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SANTA BARBARA, Calif. — Modern computers
are not unlike the looms of the industrial
revolution: They follow programmed
instructions to weave intricate patterns. With a
loom, you see the result in a cloth or carpet.
With a computer, you see it on an electronic
display.

ATCH TRAILE Now a group of physicists and computer
r gULY 1888 scientists funded by Microsoft is trying to take
the analogy of interwoven threads to what some

believe will be the next great leap in computing, T Michael Freedman
- Sl directs Station Q.

+ Top Stories so-called quantum computing.

If the scientists are right, their research could

Photo: Jonathan M Un 0 ; roen lead to the design of computers that are far more o M Ic rOSOft s

BY ANNE-MARIE CORLEY /f § i powerful than today’s supercomputers and could

s hael Fre u
e el g iy 11 Quantum Mechanics
. . . . . . 20005 that can
material science, artificial intelligence and code- e
breaking. ‘ _ _ )
Can anaging corporation’'s adventures in fundamental physics research

openanew era of unimaginably powerful computers?

The machine does not By Tom Simonite on October 10,2014
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Computers have come a long way

Antikythera mechanism
(100 BC)

Babbage’s Difference Engine
(proposed 1822)

(1946)

Sequoia
(2012)

Thanks to Matthias Troyer
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Success of Digital Computers and Moore’s Law

100PFlops

10 PFlops

s there anything we can't solve on
digital computers?




Some problems are hard to solve

QMA-Hard

NP-Hard

Ultimate goal:
Develop quantum algorithms whose complexity lies in BQP\P



Quantum Magic: Interference

Double slit )
Single slit aY ‘ .
| B _ interference
= A ,u" ‘ ‘. ‘
source of J& l ke e P pattern =
particles §0 L guantum
; I U0 Viyn s coherence

Interferenc pattern on screen

Screen

Classical objects go either one way or the other.
Quantum objects (electrons, photons) go both ways.

Gives a quantum computation an inherent type of parallelism!



Quantum Magic: Qubits and Superposition

Information encoded in the state of a two-level quantum system



Thanks to Charlie Marcus
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Input Output




Quantum Magic: Entanglement

@

Nonlocal Correlations!




LENS

FILTER 2
POLARIZER 2 ﬂ/
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First entanglement (Bell) experiment
Freedman and Clauser, 1972



Quantum Magic: Entanglement

2*5 distinct amplitudes

. . , [P1)
N non-interacting qubits -
. o [12)
vo) @ p
\ ‘f o
\ /
‘ [Y3)
sy N

[Yiotar) = (apl0) + ol1)) & (a1]0) + 5111)) @ - & (ay-110) + By-111))

State of N non-interacting qubits: ~ N bits of info
Thanks to Rob Schoelkopf



Quantum Magic: Entanglement

General state of N interacting qubits [ 32 distinct amplitudes!

171)
- @ 11
Simulating a 200-qubit interacting
system requires ~10°Y classical bits!

" YV |V73)
[U4) \

1Yiotar) = €100 ...0) + ¢[00 ... 1) + ... c,n-1[11 ... 1)

State of N interacting qubits: ~ 2V bits of info!
Thanks to Rob Schoelkopf



Quantum Magic: What's the catch?

Need coherent Need strongly

control 0 |1/J1) Interacting system
Ile)
1P0) [
|1/)3>

\
Decoherence o W) / Avoid interaction with
and errors! outside environment!

=

Thanks to Rob Schoelkopf



Quantum Gates: Digital guantum computation

Basic unit: bit = 0 or 1 Basic unit: qubit = unit vector
al0) + B|1)

Computing: unitary operation

>

NOT
0-—-1

Computing: logical operation

o -1



Quantum Gates: Digital guantum computation

Basic unit: bit = 0 or 1 Basic unit: qubit = unit vector

Computing: logical operation | «|0) + B[1) |

Description: truth table Computing: unitary operation
Description: unitary matrix

B L 000
c 0 O 0 1 0 0
o 1 1 l! 0 0 0 1
0 1 N 0 0 1 0
T 1 0

XOR gate CNOT gate



Quantum power unleashed: super-tast FFT

FET #Hops=N |Og )\

Example:
1GB of data =
10 Billion ops

Quantum
FFT

# ops =log N

Example:
1GB of data =
27 ops (!1)




Any other catches?

No-cloning principle /O limitations

output

P(1)
measure

+
Quantum information Input: preparing initial state can be costly

cannot be copied Output: reading out a state is probabilistic



Quantum Algorithms Exist!

* Breaks RSA, elliptic curve
signatures, DSA, ElI-Gamal

* Exponential speedups

Solving Linear e Applications shown for
Systems of electromagnetic wave scattering
Equations (2010) * Exponential speedups

e Simulate physical systems in a
guantum mechanical device

* Exponential speedups




Cryptography



15=m X =



15=5X%X3



1387 = m X =



1387 =19 X 73



1807082088687
4048059516561
6440590556627
3102516769401
3491701270214
5005666254024
4048387341127
5908123033717
3188796656318
2013214880557

=3 PG



1807082088687 3968599 4553449
4048059516561 9459597 8646735

Example: (n=2048 bits)
classically ~7x10'° years
guantum ~100 seconds

3188796656318 5551572 9990445
2013214880557 43 99



Breaking RSA and elliptic curve signatures

Classical:

0 (exp (n300gn)3))

& OneDrive

for Business

Quantum:
0 (n*logn)




Machine learning



The Problem in Artificial Intelligence

« How do we make computers that see, listen, and understand? Pras= 4

e Goal: Learn complex representations for tough Al problems

* Challenges and:ga.an bl Sl ity

 Terabytes ofmt"'g%;gﬁgé: ¥ s of limited data

* No“silverb Jllalﬁdﬂd i-anﬂahﬂﬁ

e Goodnewr 4|5-10 years

e (Can we auto W and high levels?

* Does quantu raining methods?



Deep networks learn complex representations

Desired outputs

High-level features

Mid-level features

Low-level features

Input

object recognition

object properties

textures Difficult to specify
exactly
edges Deep networks
learn these from
: data without
pixels

explicit labels

Analogy: layers of visual processing in the brain



What are the primary challenges in learning?

* Desire: learn a complex representation (e.g., full Boltzmann machine)

* Intractable to learn fully connected graph = RakaRaUERUEE U SE
: representation on a quantum
* Pretrain layers?

_ _ . computer?
* Learn simpler graph with faster train time?

* Desire: efficient computation of true gradient

Can we learn the actual objective (true

* I[ntractable to learn actual objective = .
gradient) on a quantum computer?

e Approximate the gradient?

* Desire: training time close to linear in number of training examples

* Slow training time = Kk V:e Speeduptmgdel training on a
. . uantum computer:
* Build a big hammer? : >

* Look for algorithmic shortcuts?




Training RBM - Classical

for each epoch //until convergence
for 1=1:N //each training vector
cD(Vv_1, w) //CD given sample V_1 and
parameter vector W
dLdw += dLdw //maintain running sum
end

W=WwW+ (A/N) dLdw //take avg step
end

CD Time: # Epochs x # Training vectors x # Parameters

ML Time: # Epochs x # Training vectors x (# Parameters)? x 21Vl +1hl




Training RBM - Quantum

for each epoch //until convergence
for 1=1:N //each training vector
gML(V_1, W) //qML: Use . computer tp
Approx. to sample P(v,h)
dLdw += dLdw //m2intaln running sum

end
W=Ww+ (A/N) ; » Take avg step

end

gML Time ~ # Epochs x # Training vectors x # Parameters

gML Size (# qubits) for one call ”(iv| + |h| + K K<33




Quantum simulation



What does quantum simulation do?

Physical Systems

Quantum Chemistry Superconductor Physics Quantum Field Theory

Computational Applications

Emulating Quantum Computers  Linear Algebra

oING
=)




Quantum simulation

Particles can either be spinning clockwise (down) or counterclockwise (up)

$ 6666
AARAE

There are 2° possible orientations in the quantum distribution.
Cannot store this in memory for 100 particles.




Quantum Simulation for Quantum Chemistry

Ultimate problem:

Simulate molecular dynamics of larger systems or to
higher accuracy

Want to solve system exactly

Current solution:

33% supercomputer usage dedicated to chemistry and
materials modeling

Requires simulation of exponential-size Hilbert space
Limited to 50-70 spin-orbitals classically

Quantum solution:
Simulate molecular dynamics using quantum simulation

Scales to 100s spin-orbitals using only 100s qubits
Runtime recently reduced from O(N11) to O(N*) — O(N®)

37



Quantum Chemistry H = Ehpq alag 5 D hyars abale,a,
pqrs

Can quantum chem im Chemistry: M. B.
computer: Dave We The Trotter Step Size Required for Accurate Quantum Simulation of Quantum Chemistry

Hastings, Matthias Ti David Poulin, M. B. Hastings, Dave Wecker, Nathan Wiebe, Andrew C. Doherty, Matthias Troyer

atter-Suzuki based

asquantunf” Ferredoxin (Fe,S,) used in many metabolic reactions Y ona quantum

ations are

appear fea iIncluding energy transport in photosynthesis icin the
applicatio not require
frequently y operations
simulating ) the parallel
of molecull > [ntractable on a classical computer increase in
corr]c\putatl rder in the
perform g . . - 1IN error at given
s » First paper. 300 million years to solve il
molecule t 7 . ki timestep. All
exactly Wd > Second paper: ~30 years to solve (107 reduction) tion and
increase in

required int

> Third paper: ~300 seconds to solve (another 103 reduction)

quantum computa
problems, drastic alg


http://arxiv.org/abs/1312.1695
http://arxiv.org/abs/1406.4920

Quantum Chemistry H = th afay 5 Y hogrs afalasa,

pqrs

LIQUi|) Simulations

LE+13 1100,000 Years




Application: Nitrogen Fixation

Ultimate problem:

Find catalyst to convert nitrogen to ammonia — Atmospheric Nitrogen (,)
at room temperature = -

Reduce energy for conversion of air to
fertilizer

Current solution: itrogen-fxin
Uses Haber process developed in 1909 B e ompnsers

(aerobic and anaerobic

Nitrates(NO, )

bacteria and fungi)

Requires high pressures and temperatures monifcation W nirication () haamint
Cost: 3-5% of the worlds natural gas Ammoniuft, . (¢"8) 2 nitrites(i0,)
production (1-2% of the world’s annual jtrifying bacteria

energy)

Quantum solution:

~ 100-200 qubits: Design the catalyst to

enable inexpensive fertilizer production .



Application: Carbon Capture

Ultimate problem:

Find catalyst to extract carbon dioxide
from atmosphere

Reduce 80-90% of emitted carbon dioxide

Current solution:
Capture at point sources
Results in 21-90% increase in energy cost

Quantum solution:

~ 100-200 qubits: Design a catalyst to
enable carbon dioxide extraction from air

Dispersed CO:

Ll
Lo Pond with
bacteria

Pipelines
Coal bed

methane
formations

formations

Deep aquifer

Carbon dioxide uptake by forests,
biomass plantatons and degraded
mine lands that are restored

Depleted oil
gas reservoirs

T — T — ‘

41



Quantum Algorithm Opportunities

Machine learning

Extend g. chem. method to solid
state materials

E.g., high temp. superconductivity
~ 2000 qubits; linear or quad. scaling

Clustering, regression, classification
Better model training

Can we harness interference to
produce better inference models?

RSA, DSA, elliptic curve signatures,
El-Gamal

What questions should we pose to a
guantum computer?




Requirements for Quantum Computation

Quantum algorithms:

Design real-world quantum algorithms for small-, medium- and large-
scale quantum computers

Quantum hardware architecture:

Architect a scalable, fault-tolerant, and fully programmable quantum
computer

Quantum software architecture:

Program and compile complex algorithms into optimized, target-
dependent (quantum and classical) instructions



Quantum Computing through the Ages

“Age of Scalability” Fault tolerant quantum computation
“Age of Algorithms” Algorithms on multiple logical qubits
“Age of Quantum Error Correction” Operations on single logical qubits

“Age of Quantum Feedback” Logical memory with longer lifetime than phys. qubits

“Age of Measurement” QND measurements for error correction and control
“Age of Entanglement” Algorithms on multiple physical qubits

“Age of Coherence” Operations on single physical qubits

—’
time

“We” are ~ here

—)

M. Devoret and R. Schoelkopf, Science (2013)



Quantum Hardware Technologies

Super-
conductors

Linear optics







Classical Error Correction

Probability p of having
a bit flipped

Sent
% I
SEVNEREN

Repetition code: redundantly encode, majority voting

0 —000
1 =111

Reduces classical error rate to 3p? — 2p3

Can we do this for guantum computing? Some reasons to think no:

* “No cloning” theorem
* Errors are continuous (or are they?)

* Measurements change the state
Thanks to Rob Schoelkopf



Different Error Correction Architectures

Standard QEC Surface Code Modular Approach

X Z—Z—Z
y=

Overhead reqi:al- in known ;c;.hemes:
1,000 — 10,000 actual qubits for every logical!!

(+ concatenation!) * threshold ~ 1% e good local gates (104?)
remote gates fair (90%?)

o ~ -4
threshold ~ 10 * large system to see

effects? * then construct QEC

*  Manyops., as software layer?

syndromes per QEC
cycle

Thanks to Rob Schoelkopf
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The man and his F*an*&i.cte

Image courtesy of Leo Kouwenhoven
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Mo jorana fermions

(Po‘rticte)x* :. .5 (au&i—par&icte)

—> Electric charge is zero

- Ev\erga\ Ls zero
—> Everything is zero (except mass)

How o measure the “‘niks” ,varéécte?

Thak’s whv Lk was nok 32& debeclted!

Image courtesy of Leo Kouwenhoven



New directions in the pursuit of Majorana fermions in solid state systems

Jason Alicea!

! Department of Physics and Astronomy, University of California, Irvine, California 92697
(Dated: February 8, 2012)

@0 @O0 @O e0c @O

TYA,1 ¥YB1  YA2 TB2 YA 3 TB3 YA.N VB,N

Topology provides natural immunity to noise!

—

s-wave superconductor 4 Trivial /A

FIG. 6. (a) Basic architecture required to stabilize a topological superconducting state in a 1D spin-orbit-coupled wire. (b) Band structure
for the wire when time-reversal symmetry is present (red and blue curves) and broken by a magnetic field (black curves). When the chemical
potential lies within the field-induced gap at k& = 0, the wire appears “spinless’. Incorporating the pairing induced by the proximate super-
conductor leads to the phase diagram in (c). The endpoints of topological (green) segments of the wire host localized, zero-energy Majorana
modes as shown in (d).



nature
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Non-Abelian statistics and topological quantum
information processing in 1D wire networks

Jason Alicea', Yuval Oreg?, Gil Refael?, Felix von Oppen® and Matthew P. A. Fisher3?
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NanowIres
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Epitaxial growth of InAs (or InSb)

P. Krogstrup, J. Nygard, Univ. of Copenhagen



Signatures of Majorana Fermions in
Hybrid Superconductor-Semiconductor
Nanowire Devices

V. Mourik,™ K. Zuo,™  S. M. Frolov,” S. R. Plissard,”E. P. A. M. Bakkers,"? L. P.
Kouwenhoven't
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A Software Architecture for Quantum Computing

High-level Quantum Algorithm

Quantum Gates
Quantum Function Implementation

Runtimes: |

Service

The LIQUi|) platform
[Wecker, Svore, 2014]

Quantum Circuit Decomposition
Quantum Circuit Optimization
Quantum Error Correction

Simulation

Runtime Environments

Target-dependent Optimization
Layout, Scheduling, Control

Target-dependent Representation
Classical Control/Quantum Machine Instructions




Shor’s algorithm: 4 bits = 8200 gates

| MulModig_| H |

MulMosd

| MulMosi Nz

MuiModhz

Ml Mo i

MulModis MulModi

MulModi
| MuiModns | MuiMedns 2k ! ! | MulModhs.

IMcdhg

MulModNg MulModhi MulModNE

MulMod MulMod MulModi

Ml a1 Ml AN

Mul,. N1

[ S S S— T L I | MuModM) o o e g | MulMad 1 [ [ MulModN) g o o g | MulModhp
T Mo I | } MMz [T - | ! | HulMadhiy

iRt

MulModiiy I MulModhiy

MulModNE
HulMed| 3 MM

MulMod

| MulMedMS | A ! ! 1 . MulMedhS. | 1 1 ! MulMadhs.
TModb "

MulModhg

MulModNZ

HulM o

Largest we've done:
14 bits (factoring 8193)
14 Million Gates

Circuit for Shor’s algorithm using 2n+3 qubits — Stéphane Beauregard 30 days




Shor’s algorithm: Modular Adder

As defined in:
Circuit for Shor’s
0 S N O N B . L l algorithm using 2n+3 qubits
= TR w8 - MR H | : : LI — Stéphane Beauregard

14 RS RA | | BE R2| 3| A4 RE
j 00

s e o=
[FENT b [REm

R3] m2f ALt | S S S —

L L L LT

_:_:— R1] A2 R3
i )

[ B RS R Rt ||| [ B RIT B2 H |_g, I
| M B B 1

i
:
g

let op (gs:Qubits) =

. . . (L1 .
RS A B3 A2 M 0 X E| H | RZ R3 R4| RS —l:ﬂl Rl R4 RS
1 * 11 1

CCAdd a cbs /[ Add a to ®|b) T

AddA' N bs // Sub N from ®[a + b) QFT' bs Il Inverse QFT

QFT' bs Il Inverse QFT of ®|a + b — N) X [bMXx] /I Flip top bit

CNOT [bMx;anc] /I Save top bit in Ancilla CNOT [bMx;anc] /I Reset Ancilla to |0)

QFT bs /I QFT of a+b-N X [bMX] /I Flip top bit back

CAddAN (anc :: bs)  // Add back N if negative QFT bs Il QFT back

CCAdd' a cbs I/l Subtract a from ®|a + b mod N) CCAdd a cbs / Finally get ®|a + b mod N)



Simulating Shor’s Algorithm

bits to factor



LIQUi|) for Compilation onto Hardware

let QFT (gs : Qs) =
let n = gs.Length - 1
fori=0tondo
let q = gs.[i]
Hq
forj=(i+1)tondo
let theta = 2.0 * Math.PI /
float(1 <<< (j-i+ 1))
CRz theta gs.[j] g
fori=0to((n-1)/2)do
SWAP gs.[i] gs.[n - i]

let QftOp = compile QFT
let




Conclusions

Exponential
speedups for
certain simulation,
cryptography,
linear algebra
problems.

What are the right
questions to ask a
quantum computer?

[Wiebe, Braun, Lloyd "12]
[Wiebe, Grenade et al '13]

What other
problems does a
quantum computer
solve better or
faster?
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http://research.microsoft.com/groups/quarc/
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