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A Objective

* Present a signal response transfer relationships model
* Present transfer function models

e Use simulated data to explain the models

* Generate fictitious population data that follows transfer function assumptions

* Assess selected sampling cases in determining flaw size estimate for
* Forward case
* Input flaw size: Target flaw size in part
* Qutput flaw size: Mean predicted induced flaw size for demonstration in simple geometry specimen
* Inverse case
* Input flaw size: Mean induced flaw size for demonstration in simple geometry specimen
* Output flaw size: Predicated 90/95 Target flaw size in part

e Signal response data is chosen to have saturation limit
* The upper saturation limits are different for differing data sets
* The data is linear in middle signal response section and non-linear in upper and lower signal response knee regions
* Saturating data characteristics is chosen as a more challenging but practical case of data encountered in NDE

 Demonstrate use of simulation to assist in transfer function data sampling parameters (flaw sizes and
replicates)
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Artificial or Machined Induced Flaw (e.g.,
Flaw (e.g., EDM, crack, subscript c)
subscript e)

Specimen Geometry Simple Geometry Data 1: y,4 Data 3: y.4
(subscript 1)

Part Configuration or Data2:y,, Datad:y.,
real part (subscript 2)

Note that subscript “1” is used for simple geometry specimens and subscript “2” is used for part or part
configuration specimens. An example of simulated data for signal response transfer relationships model
IS provided below.
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Example of Data with Known Characteristics

90

80 — SISISISASISASIS)

Signal Response (Arbitrary Units)

—©— Data 1: Machined Flaw in Simple Geometry Specimen
— & —Data 2: Machined Flaw in Part Geometry Specimen
—-B8-—Data 3: Induced Flaw in Simple Geometry Specimen
—%— Data 4: Induced Flaw in Part Geometry Specimen —
Data 3: Induced Flaw in Simple Geometry Specimen, Mean
***** 95% Conf. Bound for Data 3, Lower

90/95% P/C Bound for Data 3, Lower

Data 4: Induced Flaw in Part, Mean —
***** 95% Conf. Bound for Data 4, Lower
90/95% P/C Bound for Data 4, Lower

0 | | | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Flaw Size, (Arbitrary Units)
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Signal response transfer relationships model inputs and their relationships

Values

Amplltude (% full screen height or % FSH)
N0|se, standard deviation (% FSH)

Noise ratio, part-to-simple geometry (% FSH)

EDM size variation equivalent to signal response
standard deviation (% FSH)

EDM flaw size standard deviation ratio, part-to-
simple geometry (% FSH)

Induced flaw signal standard deviation ratio,
part-to-simple geometry (% FSH)
Mean signal response ratio,
geometry (% FSH)

part-to-simple

Mean signal response ratio, Crack-to-EDM (%
FSH)

Minimum flaw size (arbitrary units)
Maximum flaw size (arbitrary units)

Flaw size spacing (arbitrary units)

Flaw size for 50% of saturated signal response
function (arbitrary units)

Standard deviation of saturated signal response
function (% FSH)

o
-

e1 max
01
)
R = p (2A)
ops}
O.JC
fa=2 (24)
o.x
fs = U%l (3A)
el
Y,
RA - _ez,max (5)
y el,max
y
RB — _cl,max (6)
y el,max
Xc2,min
xcz,max
el = A C2 (8)
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Sets saturation limit for Data 1.

For simple geometry, subscript 1 is used and for
part, subscript 2 is used.

0, = RO-]_ (1B)

022 = fa021 (2B)

04 = fp0e1 (3B)

022 = fafp0e1 (4)
yc2,max = RARB?el,max (7)

Also applicable for Data 1, Data 2, Data 3, and Data
4,
Also applicable for Data 1, Data 2, Data 3, and Data
4,

p xso
Xnorm = (0—e1 (10)
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| Signal response transfer relationships model

y
Vo1 = elgn ax (1 + erf(xporm + randn(cly))) + randn(o,)
_ :)_] _ yclyez
ye max 2 - —_—
Ye2 = 2’2 (1+ erf (Xnorm + randn(aé“z))) + randn(az), ¢ Y o1
YVe1 = yCLzmax (1 + erf(xnorm + randn(o-cxl))) + T'Cl?’ldTl(O'l),
— x _ 021002
ycz,max x Oc2 = X
Vey = 5 (1 + erf (Xporm + randn(c},))) + randn(o,) Oe1
where,

erf = error function, and

randn = random number generator function with Gaussian distribution.
X = flaw size.
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Forward Case,
R? for Data 1 Sample =0.98, R for Data 2 Sample =0.95

100 = — e e e = = —
= = =Data 1: Machined Flaw in Simple Geometry Specimen, Mean - C & E 1
O Sample Data 1 | @ * l
) . . v 4 .t
..... Data 2: Machined Flaw in Part Geometry Specimen, Mean I / ’o ““/
CUI Sample Data 2: Machined Flaw in Part Geometry Specimen & |:| o ““/ i I
---------- Data 3: Induced Flaw in Simple Geometry Specimen, Mean I
***** 95% Conf. Bound for Data 3, Lower I
80 |—90/95% P/C Bound for Data 3, Lower
== Data 4: Induced Flaw in Part, Mean | |
————— 95% Conf. Bound for Data 4, Lower
70 —90/95% P/C Bound for Data 4, Lower I
:«E —&— Target Flaw for Forward Case |
c wnnn Degision Threshold, Summation in Quadrature
i —<}— Predicated Mean Demonstration Size for Flaw Type 3, Summation in Quadrature I
@ 60| < Theoretical 90/95 Flaw Size for Forward Case, Summation in Quadrature |
E % Calibration Flaw Size Flaw Type 1
F O RWA R D 5(’: %  Calibration Flaw Size Flaw Type 2 |
o 50 |
g
CASE !
g 40 |
= I
o |
o
30— I
20 — |
10 |
|
0 | | | | 4 i J
0 015 02 o I A

Flaw Size, (Arbitrary Units)
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FORWARD
CASE

Signal Response (Arbitrary Units)

Forward Case

100
O  Sample Data 1: Machined Flaw in Simple Geometry Specimen

= = = Fitted Line for Data 1
***** 95% Conf. Bound for Data 1, Upper

————— 95% Conf. Bound for Data 1, Lower

90/95% P/C Bound for Data 1, Upper

90/95% P/C Bound for Data 1, Lower

80 O Sample Data 2: Machined Flaw in Part Geometry Specimen

————— Fitted Line for Data 2

————— 95% Conf. Bound for Data 2, Upper

70| ——— 95% Conf. Bound for Data 2, Lower

90/95% P/C Bound for Data 2, Upper

90/95% P/C Bound for Data 2, Lower

60 <] Predicated Mean Demonstration Size for Flaw Type 3, Summation in Quadrature
<> Target Flaw for Forward Case

90

10 [~

0 | | 4 | | | |

0.08 0.09 0.1 0.1 0.12 0.13 0.14
Flaw Size, (Arbitrary Units)
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Signal Response (Arbitrary Units)

100

g0

80

70

60

50

40

30

20

Forward Case

Forward Case,
R? for Data 1 Sample = 0.98, R? for Data 2 Sample = 0.94

P

Point D,

demo F

Point F,

oint C,

mean,target

el

Point B,
mean,target
e2

Datal

Data 2

Data 3

Data 4

Point A,
target,F
c2

demo,F __ _meantarget F
1 = Xgq Ax

Data 1: Machined Flaw in Simple Geometry Specimen, Mean
Data 2: Machined Flaw in Part Geometry Specimen, Mean
Data 3: Induced Flaw in Simple Geometry Specimen, Mean
Data 4: Induced Flaw in Part, Mean

90/95% P/C Bound for Data 4, Lower

Asz\/(AxtargetF) +(A targetF) +(A targetF)

- demo.F —&— Target Flaw for Forward Case
xcl e N I LT Decision Threshold, Summation in Quadrature
Predicated Mean Demonstration Size for Flaw Type 3, Summation in Quadrature
| | | ‘ <] Theoretical 90/95 Flaw Size for Forward Case, Summation in Quadrature
0 0.05 0.1 0.15 02 025 0.3 0.35 04
Flaw Size, (Arbitrary Units)
int A --> point B ---> point C -3, pink Reres. AL Fesrid: AILR
POIﬂt A p0|nt B p0|nt C Ajay |\PQ!)S i, SPIE Smagggln t es/N I!:o g Beach, CA



Y Example of forward case using simulated data

Signal Response (Arbitrary Units)

100

90

80

70

60

50

0

Forward Case,
R? for Data 1 Sample = 1.00, R? for Data 2 Sample = 0.99

= = = Data 1: Machined Flaw in Simple Geometry Specimen, Mean
O Sample Data 1

=====Data 2: Machined Flaw in Part Geometry Specimen, Mean
O  Sample Data 2: Machined Flaw in Part Geometry Specimen

= Data 3: Induced Flaw in Simple Geometry Specimen, Mean
*  Sample Data 3

————— 95% Conf. Bound for Data 3, Lower

——90/95% P/C Bound for Data 3, Lower

Data 4: Induced Flaw in Part, Mean

————— 95% Conf. Bound for Data 4, Lower

90/95% P/C Bound for Data 4, Lower

—<— Target Flaw for Forward Case

wennnn Degcision Threshold, Summation in Quadrature

—<}— Predicated Mean Demonstration Size for Flaw Type 3, Summation in Quadrature
< Theoretical 90/95 Flaw Size for Forward Case, Summation in Quadrature

%  Calibration Flaw Size Flaw Type 1
%  Calibration Flaw Size Flaw Type 2

N

0.005 0.01 0.015 0.02 0.025

Flaw Size, (Arbitrary Units)
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INVERSE
CASE

Signal Response (Arbitrary Units)

100

90

80

70

60

50

40

30

20

10

Inverse Case,
R? for Data 1 Sample = 0.99, R? for Data 2 Sample =0.97

= = =Data 1: Machined Flaw in Simple Geometry Specimen, Mean
O  Sample Data 1
===== Data 2: Machined Flaw in Part Geometry Specimen, Mean
O  Sample Data 2
---------- Data 3: Induced Flaw in Simple Geometry Specimen, Mean
————— 95% Conf. Bound for Data 3, Lower
90/95% P/C Bound for Data 3, Lower

Data 4: Induced Flaw in Part, Mean ===
————— 95% Conf. Bound for Data 4, Lower -
90/95% P/C Bound for Data 4, Lower - r
%]* Demonstrated Flaw Size for Inverse Case . PR ___.—._.—-—-
---------- Decision Threshold, Summation in Quadrature A s __—-"’
—Q* Predicted 90/95% P/C Induced Flaw Size in Part, Summation in Quadrature L s ’,a"
<l Theoretical 90/95 Flaw Size for Inverse Case, Summation in Quadrature ‘¢"‘ _.....--7--,-',","."—"7':-"
# Calibration Flaw Size fpr Flaw Type 1 - i
# Calibration Flaw Size for Flaw Type 2
1
1
1
= 1
1
1
! I
! |
L 1 1
! |
! |
! |
! I
1 I | |
1
0 0.05 i 0.1 | 0.15 0.2 0.25

Flaw Size, (Arbitrary Units)
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Nﬁ S’A Fitted second order polynomials through sample Data 1 and Data 2

Inverse Case

80
O  Sample Data 1: Machined Flaw in Simple Geometry Specimen |

= = =Fitted Line for Data 1
————— 95% Conf. Bound for Data 1, Upper
70|——— 95% Conf. Bound for Data 1, Lower —
—90/95% P/C Bound for Data 1, Upper
—90/95% P/C Bound for Data 1, Lower

0O Sample Data 2: Machined Flaw in Part Geometry Specimen
===== Fitted Line for Data 2
————— 95% Conf. Bound for Data 2, Upper
————— 95% Conf. Bound for Data 2, Lower
50 | 90/95% P/C Bound for Data 2, Upper _
——90/95% P/C Bound for Data 2, Lower
<] Demonstrated Flaw Size for Inverse Case
<> Predicted 90/95% P/C Induced Flaw Size in Part, Summation in Quadrature

INVERSE
CASE

30

Signal Response (Arbitrary Units)
5
|

20 — -
10 -
0 | | | 4 \ | \
N
0.05 0.06 0.07 0.08 0.09 0.1 0.1 0.12
Flaw Size, (Arbitrary Units)
Linear or quad ratic fit Ajay M. Koshti, SPIE Smart Structures/NDE 2023, Long Beach, CA
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Inverse Case

Inverse Case,
R? for Data 1 Sample =0.98, R? for Data 2 Sample =0.98

Data 1
70 - Data 2
I
Ax Data 3
60 Point C,
. x;réean,demo Data 4
2
c .
S g} Point B,
bl mean,demo
= Yel W t mean,demo I
£ ’ x5 = x ’ + Ax
< c2,90/95 e2
O 40 - 1 .
@ Point D,
2 1 . xesu
® M A Point E c2
o
© .
c Point E
=2 demo,l demo,l demo,l
® xS Ax' = [(axdemon)® 4 (AxS; )"+ (ax
20 Data 1- Machined Flaw in Simple Geometry Specimen, Mean
Data 2: Machined Flaw in Part Geometry Specimen, Mean
Point A, Data 3: Induced Flaw in Simple Geometry Specimen, Mean
xdemo_f Data 4: Induced Flaw in Part, Mean
10 cl 90/95% P/C Bound for Data 4, Lower
<}— Mean Demonstrated Flaw Size for Inverse Case
""""" Decision Threshold, Summation in Quadrature
—@— Predicted 90/95% P/C Induced Flaw Size in Part, Summation in Quadrature
! | | < Theoretical 90/95 Flaw Size for Inverse Case, Summation in Quadrature |
0 <1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Flaw Size, (Arbitrary Units)

Point A ---> point B ---> point C ---> point D ---> point E ---> point F
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-N@SA Example of inverse case using simulated data

Inverse Case,
R? for Data 1 Sample = 1.00, R? for Data 2 Sample = 0.99

= = =Data 1: Machined Flaw in Simple Geometry Specimen, Mean
O Sample Data 1
=====Data 2: Machined Flaw in Part Geometry Specimen, Mean
90 0O  Sample Data 2 )
""""" Data 3: Induced Flaw in Simple Geometry Specimen, Mean Qe
*  Sample Data 3 o
80~ 95% Conf. Bound for Data 3, Lower ,@'
————90/95% P/C Bound for Data 3, Lower %
== Data 4: Induced Flaw in Part, Mean ,d
————— 95% Conf. Bound for Data 4, Lower @ O
70 | —— 90/95% P/C Bound for Data 4, Lower et g’
%lf Demonstrated Flaw Size for Inverse Case 0 /;P
nenn Degision Threshold, Summation in Quadrature ,(Y Pl
60 % Predicted 90/95% P/C Induced Flaw Size in Part, Summation in Quadrature E,/
< Theoretical 90/95 Flaw Size for Inverse Case, Summation in Quadrature ,"'
% Calibration Flaw Size for Flaw Type 1
% Calibration Flaw Size for Flaw Type 2

100

50 =

Signal Response (Arbitrary Units)

0 | | | 4 | | | | J
0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Flaw Size, (Arbitrary Units)
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Inferences

* For good Transfer Function analysis results
* Predicted flaw size should be Interpolated

* Some sampling cases with small sample size are considered
* Set 1: 4 sizes x 2 replicates, Set 2: 4 sizes x 2 replicates
e Set 1:5sizes x 2 replicates, Set 2: 5 sizes x 2 replicates
e Set 1: 3 sizes x 3 replicates, Set 2: 3 sizes x 3 replicates

e Quadratic or (2nd order polynomial) fit is considered for data range (which does not have an inflection
point)

e Data should be interpolated
* Simulated data can be used to assess different sampling cases to choose optimal sampling

* Simulation provides a method to assess whether transfer function is needed
* If absolute (Input flaw size — Output flaw size) > a set value, then transfer function is needed.
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.8  Conclusions

* The signal response transfer relationships model is devised first.

* Assuming the signal response transfer relationships model is applicable to the NDE application, transfer
function forward or inverse methods have been devised with an objective to provide adequate confidence
to the assumed signal response transfer relationships model.

* For non-linear data, transfer function simulation is advised to assess applicability of transfer function
method.

* The transfer function approach is a risk assessment approach as 90/95% POD/confidence cannot be
demonstrated directly.

* The signal response transfer relationships model needs to be validated with empirical data and then
transfer function model needs to be validated for desired POD and confidence on case-by-case basis.
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