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What time are we living in?

o . The first quantum revolution: exploit laws that
govern physical reality (lasers, MRI, ... )

e NOW: the second quantum revolution: actively use the
rules of QM to develop new technologies



Classical mechanics
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Can we (classical) ?

( We believe not )




Introduction to quantum computation (1)

e Def: A qubit is a unit vector in a 2-dimensional space (over complex number)
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How to compose qubits? (2)

¥) =[a,b] |6) = lc,d]
V) @ |¢) = [ac, ad, be, bd)]
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Non possiamo simulare piu di 50 qubits.




Computations as rotations...
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First source of speedups: Grover's algorithm(s).
Problem: find right one among n boxes.

Classically () (n)

Quantumly ... O(\/E)

2

e 1.000.000 operations -> 1000 operations
e 7 days ->2.5days



Second source of speedup: Quantum Fourier Transform

Classically: O(nlogn)
Quantumly: O(xlog n)

QFT is the "origin" of the
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"Hey Scinawa, math is cool...
but in practice?”



4
4

a
b

n = max([len(bin(a)[2:]), len(bin(b)[2:]) 1)43

print(n)

progfiTFzﬁgizwfp?g - gp = QuantumProgram(program types spec)

"name": “Quantum-Adder-circuit”, qc = qp.get circuit("Quantum-Adder-circuit")
"quantum registers": [

qr b = qp.get quantum register("b")
{ "name": "ripple", qr_a = qgp.get quantum register("a")
"size": 1}, q ripple = gp.get quantum register("ripple")
) o q _carry = qp.get quantum register("carry")
e c sum = gp.get classical register("sum")
saze: 0y, c _carrysum = gp.get classical register("carrysum")
{ "name": "b",
"size": n},
gmalt.utils.initialize index(qc, gqr_a, a)
{ "name": "carry", gmalt.utils.initialize index(qc, qr b, b)
Rsizet: 1}

] Adder.apply(qc, q ripple, qr a, qr b, g carry)

"classical registers": [ qc.measure(qr b, c sum)
: s S o

{nnameu : usumn .

"size": n},
{"name": "carrysum",
"size": 1},

H,



def apply(self, ripple, a, b, carry):

A simple ripple carry adder (no optimizations)

:param self: quantum circuit

:param ripple: quantum register of 1 qubit
:param x: n qubit quanntum register

:param y: n qubit quantum register

:param carry: quantum register of 1 qubit
:return: None

assert a.size == b.size

assert ripple.size == carry.size ==

n = a.size
majority(self, ripple[0], b[0], a[0])

for j in range(n - 1):
print("1){} al{}], b[{}], al{}]".format(j, j, j+1, j+1))
majority(self, a[jl, b[j+1], al[j+1])
self.cx(ala.size-1], carry[0])
for j in range(n - 2, -1, -1):
print("2){} al{}], bl{}], al{}]".format(j, j, j+1, j+1))
unmajority(self, a[jl, b[j+1], al[j+1])

unmajority(self, ripple[0], b[0O], a[0])



X a[2]
X b[2]
CNOT a[0], b[0] ....

~

rippleg - |0

H—e
ojf
\J

UV

aol|0
a;: |0

~

A
Lo
D—e

)
D

b

a: |0

~

J

-

X

V'l b
U

s

asz: |0 e e ﬁ

ay :O; .j D an ﬁ

as : |0) }—T

bo : {0) O—re b
by : [0) D—o S

by : |0) {X] = D

b3Z|O

~— ~——

D
YV
D
YV

D
YV
a
YV

S~

o1
o o o
S~ ~—

carryy :

faR\
N\
D
>

D
YV

sumy :

sumy .

sumy

sums :

O O O o O

suma :




Hybrid quantum-classical computation

"Quantum" as a GPU

Write code Compile into Apply Translate into
(python like) QASM ECC HW-QASM







5172640050726365751874520219978646938995647494277406384 1925
573263034537315482685079170261221429134616704292143116022212404
79274737794080665351419597459856902143413


https://twitter.com/veorq

Some work in progress

° detection
e Formal software verification (
e Quantum



Quantum chemistry!

Addressable market $20+ billion.

Rate of drug discovery + 5% to 10%.

Development times + 15% to 20%.

Better molecule design increase approval rates 1.5x or 2x.

What about ?

e Addressable market up to

Forecast by 2030. Source: BCG Coming quantum computing leap
https://www.bcg.com/publications/2018/coming-quantum-leap-computing.aspx



EXHIBIT 2 | Complex Molecule Discovery in Pharma R&D Could Be a $15 Billion to $30 Billion

Market Opportunity
QUANTUM COMPUTING HAS APPLICATIONS HIGHER MOLECULE DISCOVERY AND
THROUGHOUT THE PHARMA VALUE CHAIN APPROVAL RATES DRIVE THE VALUE PROPOSITION

DRUG DISCOVERY ) CLINICAL TRIALS LAUNCH

2027 branded pharma net income in US?

I
More potential ! Clearer trial Higher share in
drug leads I outcomes with indications from
produced faster : higher-quality higher quality;
| leads faster R&D ~5%-10% boost in potential drug
| allows longer use opportunities from faster discovery
| of patent
I

Cost advantage from reducing discovery
phase (15%—20% of R&D time)?

revenue
. erdru
@ Higher . : ~1.5x—2x higher approval rate; low-weight
ll’lumbﬁ" of molecules match current higher approval
aunches

rates of biologics
@ Lower cost

Revenue per drug boosted from higher
quality drugs gaining share (5%—20%)
and longer time in market (5%) with
patent due to faster R&D

approval
rate

"You could
simulate trials
in advance and

target high

approvals..."

"It's a 2x factor
of discovery,
and you cut

"It's possible that
you could boost
revenue perdrug, o

but it depends ~$15 billion
on the indication..." —$30 billion

Estimated opportunity size
(Incremental value x 10% willingness
to pay)

discovery time
and materials..."

Sources: Statistica reports; Wired; Lawrence Livermore National Laboratory; Motherboard; Fierce Biotech; expert interviews; BCG analysis.
1Assumes 7% CAGR in line with historical trends, 30% net margin, and 75% of total pharma market branded. 2Reduces ~25% of drug discovery, itself
15% to 20% of R&D, which represents ~17% of revenue.

Source: BCG Coming quantum computing leap https://www.bcg.com/publications/2018/coming-quantum-leap-computing.aspx



Ammonia Based Fertilizer: The
$11 Billion Problem Seeking a
Solution

https://quantumcomputingreport.com/our-take/ammonia-based-fertilizer-the-11-billion-problem-seeking-a-solution/



https://quantumcomputingreport.com/our-take/ammonia-based-fertilizer-the-11-billion-problem-seeking-a-solution/
https://quantumcomputingreport.com/our-take/ammonia-based-fertilizer-the-11-billion-problem-seeking-a-solution/
https://quantumcomputingreport.com/our-take/ammonia-based-fertilizer-the-11-billion-problem-seeking-a-solution/

Quantum Machine Learning

Remember:

Our dataset is a matrix X € R d

2
algorithms to perform linear-algebraic operations on matrices take O(n d)

Problem: what if data we produce double every 2 years?



We need quantum!

Note...quantum mechanics is all about and !

e Breakthrough paper in 2009 for matrix inversion
e Successively improvements till 2018
e Assume existence of

Theorem (informal) - Quantum Linear Algebra

There are quantum algorithms that, given a matrix M and a vector x stored in QRAM
e Multiply a vector by the inverse of M
e Multiply a vector by M
e Project x onto a subspace of eigenvectors of M.



Slow Feature Analysis
Z(t) = x1(t), 22(t)...xq(t)] — ¥(t) = [y1(t), y2(t)...yx ()]

/

7(t) = [91(2(2)), g2 (1)), --gk(F(2)]

With constraints:
e Average of the components of output signal is 0
e Variance of the components of output is 1
e Signals are decorrelated
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Quantum Slow Feature Analysis

Theorem 6 (QSFA algorithm). Let X = Y. ouvl € R and its derivative matrizv X €
R loenxd stored in QRAM as described in Appendiz . Let €,0,6,m > 0. There exists a quan-
tum algorithm that produces as output a state |Y) with ||Y) — |AL, sA<05Z)| < € in time

g ; , (L(X)+p(X)) [Z]] ; sabh ; 4 i &
@, <(h,(X)/1,(X)log(1/€) + =5 ) ||A”§9‘5A<(,,,,~Z||> and an estimator ||Y || with ||Y||—||Y||| <

n [|Y'|| with an additional 1/ factor.
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Kerenidis lordanis, and A. L. "Quantum classification of the MNIST dataset via Slow Feature Analysis." arXiv preprint arXiv:1805.08837 (2018).



Clustering

Classical algorithm O (kd’n)

Quantum algorithm O (kd 10g 72)




How big is the market?

High end computing is $5-6bn a year, (IBM) could increase to $10bn.

The size of the market will also depend on the business model used (hardware
sales vs. cloud-based) (JP Morgan)



return A

Hacker. Researching in
Quantum Machine
Learning in academia and
in industry. Privacy
enthusiast, expertise in
cybersecurity. Musician.
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¢ Music

Follow me: n m a

M Blog Posts

19 Jul 2018
18 Jul 2018
02 Jul 2018
16 Jun 2018
dimensionality reduction

10
15
15
18
03
29
27
04
21
06
06
21
13
11
01
21
10

Jun
Apr
Apr
Feb
Feb
Jan
Dec
Dec
Nov
Jan
Jan
Aug
Jun
Apr
Apr
Mar
Mar

2018
2018
2018
2018
2018
2018
2017
2017
2017
2017
2017
2016
2016
2016
2016
2016
2016

» Selected articles on Quantum Machine Learning

» Quantum Frobenius Distance Classifier

» lordanis Kerenidis' talk on quantum machine learning

» Quantum Slow Feature Analysis, a quantum algorithm for

» How to evaluate a classifier httpS://Iuongo.pro/

» Gather Statistics For Your Qram

» Failed Attempt To Reverse Swap Test

» Hamiltonian Simulation

» Storing Data In A Quantum Computer

» Swap Test For Distances

» Space Estimation Of Hhl

» Rewriting Swap Test

» The Hhl Algorithm

» Transavia is not recommended for travelling musicians

» My i3 configuration for Qubes-0OS

» Migrations and functors

» A primer on Projective Simulation: a (quantum) ML algorithm.
» CCNOT on a Feyman's quantum computer

» Palindromic Fibonacci in python

» The twelvefold pythonic way (WIP post)

» When ugly code must be written IRL: i.e. putting password inside

the code like a pr0
09 Mar 2016 » Whonix AppVM won't connect to Tor after hybernate

26 Feb 2016 » Some ideas: (part two)



Quantum Finance

Optimal feature selection for credit scoring

Optimal trading strategy optimal arbitrage opportunities
Pricing derivatives

Risk analysis (VaR, CVar)

° Quantum computing for finance: overview and prospects. R. Orus, S. Mugel, E. Lizaso https://arxiv.org/abs/1807.03890
e  Quantum speedup of Monte Carlo methods. Proc. R. Soc. A 471.2181 (2015): 20150301. Montanaro, Ashley.
° Quantum Risk Analysis. - Stefan Woerner, Daniel J. Egger https://arxiv.org/abs/1806.06893



Quantum Communications?

BB84 offers information-theoretical security
Position based quantum cryptography
Delegation of quantum computation ’
Classical homomorphic encryption for quantum circuit ‘ '

Quantum links:
a. LAN: ok

b. Satellite: medium
c. Long distance: research needed on repeaters!

ok owbdh-=

Quantum Crypto will not substitute classical cryptography!
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EXHIBIT 3 | The Speed of Market Growth Depends on Technical Milestones

UPSIDE CASE (10:1 RATIO IN ERROR CORRECTION): MAJOR APPLICATIONS BY 2031
BASE CASE (500:1): MAJOR APPLICATIONS BY 2042

2045-2050
CAGR?!

Quantum computing market
($billions)

300
250
200
150
100
50
0

295

UPSIDE CASE

300
250
200
150
100

50

BASE CASE

2025 2030 2035 2040 2045 2050

M Significant speed M Moderate speed M Early QCs O Five-year Quantum Quantum
advantage advantage (<150 logical qubits) CAGR simulation factorization

Source: BCG analysis.

Note: Assumes machine learning grows at current projected rate of ~18% CAGR until 2037 and then levels off at 2% CAGR per year until reaching a
steady-state growth rate of ~7% applied to majority of other applications. Because of rounding, numbers may not add up to the totals shown.

!CAGR based on 2045-2050 to compensate for downward bias of higher initial adoption rates of solutions that offer significant and moderate speed
advantages.

Source: BCG Coming quantum computing leap https://www.bcg.com/publications/2018/coming-quantum-leap-computing.aspx



So what?

e Gap between theory and technology to fill.
o New kind of information to process!
o We should program and test g-algorithms and fine-tune them
o Find new domains where quantum can be applied (nuclear
reactors, but also 5G technology, medicine, )
o Still waiting for quantum advantage...
o > 2.5 billions of public funding in next years



So what?

e Find business models:
o Train and give the model to customers?
o Consulting?
o Will be a platform as a service?
e \Write and test code
o The software stack! ( we are still doing arithmetics! )
o The glue to use the software
o Learn how to do data analytics on quantum computer!

Get in touch if your company wants to know more about quantum algorithms or you have a problem to solve.



Thanks for your time,
there's never enough.

cit. Dan Geer
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Aggarwal, Divesh, et al. "Quantum attacks on Bitcoin, and how to protect against them." arXiv preprint arXiv:1710.10377 (2017).
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