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Noise-corrupted Sensitivity matrix

observers Badly conditioned

Noise amplifier

SVD of the observed REGULARIZATION
thermal response Experiment design
SVD of M

Cost function
etc.



Materials & Objectives

Homogeneous materials
Diffusivity tensor

Multi-phase materials
Phases discrimination & interfaces location
Diffusivity of the phases
Thermal resistance at the interfaces

Scales: ym —cm
Thin samples - Infrared thermography




Experimental framework
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Thin sample

Photo-thermal excitation (i.e. laser, lamp):
— Time: modulated, flash, step ...
— Space: spot, motif, random ...

Thermal response observation (rear or front face)
by an IR camera equipped by a focal point array



Signal

350 surfaces

9.84 |

- ----- ------------ (128 X 160 p|xe|s) HIGH DIMENSION

1 map = 250 x 250 pixels = 62 500 data
1 exp. > 1000 maps
Number of data > 60 millions of data !

POOR QUALITY DATA

Linearity -> Low amplitudes
Noise -> Optics, resolution, env.
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SVD of the thermal field

. Proposed for the first time in 1901by A tool providing optimal
! Pearson, re-invented many times i low-dimensional

. during the XX century i approximations of high-
i »  Principal components analysis (PCA) i dimensional (infinite-

»  Singular values decomposition (SVD)
'« Karhunen-Loéve decomposition (KLD)

»  Proper orthogonal decomposition (POD)
'« Hotteling transformation

«  Empirical eigenfunctions T(X t)
| ! ]

dimensional) problems

_____________________________________________________________

T T TTTTTTTTTTTTTTmTmmmmmmmmmsmsmsmmsoeees ] THERMAL FIELD
Application fields space-time dependent function in a
.+ Data analysis (graphics, statistics ...) | bounded region verifying

. »  Forms recognition, faults detection ... :

«  Models reduction (turbulence) Vi, IQTZ(X,t)dx<oo



THERMAL FIELD - SVD X
Projection on the orthogonal basis defined by Vt, T (X, t) = va (X) L (t)
=1

the spectral decomposition of the
ENERGY FUNCTION

Orthogonal eigenfunctions

W(x,X) = | T(x,t)T(x',t)dt= y 2\ (X (X)) —
L Eo_ <Vk Vi > Q- _[ka (X)Vp (X)dX = Sy

of =205 >-->0
Orthogonal states

Total energy  [W(x,x)dx= > o2 (2, (0),2 (1)), = j 2,07, (V)dt =50,
Q m=1 R

Optimal/closest linear r-dimensional approximations
Best approximation in the sens of unitarly invariant norms

m=r+1

vt T (1) = Y Vi (X2, (1) > e, [P =] [ ecxtydxat= Y%
m=1

vt, e (X,1) =T (X,t)-T,(x,t)



EXAMPLE
1 map = 250 x 250 = 62500 pixels
1000 sampling times

1000 maps x 62500 pixels/map =
= 62.5 millions data

> 99% reduction

6 maps of 62500 pixels
+ 6 time series of length 1000
= 380 000 data

An excellent tool for data reduction

High quality approximations of the thermal
field can often be reached with a very low
number of eigenelements

Simulation
25 T

T(x,1)

C)

=
w
T

Temperature (°
:

Thermal response of a thin plate (6mm x
6mm) excited by a laser spot during 1s




Noise propagation through SVD

T (x,t) =T (X,t) + (X, t)
X, X W (X, X') = j 2 De(x,hdt=025(x-X)

(1) spatially-uncorrelated noise has no effect on eigenfunctions, the
noise being entirely reported on states

W (X, X') =W (X, X') +W, (X, X') = D Vo ()G (X)  with &2 =0l +025(x-X)

‘ m=1

v

Tt =Y Vo ()7, (1)

7 (t)= j Qf (X, V. (X)dx = j TOGOV,, 09dx+ j &V ()X =24, (1) + 7, (1)

vm, ngmzj y2(t)dt = &2
' t

g

noise/ signal = o2 / o,



Signal / Noise
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SVD in practice
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[ 7,(t) |

ty
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Matrix of eigenfunctions Diagonal matrix of eigen-

Vn(Xx,y) column-wise values 02> 0,2>...>0
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Homogeneous materials

Q: 0<x<L,,0<y<L,
Photo-thermal excitation (i.e. laser, lamp)
Time: modulated, flash, step ...

Photo thermal perturbation — Establishment of a Space: spot, motif, random ...
initial temperature field for further estimations \[

OT(xy.) °T(xy.t) & T(X Y1)

T =aQ, T+ay T_ﬂT(X’ y,t) +¢(X1 yvt)

aexyY o TOYYE 5 T(xy,0)=0

Xy, oy y-o.L,

Equations governing thermal relaxation of the
initial temperature field

2 2
T (%, ¥,1) _a, 0 T(X,Zy,t) va, 0 T(x,zy,t) _AT(X,y.0) ESTIMATION
ot OX 8}/ - ax, Qy, B
oT (x,y,1) aT (x,y,1)

:O’

=0 T(X,y,0)=T,(x,y)
OX x=0,L, oy y=0.L,




O°T (X, Y,1)

T (x T (x
0 (a,ty,t) _a 2 éx,zy,t) ta,
+ adiabatic boundary conditions

oy°

T(X, Y1) =va(x,y)zm<t)
Vi Vi), = [ Vie OV ()X =

(20, 2,0), = [ 202 Odt=0,07

1 /dg () dz, (t)
G% < dt k( )> Giz < dt I(t)>t

<<°st >Q’ Zi (t)>t

- AT (x,y.1)

Integration

over Q d(T(x,y,1)

R < ; >Q =—,8<T(x, y’t)>Q
t
ESTIMATION
linear least squares
methods
=123 k=iLi+li+2,-

v

ICAACS) oV, (%, Y)
Yik =& < P Vi (X Y)>Q <—6y2 ’Vk(X’Y)>Q

Vi = Zi (tf)zk(tfz)_zé(o)zk(o) + BS,

O; +0y




Vi = Zi (tf)zk(tfz)_zé(o)zk(o) + B8,

O; +0y

7 (6) = 2 () + &5 ()

Zix(0) =2, (0) + & (0) —mmmmmmmemeen
5-i2 - O-iz + O-éz.
o’ << o’ +o,
Ordering by
y11 decreasing
y Giz +(7|§
Cut-off 12
Addinga Yoo
more one = —
Increasing

bias

How many equations, which ones ?

1 f (noise,)
y|k y|k 2 + 2 2 ; 2 +‘9ﬁ5ik
1+2( B ZJ
o, + 0y
~ 1
ELYi]= Vi > i bias
1+2( 20- zj ,-'
% O- +O-k
var, = E[(Vi - yik)z]:
2 (1) +2(t;) +7(0) + z'(0)
= var, + var; o
(0' +O'k +20° )
of >05>--->0 of >> 05 >>+-->0



oMV, (X, 0V, (X,
Y11 =@ <#’V1(Xl y)>Q T ay< (95/)2( y) Vi (X, Y)>

oA, (X,
Y12=0‘x< ;)((2 Y)

(ax, ay) ESTIMATE

Two unknown parameters —
Two equations for estimations

{OA‘X
&y

with: —

,Vz(x,y)> +ay< oy ,Vz(x,y)>

_—

Ele,]=«a,; Ela,]=«,
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~——
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. (BN, (X Y) Vi (x, y)>Q (O34 (%, Y) Vi (x, y)>Q
(AN (B (V0 ))
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NUMERICAL EXAMPLES
Noise amplitude: 0.02, 0.1°C, 0.5°C,1°C

THERMAL FIELD at t=0

T X, 12 I L L L L
o(%:Y) ol TV =T(X Y, +1°C .
° 10 L
10 | 4
9
< 10 1 )
Z‘, 5 16 §
g 5
|_
0
6
mm 0 o mm
Table 3. Estimated values for thermal parameters. True values are
f=0.152s"",a, =0.1515x10° m”.s and @, =0.3030x107° m>.s™".
Noise 3 iy a a. —a& a, a. —a.
ampl. ﬁl P Ploo | .. ——=1x100 | —x100
°C) (s) (x107"m=s ") Ay (x107"m~s ) a,
= 1.00 0.0152 0.055 0.1572 3.72 0.2889 4.66
(£0.5x107) (£ 0.02) (=0.036)
+0.50 0.0152 0.06 0.1540 1.62 0.2989 1.37
(+0.2x107) (+ 0.007) (+0.0162)
+0.10 0.0152 0.002 0.1517 0.12 0.3026 0.15
(£0.04x107) (+ 0.0015) (£0.0037)
+0.02 0.0152 0.0007 0.1515 0.022 0.3029 0.0003
(+£0.01x10™) (+ 0.0003) (+0.0007)




EXPERIMENTAL TEST

Carbon/Epoxy composite material
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f=0152s" &, =1515x10" m’s? a,=3.030x107" m*s™
Higher resolution - Smaller area

Many other numerical tests
for reliability analysis

[ Much more high beta (x100)

Much more high diffusivities (x1000)
— Much more low diffusivities (/1000)
Much more high ax/ay (~100, ~1000)
Much more low ax/ay

Greater area — Lower resolution

a,/a, =1000

T, (% Y)




Many other numerical tests for reliability analysis

[ Much more high beta (x100)
Much more high diffusivities (x1000)
Much more low diffusivities (/1000)
Much more high ax/ay (~100, ~1000)
__ Much more low ax/ay (i.e. ax/ay = 1.01)

Table 3. Estimated values for thermal parameters. True values are

L=0.152s" a, =0.1515x10° m”.s™" and @, =0.3030x107° m>.s~" .
Noise : A a e G B
ampl. ;_?1 L—p <100 o x - Ay — Uy %100 _6,1 - a, —a, %100
(°C) (s7h) p (x107"m"s™) %y (<107 m"s™") ay
+1.00 0.0152 0.055 0.1572 3.72 0.2889 4.66
(£0.5x107) (£ 0.02) (+0.036)
+0.50 0.0152 0.06 0.1540 1.62 0.2989 1.37
(+0.2x107) (+ 0.007) (+0.0162)
+0.10 0.0152 0.002 0.1517 0.12 0.3026 0.15
(+0.04x107) (+ 0.0015) (+0.0037)
+0.02 0.0152 0.0007 0.1515 0.022 0.3029 0.0003
(+0.01x107) (+ 0.0003) (+0.0007)

Estimation improvement required
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ESTIMATIONS IMPROVEMENT
Cumulative integral-SVD method
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+ adiabatic boundary conditions L : : : :
e | i j Time (5)
: _Pu(xy,t) d%u(x,y,t) Lo Uy, )= | T(x Y, r)dr
i AT (X, y,t)—axT+ y@y— Su(x,y,t) E*J ] .
| |
i+ adiabatic boundary conditions & AT(X,Y,t)=T(X,y,t)-T,(x,y) i ol
|
e e e e e e e e o o e o o e o o o o o o e e e e ] |
SVD: U(X,Y,t) = D Vi (X, ¥)Z, (£)
m=1
Projection:  AT(X,Y,t) =2Vm(X, Y77, (1) y
) N

Time (s)

(Zi77,), 1 67 ANV 00) (NN (0Y))

{&X}Mly y:{@m/&hﬂ} M_[(@ivl(x,y),vl(x,y»g (M0 V)V ).




ESTIMATIONS IMPROVEMENT
Modal-SVD method

(Y1) _ o°T (X, Y, O°T (X, y,1)
ot * o ox? Yoooy?

+ adiabatic boundary conditions

= BT (X, y,1)

Ty = SV (% )2 ()
— <O’ Zj (t)>t

(2().2,(D), = L 2,(t)z,(t)dt = 5,02

~——

Set of coupled PDE
for eigenfunctions

A 4

oV, (x, y) oV (%, Y)
Y % dy?

+ adiabatic boundary conditions

_IBVJ(X y) ZV (X y)amj

2y (t1)Z;(t) — 2,,(0)2;(0)

2, 2
Om+ 0]

with:  v(m,j) a, =a

jm =




_8>z<V1(X, Y)_ _05V1(X’ Y)_ Vi(x,y) Vi(x.y) A= {ami}

ay 8)2(V2(X, y) |[+a, 8§V2(X, Y) |— B Va(X,y) [= AV, (X, Y)
: : : : Z,(te)z(t;) — 2,,(0)z;,(0)

: . . . mi 2 2
L - = - o, t0;

¢ (X, Y) Vi(x,y) A =P Xp
¢2().(1y) =P Vz().(1y) ptp:|; Z:diag{lj}

Set of independent PDE

Eigenfunctions/Eigenvalues
— o (X,¥) = 1;4;(X,y) problem associated to the
thermal equations

0°¢; (%, y) GHACSY
a, — > + ay — 2
OX oy

+ adiabatic boundary conditions




Set of independent PDE

Eigenfunctions/Eigenvalues
0° o° :
¢‘(X Y) +a $i (%) _ B (X, y) = 2;¢;(X,Y) problem associated to the

A y
X .

ox° oy’ thermal equations

+ adiabatic boundary conditions

o, (02, (%, ¥). (%, Y)) _+er, (020 (%, Y). (%, Y)) = 2 +
Orthomormal —— Q
0, (024, (%, ) A (YD) + 1, (02, (%, ). (X, ) =
9;(X,y)

{ #;(x,y) = (2/ L) cos(x,X) cos(z, y)
Analytical ———>

kK,=prlL; ys=sxlL; < X¢j,¢j>=—K‘§; <8§¢j,¢j>=—7/3

!




IN PRACTICE - Without noise

[a,L, +a,L,~ 511V =VA

A=PXP!
¢=VP

\ 4
ax(ptLX(p+ ayq)tLy(p =X+

L

diag diag

l

N equations

OlXKpJ + ay)/szj = —(/1j + )

oV (x,y) aaW(xw

—ﬂ\/ (X y) ZV (X y)amj

PV Yo oy?
Adg A
[axLx+ayLy_ﬂl][Vd Vf]:[vd Vf ]|:A A
1 fd fd
[oyly +ay by = BV =V Ay +ViAgy
------------------------------ VIV, =0
Vila L, +a,l, — A1V, = Ay
l _________________________ Ay =Py 4P
. . ¢y = V4P
Q4L 04 + 2,04 0y =24 + S 1y
| J L J
Y Y
non diag non diag
MAIS Ty &

elg((l)g I—x,y(l)d ) - eig((ptl—x,yq))

|

d equations

OlXK'pJ + ayyszj = —(/1j + f3)



IN PRACTICE - With noise

T(t) = Vy,67,65,+,64, (1), Z, (1), Z4 (1)

a _zm(tf)Z(tf)_zm(o)Z(o) m,i:1,2:>/&dd (dxd)

mi ~2 ~2
O +0;
N 5 v pt :
Ay =P, Z,Py Closest analytical
(T)d _ \7d 5d OX & OY eigenvalues Ko1:Kp2r " Kpg
Vs1iVs20" "1V sd

- t ~ ~ ~
eig(@gL,@q) —> K1, Kpoi s Kap

eig(QyL,9g) = V1 sz 1 Vg

ax’¢§1+ay7s21:_(/11+,3) )
ax’(sz + ay?”szz =—(4, + B) | ay
...... a’\
~ 4 y
axKSd +ay7/32d =—(44 + B) -



Temperature (°C)
[}

Temperature data
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Eigenvalue

-10

-15

-20

-25

-30

-35

T

T

T

T

T

U

U

* theoretical

O  estimated

A=PLP

0 100

-0.0041
0.0040
0.0074
0.0108
0.0307
0.0125
0.0002

200

0.0040
-0.0813
-0.0284
-0.0014
-0.0814

0.0102
-0.0241

300 400

500 600

Mode

(Pfj I—x(l)d

0.0074

-0.0284
-0.3358

0.1455

-0.1605

0.2043

-0.1677

0.0108

-0.0014

0.1455

-1.8630
-1.6206
-0.7192

0.3088

700

800 900

non diagonal

0.0307
-0.0814
-0.1605
-1.6206
-4.0645
0.3012
-0.4070

0.0125
0.0102
0.2043
-0.7192
0.3012
-4.5169
-0.2379

0.0002

-0.0241
-0.1677

0.3088

-0.4070
-0.2379
-4.8431

4

-0.0152
-0.1824
-0.5552
-1.6420
-2.5883
-9.5405

—~

4

-0.0178

-0.1914
-0.5856
-1.6483
-2.5882
-9.5357

-11.2034 -11.2358

eig(ggL,q)

-0.6699
-0.2447
-0.0000
-0.1093
-4.4774
-5.0000
-5.0000

-0.7892
-0.2697
-0.0036
-0.0771
-4.6858
-4.8604
-4.8391
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Noise a, s a, a, —G
amplitude 6 2 -1 “ x100 ' ' x100
+1.00 °C (X10 "m"s ") Py (x10 °m*s™h) a,

SVD 0.1468 3.13 0.3091 2.00
(£ 0.018) (£0.028)

CI-SVD 0.1468 3.12 0.3091 2.00
(£ 0.015) (£0.025)

Modal-SVD 0.1515 0.009 0.3030 0.0013
(£ 0.0012) (£0.0026)

Noise a _A a. a. —é
amplitude ) ; x100 ! . x100
£ 1.00°C (x10 % m*s™h) x (x10°°m?s71) a,

SVD 0.0286 81.12 0.2760 80.37
(= 1.2) (£1.0)
CI-SVD - 0.0036 102. 0.3085 101.6
(= 1.0) (£1.0)
Modal-SVD 0.1524 0.58 0.1539 0.585
(% 0.0014) (£0.0013)

a,la, =101




ESTIMATIONS IMPROVEMENT
Modal approach

#;(X,y) = (2/L)cos(x,x) cos(y,Y)

2 2
Ky = p7z/L; ]/s:Sﬂ/L aprj+ay7/sj __(ﬂ*j +IB)

Ty =Y (%, y); (1)
-1

n;(t) =n,;(0)exp(=4;t)

S(H) — ol T 2 2 T A
n(t) = T(t) O Kpj T Ay Ysj = _()Lj + f)
tﬁn
diag [A(O)R' (t)dt
t=0
v
Selection of 3 states Eigenvalues estimation
Those with greater energy >  (minimum least squares)

7;(t) j=abc=xy, 5 7;(t) =77;(0)exp(-A;t)
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&, =0.1518+0.0009mm?/s (bias: 0.20%)
a, =0.1534+0.0008mm’/s (bias:0.26%)

&, =0.1517+0.0105mm?/s (bias: 0.13%)
@, =0.1535+0.0029mm’/s (bias:0.32%)

MODAL

MODAL
SVD



Heterogeneous materials

p non overlapping homogeneous
phases paving the domain

Within the 5Tg[<’t) = o, VT (X,t) = BT (x,1)

phases

—k VT (x1) ir'ij =—hy G(X’t)|i —T(X,t)|j)

At the
interfaces j j [
Adiabatic boundary conditions
Microstructure Thermal diffusivity Thermal resistance
Phases discrimination ' of the phases ' at the interfaces

Interfaces location



MICROSTRUCTURE RETRIEVAL
Phases discrimination — Interfaces location

Applying a uniform heat flux on the back
side of the sample during a very short

time & recokding the thermal behawor of
the plate via an IR camera

Infrared
Camera

5 v
| l Negligible/limited heat
: diffusion between
adjacent pixels

v v

The thermal behavior of a pixel is

‘z ! z E z E ', determined by its thermal capacity

All the pixels belonging to the same
phase behave in the same way

V(X,Y) e
Ti(t) =(@/ B)L—exp(=4t))




oT (x,y,1) _

+ Robin conditions at the interfaces
+ Adiabatic boundary conditions

IDEAL CASE
With infinite thermal
resistance at the interfaces

V(X,Y) €
Ti(t) = (¢! )1 —exp(=41))

VT (X, y,t) = BT(X,y,t)+¢

—

WX, X) = 302V, (Vi ()

vt, T(xt)= ivm (X)z, (1)

__  SVD - Noise, parsimony
Likeness

Number of phases

Rank of the energy matrix W =
Number of phases

Discontinuity of the eigenfunctions at the interfaces

V(X y) & (X, y') €€, VM =V, (X, y) =V (X, Y')
V(X y)eQ &(X,Y)eQ;,Vm =V, (X y) =V, (X, Y')

Eigenfunctions sign
— Criteria for phases discrimination

vm>1 V(X Y)), =0
V(X y) e &(X',y') e, Im/Vy, (X, )V, (X, y) <0




Temperature (*C)

NUMERICAL TEST

High contrast between
phases in terms of thermal
properties (g, /a, =134.7)
High quality
measurements (£0.02°C)

Temperature (°C)

0010203040506070.803 1
Time (s)

High contrast between
phases in terms of thermal
properties (¢, /cr, =134.7)
Bad quality
measurements (x0.5°C)

Temperature (°C)

0010203040506070809 1
Time (s)

Very low contrast between
phases in terms of thermal
properties (¢, /cr, =1.05)
0 070203040506070803 1 ' x High quality

Time (s) measurements (0.02°C)




Temperature (*C)

High contrast between
phases in terms of thermal
properties (g, /a, =134.7)
High quality
measurements (£0.02°C)

Temperature (°C)

Time (s)

High contrast between
phases in terms of thermal
properties (o, /o, =134.7)
Bad quality
measurements (£0.5°C)

Temperature (°C)

|
|
|

0010203040506070809 1
Time (s) &

Very low contrast between
phases in terms of thermal
properties (e, /ct, =1.05)
High quality
measurements (£0.02°C)

0010203040506070809 1
Time (5)

o



Infrared camera Digital Level

EXPERIMENTAL TEST
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Infrared camera Digital Level
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.. but son(V, (X, y)) Va2(%,Y)

Qi : fm(X’ y) - aivzvm(x1 y’t) _IBiVm(X’ yvt)
Ki Vi (X, Y, 1), —k; 0V (X, y,t)|j =0

Vin (%, Y, 1), =V (%, y,1)],

with o6 y) =W 2T 7). —lt.z,). ]

u(x,y,t) :IT(x,y,r)dr
0

U, Y0 = YV (X, )2 (0

Look for [ that minimizes the cost function

Level-set method 3 =I(Fm(><,y)— f(x,y))2dxdy



EIGENFUNCTION 2

=230.74

2
2
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EIGENFUNCTION 3

W
N
........“..

;:
(N
s
K

@
HOD
A
o

N

o

,;:.
:...::
."g..,.."&.‘

SRR

G
OKSREI R
LRI
Ll 1
O

i
(
& (i
T =

0

A

)

0.4+

Vs(X,Y)

mm

mm



W = VAT (X, y,) = AT (X, Y1)

+ Robin & adiabatic boundary conditions

TOCY, D) =D Vi (%) 2 1)
m=1
Vi Vi), = [ Vie OV ()X =

) (20).20), =] 2z Odt=5y07

DIFFUSIVITIES ESTIMATION
SVD-based method

Integration

over Q

2, 5 d{T),

<<°'Vk >Q' Zy (t)>t

L

" Sp dt
ESTIMATION B1 & B2

linear least squares
methods

=123 k=i,i+li+2,--

v

No knowledge about the
thermal parameters at the
interfaces is required !!

p p
Ve = 2 (VM) =D AV V(X Y)g,

_ z¢ (t)— ¢ (0)
207

k




Noise & bias considerations
— Diffusivities estimated by

= M_ly

ESTIMATIONS BY

3215 Y AMGOMM), |
INATEZ Ziz:l AASRACHN AZ

A2 162+ AV, (0, (X))

(VW00 M),
(VV2 00V, 00)

Cumulative integral-SVD method

u(x,y,0) = [T(x,y,7)de
U, YD) = YV (%, )20 (D)

AT (X, Y0 = YV (X, )70 0

m=1

| <’71121>t/512+zi2:13i <V1(X)1V1(X)>Qi |
ORANI TS I A AN

_<’7|0’ Zp>t /G, + Ziilﬁi <VP (), (X)>Qi i

<v2vp(x),vp(x)>gl

Q; |

(VMOOM),

- (VAL00 Vo (9),

<v2vp(x),vp(x)>gp




ESTIMATIONS BY
Modal-SVD method

RAACS) I AACS) ) AR
of VZ\/Z(X, Y) =B [ Va(XY) |[= A VL(XY) Q.
i . J . .
+ Robin conditions & adiabatic BC
(X y) Vi(x,y) Q'AP =
B (X, Y) =P V,(X,y) PIQ=1: QP=I

Set of independent PDE

\4

aivz¢m(xi y) _ﬁi¢m(xi y) -

V¢m(X, y)n =0

kiv¢m(xi y)n - h(¢m(x1 y)||

— B (X, Y)|j) (x,y)e oCY;

At (X Y) (X, y) €Y
(X,Yy) € 0Q,

A:{ami}

=2 {2 02,00),
J

p
¥ =diag{4,, }

Eigenfunctions/Eigenvalues
problem associated to the
thermal equations



NUMERICAL TEST
SVD-based method

o, =1.5152x10"m?s™
B, =0.0061s7"

a, =5.0505x107" m?.s™*
, =0.020257*

18
U S R T B 18 Noise amplitude
I T - 14 + 0.02°C, + 0.1°C, + 0.5°C
:6 15 ‘ . 12
—~ Q
o p
%10 5
g 5
: :
= o
}_

Time (s)



Eigenfuction

0.5 1 1.5 2 25 3
Time (s)

EIGENFUNCTION # 1

Eigenfuction

State (°C)

0.15

0.1

0.05

N

0.5 1 1.5 2.5 3

Time (s)

EIGENFUNCTION # 2




Table 3. Estimated values for thermal parameters. True values are
£, =0.00615" a, =1.1552x107 m’.s™, £, =0.0202 s and a, =5.0505x107 m”.s7".

Noise amplitude (°C)
+0.50 +0.10 +0.02
B (s 0.0062 0.0061 0.0061
5 _[}1)/[34)(100 2.25 0.58 0.09
b 0.0208 0.0203 0.0202
(Br= o)/ B x100 2.77 0.57 0.09
&y (x10°m*s™h) 0.1524 0.1526 0.1511
| () =)/ | x100 0.60 0.73 0.23
&, (x10Cm?s™) 0.5001 0.5049 0.5044
| (a2 —cy)/ 3| x100 1.00 0.03 0.12

Many other tests required
Microstructure
(phase fractions, topology, sizes, etc.)
Thermal properties (values & contrast)
Initial thermal field

Testing CI-SVD method

On-going research with
Modal-SVD approach




Other open questions

How to deal with low resolution Sensitivity to the interface

Images location
Temperature dependent « Retrieving interfaces at the
properties under-pixel scale

« Estimation of thermal
properties at the interfaces

« Point dependent thermal
properties (ex: a(x,y))

« Initial thermal field providing
maximum sensitivity
(experiment design)

E. Palomo del Barrio & Jean-Luc Dauvergne, Chapter 14: Karhunen-Loéve decomposition for data, noise, and
model reduction in inverse problems, pp. 507-539, in Thermal Measurements and Inverse Techniques,
Publisher: CRC Press, Editors: H. RB. Orlande, O. Fudym, D. Maillet, R.M. Cotta, 756 pages, 2011.



