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Ammonia production

Use: fertilizer, cleaning products...

Haber process: Nitrogen — Ammonia
» High temperature and pressure
» 1-2% of global energy

Nature via Bacteria
« Ambient temperature and pressure
» Catalyst: Nitrogenase enzyme k‘i ™
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Climate zelele Antibiotic
Change Production Resistance
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What is a Qubit?

Mathematical Concept:

« 2-level quantum system
» each level is describe by a
complex number







250 qubits -
more states than atoms in the visible universe



Calculation Time

Classical Age of the Universe

Computing

Number of Atoms

Addressing classically intractable problems



Quantum States & Interference

Wikipedia:
https://en.wikipedia.org/wiki/
Double-slit_experiment

Animation by
G. Mikaberidze




Quantum States & Interference
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Quantum “Parallelism”
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Quantum “Parallelism”
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Quantum “Parallelism”

Applications

« The amount of information to extract is far smaller than the
iInformation needed to compute the relevant properties

« Even multiplied by the effort needed to extract the relevant
information, the quantum algorithm is still faster

* Input is hard to capture classically



Computation Description

Describe what to do with the state

» State of the computation:
quantum state (Schroedinger picture)

« Program description:
discrete sequence of actions (digital)

Describe the desired effect on the state

- State of the computation:
currently applied actions (Heisenberg Picture)

« Program description:
function describing how to change
the continuously applied actions (analog)




Analog Computation

Program description:
function describing how to change
the continuously applied actions (analog)

. Qubit lattice with fixed

geometry
Fixed set of unable couplings

and fields

program describes how field
and coupling strengths vary
over time

. Can in principle be universal



A n a | Og C O m p Utatl O n nested quantum annealing correction

Vinci, Albash, Lidar, 2016

Computing by time evolution (annealing)

Applications:

+  NP-complete combinatorial optimization problems
- Sampﬁng and machine |eaming Cao, Jiang, Perouli, Kais, 2016 embedding for all-to-all two-body interactions

. chemistry biO|Ogy & materials simulations solving set cover with pairs problem by QA Lechner, Hauke, Zoller, 2015

Challenges on Analog Devices:

- overhead for non-native problems

- mostly restricted to quadratic optimization
. e.m.beddmg .arj'd problem engineering g s S
. I|m|t¢d pOSSIbI|.IJ[y for error correction w \.;3:212:.5 S
- required coupling precision

‘A\\.




Digital Computation

Program description:

discrete sequence of actions (digital)

Classical:

0 1
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Quantum:
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Program description:

discrete sequence of actions (digital)
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Digital Computation

Program description:

discrete sequence of actions (digital)
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Digital Computation

Program description:

discrete sequence of actions (digital)

Classical:

0 1

“state

Quantum:

0) 1)




Digital Computation

Program description:
discrete sequence of actions (digital)

Classical: Quantum:
0 1 ~10) 1)
L A —
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Digital Computation

Program description:
discrete sequence of actions (digital)

10)

& 0) + 1)

V2

11)




Input: n,@,& < n - T-count, Rz(yp) — target rotation
T.m «|(n+ 1)/2]+ 2

2: fork = 0,1do

3: Lre,k < FIND-HALVES(cos(¢p-T1k/8),m,d)
4 Lim,k « FIND-HALVES(sin(p-1tk/8),m,5)
5: end for

6: Interval | « [0,a] < Pick o > 0 based on Lre,k,Lim,k

7: while | n[0,8] 6= @ do

8: Find an array A of tuples (€,a0,b0,a1,b1,k) s.t.:
e (ere,a0,b0) from Lrek
e (g¢im,a1,b1) from Lim,k
ec=c¢re +cimande €l n[0,0]

o Sort A by € in ascending order

10: £l < ... < eM « all distinct € that occur in A

11: forj=1toMdo

12: 0@

13: for all (gj,a0,b0,a1,b1) € A do

14: X" — a0 + b0v2 + i(al + b1v2)

15: N0 — MIN-T-COUNT(x’,m,k) <« (computes Tk(x'/v2m)
16: if n = n0 then

17: 0 « 0 UALL-UNITARIES(x',m,k) < minimal unitaries
18: end if

19: end for

20: if 0 6= @ then

21 return (gj,0) < Solution

22: end if

23: end for

24: Replace | = [a0,a1] by | = [a1,2a1 —a0]

25: end while

26: return (6,8) < No solution [Kliuchnikov, Maslov, Mosca (2014)]

Rotation
Synthesis



Error Correction

|0)

/7

1)

Challenges:

Detecting errors —we can't look at
the state

Correcting errors — an erroneous
state cannot easily be reset

No duplication or easy comparison
of arbitrary quantum states

The physical space within which the
computation takes place is not
clearly defined



Error correction

Basic idea remains the same:

 Information is encoded in redundant form
into global degrees of freedom.

- Computations take place within a clearly defined subspace,
and (any) local noise causes a perturbation outside that subspace.

« Suitable projective measurements

a. allow to detect these perturbations

b. project any error onto a discrete set of errors

c. give information that can be used to (attempt to) classify the error
d. leave the computation space unchanged



Error correction

implementable

[DiVincenzo (n hardware
(2009)]

\/ fault-tolerant

universal gate set

(sufficiently large)
error threshold

efficient enough
decoder



Quantum So

Development
Environment

res

rting
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Um m— Comp|ler

A
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'ware Framework

Execution

Platform

Tools for verification
Exe.CUtable and benchmarking of
Binary quantum algorithms

Execution Quantum
Mode| ) Processor
Hardware .
ificati Classical
Specifications
Processor
CIaSS|§aI SN Exe;utable
Compiler Binary



Quantum So

Abstraction

'ware Framework

A

L

» Hardware Validation

independent
formulation of
mathematical

concepts .
» Algorithm
formulation on a .
logical level
* Encapsulation .

Hardware specifications
Classical/quantum coordination
Precision distribution

Available information

1Ll

Error Sources

Resource

requirements

Correctness of the  Algorithmic Errors
algorithm * Approximation Errors
Verifiable behavior * Hardware Errors

Context dependent dispatch
Performance metrics

Static vs. runtime

Heuristics

111l

\

Resource
Management

Memory management
Asynchronous execution
Classical processing
Hardware specific
optimization




Compilation process

Library: variations for each quantum (sub-)routine

User code defining an algorithm, optimization of algorithmic errors

|Subroutine dispatch based on hardware, erasure of subroutine boundaries |
Choice of error

Optimization of synthesis errors

_n routines (possibly dynamic)

Physical layout, “routing” (dynamic and/or look-up)

Applying or tracking error correction, communication for runtime compilation



Formalization of a
Quantum Computing Architecture
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Mobility Productivity

Quantum Team Technology Resources

|
| Empowering the quantum revolution

WWW.MICROSOFT.COM/QUANTUM | § e volui

Learn more [>

Learn more about our approach
Get Sta rtec Wlth Quantum Join us at the leading edge of opportunity .

academic, and societal landscape. In just hours or days, a quantum computer can solve complex problems that would otherwise
take billions of years for classical computing to solve. This has massive implications for research in healthcare, energy,
environmental systems, smart materials, and more. The quantum economy is coming. And Microsoft envisions a future where
customers use Azure for both classical and quantum computing.

Invent the future S »
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