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Quantum Chip Helps Crack Code

Experimental chip does part of code-cracking quantum algorithm 1 mMay 2013 Last updated at 07:54 ET

EMAIL PRINT * SHARE » PAGE 1 2

= Nasa buys into ‘quantum’ comp

By Alex Mansfield
BBC Radio Science Unit

The machine does not fit the conventional concept of a quantum computer, but makes use of quantum

effects
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=4 Quantum Computing in the Media

French Advances / My Doctor Fired Me /Love App-tually

TIME

IT PROMISES TO SOLVE SOME OF HUMANITY'S
MOST COMPLEX PROBLEMS. IT'S BACKED
BY JEFF BEZOS, NASA AND THE CIA.

EACH ONE COSTS $10,000,000 AND OPERATES
AT 459° BELOW ZERO. AND NOBODY KNOWS

HOW IT ACTUALLY WORKS

THE INFINITY MACHINE

BY LEVGROSSMAN

1vs a Quantum Computer
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7}@ A Little Motivation

« Nitrogen Fixation:
— Making fertilizer uses a process from 1909 and uses lots of energy (400°C/200 atm)
— Cost: 3-5% of the worlds natural gas production (1-2% of the world’s annual energy)
— Design of a new catalyst would take ~100-200 qubits (inexpensive fertilizer)

* Carbon Capture:
— Cost: Capturing at point sources will result in 21-90% increase in energy cost
— Design a new catalyst to extract CO, from the air would take ~200-400 qubits

« Design of new chemicals and materials:
— Today 1/3 of all supercomputing time is spent on chemistry and materials modeling
— Designs that can never be done classically are solvable with a few hundred qubits

— Pharmaceuticals, High temperature Super Conductors (energy, transportation...)
» Example: gain back current 6.5% transmission loss in power lines
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Classical vs. Quantum Computing

Basic unit: bit = 0 or 1 Basic unit: qubit = unit vector «|0) + £|1)
a, B are complex values (|a|? + |B]% = 1)

A qubit lies on the surface of what is The Z coordinate is north-south and is our
known as the Bloch sphere: computational basis (what we can measure)

When we read a qubit we get a single bit

Probability based on position along the Z
axis (how close are we to |0) or |1) ?)

If we're on the equator we have a 50/50
probability of measuringa O ora 1

A2
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7%~ Classical vs. Quantum Computing

Basic unit: bit = 0 or 1 Basic unit: qubit = unit vector «|0) + £|1)

Computing: logical operation Computing: unitary operation

1 olls] = 2]
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Basic unit: bit = 0 or 1
Computing: logical operation

Description: truth table

XOR gate

- O = O mv

0
0
1
1
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7%~ Classical vs. Quantum Computing

Basic unit: qubit = unit vector «|0) + £|1)

Computing: unitary operation

Description: unitary matrix

CNOT gate

==

oS O = O

_ o O O
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Basic unit: bit = 0 or 1

Computing: logical operation

Description: truth table

Direction: Most gates only run forward
Copying: Independent copies are easy
Noise: Manageable with minimal ECC
Input/Output: Linear

Storage: n bits hold 1 value from 0 to 2™ — 1

Computation:

An n-bit ALU: 1 operation/cycle
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Classical vs. Quantum Computing

Basic unit: qubit = unit vector a|0) + B|1)
Computing: unitary operation

Description: unitary matrix

Direction: Most gates are reversible (matrices)
Copying: Independent copies are impossible
Noise: Difficult to overcome. Sophisticated QECC
Input: Linear, Output: Probabilistic (sub-linear)
Storage: n qubits can hold 2™ values
Computation:

An n-qubit ALU: 2™ operations/cycle
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& The LIQUi|) Simulation Platform

# Circuit

Optimizel QECC II Rewrite | Noise Export Render...
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Recent paper on LIQUi|)

LIQUi|>: A Software Design Architecture and Domain-Specific
Language for Quantum Computing. Dave Wecker, Krysta M. Svore

Languages, compilers, and computer-aided design tools will be essential for
scalable quantum computing, which promises an exponential leap in our
ability to execute complex tasks. LIQUi|> is a modular software architecture
designed to control quantum hardware. It enables easy programming,
compilation, and simulation of quantum algorithms and circuits, and is
independent of a specific quantum architecture. LIQUi|> contains an
embedded, domain-specific language designed for programming quantum
algorithms, with F# as the host language. It also allows the extraction of a
circuit data structure that can be used for optimization, rendering, or
translation. The circuit can also be exported to external hardware and
software environments. Two different simulation environments are available
to the user which allow a trade-off between number of qubits and class of
operations. LIQUi|> has been implemented on a wide range of runtimes as
back-ends with a single user front-end. We describe the significant
components of the design architecture and how to express any given

quantum algorithm.
http://arxiv.org/abs/1402.4467
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http://arxiv.org/abs/1402.4467

let entangle (gs:Qubits)

H gqs; let q0 = gs.Head
for g in gs.Tail do CNOT[qO;q]
M >< Qs
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Efficient guantum implementation language

Iter
Iter
Iter
Iter
Iter
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.2030]:
.1186]:
.0895]:
.0749]:
.0664] :
.0597]:
.0550]:
.0512]:
.0484] :
.0463]:
.0446]:
.0432]:
.0420] :
.0410] :
.0402] :
.0399]:
.0392]:
.0387]:
.0380]:
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0000000000000
0000000000000
0000000000000
0000000000000
1111111171131311
0000000000000
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0000000000000
0000000000000
0000000000000
0000000000000
111111117111311
0000000000000
0000000000000
0000000000000
0000000000000
1111111171131311
1111111171131311
0000000000000
1111111171131311
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User definition of a gate

VRS
B Ui

/// <summary>

/// Controlled NOT gate

/// </summary>

/// <param name="qgs'"> Use first two qubits for gate</param>

[<LQD>]
let CNOT (gs:Qubits) =
let gate =
Gate.Build(" " fun O ->
new Gate(
Name = "
Help = "
Mat = CSMat(4,[(0,0,1.,0.);(1,1,1.,0.);
2,3,1.,0.);(@3,2,1.,0.01),

Draw

))
gate.Run gs

A2
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Shor's algorithm: Full Circuit:
4 bits = 8200 gates
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14 bits (factoring 8193)
14 Million Gates

15™ ANNUAL Circuit for Shor’s algorithm using 2n+3 qubits — Stéphane Beauregard

Microsoft Research Faculty Summit 2014 = Microsoft




As defined in:

Circuit for Shor’s
Tt | w2 | algorithm using 2n+3 qubits
L W g LI LY : e — Stéphane Beauregard

EEY BA| R3] RZT RS Rl R RZ H H [ RZ| A3 R4[ RS

let op (gs:Qubits) =

CCAdd a cbs /[ Add a to ®|b) ;

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

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

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

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

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

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

- 15™ ANNUAL . = .
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bits to factor
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« LIQUi|) has a user extensible module allowing circuits to be re-written automatically
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3 qubits go to 27
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Spin-Glass Models
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Troels F. Rennow, Zhihui Wang,?? Joshua Job,** Sergio Boixo,® Sergei V.
Isakov,® David Wecker,” John M. Martinis,® Daniel A. Lidar,>**® Matthias
Troyer'™

"Theoretische Physik, ETH Zurich, 8093 Zurich, Switzerland. “Department of Chemistry, University of
Southern California, Los Angeles, CA 90089, USA. *Center for Quantum Information Science and
Technology, University of Southern California, Los Angeles, CA 80089, USA. “Department of Physics,
University of Sout_hem California, Los Angeles, CA 90089, USA. 5Gcmg\s!. 150 Main Street, Venice Beach, - resu Its When

CA 90291, USA. "Google. Brandschenkestrasse 110, 8002 Zurich, Switzenéand. 7Quamum Architectures

and Computation Group, Microsoft Research, Redmond, WA 98052, USA. "Department of Physics, A

University of California Santa Barbara, CA 93106-9530, USA. 9D@partmer'n of Electrical Engineering, Sta nce baS IS. OU r
University of Southern California, Los Angeles, CA 90089, USA.

_ ‘ the possibility of
*Corresponding author. E-mail: troyer@phys.ethz.ch
that quantum
The development of small-scale quantum devices raises the question of how to
fairly assess and detect quantum speedup. Here we show how to define and pOSGd.
measure quantum speedup, and how to avoid pitfalls that might mask or fake such
a speedup. We illustrate our discussion with data from tests run on a D-Wave Two
device with up to 503 qubits. Using random spin glass instances as a benchmark,
we find no evidence of quantum speedup when the entire data set is considered,
and obtain inconclusive results when comparing subsets of instances on an
instance-by-instance basis. Our results do not rule out the possibility of speedup
for other classes of problems and illustrate the subtle nature of the quantum
speedup guestion.
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http://arxiv.org/abs/1304.4595
http://arxiv.org/abs/1401.2910

Quantum Walks (PageRank example)

« Start with a standard stochastic probability matrix for PageRank (G)
e Define a Hamiltonian: H = (I — ¢)T(1 - G)
« Convert to a Unitary: U = e~

« Evolve from a starting state of the static probabilities (or perform an adiabatic
evolution in a 2" quantized form)

« Accumulate average probabilities of evolving state vector

« Example: Synthetic web graph (recursive matrix definition) of 256 pages takes 8
qubits

Adiabatic quantum algorithm for search engine ranking
Garnerone, Zanardi, Lidar (arXiv.org/1109.6546)
15™ ANNUAL

Microsoft Research Faculty Summit 2014 = Microsoft



Machine Learning

Translating classical algorithms is usually not the best approach:

1. You have to load all the data (at least linear time)

2. You have to process the data (may be exponentially faster)

3. You get to read-out one number as an answer (which is probabilistic)

4. Want another answer? Go back to step 1

However....

* Quantum algorithm for solving linear systems of equations (http://arxiv.org/abs/0811.3171)
« Example of building a machine learning model (efficient to build, terrible to read the model out)

* Preconditioned quantum linear system algorithm (http://arxiv.org/abs/1301.2340)
« Example of asking the right question (don’t ask for the model, use it)

» True exponential speed up — if you can come up with the right circuit for finding inverse eigenvalues
and pick various critical parameters

* Implemented in LIQUi|). Ongoing research to do full general solutions

15™ ANNUAL

Microsoft Research Faculty Summit 2014
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2 Quantum Chemistry = thq apdq t3 Z hpars apagaras

pqrs

[0)+1) 1
V2

Can quantum chenr am Chemistry: M. B.
computer: Dave We The Trotter Step Size Required for Accurate Quantum Simulation of Quantum Chemistry
Hastings, Matthias T David Poulin, M. B. Hastings, Dave Wecker, Nathan Wiebe, Andrew C. Doherty, Matthias Troyer

ter-Suzuki based
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computati order in the
perform q ; . ~ 11H = error at given
e > First paper: 300 million years to solve e el
molecule t . zuki timestep.
soveexact > Second paper: ~30 years to solve (107 reduction) nulation and
ten-fold in

te*;zcrjge‘grles\mz Third paper: ~300 seconds to solve (another 103 reduction) /

guantum computati

problems, drastic alc http://arxiv.org/abs/1406.4920
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http://arxiv.org/abs/1312.1695
http://arxiv.org/abs/1403.1539
http://arxiv.org/abs/1406.4920

H = zhpq apaq + 5 z hpgrs p qaras

pqrs

LIQUi|) Simulations

E+13 1100,000 Years

3/14: Optimized
Circuits

6/14: Tight
Provable Bounds
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Designing High Temperature Superconductors
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FIG. 3: Signature for d-wave RVB pairing when decoupling

two plaquettes with 6 atoms for varying onsite repulsion U /t.

—Hn b) For U/t = 4.5 pairs are formed with a small binding energy

'Hp. shown in the inset. In the final state after sufficiently slow
decoupling the hole pair is located on one plaquette, w }1110 for
large repulsion U/t = 4.5 the unpaired holes separate into 3
atoms on each plaqlmtlo {ug,hl paml) a) ijm tion 0[ the
final state onto

the 2
IEVIAOSO ﬁhnéé/la% nc éagmtya?ﬁr%%?@m&oms in opt|cal lattices = Microsoft
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LIQUi|) for Compilation onto Hardware

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

let QftOp = compile QFT
let QftOp’ = adjoint QftOp

- 15™ ANNUAL . = .
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ZASS Thank You

Dave Wecker
QUArC Chief Architect
Microsoft Corporation
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Referenced papers may be found at:
http://research.microsoft.com/QuArC
http://arxiv.org/find/all/1/wecker d



http://research.microsoft.com/QuArC
http://arxiv.org/find/all/1/wecker_d
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