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Quantum State Tomography

e Quantum state tomography: using repeated measurements
to extract information about a quantum system.

e Classical shadow tomography: a general-purpose
tomography scheme with superior sample efficiency

VRN Predict (O) = Tr(Op)
110011 > (0) = Tr(0p®?)

Unknown Classical shadows
quantum system Physical properties

’ Randomized R
Y measurements

e Key idea: use randomized measurement to sample
classical shadows o, without reconstructing p explicitly.

Huang, Kueng, Preskill, Nat. Phys. arXiv:2002.08953 (2020)
Elben et.al. The randomized measurement toolbox, Nat. Rev. Phys. (2022)



Single-Qubit Toy Example
® The density matrix of a single qubit takes the general form:

I +zX +yY 4+ 22
P = 5

e Pauli observables:
1 0] 0 1] 0 —i 1 0]
_1 ()_’Y__i O_’Z_ —1_

I:_o 1_’X:

e Coefficients: (z,y,z) € R°and z? + y* + 2% < 1

e Pauli basis tomography: measure each (non-trivial) Pauli

observable
r="TrpX = (X),

y=TrpY =(Y),
z="TrpZ = (7).

(Ok, but not scalable to
large multi-qubit systems)




Single-Qubit Toy Example
e \What happens in the measurement?

Outcome
Measure Z [ +1 —5————* cd=3(I+2)
P —1 P > 5 — %(l — 7)

® 7 - post-measurement state - classical snapshot.
e The probability of observing ¢ given p

p(6|p) o Tr(po)

® The idea of classical shadow tomography: infer an
unknown state p by importance sampling of its classical

snapshots o on the quantum device via randomized
measurements.



Single-Qubit Toy Example
e Propose to measure X, Y, Z with equal (1/3) probability
Suppose: p = [0)(0] = 3(I + Z)
Possible & Prior p(6) —  Posterior p(&|p)

%(14—)() 1/6 1/6
%([—-)() 1/6 1/6
?(I+Y) 1/6 1/6
?(1-5/) 1/6 1/6
%(I+Z) 1/6 1/3
(I —Z 1/6 0
SN 1 o — T 5= 1
7 &e@:a o=q G€&sp U+

Undo the depolarization by:

p=3 E o—1
ocet&

olp



Single-Qubit Toy Example

e Propose to measure X, Y, Z with equa

Possible o
(I +X)

N | =D [ =0\ | N | DN [N [ =
AN AN N N Y
~
N—"

(1/3) probability

Suppose: p = [0)(0| = 5(I + Z)
Prior p(6) —  Posterior p(&|p) \

1/6 1/6

1/6 1/6

1/6 1/6

1/6 1/6

1/6 1/3 (Depolarized
1/6 0 from P)

L 6= 1 o= E o6=35(+32)

Undo the depolarization by:

p=3 K
ocet&

olp

o—1
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Single-Qubit Toy Example

e Propose to measure X, Y, Z with equa
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5€5ﬂp

- . if?C———’/////’//////
o—Il+a——> (0O)=3 E Tr(60)-TrO

&Egﬂp



Randomized Measurement

e Randomized measurement protocol — AR g

o Prepare pe = p @ (|0)(0])FNene *5% UNUH “5

- sz Y H A 2

e Pick U ~ p(U), perform &% U &
Pfull — ,Oi:uﬂ =U pquU f Quantum circuit

® Measure a subset of qubits in the
computational (Z) basis
1T pf 1o
Tr(HbIO%ulle)

/
Ptull — pcollapse —

with measurement outcome b ¢ {0, 1} *Nms:

e Record the measurement event (U, b), then repeat

e Goal: predict properties of p from {(U, b) }



Randomized Measurement

e Randomized measurement protocol
o Prepare ppn = p © (|0)(0])®en

e Pick U ~ p(U), perform

Pfull — Pi:un = UpranU T
® Measure a subset of qubits in the
computational (Z) basis Quantum circuit

[Ty o ITo
Tr(HbIO%ulle)

AYANANANANANAY

/
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Measurement



Randomized Measurement
e Randomized measurement protocol

o Prepare p = p @ (|0)(0])F e -
e Pick U ~ p(U), perform %

pratl = Py = UpsanU” %
® Measure a subset of qubits in the &
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[Ty o ITo
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/
Prull —7 Pcollapse —
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Randomized Measurement

e Each randomized measurement event (U, b) is characterized
by a classical shadow state oy s, such that

p(6uplp) x Tr(6u,bp)

(g ) ] (Maximally
=5 = ixed stat
=2 LR mixed state)
=R =
& j : =) b (Product state)
E A3 (a)
< s

Quantum circuit

<
Backward evolution
(in a classical computer)



Randomized Measurement

e Each randomized measurement event (U, b) is characterized
by a classical shadow state oy s, such that

p(6uplp) x Tr(6u,bp)

e Posterior p(&|p): the probability of observing the event &
given the initial state p.

e Prior p(0): ... as if there is no knowledge about p, i.e.

p(c) :=p(alp = T]rl]l)

® 7 is also a quantum state (sampled by the randomized
measurement), i.e. Tr6 = 1.6 = 6.6 > 0

p(alp) = (Tr 1) Tr(6p)p(5)



Measurement Channel
e Measurement channel. measure p prepare o

p—o:= E o&=M)|]
g~p(5p)

e M is invertible, if the scheme is tomographically complete
e Reconstruction map: reconstruct p from o

p=M7lo]= E M 5]

6~p(&|p)

e M lis nota physical quantum process, and can only be
implemented by classical computing.

® |t specifies how to post-process the classical data to make
predictions, e.q.

(0),=TrOp= E Tr(OM '[5])




Operator Shadow Norm

e Sample complexity: the number M of samples needed to
control the estimation error within the level of €,

1 2
M ~ 2 HOHE,’U Huang, Kueng, Preskill (2020)

e The scaling € ~ 1/v M follows the large number theorem

® The coefficient is set by the operator shadow norm
—1rA 2
HOH?}J = E (Tr(O/\/l 1_0]))

G~p(5)
- Tr(OM~10])
N Tr1

which depends on
e The observable O of interest

e The randomized measurement channel M
H.-Y. Hu, S. Choi, Y.-Z.You. arXiv:2107.04817



Pauli and Clifford Measurements
e Everything boils down to computing M.

e Know results (by 2020)
e Randomized Pauli measurement

M™ o] = Q,(30; — 1;)
O]]z, = 3l>wwro
e Randomized Clifford measurement

M Yol=2Y +1)o -1
HOH%G ~ Tr O?

0

\—/

U

—

e What about other more general randomized unitary
ensemble (beyond Haar measure of unitary groups)?

AYANANAN (AN AN AN AU AN AN AR AY




Reconstruction Map

e By definition, M can be expressed as a measure-and-
prepare channel

Mlp]= E Tr(po)o
Grp(d) 4 N

Measure Prepare

e As an operator-to-operator linear map, there are 4% x 4V
matrix elements to compute

M[P]=> Mpp P’
P/

e Even if M can be calculated, finding M ! is challenging.

® Progress was made by considering locally-scrambled
guantum dynamics.



Locally-Scrambled Shadow Tomography

e Assumption: the prior distribution of classical shadows is
local basis independent — the random unitary is locally
scrambled (Pauli twirled, weakly gauged).

vV =) V; with V; € U(2) :

A\ A H.-Y. Hu, S. Choi, Y.-Z.You.
p(g) o p(V Uv) arXiv:2107.04817

e M must be diagonal in Pauli basis (i.e. Mpp/ X 0pp/)
M|P| = we_(P)P

e Eigenvalues are Pauli weights (P € P) of prior shadows

we (P) = 06?‘3 (Tr Po)?

K. Bu, D. Enshan Koh, R. J. Gracia, A. Jaffe. arXiv: 2202.03272



Locally-Scrambled Shadow Tomography

e A mild assumption: the prior distribution of classical shadows
IS local basis independent — the random unitary is locally
scrambled (twirled).

vV =) V; with V; € U(2) :
~\ A H.-Y. Hu, S. Choi, Y.-Z.You.
p(a) o p(VTO'V) } arXiv:ZI1O7.O48O1u7

e |nverting a diagonal matrix is straightforward
1

MP] = P
We, (P)
® The reconstruction map is given by
—1 TrOP
— P
M [O] Z Wwe (P) Tr1
pPep C°

K. Bu, D. Enshan Koh, R. J. Gracia, A. Jaffe. arXiv: 2202.03272



Locally-Scrambled Quantum Dynamics

e (Classical shadows are constructed
from backward quantum dynamics

e Physical dynamics ¢ — C|o] ST

® Ensemble dynamics
E, — 86[0] = {C[U”O‘ - gg,c - 5(3}

e Pauli weight dynamics

P/
Definitions: TH(PCIP?
— 2 AV I
we, (P) = ey (Tr Po) wee (P, P') Cete ( 1r1 )
(State Pauli weight) (Channel Pauli weight)

W.-T. Kuo, A. A. Akhtar, D. P. Arovas, YZY. arXiv:1910.11351



)

Locally-Scrambled Tomography Schemes
e Hamiltonian-driven shadow tomography

r

€

-1 Ht

(H € GUE)

~\

_J

\
<€

>

t

AYANANAN[ANAN

Hamiltonian H can be:

GUE, GOE, GSE ...
SYK, ETH, Quantum simulators ...

H.-Y. Hu, Y.-Z. You. arXiv:2102.10132

e Shallow shadow tomography

)

AYANANANANAN

Finite-depth local random unitary
Gate: Haar, Clifford ...
Friendly to NISQ devices

H.-Y. Hu, S. Choi, Y.-Z.You. arXiv:2107.04817



e Hybrid shadow tomography

Locally-Scrambled Tomography Schemes

BT
[

AC
|
L)

o

D | D | 5| D

=

AC_JC _JC

4C__

[—]
A A

(

)

)

A.Aknhtar, H.-Y. Hu, YZY. arXiv:2308.01653

Intermediate measurements with a
measurement rate p

— Optimal sample efficiency
achieved at the measurement-
iInduced phase transition.

e Holographic shadow tomography

=

=

A

7

i

—ALA

A

A

—ALA

=

A

(

)

(

L

G

)

)

(

)

Local measurements in the
holographic bulk map to scale-free
measurements on the holographic
boundary.

S. Zhang, X. Feng, M. Ippoliti, YZY. arXiv:2406.11788



Locally Scrambled Shadow Tomography

e \Work flow A. Akhtar, H.-Y. Hu, YZY. arXiv:2209.02093
Pauli weight
Co — >‘ solver We l
Randomized Prediction 9
P measruement 5@09| algorithm —>(0), 1 0llg,
O I

e Snapshot constructor (U, b) — &y (efficient for Clifford)

e Pauli weight solver: efficient with MPS/TN implementation
e Prediction algorithm: for O = >, opP
op Tr(Po) 5 lop|?
(O)= E Ols =
o~p(o|p) EP: we, (P) Ol ZP: we, (P)
(Mean) (Single-shot variance)




Scalable Tomography on Clifford Circuits

e Jest states:
PGHZ — GHZ><GHZ‘
P7X7 — ZXZ><ZXZ‘

IGHZ) = (/00 )
Zi 1 XiZi1|2XZ) =

e Randomized measurement scheme:

A

N

v

)

\—/

AYANANANANAY

< L >

|11 .. >)

1/.X7)
(Cluster state)

® Brick-wall arrangement of 2-qubit random Clifford gates
e Width (number of qubits): N
® Depth (number of layers): L
A.A.Aknhtar, H.-Y. Hu, Y.-Z.You. arXiv:2209.02093 (2022)



Fidelity Estimation

e Task 1: Estimate the fidelity (state overlap) between the
reconstructed state and the original state

F(p,p") = Tr(pp') (For pure states)

(b) N = 22| ® Scalability (22 qubits)
Lif 9 4@ 48 4ao 49 e Reconstruction is
unbiased for all
= 05p 07A  var (F) circuit depth
he 102 . .
4 GHZ osle 2 s e Variance is reduced
0y 7 ZXZ 10_4' "o g A A for deeper circuits —
guantum information
) | , 3 A -~ scrambling helps!
+
Paull L (Circuit depth)
measurement

A.A.Akhtar, H.-Y. Hu, Y.-Z.You. arXiv:2209.02093 (2022)



Pauli Operator Estimation

e Task 2: Estimate the expectation value of a Pauli string

operator
7%k =1, Z e Estimations are
unbiased (converge
N=22L=3 to the ground truth)
JAN :
: ? % e \ariance (shadow
/\ norm) increases with
. 05l 4 GHZ the weight (size) of
e 0 ZXZ the Pauli string
. 4| e Note: For Paul
- : l : o 0 '
0 %ADDADD% measurements
1 2 3 4 5 6 (L =0)
k |Z%*||2, ~ 3"

A.A.Akhtar, H.-Y. Hu, Y.-Z.You. arXiv:2209.02093 (2022)



Pauli Operator Estimation

e Task 2: Estimate the expectation value of a Pauli string
operator Z®* .= T[7_, Z;

m"we— ,
pf\N=10 © :

NI | 3
= 107 _- :
R _ |
N 100} :
o M

e '

0 2 4 6 8
L

e Given the size £ of the Pauli string, there is an optimal circuit
depth L* minimizing the shadow norm (sample complexity)

A.A.Akhtar, H.-Y. Hu, Y.-Z.You. arXiv:2209.02093 (2022)



Pauli Operator Estimation

e Considering continuous time limit, operator dynamics
Op — OA(t) — UOAUT (with k = ‘A‘)

(b) 9 3 (c) sample o\,ob
8 ad'\“g e complexity 0{0 (\e\é
e

Q 30 81 VBt gk R 6\3@“
A o
o @)
o . o
@® relaxation @

K|@ » O
® O 2.28Kp===-=n-IN-T
8 : , lower bound
v ® 2K ™
§ ? relaxation spreading
0] ' b
S o : twirling depth ¢
OOA(O) @ OA(t) I*(k) ~ log(k)

e Shadow norm ~ 3%et
ket ~ (3 + Te ) (k + 20pt) —=> +* ~~~lloghk

M. Ippoliti, Y. Li, T. Rakovszky, V. Khemani arXiv:2212.11963



Pauli Operator Estimation

e Considering continuous time limit, operator dynamics
Op — OA(t) — UOAUT (with k = ‘A‘)

(b) 9 3 (c) sample o\,ob
8 ad'\“g e complexity 0{0 (\e\é
e

Q 30 81 VBt gk R 6\3@“
A o
o @)
o . o
@® relaxation @

K|@ » O
® O 2.28Kp===-=n-IN-T
8 : , lower bound
v ® 2K ™
§ ? relaxation spreading
0] ' b
S o : twirling depth ¢
OOA(O) @ OA(t) I*(k) ~ log(k)

e At optimal circuit depth t* shadow norm scales with £ with a
smaller base 2k 5 HOA(t)H?,’O 5 3%1{ ~ 228k

M. Ippoliti, Y. Li, T. Rakovszky, V. Khemani arXiv:2212.11963



Unknown state p

Hybrid Shadow Tomography

e Shallow shadow tomography has an advantage in sample
complexity scaling, but only achievable if the circuit depth is
adjusted with the size of the observable.

e Can we perform the measurement on one circuit and make
predictions for observables of all sizes optimally?
— Hybrid shadow tomography

Hybrid circuit

Circuit \
C

realization

Measurement
outcomes b

Classical Classical
shadows post-processing

A.Aknhtar, H.-Y. Hu, Y.-Z. You. arXiv:2308.01653



Hybrid Shadow Tomography
e Post-processing scheme

Maximally mixed Wo
O
@
b - )
Q0 ¢
S o =
O o 0
S = =
— - “~
- 0 D
LL] Q-
&
We

o

Quantum state Classical snapshot  Pauli weight

A.Aknhtar, H.-Y. Hu, Y.-Z. You. arXiv:2308.01653



Hybrid Shadow Tomography
e Shadow norm scaling

|P||Z =~ B*poly(k) k = |supp P|
100
sof-
NN |
< 60:-
w0 40}
e |
201

014 . e _

0 20 40 60 80 00 02 04 06 0.8 1.0

[supp P p

A.Aknhtar, H.-Y. Hu, Y.-Z. You. arXiv:2308.01653



Holographic Shadow Tomography

e However, hybrid shadow tomography requires fine-tuning
the measurement-induced criticality.

e Holographic shadow tomography is automatically critical.
= =

H.-Y. Hu, S. Choi, YZY. arXiv:2107.04817
X. Feng, S. Zhang, M. Ippoliti, YZY. arXiv:2406.11788



Holographic Shadow Tomography

® For binary tree measurement circuit, there is a recursive
approach to compute Pauli weights, from which we bound

k
P2 < <d+ é) (qudits of d-dim)

e For holographic code circuit,
in the large-d limit

o o o
|P|3, ~ dvkene N :
Effective central charge : —
in Ryu-Takayanagi formula - °
[ o

e lfpushtod — 2, ||P||z, — 2"

X. Feng, S. Zhang, M. Ippoliti, YZY. arXiv:2406.11788



Contractive Unitary Shadow Tomography

® The rule of the game is to use the unitary circuit to contract
the observable size on the measurement side to reduce
sample complexity

—QO O
O O
O O
® nm Sample
N <k ® Global CompIeX|ty
< C Unitary
® —o
O O
LO O
State side Measurement side

Y. Wu, C. Wang, J. Yao, H. Zhai, Y.-Z.You, P. Zhang. arXiv:2412.01850



Contractive Unitary Shadow Tomography

e Random unitary circuit are thermalizing (equilibrium), can we
go out-of-equilibrium?

b Size Distribution
0.55— , Yoo ! HZHFS strategy:
@0+ Random [0O—O rc h I TaY
E0.4E ] S Ue 5 fsc():rarr:;)l/ftgfet r?;flc:lency
§ 031 : : ': observables to trade
o | o 0—o f .
0.2} o—ogo—o 1 for efficiency of the
0.1 ﬁ ‘—(5—0-00:8 | HHH ] other half.
OO ....... g 1LM1|H“[M“ ]
0.0 0.2 0.4 0.6 0.8 1.0
Size/k 11
. P) =
All-to-all Uz'j — exp(%ZiZj) th( ) ) 3k

:

5 k
9

Y. Wu, C. Wang, J. Yao, H. Zhai, Y.-Z.You, P. Zhang. arXiv:2412.01850



Contractive Unitary Shadow Tomography

e Random unitary circuit are thermalizing (equilibrium), can we
go out-of-equilibrium?

b Size Distribution
05f , ] | AZED strategy:
. @0+ Random HO—O rc ] ' Tel
50'45 ] S Ue 5 fscc):rarrllgllftgfetﬁ;flcnency
S af TN 00 .-
%’0'35 r o o | observables to trade
o 0.2} o—ogo—o 1 for efficiency of the
o1l e o b4+bdoo IWFJI” | other half.
OO ...... ——— 1LH1|H“J.“L —
00 02| 04 06 08 1.0
Size/k
i | Pl[g, ~ 1.8
All-to-all Us; = exp(] Z; Z;)

Y. Wu, C. Wang, J. Yao, H. Zhai, Y.-Z.You, P. Zhang. arXiv:2412.01850



Quantum Error Mitigation

e Classical shadow tomography has many amazing
applications, one example is to implement code subspace
projection in quantum error mitigation (QEM)

Hu, LaRose, You, Rieffel, Wang (2022); Seif, Cian, Zhou, Chen, Jiang (2022)

Physi.cal Classical post-
(a) qubits 7 processing
o Y T ----- g
Logical |—e—| 5 & % ----- ] 011010
ogica o 28 H..HA4----- >
qubits o § 2, U o REEEE >
o @ Og 3 ----- >
o B 3 ..... >
Tr(TIpIITO)
jection: (O = T
Code Projection: (O)qeMm T (I
Tr(llpllf0) = E Tr(M'[s]IIOM)

3€5ﬂp



Quantum Error Mitigation

e Classical shadow tomography has many amazing
applications, one example is to implement code subspace
projection in quantum error mitigation (QEM)

Hu, LaRose, You, Rieffel, Wang (2022); Seif, Cian, Zhou, Chen, Jiang (2022)

Physical Classical post-
(a) qubits processing
® 3 _____ g
——o— g .S A ----- -
Logical o 2 = A ----- - 011010
qubits o § 2. U A - >
o o o4 g 3 """ >
. y = I ~
Tr(p*0)
Virtual Cooling:  (O)qem =
) ° Tr(p?)
Tr(p’0)= E Tr(MeJM1[610)




Quantum Error Mitigation

e Assume each physical bit is subject to depolarization error
e QEM can reduce the infidelity when the error rate is small

e Logical shadow tomography (LST) demonstrates superior
sample efficiency (small variance)

0.40
---- physical

0.35 LST p (analytical)

0.30 - LST p? (analytical) o
>0.251 —+ Directp e
= —— LST p 27
] ] -7
£ 0.15-

0.10 -

0.05 -

0.1 0.2 0.3 0.4 0.5
Depolarizing error rate p

H.-Y. Hu, R. LaRose, Y.-Z. You, E. Rieffel, Z. Wang. arXiv:2203.07263 (2022)



Experimental Realization




Noise-Resilient Shallow Shadow

e Challenge: real quantum devices are noisy

15 OH Ho-

X

©
0| |Ag Ao
©

9 |9 |©©

YNNI

©

MNPl =Y. E (b|ByAlpl 1)U [b)(b|U)
p U~pU)
Noisy measure Ideal prepare

e Solution: As long as each unitary gate is locally scrambled
(twirled) A | P] = w(P)P is still diagonal and w (P) is
still a Markov process

Hu, Gu, Majumder et.al. 2402.17911



Noise-Resilient Shallow Shadow
e Challenge: what is the noise model? iﬁk
O O

Cualpl = e”[UpU"] i
where Z[p] = Z/lk(PkPPk p) O @ OO

van den Berg, Miney,
Kandala, Temme (2022) O

® Solution: randomized benchmarking
e Observable expectation values should be predicted by

|
Tr(pP) = - Tr(oP)
w(P)? o~p(olp)

® Suppose Pauli weight is unknown —
Infer Pauli weights from a known state (e.g. p = |0){0])

Hu, Gu, Majumder et.al. 2402.17911



Noise-Resilient Shallow Shadow
e Challenge: what is the noise model? iﬁk
O O

Cualpl = e”[UpU"] i
where Z[p] = Z/lk(PkPPk p) O @ OO

van den Berg, Miney,
Kandala, Temme (2022) O

® Solution: randomized benchmarking
e Measure Pauli weights on a known state (e.g. p = | 0)(0|)

1
Dot (P) = = Tr(oP)
data Tr(pP) o~p(olp)

e Calculate Pauli weights w ,(P) assuming A, parameters

e Determine 4, parameters by min||@, — @Wgatall*
Hu, Gu, Majumder et.al. 2402.17911



Variance-Bias Tradeoff
e Assuming single-qubit depolarization noise of strength A,
3 @/5°  da
4 @ log3>

Sample Complexity Upper Bound

logs [IPI2, < (k+ )

A
N
{H HoH HoH=
. 9,
- Relaxation M) {or o=
G o E
- D 5
— - H 9=
9,
T d
' :
lng — aA logk Depth d

Hu, Gu, Majumder et.al. 2402.17911



Noise-Resilient Shallow Shadow
e QOverview of robust shallow shadow protocol

(a) Quantum Classical
Processor Processor
Calibration
) d=1 ez N
D€ - “ ] 7T
STer f :
o o= "
\ 4+ _’;‘_ ,,( r Bayesian Learning of Noise Qé
ToHa a2 —7[010---0]]] &
o R : S
oh o e 0T Uy |0) (bl Ui Multi-Tasking 5
A~ —1rA
4 _H9H HOH= pi = My ~|64]
Locally Scrambled
Quantum Circuit L
i . Fidelity Entanglement
Application Local Non-local

correlation correlation

e Experiment: 18 qubits on a 127-qubit superconducting
quantum computer (ibm_kyiv), 10k random circuits in 6 min

Hu, Gu, Majumder et.al. 2402.17911



Fidelity Estimation
® Test states: plus state & cluster state
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e Use calibration: yes - solid, no - shaded; d - circuit depth
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Property Predictions
e | inear and non-linear properties

Pauli operator (P)
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e Use calibration: yes - solid, no - shaded; d - circuit depth
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e Advantage of shallow shadow: reduced/optimized standard
deviation with a few layers of twirled CNOT gates
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Beyond Stabilizer State

e Measure AKLT resource state, predict two-site purity Tr pijz.

Experiment

Site index
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Smith, Crane, Wiebe,
Girvin (2022)
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Summary

e \With locally-scrambled quantum dynamics, we extend the
classical shadow tomography to a large class of quantum
circuits, which is

e Scalable (efficient classical post-processing)
e Flexible (arbitrary circuit structure / quantum dynamics)

e N|SQ friendly (shallow circuits, simple gates, available
devices)

e We expect our approach to have broad applications in many
guantum information processing tasks (e.g. quantum error
mitigation)
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Thanks for your attention!






