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I- OPTICAL LOSS ESTIMATION/DISCRIMINATION

GENERAL PROBLEM: Extracting information encoded in the optical loss (transmission
or reflection) property of a spatial object

IMAGING - Quantum Metrology

e Spatial estimation of a continuous parameter

e Quantum estimationtheory

7(7) AT(p,T0)

estimate Uncertainty



I- OPTICAL LOSS ESTIMATION/DISCRIMINATION

. GENERAL PROBLEM: Extracting information encoded in the optical loss (transmission
or reflection) property of a spatial object

READOUT OF CLASSICAL DATA - Quantum

e Spatial estimation of a continuous parameter » Array of cells (i, j) encoding bits in two value of

optical parameter 7, (u =0,1)
e Quantum estimationtheory

7(7) AT(p,T0)

estimate Uncertainty _ v(i, ]) Derr (157 H)
Assigned bit value Error probability

* Bosonic Loss channel discrimination



I- IMAGING RESULTS

L 2010: Sub shot noise imaging: Proof of principle

Quantum Classical differential
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Nat. Phot. 4, 227 (2010)

L 2017: Sub shot noise microscopy: beatingthe best
classical strategy (70% shot noise removed)

Quantum Classical

Light: S&A. 6 £17005 (2017)

L 2018: TMSV + photon counting strategy
approachs the Ultimate Quantum Limit

ITWB) = @M |TMSV)

-/\‘j ’TMSV) Zn Ocn‘n>s|n>1

Scientific Reports, 8, 7431 (2018)

O 2020: optimized estimator for quantum enhanced

sensitivity obtained at the diffraction limit
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Appl. Phys. Lett. 116, 214001 (2020)



Examples of applications READING: read-out of classical data/pattern recognition
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Bar Code/QR

I
| “ ' i I'~ | * Arrayof cells (i, j) encoding bits in two value of
‘! W 'i'\}"!m-u[ -".' optical parameter 7, (u =0,1)
Mli'.m' - "I (1] §} .‘I'xlmlul”l

* Loss channel discrimination

N Fingerprints of a v(i, ) Perr(p, 1)
Patte_rn recognition substancein Assigned bit value Error probability
(Petri Pattern) spectroscopy




OUTLINE

Il - QUANTUM READING

» Classicallower bound vs specific quantum strategy
= Experimental realization

Il — QUANTUM CONFORMANCE TEST

= Discriminationamong two loss parameter distributions
= Simulation and experimental results

IV — QUANTUM PATTERN RECOGNITION

= From cell readout to patter classification
» Preliminary experimental results




II- QUANTUM READING

. SINGLE CELL READOUT: Assigning the value of a bit codified in two level of
transmittance 7, and 7, of a cell in an optical digital memory

R

S. Pirandola, Phys. Rev. Lett. 106, 090504 (2011)



II- QUANTUM READING

. SINGLE CELL READOUT: Assigning the value of a bit codified in two level of
transmittance 7, and 7, of a cell in an optical digital memory

Decision

Algorithm

« A probe signal ®" p, consists of M replicas of a correlated bipartite state p
* N photons are addressed to the cell
» The ancillary correlatedidlers modes may be used in a joint measurement

» Post processingto guess the value of the bit u=0,1

‘l.TT_r:r..-__:~.:.|
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S. Pirandola, Phys. Rev. Lett. 106, 090504 (2011)



II- QUANTUM READING

. CLASICALLOWER BOUND

pg%g > C(N, T, T1) =

» Single coherentmode is the optimal classical
transmitter ®Mp ¢; 2 |a)s , |a[*=N

» The optimal measurement is undefined
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S. Pirandola, Phys. Rev. Lett. 106, 090504 (2011)



II- QUANTUM READING

. OPTIMAL CLASSICALBOUND A SPECIFIC QUANTUM TRANSMITTER

1— \/ 1 — e~NT—VvR) M replicas of Two Mode Squeezed Vacuum (TMSV)

pg},gi > C(N, T, T1) =

M 00
ITMSV) g, TMSV) = 3 ealn)s|n)y
» Single coherentmode is the optimal classical
transmitter  ®Mp ¢; 2 |a)s , |a[*=N Given N > Nyy (to, 7,) There is M
: _ _ peMSV < C(N, To, Tl)
» The optimal measurement is undefined
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S. Pirandola, Phys. Rev. Lett. 106, 090504 (2011)



II- QUANTUM READING

. PHOTON COUNTING RECEIVER

‘0’ or 1’

Twin Beams + Local photon counting + Maximum Likelihood decision

M
|TMSV>§ 7 ng, N u = argmax, p(ty|ng, n;)

Performance is close to the theoretical bound for the optimal receiver

Sci. Adv.7 (4), eabc7796 (2021)



II- QUANTUM READING

Theoretical Quantum Gain (bits/cell) in function of transmissivity Ty, mean number of
photons N (higher transmissivity is setto t; = 1)
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For certain region of the parameter space QR retrieves almost all the information
while the best classical strategy completely fails!

Sci. Adv.7 (4), eabc7796 (2021)



II- QUANTUM READING

. Experimental setup S

Pump 1 * TOI ‘
BBO @ — | T
qg=0 frF ‘
_q _x
|F |
Far-fieldlens ~ Glass Imaging CCD
slide lens camera

/ * Single measurement Time: 10 ms

* Spatio-temporalmode: M ~ 1013 4 N/M << 1 N

Poissonian
* Mean number of Photon: N ~ 10 ° ‘ marginal distribution

(shot noise limited)
* Transmittance (bit): 75 ~0.995,7; =1 C )

\\ * Detection efficiency: ng,n; = 0.78 /

G

Sci. Adv.7 (4), eabc7796 (2021)



II- QUANTUM READING

.10° i
. IZ,(()zlo ) I SN l Sci. Adv.7 (4), eabc7796 (2021)
QUANTUMJOINT 410 17 QUANTUM GAIN (BITS)
PHOTON NUMBER ~ 4.00 | s
PROBABILITY 399 | 0.30 o
DSTRIBUTION OF o 0.25 V 4
SIGNAL (S) AND 3.98 | -
IDLER (1) PHOTONS ‘ & s _.-""f'jf}.-"".’x
:(: "“—;.j:j' | ) /_,//‘/‘ = ‘\;\
| | | A | | _Tg_gé_y" 0.994 0.996 0.998
012 r M 1 To
CLASSICAL | atiin |
(SHOT NOISELIM) 0.08 U1 | 0.15 bit per cell compared to the
PROBABILITIES OF _ ] _ optimal classical strategy(coherent
THE SIGNAL(S) _ _ state +unknown receiver)
PHOTONS ONLY 0.04 7 hk | 0.3 bit per cell comparedto a the
0 optimal classical strategybased on

4.05 4.07 4.09 Ng(-10%) photon counting



I1I- QUANTUM CONFORMANCE TEST

Given a single quantum channel ¢;, deciding if it has been produced by a reference (conform)
process F, with distribution p,(t) or by different (defective) process P, with p; (1)

Parameter distribution

I mefoctive |
Ref Process I Defective |
P p (T) 77 Process : ) (T) (T
0 0 1 PrLp(0) ° P1
v 0.94 0.96 0.98 1.00
Transmitter - Receiver T
M (signal)
input state POVM
DP
p L (idler) 11
—

‘ Sci. Adv. 7, eabm3093 (2021) ‘NR'M

Sensors , 22(6),2266 (2022)



A Parameter distribution

Classical discrimination

p(n)
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I1I- QUANTUM CONFORMANCE TEST

An ILLUSTRATION of the ERROR PROBABILITIES for LOSS CHANNELS

E Quantum discrimination
=
ja
4600 4800 5000
n
I

p(n)

4700 4800 4900 5000 5100
n

states (they are more overlapping because of the quantum shot noise).

E and F show the corresponding photon counting distributions with reduced noise due to the
entanglement (ideal detection). They are better distinguishable than the classical counterpart

False positive

B False negative

A and B present archetypal examples of possible distributions for the reference (red) and defective
(blue) processes.

C and D present the correspondingdistributions of photon counting outcomes for classical input

L]



I1I- QUANTUM CONFORMANCE TEST

' Optimal Classical strategy

general classical transmitter + unspecified optimal receiver

— =P _ e~ ns(VTo—yT1)?
Peia = J d*Ma d?t B P(a, B)|a)(a]| ® |B)(B] [> ¢ prle > 1—Ep, [Epl [\/1 H

err — 2
P(a,f) =0 _
Classical lower bound to the error prop.
It is expected to be not tight (because of the derivtion
Proposed quantum strategy
Twin Beams + Photon counting + Maximum Likelihood decision
M

ML

Sci. Adv. 7, eabm3093 (2021)



I1I- QUANTUM CONFORMANCE TEST

Recognizing a defective process

Po :{po(7),1} P {p1(D), 1}

Po (1) = 8(7 — 1¢) p; (1) uniform

Reference (known)  pefective (unknown)

A: Uniform distribution of the defective
process with different variance as reported
in the legend

B: Corresponding error probabilities in
function of the value of the reference
transmittance

O Quantum (TMSV+PCreceiver)
== (" C(lassical optimal bound

....... CP¢ Classical probe + PC receiver

perr

—/
7/ -
0.1 \
5.0x 1074 —— 1.5x 1073 \
0.0/ — 1.0%10"3 =—— 2.0x1073
0.995 0.997 0.999
To _RlM )

Sci. Adv. 7, eabm3093 (2021)



I1I- QUANTUM CONFORMANCE TEST

Experimental Results

0.51
A: |deal detection

B: Experimental detection efficiency 0.4

Nexp = 0.8

Number of photonsng = 1075 0.3]

Some advantage is preserved with 0.2¢°

respect to the classical lower bound
(coherent state +unknown receiver)
in presence of detectionlosses of
20%

0.1+,

0.995 1.000 0.994 0.996 0.998  1.000

Significant advantageis always
achievedif comparedto the optimal
classical strategy based on photon
counting Sci. Adv. 7, eabm3093 (2021)




IV- QUANTUM PATTERN RECOGNITION

From quantum reading/single cell task.... .... TO pattern recognition/multicell

..H..'.J

Fingerprintsof a
substancein
spectroscopy

Patternrecognition,
e.g. biological
structures

(Petri Pattern)

How does the error in the single cell readout affect the error in the classification
(machine learning) ?

=M




IV- QUANTUM PATTERN RECOGNITION

. CLASSIFICATION OF HANDWRITTEN DIGITS Leonardo Banchi et al. Phys. Rev. Applied 14, 064026 (2020)

3




IV- QUANTUM PATTERN RECOGNITION

. CLASSIFICATION OF HANDWRITTEN DIGITS Leonardo Banchi et al. Phys. Rev. Applied 14, 064026 (2020)

- Single
\ f cell
~ Bitflip




IV- QUANTUM PATTERN RECOGNITION

. CLASSIFICATION OF HANDWRITTEN DIGITS Leonardo Banchi et al. Phys. Rev. Applied 14, 064026 (2020)

Single . (a) I NN classification error
cell NearE'St-nelghbor ]0 NN classification error
it fli classifier

Bit |Ip .

(Hamming distance)

)

i
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2(
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Empirical probability (%)

o

Pl\d error probe Ll)lllt\

» C(lassification performance is
non linear with the single cell




IV- QUANTUM PATTERN RECOGNITION

CLASSIFICATION OF HANDWRITTEN DIGITS Leonardo Banchi et al. Phys. Rev. Applied 14, 064026 (2020)

. (a)
4 Sin Ie . B NN classification error
: cegll Nearest-neighbor o 80
e classifier =
- Bitflip 60

(Hamming distance)
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Empirical probability

Pl\Ll error plub lbﬂm

(b)

Combiningwith = 50|

actual readout 5

b Z 60
rob. - P :
P 8 » C(lassification performance is
= 40 0 0 0
> £ non linear with the single cell

2 0  Quantum strategy with photon
Z counting (cyan) is close to the

05 250 500 750 1000 lower bound
ﬂff\‘r_g -: ITTOTO 1



IV- QUANTUM PATTERN RECOGNITION

. Spontaneous Parametric Down Conversion (SPDC)

Energy and q
momentum

conservation

X(Z)

o, + W, =,

qs — _qi —-q

;




IV- QUANTUM PATTERN RECOGNITION

. Spontaneous Parametric Down Conversion (SPDC)

D

Energy and ¥@ q’ D

momentum ] B

conservation D

: i =
Q. . =

S i p . D

. qO = ! .

d; =—q; 1 D

D




IV- QUANTUM PATTERN RECOGNITION

. Spontaneous Parametric Down Conversion (SPDC)

D

Energy and ¥@ q’ D

momentum ] B

conservation D

: i =
Q. . =

S i p . D

. qO = ! .

d; =—q; 1 D

D

losses
Strong temporal and spatial photon number correlation

. VaT(Nl - Nz)

NRF = A 1-n)<1 » A e LA High detection efficiency n needed




IV- QUANTUM PATTERN RECOGNITION

. Spatially multi-mode structure

SPDC (1075 spatial mode)

Non-linear

Gaussian Crvstal

Pump : ql

* Transverse size of the system (pump size) determines an
uncertainty in the propagation direction of correlated photons

which spread according to diffraction in an certain ‘coherence’
area A on

* Pixels must be larger than this A.,;, to collect all the correlated
photon pairs (larger the pixel better the correlation degree)

There is a tradeoff between the resolution and the sensitivity



IV- QUANTUM PATTERN RECOGNITION

. EXPERIMENT

|. 10 spatial patterns(digit 0-9) are physically realized
by deposition of a titanium thin layer on a coated
slide




IV- QUANTUM PATTERN RECOGNITION

' EXPERIMENT

|. 10 spatial patterns(digit 0-9) are physically realized
by deposition of a titanium thin layer on a coated
slide

lIl. The photon countin each pixel

is used to assign the value of * /

E&= & CLASSICALREADING

the bit 2 the final image is
binary (black and white)




IV- QUANTUM PATTERN RECOGNITION

' EXPERIMENT

|. 10 spatial patterns(digit 0-9) are physically realized
by deposition of a titanium thin layer on a coated
slide

lIl. The photon countin each pixel

is used to assign the value of /
the bit 2 the final image is * ,

binary (black and white)




IV- QUANTUM PATTERN RECOGNITION

' EXPERIMENT

|. 10 spatial patterns(digit 0-9) are physically realized
by deposition of a titanium thin layer on a coated
slide

the bit 2 the final image is
binary (black and white)

lIl. The photon countin each pixel "
is used to assign the value of * /Q

lll. Binaryimage are classified by the
supervised NN learning algorithm
trained on the noiseless training
set (60000 images)

Classification Error
determined

N




IV- QUANTUM PATTERN RECOGNITION
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EXPERIMENTAL RESULTS (PRELIMINARY)

NRF | 07 I |+TIVISV probe + PC receive;|
" TMSV probe *+ PG receiver 065 Class probe + PC receiver

Class probe + PC receiver

NN classification Error

work in
progress
17

o @

0.4 !
13 26 39

RESOLUTION [um]

26 39 52
RESOLUTION [um]

* Noise Reduction Factor (NRF) is the residual fraction of the shot noise, depending on the
resolution in our scheme

 (Quantum advantagein the Error probability of the single cell is obtained

* As expected, the quantum advantage amplifies in the classification is amplified

* Some technical problem does not allow to clearly compare the actual results with the
theoretical classical lower bound

R




CONCLUSIONS

. QUANTUM ENHANCED READOUT of CLASSICAL DATA has been
demonstrated experimentally

o QUANTUM READING of optical memories

o QUANTUM CONFORMANCE TEST to monitoring the quality of
production process

o QUANTUM PATTERN RECOGNITION, quantum sensing combined with
machine learning

PERSPECTIVE

o Differentquantum transmitter, more elaborated detection
o Differentdiscrimination problem (quantum position finding)

APPLICATIONS

o Spectroscopy (chemical finger prints)
o Biological pattern recognition (bacteria growth structure in Petri disk...)
o Target detection and ranging
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