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2. Problem presentation

Error Vector and Threshold

> Airborne radar built-in test devices
» Data collection :
— Radar systems are equipped with built-in test devices that collect functionning data . |
- Modern r.odor sys’re.m functionning is characterized by up to 100.000 binary, discrete : l' | ; ‘ ;I:
and continuous variables ]; L N Ji-" T [ w|

— Once the radar is embedded, functionning data cannot be efficiently processed to
detect anomalies

> Anomaly detection at the end of the production chain

» Enables to detect radar teething problems before its embedding

— Advanced analysis of the functionning data collected by the built-in test devices
» Probabilistic approach for anomaly detection in production chain
— Modelization of the functioning of the radar by a mixed graphical model

— Learning of a model corresponding to the good functionning of the system

Figure 2 2: Structure of a mixed graphical model. The model has four binary variables =y, x3. ry and

— Enables the localization of the components source of anomalies by computing the . sepresenid by the brn s i by a0 4. and thee qandinive vacibles =y and .
likelihood of new acquisition files for the learned model
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3. Problem formulation

»  Gibbs distribution associated to the MRF:

_ 9a(xc,xq)
pa(xc xq) = 7
Q
with x¢ € {0,1}" the categorical variables (binary and discrete binarized)
. T T 1 T T with x, € RM the quantitative variables (continuous)
with ggq (xc: xQ) =exp | xcOxc +pu xo — EXQAXQ + x; xg with Q = {0, u, A, ®} the model parameters

1
and 7, = Z exp(x.0x.) f exp(u'xq — 5 xgAxo + xf Pxy) dxg
xCE{O,l}N RM 2

» Objective :

— Learning the values of Q = {0, u, A, @} corresponding to a good functionning radar
through a process of gradient descent

» Limitation encountered in previous works:

dIn(q) _ 2In(gn) _ 3In(Zq)
519} 519} a0

— Each learning step requires to update the log-likelihood gradient:

Idea

Take advantage of quantum

A . fi | di . « (stochasth dient . i ¢ computing to improve and speed-
- roximarions emplioyed In previous wOorkK (Stocnasric graaient A roximarion, eicC... . a1l
PP PIoY P ( 9 PP ) up the computation of 9InZa)

considerably reduce the accuracy of the model learning. 00

9 In(z 19z . .
—~ % = z_a_:f non-trivial (requires to compute 2N + (26Y)M values for each parameters of )
n
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3. Problem formulation

»  Considering that quantitative variables x, follow a Gaussian distribution,
straightforward calculations lead to :

M 1 1
— Z1z2 —uT I
Zg = (2m)2 %] exp(z W) Z . exp(x¢c¥xc) Hadamard gates
x€{0,1} ,/ *
. _ 1 T . . — A1 ’/ P

with ¥ =0 + ECDZCD + diag(®Zu) symetricand L = A Maximally mixed state » 4

o o
» Objective :
— T [
Develop a qUOnTum OpprOGCh TO CompUTe er{o:l}N exp(xCAxC) for Ony mOTrIX A Fig. 1. Circuit for estimating Re(Tr(U))/ZN in the one clean qubit model.

— Can be used to speed up the computation of each ‘;f;f forQ, e Q={0,u A, o}

» One-clean qubit model
— Quantum algorithm designed to estimate the trace of a unitary operator

— For U the 2N x 2N matrix associated to a unitary operator (a quantum gate) acting on N
qubits, Re(Tr(U)) can be deduced from the probability of measuring 0 on an ancillary qubit Idea
Define a unitary U such that
) oN+1 Re(Tr(U)) = X ,cq0.13n eXP(x;AX()

1
Re(Tr(V)) = (Po -5
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3. Quantum approach for partition function estimation

> Linear Combination of Unitaries (LCU) method:
» Let's consider a Gibbs distribution p(x) = exp(g(x))/Z with x. € {0,1} and g(x) = exp(xL Ax.)

— H is defined from the coefficients 4; ; of g(x) such that
-1 N
H=— A; :Ug » with =E
ﬁ i,j:l,l L] (l']) ﬁ

- with U ;, diagonal unitary matrices of size 2V x 2V such that:
Uijy = VR ---QBOR QB R - QIM

N
Ayl
,j=1,1

— with B = [8 2 , I = [(1) 2 and B® corresponding to the application of the operator B to qubit i

» With this construction, we have Tr(e ™ #") = 3, .o v exp(xfAxc) = X, co v 9(xc) = Z

Intuition : Compute straightforwardly Tr(e=#H#) with the one-clean qubit model

Problem : It is not straightforward to define U = e #H

with I,,(B) the modified Bessel function of the 15t kind

K
» ChebYSheV CIppI'OXimCIﬁon Of e_ﬂH: SK = IO(IB)INB'B + 2 Zk_l(_l)klk(ﬁ)Tk(H) with T,,(H) the k" Chebyshev polynomial of the 15¢ order

THALES

e can all trust Ce document ne peut étre reproduit, modifié, adapté, publié, fraduit, de quelque maniére que ce soit, en tout ou en partie, ou divulgué a un tiers sans I'accord écrit préalable de Thales © 2024 THALES. Tous droits réservés.

{OPEN}




/777

3. Quantum approach for partition function estimation

K
_ 5 __1\k with I, (B) the modified Bessel function of the 15¢ kind
SK - IO (ﬂ)IN el + 2 , 1( 1) Ik (IB)Tk (H) with T, (H) the k" Chebyshev polynomial of the 15 order

> Estimation of Tr(Sg)

Th ist | method f
» We have Tr(Sg) = I,(B)2"ef + 2 X5, (- DI, (B)Tr(Ty(H)) —> defisi;ege;,is&;)qqzeqns;?iqr:;eopoeraioc:r!

— Goal : Compute Tr(T,(H)) with the one-clean qubit model

— Requires to define a unitary operator encoding Ty, (H)

» Quantum walk operator W :

Definition of the corresponding
matrix H associated to a Hamiltonian

. . . . N f—
Gibbs distribution yo L AU Uny = (* . Uy such that :

SeremiEiEr e (2 A B Lij=11 (Definition of a unitary operator encoding W)k o T (H)

(Linear combination of unitary operators, H with the use of ancillary qubits)
N variables problem which is generally not unitary)

Block encoding of H i
H *) Quantum walk operator Wy defined from

Requires M = log, (L) ancillary qubits with Unitary operator acting on N + M + 1 qubits

Encoded on N qubifs L the number of non-zero terms of A

with U(L,]) of size 2™ x 2"

» Computation of an estimation ¢, of Tr((Wy)¥) with the one clean qubit model

K K
Z= z exp(xZAxc)=Tr(e‘“’)zTr(sK)=10</3)2Neﬁ+22 (—1)’<1k<ﬁ)Tr<Tk<H>>zIo(mzNeﬁ+zz (DB b
k=1 k=1

xe€{0,1}N
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3. Quantum approach for partition function estimation

> Precision metrics

» Accuracy of the estimation depending on two parameters :

K K
Z=Tr(e M) = Tr(S) = bB2VeF +2 )" (~DF BT (T (D) = o(B)2VeF +2 ) (D I (B)
4 k=1 4 k=1

Precision proportional to K
i.e. the degree of
Chebyshev approximation

Precision proportional
fo the number of
samples Q

Re(Tr(V)) = (Po - %) 2N+

> First results

» Simple graphs, due to the limited power of computation
available in current quantum hardwares
» Results analysis : (simulated results)
— The number of samples Q significantly impacts the accuracy of the estimation

— As I, (B) decreases exponentially for k increasing, K can be set at low values
without significantly impacting the accuracy of the estimation

— The high current error rate of quantum hardwares requires to significantly increases

the number of executions required to obtain a satisfying precision.
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Wariation of the estimation error for different values of )}
Nb. var )

N 10° 101 10° 10" 10°

2 A8.90% | 5.82% | 149% | 0.80% | 047%
3 68.56% | 7.34% | 248% | L.16% | 0.72%
4 97.85% | 9.17% | 366% | 1.59% | 1.39%

Average precisionfor K =3 and § = 0,1

WVariation of the estimation error for different values of K
Nh. var iy

N 1 2 3 4 5

2 908% | 3.41% 1.49% 1.49% A%
3 17919 | 4.64% | 2.48% | 247% | 2.47%
4 33.57% | B16% | 3.66% | 3.65% | 3.65%

Average precision for Q = 10° et § = 0,1
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4. Conclusion

> Contributions

» We propose a quantum approach for speeding up and improving the
learning of a mixed graphical model

— We intfroduce a general method for encoding a Gibbs distribution as a linear
combination of unitary operators H

— From this linear combination of unitary operators, we define a quantum walk
operator W that is evaluated with the one-clean qubit model algorithm to
obtain an estimation of the partition function of any Gibbs distribution.

— Our approach enables the computation of all the partial derivates %

required to update the gradient of the log-likelihood required at each step of
the model learning.

> Further work:

0 In(Zgp)
an

»  Study of the current limitations of state-of-the-art methods

» Result analysis for the computation of

— Estimation of the conditions for quantum advantage
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