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Introduction
» Research Staff Member in the Experimental Quantum Computing Group at IBM

= Experiments involve superconducting quantum computing and
— Integrating larger numbers of qubits
— Fast qubit measurement and feedback

— Among other things!

- \ [ o~
|
'o

3 ©2017 IBM Corporation 30 March 2018




Feynman 1980

©2017 IBM Corporation 30 March 2018



5

Feynman 1980
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Grover 1996
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Grover’s Search Algorithm

One of the key algorithms for quantum computers

Unstructured Search of N elements
— Classical computer ~ N/2
— Quantum computer ~ VN

Not exponential speedup, but enough to matter for
— Big Data applications
— Subroutine for other quantum algorithms

Requires two key ingredients that use superposition and interference
— Oracle
— Amplitude Amplification
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Classical vs Quantum Bits
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Qubit State and Measurement

= General qubit state is a superposition

¥) = |0) + 5]1)
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Qubit State and Measurement

= General qubit state is a superposition
) =al0) + Bl1)  a=cost/2)
B = e*®sin(0/2)

X
= Amplitudes have relative phase => interference

Bloch Sphere
* Qubit operations (using microwave pulses) rotate the state
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Qubit State and Measurement

= General qubit state is a superposition
¥) = a|0) + B[1)  a=cos(6/2)
B = e*®sin(0/2)

X
= Amplitudes have relative phase => interference

Bloch Sphere
* Qubit operations (using microwave pulses) rotate the state

- QUb|t MeaSU rement Pre-measurement state Possible outcomes

: | 0> with probability | al?
Q‘O) T B‘D -|: | 1> with probability ||
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The Oracle and Amplitude Amplification

» Black box that recognizes something when it sees it
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The Oracle and Amplitude Amplification

» Black box that recognizes something when it sees it

= Distinction between verification and knowing '—W'O

— Testing whether a key opens a door vs breaking the lock
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The Oracle and Amplitude Amplification

» Black box that recognizes something when it sees it

= Distinction between verification and knowing r-ﬁ'O

— Testing whether a key opens a door vs breaking the lock

= Encode a list of stuff in binary and define function f s.t.
- f(l,) = () when wrong answer
- f(w) =1 when correct answer (winner!)
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The Oracle and Amplitude Amplification

» Black box that recognizes something when it sees it

= Distinction between verification and knowing r-ﬁ'O

— Testing whether a key opens a door vs breaking the lock

= Encode a list of stuff in binary and define function f s.t.
- f(l,) = () when wrong answer
- f(w) =1 when correct answer (winner!)

= QOracle will act on superposition of all states
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The Oracle and Amplitude Amplification

» Black box that recognizes something when it sees it

Distinction between verification and knowing r-ﬁ'O

— Testing whether a key opens a door vs breaking the lock

Encode a list of stuff in binary and define function f s.t.
- f(l) = () when wrong answer
- f(w) =1 when correct answer (winner!)

Oracle will act on superposition of all states

Oracle is quantum operation Uf that performs
) = (~1)/@|z)
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The Oracle and Amplitude Amplification

Black box that recognizes something when it sees it

Distinction between verification and knowing r-ﬁ'O

— Testing whether a key opens a door vs breaking the lock

Encode a list of stuff in binary and define function f s.t.

— f(L) — () when wrong answer | Index  State
- f(w) =1 when correct answer (winner!)

1 00)
= Oracle will act on superposition of all states 2 01)
* Oracle is quantum operation U, that performs 2 }(1);

2) = (—1)/@|)
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The Oracle and Amplitude Amplification

Black box that recognizes something when it sees it

Distinction between verification and knowing r-ﬁ'o

— Testing whether a key opens a door vs breaking the lock

Encode a list of stuff in binary and define function f s.t.

- f(z) =0 whenwrong answer Index State Oracle
— f(w) — 1 when correct answer (winner!)

1 00) 00)
= QOracle will act on superposition of all states 2 01)» 01)
: : 3 10) —[10)

= QOracle is quantum operation that performs
: g Uy thatp 4 11) 11)

2) = (—1)/@|)
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The Oracle and Amplitude Amplification

Black box that recognizes something when it sees it

Distinction between verification and knowing r-ﬁ'o

— Testing whether a key opens a door vs breaking the lock

Encode a list of stuff in binary and define function f s.t.

- f(z) =0 whenwrong answer Index State Oracle
— f(w) — 1 when correct answer (winner!)

1 00) 00)
= QOracle will act on superposition of all states 2 01)» 01)
: : 3 10) —[10)

= QOracle is quantum operation that performs
: g Uy thatp 4 11) 11)

_1\f(@)
Amplitude Amplification ) = (=1)" )

— Use interference to increase likelihood of measuring correct index
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Geometry of Grover’s Search Algorithm

We have N = 2" items
indexed by n qubits

Correct
Answer
|w)

Wrong
Answers

s")
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Geometry of Grover’s Search Algorithm

Correct

Answer Superposition
|w)

All Answers
|
S) = —— E T

Wrong
Answers

Is*)
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Geometry of Grover’s Search Algorithm
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Correct
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Entanglement in the Grover’s Search Algorithm

Shantanav Chakraborty.” Subhashish Banerjee.! Satyabrata Adhikari.* and Atul Kumar
Indian Institute of Technology Jodhpur, Jodhpur-342011. India

arXiv: 1305.4454v2
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Geometry of Grover’s Search Algorithm

Amplitude Amplification

Correct
Answer
|w)

UsUg|s)

All Answers

-

1)

Uyls)
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Use interference to invert
amplitude about the mean

Repeat ~ v/ N times



Geometry of Grover’s Search Algorithm

Grover Diffusion Operator

Us =2|s)(s| =1
Correct

Answer
|w)
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Building Quantum Circuits



Classical Gate Operations

NOT Gate (Bit Flip)

AND Gate

OR Gate

27

©2017 1BM Corporation

30 March 2018

00—
01—
10—
11—

00—
01—
10—
11—

(=

0
0
0

(=

RPRERO

Many Classical Gates are “one-
way”: Outputs are not unique



Quantum Operations

Single Qubit Operations — H S
Input | Output
X Z S H
0) [ [ 10) [ [0} [ ([0} +]1))/v2
1) 1) | (10) = [1))/v2
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Quantum Operations

Single Qubit Operations — H —
Input | Output
X Z S H
10) 1) [ 10) | [0) | ([0) +1))/v2
1) 0) | —[1) | 4[1) | (|0) = [1))/V2
Two-qubit Operations Controlled-NOT
- flips second qubit
Inputs | CNOT if first qubit is 1
0)  [0) 0) 10)
0) 1) 0) 1)
1) 0) 1) 1)
| 10 N
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Quantum Operations

Single Qubit Operations — H S
Input | Output - !Every operation has same number of
X Z1 S 7] inputs and outputs
_ = Every output is unique because
I?i :(1); I?Z I?i 88; 2 H;;?\\g guantum operations are reversible
| : = Each qubit gets a line

Two-qubit operations Controlled-NOT

: flips second qubit Example Sqore, like musical score
Inputs CNOT if first qubitis 1 Q1 ——? H R
0 O] 10 o | -
o) 1| o) 1) A.\ a2 —{H | I fn 22
1) |0) ) | o <
o) N a3 B-BInt—
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Grover’s Search Algorithm Circuit
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Grover’s Search Algorithm Circuit

Initial State:
n copies of |0)

ZWWl-In
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Grover’s Search Algorithm Circuit

Hadamards

create superposition
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Grover’s Search Algorithm Circuit
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Grover’s Search Algorithm Circuit
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Inversion
about the mean
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Grover’s Search Algorithm Circuit
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Grover’s Search Algorithm Circuit
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Two Qubit Grover’s Search Algorithm Circuit

Oracle set for index 3

qQlo]l »

oS SEE_ T oEa_
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qld] »
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Two Qubit Grover’s Search Algorithm Circuit

Oracle set for index 3

Oracle
alo] »
al3l n
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Two Qubit Grover’s Search Algorithm Circuit

Oracle set for index 3

Oracle

|
S and Ctrl-Z ! J;
determine oracle
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Two Qubit Grover’s Search Algorithm Circuit

Oracle set for index 3

41
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Two Qubit Grover’s Search Algorithm Circuit

Oracle set for index 3

qQlo]l »

aql2] o

Qi3] n
qld] »

L
CUY[

Measure
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IBM Quantum Experience

: Y
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The Quantum Community is Growing

Fifteen papers submitted

g Lo 2 roton
I've a new paper! "Quintuple: a Python 5-qubit
quantum computer simulator to facilitate cloud
auantum oompu'lnq

org/abs/1 09225

T- Y *EAMTWETum

Tweets from scientist at the South PoIe

10+ professors using IBM Quantum Experience for education
Featured at Undergrad Conference at University of Waterloo
MIT edX Online Course using it (1100 students)

Educational tool and research tool

44

N. Linke et al.,

arXiv:1702.01852

Enrichment exercise: IBM Quantum Experience

18M generously offers open, doud-based, access to a real quantum-circuit-capable quantum computer, which
has five superconducting "transmon” qubits. Due to constraints imposed by the topology of device
Interconnects, only certain two-qubit gates can be implernented in a single step; also, the clowd-based interface
limits single qubit operations Pauli gates, S, §', T', and 7" . And gate realizations are pretty good, but
imperfect: the qubits have finite (but well-characterized) 7 and T3 coberence times.

This realistic configuration is very interesting to explore, as we do in the following optional, probiem.

IBM QE1: Five-qubit entangled state

This is a schemati diagram of IBM's five qubit chip quantum computer:
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PHYSICAL REVIEW A 94, 012314 (2016)

Experimental test of Mermin inequalities on a five-qubit quantum computer
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Performing Quantum Computing Experiments in the Cloud

Simon J. Devitt

Center for Emergent Matter Sclmcc, RIKEN Wakoshi, Saitama 315-0198, Japan.

A i -0 ansey

Quintuple: a Python 5—qub1t quantum computer simulator to

facilitate cloud quantum computing

Christine Corbett Moran®®*

Quantum state reconstruction made easy: a direct method for tomography

R. P. Rundle,’ Todd Tilma,? J. H. Samson,’ and M. J. Everitt':*
'@ S E ing R h Group & Department of Physics,

L iy h Uni i Lei shire LE11 STU. United Kinodom
New J. Phys. 18(2016) 073004 doi: 10,1088/ 1367-2630/18/7 /073004
| 2 Putiished in partnenhip
New Journal of Physics e D I | e ks

The Open access joumal at the farefrent of physics

M
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10P isstuteof Pysics  Geselischaft and the institute
of Prysics

PAPER

Entropic uncertainty and measurement reversibility

A quantum teleportation experiment for undergraduate students
S. Fedortchenko®
Laboratoire Matériaur et Phénoménes Quantiques, Sorbonne Paris Cité,
Hesnoreitd PDawie Nidovnt ONRQ IIMR 7189 750110 Dawie Bemons
Leggett-Garg test of superconducting qubit addressing the clumsiness loophole

w
:w': Emilie Huffman'? and Ari Mizel!
illust !Laboratory for Physical Sciences, College Park, Maryland 20740, USA
prop *Department of Physics, Duke University, Durham, North Carolina 27708, USA

tum oy | eggen-Garg inequality holds for any macrorealistic system that is being measured noninvasively. A
;hc"nohnonofﬂrmah:yunngnallhlnymdo«numfammmmmﬂmnuuonaboulnzphysml
d"c“’ world. Aliemnatively, a violation can simply indicate that “clumsy” experimental technique led to invasive

e Here, we consider a recent Leggett-Garg test designed 1o try 10 rule out the mundane second

W possibility. Wemmummmmmmusommm&pmmsmmmnmm
evidence that qubit Q; of the system cannot be described by




Quantum Experience Demo
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= Qubit states lie in 2D Hilbert space with orthonormal basis

Visualizing qubit states: the Bloch sphere

10),11)

= An arbitrary state is given by:

47

[P) =
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o = cos(6/2)
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Single-Qubit Operations

= Measure:

Initial state Possible outcomes

| 0> with probability o2

a‘ O> i /BI 1> ‘ | 1> with probability 32

— Quantum non-demolition (QND) measurement:. qubit remains in measured state
Z

= Rotate:
— NOT gate: rotate = radians around X or Y
(a.k.a. “pi pulse”)
— But also... any arbitrary rotation allowed!
(n/2 is a common one)
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Grover’s algorithm

49
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Grover iteration

~ =

— H®" (I — 2|0)(0|) H®" —F

inversion about the mean

|)—>(-1)™]x)

30 March 2018

repeat O (\/ 2”) times
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Grover’s iteration on 3 ﬂubits

oy — eI ¢- TR
¢ HEe MR-

oracle |x)—(-1)™|x) inversion

TZ

Z.C?

@
® — z.c2T

2 iterations, 10 two-qubit gates/iteration, 14 single-qubit locs/CCZ
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Grover'’s iteration on 4 ﬁubits N
“ H H— 26 two-qubit gates/iteration

78 one-qubit locs/CCCZ

R
’ - -
RN

@ H

[1] A. Barenco et al., “Elementary gates for quantum computation”, Phys. Rev. A 52 3457 (1995)
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