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The goal

Understanding if, and to
which extent, it is possible
to build computing
machines able to perform
tasks which are impossible
to conventional (classical)

computers

Quantum Compu’rinﬁ
@ I - ]




Quantum Algorithms,

exploiting quantum pe
properties of the physical ’
information carriers, -

outperform all currently
existing classical

algorithms. {@ e

however, they run on ideal
Quantum ﬁlqor\’rhms fault-tolerant universal

@ @ quantum computers!




A quantum Turing machine or
universal guantum computer
is an abstract machine used to
model the effects of a
guantum computer. Any
guantum algorithm can be
expressed formally as a
particular guantum Turing
machine.

Universal Quantum Com(au’rers
S ——9




\nformation

S Phgsica\

Physical realization of
guantum computers

Algorithms as
dynamical quantum
processes!




Decoherence

L 4

Because of the extreme
fragility of guantum
information storage and
processing in presence of
environmental noise, error-

correction technigues
required to achieve fault-
tolerance are still
experimentally in their infancy




The grana Challenﬂe

It is unclear, at the moment,
whether decoherence will
eventually be a
fundamental unavoidable

limiting factor to the
manufacturing of universal
scalable guantum
computers, or not

10.
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MISQ Devices

— 3

Quantum
Simulation

pl(o(oroxima‘re

solutions

Variational

Quantum

E:!\Soriihms

What are the useful
problems which quantum
computers can solve more
efficiently than their
classical counterparts?

Which subclass of such
problems are experimentally
less demanding, given the
current state-of-the-art
guantum hardware?

12.



Feynman “82 & Manin ‘80

Simulating guantum systems is hard
on classical computers.
However, one can use quantum

systems to simulate other guantum

Quantum Simulations systems efficiently.
@ 9
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Abandoning the “exact”

Unlikely that qguantum computers
will be able to solve efficiently
worst-case instances of NP-hard
problems, like combinatorial
optimisation problems.

However, it might be possible to
build specific-purpose quantum
devices able to find better
approximate solutions or find such
approximate solutions faster

o(oﬂmizaﬂon PFOHQMS
@

-]
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Hybrid quantum-
classical algorithm

Quantum State
e " preparation
VA §

Quantum Hardware

Measurement
Apparatus

New Iteration

Update y
Parameters

Variational Quantum ﬁlﬁoriﬂwms
©

M. Cerezo et al, arxiv 2012.09265 (2020)

classical optimization
1!
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Variational Quantum
Eigensolver

minimizing the energy of a many-body
correlated quantum system (chemistry
examples)

j’min = AH = (W(e) IHl W(g))

explore the exponentially-large Hilbert

space of the fermionic particles in order

to find iteratively the ground state of the

Heaslur‘emf—%rﬂ . HamiLtonian, without soLving the full
o ity o diagonalisation problem.

i\
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Quantum Chemistry Hamiltonian

S. McArdle et al, arxiv 180810402, (2020)

the knowledge of the ground

] state of a chemistry compound as
Electronic Hamiltonian a function of the bound length

- allows one to extract crucial

_ Z l - Z VA s l Z i information such as the
— D _ 'ri — RI| 2 L |I-15 — rj| equilibrium bond Length, bond

3 41 i#] angle, and dissociation energy

| . . . .
Second quantlzatlon Hamiltonian
H= Z hpqap“q t Z qusapaq s
q pars

The Hamiltonian contains up to N4 terms

. Vv? Z ‘
hpg = /dxqap(x) (—? - Z r_—;:{[') (%)
I

kinetic energy terms of the electrons, and their
Coulomb interaction with the nuclei

] (ﬁ;(xl)@; (x2) (%2) b5 (X1) : ‘exmtatlon‘ of an electron
hpgrs = | dxidxo into the single electron B Y
’ spin orbital p . 39 -0

// -n,a

=06

[r1 —raf

the electron-electron Coulomb repulsion ik

“3.0

=41

t t t —~—
interatomic distance (H)
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Jordan - Wigner mapping Fermion to qubit mappings

Pauli weight: O(N)

ﬁ
ko
A

H= E hpqap“q Z qusapaq“fas
Pq 2

m Parity mapping
L Pauli weight: O(N) J Qubit Hamiltonian
- KPou stings

ol

(4)

_O-.'L'

= 10, Ugi

Pauli weight: number of non-identity
single qubit Pauli operators in a Pauli

q Bravyi-Kitaev mapping e string gt
Pauli weight: O(log(N)) : e Jiang mapping

0

Pauli weight: O(log(N))

Z. Jiang et al, arxiv 191010746 (2020)

18.



Fermion

Jordan-Wigner

a |0001) 4 b|0010)
+¢|0100) + d |1000)
ao
a1
a2
as

5 T

n;, = a,z. a;

a|0001) + b|0010)
+¢(0100) + d |1000)

Qo

A Z are parity
operators

Q22120
OXVAVAVA

1) (1l;

Jorden-Wigner
transformation

stores the occupation number
locally and the parity
non-Llocally
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Fermion

Jordan-Wigner

Parity

a |0001) + b]0010)
+¢|0100) + d |1000)
ao
ai
az
as

- f

n;, = CL?: a;

a|0001) + b|0010)
+¢]0100) + |1000)
Qo
Q1720
Q2721720
(OPVAVAVA

11 (1],

a|1111) 4 b|1110)
+¢|1100) + d |1000)
X3X2X1Qo

Xa Xz (Q110) (0], — @1 11) {1,
Xs (@2 [0) (01, = QL) (11,)

Qs (0) (0], — Q% 1) 1

gl — )

B

i=1,2,3

Parity

transformation

stores the parity locally, and the

occupation number
non-Llocally
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Bravyi-Kitaev

transformation

Fermion

Jordan-Wigner

Parity

Bravyi-Kitaev

a [0001) + b|0010)
+¢|0100) 4 d|1000)
Qo
ai
az
as

t

’FE,‘ =a;a;

|0001) + b]0010)
+¢[0100) + d [1000)
Qo
Q1 Zo
Q27170
Q3727124

1) 1]

a|1111) 4 b|1110)
+¢|1100) + d|1000)
X3X2X1Qo

Xa Xz (Q110) (0], — Q1 [1) (11,
Xa (Q210) (0], — Q4 11) (1l

Qs [0) (0], — QF [1) (1,

|1) (1|i:O ! % (1 - Z?:Zifl)izl,'z,.g

a|1011) + b|1010)
+¢|1100) + d|1000)
X3 X1Qo
Xa (@110} (0l — Q1 1) (1],
X3Q274
2 (Q3(1 +Z2:71) — QL1 - 2221))
1) (ll;z02 > 3(1—Z12Z0)i=1, 3(1 — Z3Z221)i=s

a midway point between the JW and
parity methods:
it compromises on the locality

of occupation number and parity
information

21.



Jiang Mapping

defined on ternary trees,
maps any single Majorana
operator of an n-mode
fermionic system to a
multi-qubit Pauli operator
acting nontrivially on
O(log(N)) qubits

22.



Variational ansatz

State Pre(aaraﬂon

ol

i
o -l o
o i O—— J)—l—
-

- 5

a state which has a
sufficiently large overlap with the
target eigenstate (ground state)

IIT.

e.g., hardware efficient ansatz and
chemically inspired ansatz

23.



Measurement

I+II

e

-
} w(0) -

IIT.

w

ql—. ‘l, *
R ——
f-h-.

Pauli string measurement

calculate the expectation value

(H) 0 = 2 P

k

\ repeat to accumulate

statistics

- Classical oPﬂmizaﬂon

e.g. gradient descent

24.



/ \Imeact

Solving classical
intractable chemistry
problems

high-T (/
| superconductivity / K

biochemical reactions

transition metal
catalysis

designing new compounds

drug design material science

25.



Roaaoblocks

optimisation procedure can

m become difficult in practice
because of the presence of many
local minima

classical approaches \

ansatz choice

26.



For many interesting Hamiltonians, as
we increase the size of the problem
the number of measurements needed,
i in a regime where the quantum core of
VAQE is advantageous, would be
extremely large, so it may take years
to reach the required precision
(chemical accuracy).

1

27.



Quantum

Computers

A _

Lceaminﬂ to

measure

Leamina to measure

Adaptive informationally complete POVMs for near-term
guantum algorithms

Sabrina Maniscalco, University of Helsinki, Aalto University, Algorithmiqg Oy - Finland

28.



sure

Leaminq to Mea

— 3

How we change

Pers{aem‘ive

\n?ormaﬁonaﬂﬁ._
com%ﬁiéfei‘ﬁb_\iﬂ -
HygbricMonte
Carlo '3{80d+hrrﬁ-

Adagtive measurement Wy

o ) i

Sh’afégtj ————

A new perspective

a novel method which
sensibly alleviates the
demands on the number of

needed measurements,
paving the way to current
experimental feasibility.

29.



observable Pauli sh‘inas _
sub-optimal measurements scheme,

\/ O = Zk ckPk —/ as the variance of O is the sum of

the weighted variances of the
individual Pauli strings

error in the estimation

\e: ck|?*Var(Py)/S
\/;H (BI/S ~

number of measurements Grouped Pauli method aims to

Var(Py) ~ (P2) — (Py)? on each Pauli string identify all the Pauli strings that
can be measured simultaneously

from the same data set

The measurement P(‘Ob\(—lm . not efficient —/
(Y I ) '

30.



o 5 RN
’ :—“Ll__:—‘i’gi B: informationally complete positive
-1 P - o D~ operator-valued measures

| (IC-POVMs)

;
H'En,) m=0,1,23 effects

each effect is associated to one of the 4 Tr [PHi]
possible outcomes of 2 qubit measurements

can be used to estimate

\ | any expectation value of
i rTena i@ POVM optimization

our choice!

hybrid Monte Carlo

tart int
Star mﬁ Pomﬂ

31.



quantum-classical hﬁbrid

Monte Carlo a\ﬁorﬁhm

measuring a linear
combination of a large
number of Pauli strings

:

Monte Carlo integral

32.



We can estimates the weighted average O
of all the Pauli strings simultaneously, ( >
regardless of whether they commute or
not, by exploiting IC data.

repeat the measurement S times
using the local POVMs to sample from
the probability distributior{ pm }

o circumvents costly tomographic estimator
reconstruction of quantum states _ \’
O = Z W,

covariance between all these parallel
measurements can be calculated efficiently on a
classical computer

o naturally takes into account the Zk Ck H k
v =1 mz

estimation error v/ Var(wm)/S

v

33.



local effects {I'\"}

POVM o(\a’rimea‘rion

2
via classical gradient estimation V. Z 2 (
ar(wy) w; Tr[ply] Zerr[pFr]
= (0)*
classical postprocessing routine | dossyel dependicniihs PRIE

to navigate the space of POVMs

. term to minimize
towards low-variance ones

(W) gy = Z’“’Q“ [P®(Zd() H(t)

one feeds the outcomes of the current POVM to _ me Z (H dﬁ.”,,, )

the classical routine, which uses them to s
evaluate the variance of the new POVMs J'

calculate on
classical computer

Sraohen’r descent (/

on the Q&j

34.



on the @3

we do not need to first optimise the POVM
until it reaches a small-enough variance
to then start estimating the expected
value of the observable.

The intermediate POVMs used in the
process are also IC, so they can be used for
the estimation of the mean value of O as
well.

The strategy is to calculate a
weighted average of the estimated
means that minimises the resulting
variance in the estimation.

This can be done iteratively as the
optimisation algorithm progresses

35.



how it works

Key ideas

We use the IC data obtained with
the POVM twice

2,

to produce an estimation
of the mean of the
observable.

to to find a better POVM
in the next experiment

the measurement learning
procedure improves over the
initial POVM with no additional
measurement cost

36.
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10° -

estimated (dashed) and actual (solid) error in the
estimation of the Srouno\ energy

"a H2 with 8 qubits - dians b LiH with 8 qubits - BK

Qo\a(oﬁve measurement for enerﬁﬂ estimation

-] B - |

106

103

Pauli

—— Grouped Pauli

SIC-POVM 1

- — SIC-POVM 2

Grad. POVM 1

. —— Grad. POVM 2

104
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w

8 qubits H2 diang

100
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- 050
025 P
s
b g
k 000 ‘

‘ -0

Learning fo measure

-
-

S,
v

| different colors = different qubits
about 100 repetitions
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Star

Number of shots Star required to achieve a target
error of 0.5 mHa for H chains as a function of
the number of qubits N

10% Pauli
@ Grouped Pauli
SIC-POVM 1
10° ® SIC-POVM 2 Mapping
Grad. POVM 1 Method Parity BK JKMN
Grad. POVM 2 Pauli 6.0+ 0.4 6.8+ 0.5 6.2+0.2
108 Grouped Pauli 55404 6.4+0.5 5.7+0.4
SIC-POVM 1 5.8+ 0.7 5.7+ 0.6 4.9+0.5
SIC-POVM 2 54405 44+04 4.7+0.2
107 Grad. POVM 1 4.3+ 0.6 4.6+0.5 3.24+03
Grad. POVM 2 4.0 £ 0.6 44405 3.44+0.3
10°
10°
4 6 8 10 12 14
N

Scaling
u ==

41.



6 qubit LiH BK 8 qubit H2 Jiang

A

- Using the data
S S B obtained to calculate
0996 . R the mean energy for

0.994 - .\ | partial. (2, 3and 4
0.992 - . | qubit) tomography
0.99049 N e

0.988{ : \
0.986{ Method °

—&— SIC-POVM 2

0.984 1 —%- Grad. POVM 2 4
2 3 4
k
Parﬁal ‘romographﬁ
© — - |
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' New measurement strategy in which the
optimal measurement of an operator
average is learnt in an adaptive fashion
with no measurement overhead

Does not require exponentially-

scaling classical computations

Our algorithm is completely agnostic to the
nature of the qubit Hamiltonian and it is exact.

The measurement data can be reused to
calculate other properties of the state,
including its tomographic
reconstruction.

Conclusions

@ - J
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Take home Message

The road to useful quantum
advantage requires new
skillful ways to optimise
every aspect of the near-
term quantum algorithms

We are one step closerl
& @

45.
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