, — 1/, then”

+P ol +
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The rules of quantum mechanics ( )

A quantum state ( ) changes in time (t — t + At)
by equation® ( )
Y+ A0 ~ [T —iHA (). (D

means if |/, — 1/, and |/, — 1/, then”
+ Bl +

means At must be small for the rule in (1) to
be correct. H (Hamiltonian) controls dynamics ( ).
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Special quantum mechanical phenomena ( )
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Special quantum mechanical phenomena ( )
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If 1, and |/, are states,® then + can be a state.
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Special quantum mechanical phenomena ( )
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Some correlations between quantum states cannot be
described classically.®
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Special quantum mechanical phenomena ( )

Superposition ( ):
If 1, and |/, are states,® then + can be a state.
Entanglement ( ):

Some correlations between quantum states cannot be
described classically.®
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We can extract classical data from quantum state. This
is irreversible ( ) and can change the state!
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Special quantum mechanical phenomena ( )

Superposition ( ):
If 1, and |/, are states,® then + can be a state.
Entanglement ( ):

Some correlations between quantum states cannot be
described classically.®

Measurement ( ):
We can extract classical data from quantum state. This
is irreversible ( ) and can change the state!

We really do observe these effects, and they may allow us
to do things no classical system can do (efficiently)!
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The ( ) math of quantum theory

Quantum states are complex unit vectors (
Y= (o, ..., ) €C" with length one:
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The ( ) math of quantum theory

Quantum states are complex unit vectors (
Y= (o, ..., ) €C" with length one:

lotg 12+ oy 12+ 4 |, 12 =1

Sometimes we write:

Py =a,|0)+a, |1)+---+a_ |n).

(2)

(3)
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The ( ) math of quantum theory

Quantum states are complex unit vectors (
Y= (o, ..., ) €C" with length one:

lotg 12+ oy 12+ 4 |, 12 =1

Sometimes we write:

Py =a,|0)+a, |1)+---+a_ |n).

Measurement: observe | k) with probability |

(2)

(3)

| 2
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The ( ) math of quantum theory

Quantum states are complex unit vectors ( ).
Y= (o, ..., ) €C" with length one:

log 12+ oy 124+ |, 12 =1 (2)

Sometimes we write:
)=, 10} +a, I1)+---+, In). 3)
Measurement: observe | k) with probability |, |2.

Product: combined state is written |) ® | ¢).
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The ( ) math of quantum theory

Quantum states are complex unit vectors ( ).
Y= (o, ..., ) €C" with length one:
lag 12+ 1o P+ + o, 12=1 2)

Sometimes we write:

) =a, [0} + o, |1} + -+, |n). (3)
Measurement: observe | k) with probability |, |2.
Product: combined state is written |) ® | ¢).

Unitary operations: states transform by unitary
matrices:1° |y) — U |1p). Here U preserves length.!!
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Quantum mechanical computers

Classical digital computers update binary information with
simple rules to solve complex problems.

and 1,

Information stored : voltages over transistors.
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Quantum mechanical computers

Classical digital computers update binary information with
simple rules to solve complex problems.

and 1,

Information stored : voltages over transistors.

Question: how can we update quantum states? What
are the rules? What is a quantum algorithm?

10)+511),

Computers following quantum mechanical laws solve
problems differently!
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Visualizing a single state on the Bloch sphere
A unitary is a rotation ( ) on the sphere ( )!

Classical bit: Zo Quantum bit: SU(2)
0 0)
! |0) +11)
V2
|0) —i[1)

l /
1 1) V2

For many qubits, this is much harder to imagine!
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Comparing classical and quantum computers

> C. Quantum computers can do everything a classical
computer can
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Comparing classical and quantum computers

> C. Quantum computers can do everything a classical
computer can

Start with quantum state
Apply many unitary operations ( )

Measure final quantum state ( )
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Comparing classical and quantum computers

> C. Quantum computers can do everything a classical
computer can

Start with quantum state
Apply many unitary operations ( )
Measure final quantum state ( )

By superposition, entanglement, and properties of
measurement, problems appear to be solved faster!

Factoring integers. Predicting physics.
Solving linear equations. Optimization ...
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Classical computers operate on binary data: 0 and !’s

—i

DB
B——EDO-I_
D

Do—o

Logic gates take binary input and produce binary output.

Many logic gates combined make a logic circuit.

NAND gate:
0A0=1), 0A1=1), 1A0=1), (1A1=0).

zmr@g.ecc.u-tokyo.

ac.jp
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Quantum computers operate on quantum states: |i)

|
|

0) : Uo ~H Uo {7
I U2 |

0) —+— Uy H - H Ui H Uy :f7\
| U,

0 -+ Hu H ol
I U2 U2 |

0) — o, H {2
|

Quantum logic gates can be combined into a quantum

circuit; classical data is given by measurement.




Quantum computers exist,
but are small and noisy.

Many different approaches,
with different technologies.

: IBM uses a
superconducting ( )
device at ~25mkK.

Many quantum algorithms
we understand in theory are
still to run.

Improvement is !
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My research focus £

How can quantum computers transform linear operators?
When is a quantum computer faster than classical?
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My research focus £

How can quantum computers transform linear operators?
When is a quantum computer faster than classical?
Q1: How do we efficiently input data?

: Once data is input, what can we change?

: How do we efficiently measure results?

Building simple tools “\, and mathematical techniques
-- to make creating quantum programs easier.
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Linear operators and matrices

We can represent relationships with matrices: Av =b

o5 = [1J[1]-[8
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Linear operators and matrices

We can represent relationships with matrices: Av =b

o5 = [1J[1]-[8

Dimension: size of matrix
Eigenvectors ( ) v; eigenvalues / ( ):

= /v, where / is matrix and / is number

x d x*

k% k% I
x e *
abcdx*f*:***
k% k% kox %
x g %

* =ad+be+cf+dg=
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We can compute the inverse matrix to solve

=3 =54 2] = [-G
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We can compute the inverse matrix to solve

2 117 112 -1 1
__]7 _ — —
=t 2] =314 2] =02
We can compute eigenvalues and eigenvectors

Q2-D2-1)-1=0 = 12—41+3=0,
== 1€{1,3},

= y T = [1/\/5,—1/\/5] and v,T = [1/\/5,1/\/5]-
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We can compute the inverse matrix to solve

2 117 112 -1 1
__]7 _ — —
=t 2] =314 2] =02
We can compute eigenvalues and eigenvectors

Q2-D2-1)-1=0 = 12—41+3=0,
= 1 e{1,3},

= y T = [1/\/5,—1/\/5] and v,T = [1/\/5,1/\/5]-

We can write the matrix A using the eigenvalues and
eigenvectors ( )!

A=1(v;v;N)+3(vyv,"),
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Linear algebra is powerful

x=Bly 4
x(t) = Ax(t) (5)
y=rx (6)
x,=f(Wx,_;+b) (7)
t=As+e (8)

They appear when solving systems of equations (4), linear
differential equations (5), Fourier transforms (6), neural
networks (7), and cryptography (8, )!
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Linear algebra is powerful

x=B"ly 4
x(t) = Ax(t) (5)
y=Fx (6)
x,=f(Wx,_;+b) (7)
t=As+e (8)

They appear when solving systems of equations (4), linear
differential equations (5), Fourier transforms (6), neural
networks (7), and cryptography (8, )!

[Translate many problems to the same language! ]
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Transforming matrix eigenvalues

I study quantum algorithms for controlling matrices
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Transforming matrix eigenvalues

I study quantum algorithms for controlling matrices

Specifically, I want to change their

=) T Y fAIv T = f(A)
k k

This depends on the function
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Transforming matrix eigenvalues

I study quantum algorithms for controlling matrices

Specifically, I want to change their

=) T Y fAIv T = f(A)
k k

This depends on the function
X % 3

Quantum algorithms can do this for

* %
—_—
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s For example, I helped design a
!

to

(=]

alalale

T
s
(-]

We the problem into




%) New directions and unsolved questions

Functions with many variables ( )

,f’( b b A )

<< Controlling matrix eigenvectors
I Using less time and space

%/ Combining different types of transformations
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%) New directions and unsolved questions

Functions with many variables ( )

j?(J(J b > )
£2 Controlling matrix eigenvectors
I Using less time and space

%/ Combining different types of transformations

Make it easier to translate problems to linear algebra,
and then solve efficiently on a quantum computer.
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Research directions in quantum computing

-— Mathematics:
Analysis, geometry, linear algebra, group theory ...

= Computer science:
Programming languages, optimization, graph theory ...

Physics:
Condensed matter, field theory, information theory ...
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Research directions in quantum computing

-— Mathematics:
Analysis, geometry, linear algebra, group theory ...

= Computer science:
Programming languages, optimization, graph theory ...

Physics:
Condensed matter, field theory, information theory ...

The field is diverse and offers problems at every level! ]
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A Getting involved!

High school College Grad school Beyond!
— m
Classes Classes Classes Policy
. Research
Self-study Internships P — Indlftry
I I Industry Academia
Climles L sz internship or teaching
~—— ~

Careers in research are varied, and often span many
countries!
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¥ Questions for students

What have you heard about quantum computers?
How do you use computers in your work now?

What is the source of your interest, and what problems
do you hope to solve?

Are there two topics you hope to work between?
Are you interested in international exchange?

What do you think might help you or others to make
international research more common?
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Thank you for listening!

()
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