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Contribution of our work

Build a bridge between Bell
Inequality (physics) and Artificial
Neuron Network (computer science)

Train ANN to detect entanglement
with all or partial information
and without prior knowledge




What Is Entanglement

Bob

" Source ¢

Iit’s Impossible!
Quantum Mechanics is
] incolete.

antum computation, Teleportation,
1935. EPR parao(gggantum key distribution...



Definition of Entanglement
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Positive Partial Transpose
(PPT criterion)

Amin = Min(eig(p™))
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Problem

reconstruct 0 is resource-consuming
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// 'z / 'z 3 angles
Alice x X Bob
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CHSH (Bell) iInequality

eIy "\ @
Alice’s Bob’s
measurement: I < measurement:
{a,a'}x{b,b} 2 angles

{ab, ab’, a’b, a’b’} 4 features



CHSH (Bell) inequality
ab—ab'+ab+ab’'+2>0
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Artificial N etwork
| 'C@én(ﬁ}[’\lhﬁﬂw'\ﬂ W

CHSH(Bell) Inequality :
ab—ab'+ab+a'h’'+2>0

Input
T LaF})/er Probability
ab
\ab) 3 Output <05
(ab’) 1 Layer f
<a’b> N Activate

(a'b'’y « > 0.5



Supervised learning

Input
Layer Probability
W, Output <05
. W Layer /
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"Test Run” state

Pos=Plwe Xwy, | +A-p)I /4
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Mismatch Rate with PPT

(error)

Defect of original CHSH
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Defect of Withess

Tr(oW) >0 for all Osep

W is Witness iff Tr(pW) <0 for some O,

p=rnl4
3 angles
O, 0y, 0,
d=ml2 5 features

(o7,0%) (0" 0% )(c",0%,)
(c%,) (o)

Experimental detection of entanglement via witness operators and
local measurements, Journal of Modern Optics, 2003, Guhne et al.




Linear optimization by ANN
~(aghy) = (aghy) = p/~/2,
(alb,) =(alb.) = psin@cos¢@ /2
If trained with only ¢ =0

Our ANN result —14<a0b5> o 28<a(’)b(;> +10
Analytical result —]_O\/§<aob(’)> — 20\/§<a6b(;> +10 J2~14

Reducedto  P(+2sin8)-1<0

If (linear) solution , ANN can find It out.




No solution

Trained with Randomized ¢ ) )
for lack of iInformation

s CHSH,, CHSH
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Our ANN result
CHSH_

p<1/2

Mismatch Rate
(error)

Entangled




How to Improve CHSH,, 7
a, =0,,a,=0,,b,=(c,—0,)I\N2,b, =(c,+0,) 2

No information about o,



HoWto iBiave CREIBHIL ?

More inequalities,

(—

Perfect activation: |nput Hidden

more entanglement

detected Relu Layer  Layer
’ ab—ab'+a'b+a'h’-2<0 maX(O, X) OQutput
ab+ab’+ | : Layer
a’h—a'h’ —2<0 I /
——f = e = === = + - -
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Natidatiate : Detect !

Bell Inequality
Bell (2,4, x)

Bell-like Predictor

2 qubits, 4 features

ab+ab’'—ab+ab’'-2<0 i 1 x hidden neurons




Results of Bell-like Predictor
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Contrast

PPT \ Bell Ing. \ Witness Our Bell-like Predictor (ANN)
\\
\
A ENT ENT g
Training
& test set

Entanglement detection Entangl@lmsifieletection



General 2-gqubit system

Harr Measure (mix) GGT Hermitian
IOrand N tr(GGT) Normalize
o.=a.+Ib

Detect all entangled states



General 2-gqubit system

{l,o,,0,,0}{l,0,,0,,0,} {l,a,a"}x{l,b,b"}

Tomographic Predictor Bell-like Predictor
(15 features) (8 features)



Number of ensembles

for test

Add Gap

————— ‘ ST

8000 -

I~
=
=
o

remove

0.5

|
0 0.25
Amin

—J <Amin <0



Accuracy (or ratio)
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~ ANN results

Bell (2. 8.4000)
W Tomographic predictor

Ymax = 0.5

=& = Ent. population

For Tomographic Predictor:

— O 01 Depends on data, hidden layer
g - and training time

J Accuracy larger than

ex|sts

non-linear



_ANN results

Bellmi(2. 8,4000)
W Tomographic predictor YImax = 0.5

=& = Ent. population

For Bell-like Predictor:

g ' Accuracy'

More difference,

Accuracy (or ratio)

Better performance



Multi-qubit system

General 3-qubit detection?

The only constraint is Data I I I

Fortunately, we can cover (fully) separable states as much as posiible
— (1) (2) (n)
/Osep_zpipi O o - P pi=—r
I

Classical .Zilpilzll |
noise Uniform distribution




Accuracy (or ratio)

Bipartite entanglement

C C
”IOA|BC = /OArand ® | WB ><WB |
|WBC> :l Vl’VZ’V3’V4>rand “-
” ” Harr Measure (pure)

PPapc + A= P)LH

>
o

Biseparable states

" Fully separable states
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3-qubit system

Fully Sep.
PA|BC

“~ 3 é : pBAC

PclAB

1 softmax




Error of biseparable states

D_ Tomographic Predictor

al Bell,,;(3, 26, )

= Belly(3, 12, x)

iyt Bellmi(3, 8, z)

; Bell,, (3,4, z)

G) N

= ‘5 | Random guess
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fi i . Bell_,(3,4,x) Bell (3,8, X)
N’

"L") N

©

= Bell_ (3,12, x) Bell_ (3,26, )

'i 0 Tomographic Predictor

1 D) 4 Q 16 32 64 128 256 512 1024 2048 (63features)

Neurons in hidden layer



The features of Bell-like predictors are composed of
2 random angles

Bell (3,26, X) Bell (3,12, X)

{l,a,a}x{l,b,b}x{l,c,c?} 3 CHSH Inequalities

Bell (3,4, X) [(abc)—(a'b’cy—(ab'c’y—(a'bcy| < 2

Bel I ml (3, 8, X) | <abC'> + <ab'C> 4+ <a’bc> . <arbrcy> n
& (a'b’c) +(a'bc’y +(ab'c’y —(abc) |< 4

Detect . but not



Do PPT can not do (shifts UPB)

Tripartite entangled states Phisep = %pNBC 1’12/08@5 +2310C|ABH
Papc = i P.o" ®,0 i e

(mix)

Blseparable} Do

ﬂ[ states

Tripartite

entangled states Piile SLOCC
¢ (from shifts UPB)

Unextendible Product Bases and Bound Entanglement
1998 Physical Review Letters, Bennette et al.



Error of UPB

Unpublished data



4-qubit system

o - 88
z: ” Entangled or not sure

FuIIy Entangled /0 — p ‘ W><W ‘ +(1_ p)psep
separable states

‘ > Harr measure

states (pure)

Source Fully
{separable} Psep Separable

states




4-qublit system

I B 1nismatch

match

Entangled not sure
Data number J

Entangled 99% 98%
Separable near 1000/Separab|§9%

Accuracy



In the future

Supervised learning
Cross entropy ypred Y abel (PPT)

Unsupervised learning



Application & Summary

New tool to detect entanglement with
partial information

Verify other qguantum entanglement
detection methods
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