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Preface

Purpose — This document provides guidance for performing limited sample probability of detection
(LS-POD) demonstration testing with smaller numbers of flawed specimens than the 29 required
for the Point Estimate POD method referenced in NASA Standard 5009B. In particular, the
demonstration testing will determine whether a nondestructive evaluation (NDE) method and
specific inspector (i.e., method/inspector) using a signal decision threshold for a single target flaw
size will provide a POD that exceeds the required 90-percent POD with 95 percent confidence.
Additionally, the demonstration testing evaluates whether the probability of false calls (POF) is
less than the required value established for the given inspection (examples are provided for a
recommended POF value of 1 percent with 95 percent confidence in this document). It also
provides process control guidance for assuring that the field applications of the NDE procedure
maintains the capability demonstrated in the POD testing.

Scope — This document is specifically applicable to NASA programs and projects where NASA
Special NDE methods are used to inspect fracture critical human spaceflight metallic hardware
when the minimum number of flawed specimens required for the Point Estimate POD method (i.e.,
29) referenced in NASA Standard 5009B (2019) are not available. However, NASA programs and
projects that are not human rated may choose to use these methods and the methods may be
applicable to other material/flaw types. The guide is restricted to NDE methods that provide signal
response data (i.e., not applicable to NDE methods that provide only a hit-miss response) for which
the signal is a function of the flaw size. Example applicable NDE techniques include ultrasonic
and eddy current inspection methods where a signal value is used as an indication of a flaw,
whether the signal value comes from a single transducer or a transducer array. Similar to the Point
Estimate POD method, the LS-POD method only assesses the POD/POF for a single flaw size that
is designated the target flaw size.
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Definitions (adapted from NASA Standard 5009B with changes and additions

specific to LS-POD method as required)

Capability Demonstration Specimens: A set of specimens made from material similar to the
material of the hardware to be inspected with known flaws used to estimate the capability
of indication detection, (i.e., Probability of Detection (POD) or other methods of capability
assessment) of an nondestructive evaluation (NDE) method.

Cracks or Crack-Like Flaws: A discontinuity assumed to behave like a crack for assessment of
material or structural integrity.

Defect: One or more flaws whose aggregate size, shape, orientation, location, or properties do not
meet specified acceptance criteria and are rejectable.

Flaw: An imperfection or discontinuity that may be detectable by nondestructive testing and is not
necessarily rejectable. Examples of flaws in metallic articles include cracks, deep scratches
and sharp notches that behave like cracks, material inclusions, forging laps, welding
incomplete fusion, penetration, and slag or porosity with a crack-like tail. For additive
manufactured metallics, skipped layers, thermal or stress induced cracks, or inclusions are
examples.

Hit-Miss NDE Data: Data resulting from a NDE inspection where only the determination of
whether an indication is present or not is recorded. Thus, the data at each measurement
point corresponds to either a yes or no, or sometimes represented numerically as a 1
(i.e., indication present) or 0 (no indication). No signal measurements from any NDE
sensor output are recorded.

Initial Crack (Flaw) Size: The crack size that is assumed to exist in the part for damage tolerance
analysis.

Instrument Calibration: Comparison of an instrument response with, or adjustment of an
instrument response to, known references often traceable to the National Institute of
Standards and Technology (NIST). This is usually performed periodically, typically at a
1-year interval. After completing calibration, a calibration sticker with calibration
expiration date is affixed to the instrument.

Instrument Standardization: Adjustment of a NDE instrument response using an appropriate
reference standard with known size discontinuities such as electro-discharged machined
slots and flat bottom holes, to obtain or establish a known and reproducible response. This
is usually done prior to an examination but can be carried out anytime there is concern
about the examination or instrument response. It is also commonly known as calibration
prior to initiating an NDE procedure. Instrument standardization should be carried out
using a minimum of three data points demonstrating expected correlation between signal
response and discontinuity size.

Naturally Occurring Flaw: A flaw that is present in a component as a result of the normally
occurring manufacturing processes or usage of the component.
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Nondestructive Evaluation (NDE), Nondestructive Inspection (NDI), Nondestructive Testing
(NDT): The development and application of technical methods to examine materials or
components in ways that do not impair future usefulness and serviceability in order to
detect, locate, measure, and evaluate flaws; to assess integrity, properties, and composition;
and to measure geometrical characteristics.

NDE Procedure: A written plan providing detailed information on “how-to” perform a hardware-
specific inspection.

NDE Simulated Flaw: A flaw that is intentionally placed in a component for the purpose of
generating an NDE signal response. These can be produced by a variety of material
removal processes (e.g., cutting, drilling, electrical discharge machining (EDM), laser
notching, plasma focused ion beam (PFIB) notching, etc.) or by intentional loading
(thermal, mechanical, etc.) to induce damage (e.g., cracks, delaminations, disbonds, etc.).

NDE Transfer Function: A function that describes the relationship between signal responses for
an NDE method as a function of flaw size for different types of flaws (e.g., naturally
occurring flaws, load induced or material removal NDE simulated flaws) or for flaws in
different types of components (e.g., simple geometries such as cylinders or flat plates or
structural component of interest with complex geometry).

Signal-Response NDE Data: Data from an inspection where the NDE sensor produces a signal
output (e.g., voltage, current, etc.) proportional to flaw size is measured. The determination
for whether an indication is present is typically made based on a threshold value of the
signal-response NDE data.

Special NDE: Nondestructive inspections of fracture-critical hardware that are capable of detecting
cracks or crack-like flaws smaller than those assumed detectable by Standard NDE or do
not conform to the requirements for Standard NDE as set forth NASA Standard 5009B.
Special NDE methods are not limited to fluorescent penetrant, radiography, ultrasonic,
eddy current, and magnetic particle.

Standard NDE: NDE methods of metallic materials for which a statistically based flaw detection
capability has been established. Standard NDE methods addressed by NASA Standard
5009B are limited to the fluorescent penetrant, radiographic, ultrasonic, eddy current, and
magnetic particle methods employing techniques with established capabilities.

Target Flaw Size: Flaw size that is established for which the NDE method and inspector must
provide reliable (i.e., 90/95 POD) detection. This flaw size is then used in POD
demonstration testing.
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1.0 Introduction

NASA Standard 5009B specifies that nondestructive evaluation (NDE) methods/inspectors used
to inspect fracture critical metallic components in human-rated aerospace flight systems provide
90-percent probability of detection (POD) with 95 percent confidence (i.e., 90/95 POD). This can
be accomplished in two ways. The first is to use a designated Standard NDE method and the
established Standard NDE flaw sizes contained within NASA Standard 5009B along with the
prescribed industry standard technique processes. For all other situations, the NDE
method/inspector is designated as Special NDE and currently the 90/95 POD must be demonstrated
by POD testing using one of two approved methods. The first acceptable POD method is through
the use of POD testing/analysis described in MIL-HDBK 1823A (2009) to provide an estimate of
the minimum flaw size that meets the 90/95 requirement. Such POD testing requires a minimum
of 40 to 60 NDE simulated flaws of varying sizes above and below the 90/95 POD flaw size. The
second method of demonstrating 90/95 POD for Special NDE is known as the Point Estimate
method as described by Rummel (1982). This method does not provide an estimate for the
minimum 90/95 POD flaw size but evaluates whether the method/inspector provides 90/95 POD
or greater for a specific target flaw size. For this method, a minimum of 29 specimens containing
NDE simulated flaws of the target size are required. For both methods, an additional number of
unflawed specimens (or unflawed inspection opportunities on the same specimens) are required to
estimate the probability of false calls (POF). The intent of this guidebook is to provide a third
method to demonstrate POD for NASA Special NDE applications. However, until acceptance and
incorporation of this new method into NASA Standard 5009B, the use of this method will require
approval by the responsible NASA Technical Authority (e.g., Fracture Control Board) on a case-
by-case basis.

Although NASA Standard 5009B requires that the POF be established for every POD analysis
method, it does not provide any specific requirement for the maximum POF allowed value. There
are multiple considerations for establishing a maximum POF. If the POF is too high, then it can
bring into question the integrity of the POD estimate (e.g., in the extreme, calling every inspection
opportunity a flaw will result in 100-percent POD, but incorrectly identifies all non-flaws as
flaws). Additionally, there are potential economic costs and schedule delays to falsely identifying
acceptable hardware as flawed, thus resulting in complex structural analyses, additional
inspections, unnecessary repairs, and/or component scrappage. Thus, minimizing POF is highly
desired. However, the POD and POF are inter-related such that decreasing the POF may result in
increasing the detectable flaw size that maintains 90/95 POD. Therefore, an acceptable technical
and programmatic balance between POD and POF must be achieved. A key aspect to analyzing
false calls is having an adequate number of inspection opportunities in which flaws are known not
to exist in the POD testing specimens. An acceptable maximum allowed POF while meeting the
required 90/95 POD should be established as part of the POD test plan in coordination with the
program requiring the inspection and the responsible NASA Technical Authority (e.g., Fracture
Control Board). For the Limited Sample Probability of Detection (LS-POD) methodology
described herein, a value of 1-percent POF with 95-percent confidence (i.e., 1/95 POF) was used
throughout the method description and examples provided. A table for the parameter needed to
easily estimate the 1/95 POF as a function of sample size is also provided in Appendix D. The 1/95
POF criterion is similar to the MIL-HDBK-1823A guideline document, which also does not
identify a specific value, but provides examples where 1-percent and 0.1-percent POF are
calculated without an associated confidence value. If another POF target value is selected for use



by the program/technical authority, then statistical expertise should be engaged to perform the
necessary calculations as details for other target POFs are not provided in this guidebook.

For many NASA applications, it is difficult to produce the required set of 29 NDE simulated flaws
necessary for NASA Special NDE point estimate POD testing. Due to this challenge, the LS-POD
methodology has been developed to ensure that the required 90/95 POD is provided with the
suggested 1/95 POF. The methodology is described in detail by Koshti (2021) and the statistical
details are provided in Appendix A. It is conceptually based on a statistical hypothesis testing
framework for decision making, where the statistical power is the POD, see Walpole, Myers, and
Myers (1998). Although statistical hypothesis testing has not been recognized and applied in the
NDE practice, Olin and Meeker (1996), and Swets (1983a), and Swets (1983b) suggest it for NDE
applications. The methodology contained in this guidebook builds on the concepts of classical
statistical power analysis to accommodate the 95-percent confidence requirement for the estimated
90-percent POD flaw size required by NASA Standard 5009B. As described in Appendix A, the
approach is analogous to MIL-HDBK-1823A’s estimation of the 90/95 flaw size with difference
being that MIL-HDBK-1823A operates on a distribution of multiple flaw sizes, while the LS-POD
approach operates on the distribution of signals from multiple specimens of a single target flaw
size. However, validation experiments, described in Appendix B, with simulated and measured
NDE data show that the methodology provides results conservative to MIL-HDBK-1823A for
these data sets with smaller numbers of flawed signals. However, this validation is limited to signal
data that meets the conditions required for this analysis, which is described in Appendix A and
Section 2.6. Once the required 90/95 POD and recommended 1/95 POF have been established
through demonstration testing for the target flaw size, process monitoring techniques can be
implemented to ensure that the demonstrated POD/POF are valid in the hardware inspections.
Detailed instructions for applying the limited flaw specimen set POD/POF methodology are
provided in the guidebook. Also included are specific guidelines for using the methodologies, and
critical assumptions that, if not checked, may invalidate the results from these methods.

2.0 Limited Flaw Specimen POD Instructions

Below are specific instructions and formulas for performing the calculations to demonstrate at
least 90/95 POD with less than 1/95 POF.

2.1 Input Data Requirements

Two sets of NDE signal data are required for this analysis method, acquired from a set of
specimens with NDE simulated flaws of the target size (i.e., capability demonstration specimens),
and from specimens with no flaws or regions of the capability demonstration specimens without
flaws (i.e., unflawed signal data). The signals metric (e.g., peak amplitude, peak-to-peak
amplitude, etc.) from each set of specimens should be the same and measured in an identical
manner. For the demonstration testing, ideally the flawed and unflawed specimens or inspection
opportunities should ideally be randomized such that the inspection is performed blind with respect
to knowledge of the existence or lack of a flaw for a given signal measurement. Blind testing is a
requirement for other types of POD testing and should be employed when practical for LS-POD
testing. This is to ensure that the inspector does not “optimize” the signal response by, for example,
manipulating the sensor/couplant to get the largest signal response, when acquiring data at a known
flaw location. However, blind testing is not specifically required within the analysis methodology
to estimate the 90/95 POD and 1/95 POF signal limits as they are estimated independent of any
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specified decision threshold or inspector determination of an inspection indication. Once the 90/95
POD and 1/95 POF signal levels have been estimated, if a prior decision signal threshold for defect
indication was established, then it can be evaluated to determine if it meets the POD/POF
requirements (i.e., lies between the estimated 90/95 POD and 1/95 POF signal levels).
Alternatively, if no prior signal threshold exists, then a value can be established from the results
of the demonstration test if the condition is satisfied that the estimated 90/95 POD is greater than
the estimated 1/95 POF signal levels.

2.1.1 Unflawed Signal Data

The unflawed signal data set is obtained from multiple NDE inspection measurements from
unflawed specimens. This data set is used to establish the intrinsic variability of the measured
signal, which in this document is referred to as “noise.” However, it is noted that this needs to
include all suspected sources of significant variability in the measurement that might occur in the
NDE inspection and not just measurement system electronic noise. Examples include variability:
in attaching/coupling the NDE sensor or measurement device; from changing environmental
conditions (e.g., ambient temperature); in the specimen itself (e.g., surface roughness or variable
material composition or form); and associated with the measurement system (e.g., electronic
noise). A minimum of 40 such measurements exercising all sources of possible signal variability
is suggested. No formal requirements are imposed as to how many samples are required for each
of the identified sources of unflawed signal variability. Additionally, it is not specified how many
of these measurements can be made on the same specimen (ideally in different locations) versus
on different specimens. The NDE Engineer designing the test should specify the number of
different measurements associated with different variables that affect the measured response in the
absence of flaws. However, if known, increased numbers should be allotted to sources that to result
in increased variability (e.g., if the variability from instrument electronic noise is much smaller
than that due to material surface roughness variations, then the testing should include higher
numbers of specimen with surface roughness variations). The unflawed signal values are
designated y,, where i ranges from one to the number of unflawed signal measurements (n).

2.1.2 Flaw Signal Data

The second set of data are NDE signal measurements from a set of specimens with documented
NDE simulated flaws. For the LS-POD method, the signal measurements are obtained from NDE
simulated flaws that are all of the target size. These signal measurements are denoted as yy, where

i ranges from one to the number of flawed signal measurements (m). Ten flawed specimens is the
recommended minimum sample size based on an evaluation in Appendix B of diminishing sample
size benefits in estimating the distributional parameters and NDE engineering experience.
However, it is noted that the statistical uncertainty in the estimated POD signal levels is a function
of the number of flawed specimen and as such the likelihood of demonstrating the required 90/95
POD may increase with increasing numbers of flawed specimen in the test. While historical
estimates of the flaw-signal and noise responses are combined with economic considerations in
choosing the sample size of the initial demonstration experiment, it may be necessary to
sequentially specify additional measurements after the initial demonstration is performed, similar
to the Point Estimate Method to achieve the 90/95 POD, or it may indicate that the target flaw size
needs to be increased.



2.1.3 Decision Threshold Signal Level

For inspections, a decision threshold is required to assess whether an indication is valid. For some
signal-response-based NDE methods, the decision threshold originates from other specifications
or requirements relative to calibration methodology and is determined prior to the POD
demonstration testing. In such cases, the demonstration testing is an evaluation of whether that
threshold provides the required 90/95 POD and 1/95 POF. However, for the LS-POD method, a
decision threshold is not required for the analysis and can be an output of the demonstration test
results. In that case, once the 90/95 POD and 1/95 POF signal levels are estimated, and assuming
that the 90/95 POD signal level is greater than that of the 1/95 POF, a decision threshold can be
established for the hardware inspection within the range between and including the POD/POF
bounds. Different strategies for setting the decision threshold within this range are described in
Section 2.5. However, once the decision threshold is established in the initial demonstration testing
(typically by the NDE Engineer or level 3 personnel) and is defined in the resulting procedure for
the given inspection, the same threshold should be used in additional POD demonstration testing
for any additional inspectors being qualified for Special NDE certification for that inspection.

2.2 Estimated Parameters

From the input data sets described in Section 2.1, the following input parameters are estimated to
enable estimation of the POD/POF.

The mean signal in the absence of flaws (yy) is calculated by:

n
Py = i=1 YN;
v = — L
n

The standard deviation of noise, or signals in the absence of flaws (sy) is calculated by:

n _
(}’Ni — ¥n)?

S =
N n—1

i=1
The mean signal in the presence of target flaws (¥r) is calculated by:

2iz1 YF;
m

Yr =

The standard deviation of signals in the presence of target flaws (s) is calculated by:

_ N (YFi — 3_’1:)2
SF = Z m—1
i=1

2.3  Estimation of Decision Threshold Providing 90/95 POD for a Target Flaw Size

From the Section 2.2 input data and parameters, an estimated signal value that provides 90 percent
POD at 95-percent confidence is obtained from:

Yo0/95pop = YV — k1, * Sp
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where kq is the factor that gives a 95 percent lower confidence bound on the 0.1 quantile of the

distribution for a specific value of m that is provided in the table in Appendix C. This is the signal
level that, if selected as a decision threshold would result in a 90/95 POD for the target flaw size.

2.4 Estimation of Decision Threshold Providing 1/95 POF for a Target Flaw Size

From the Section 2.2 input data and parameters, an estimated signal value that provides 1-percent
POF at 95-percent confidence is obtained from:

Y1j9spor = YN + ki * Sy

where k,,, is the factor that gives a 95 percent upper confidence bound on the 0.99 quantile of a

distribution for a specific value of n that is provided in Appendix D. This is the signal level that,
if selected as a decision threshold would result in a 1/95 POF for our target flaw size.

These input parameters are shown graphically in the Figure 2.4-1.

' Ydec !
E ]
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Y1/95 POF Y90/95 POD

Signals from
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Figure 2.4-1. Graphical illustration of noise and signal distributions and resulting LS-POD
analysis input parameters.

2.5  Interpretation of Results

2.5.1 Signal Decision Threshold Provided

For the case when a signal decision threshold, y,.., iS provided, if the results indicate that the
estimated 90/95 POD signal level is greater than the estimated 1/95 POF signal level, and that the
decision threshold is at or between these two levels as shown in Figure 2.4-1, such that



Y195 PoF < Y9095 pop AN Y1/95 por < Yaec < Y9095 pop, then the specific inspector using the
specific NDE method and associated procedure demonstrated the 90/95 POD and the 1/95 POF.
Thus, the NDE method/inspector is acceptable for inspection of the hardware. Per the requirements
of NASA Standard 5009B for Special NDE, any additional inspectors would have to similarly
demonstrate the required 90/95 POD capability (i.e., repeat inspection steps and data interpretation
outlined in Sections 2.1 through 2.5). It should be recognized that there is variability in the
estimated 90/95 POD and 1/95 POF signal levels that could affect the relative comparisons
described, which increases with small sample sizes and is exacerbated when the noise and flaw
distributions are not well separated, as described in Section 2.6 and illustrated in Figure B.3.
Additional guidance is provided in Section 3 to ensure that the inspection process/inspector
continues to meet the required POD/POF during the flight hardware inspections.

2.5.2 Signal Decision Threshold To Be Determined

For the case when a signal decision threshold is to be determined as a result of the POD
demonstration testing, the estimated 90/95 POD must be greater than the estimated 1/95 POF
signal level as shown in Figure 2.4-1. If this results from the analysis, then the decision threshold
could be selected as any value between and including those bounds. However, there are three
scenarios that need to be considered. To account for any variation between the POD testing and
the hardware inspections that can influence the POD and POF signal levels, a decision threshold
as the midpoint between the estimated 90/95 POD and 1/95 POF levels can be selected. This would
provide some tolerance to not meeting POD or POF as a result of inspection differences. However,
if there is higher risk associated with missing a flaw, or alternatively falsely identifying an
indication, then the decision threshold can be set at either the estimated 1/95 POF or 90/95 POD
levels respectively.

2.5.3 Test Failure

If the estimated 1/95 POF signal level is greater than the estimated 90/95 POD signal level, then
the test failed. There is no acceptable decision threshold that will provide the 90/95 POD and 1/95
POF. In this case, the preferred option is to increase the target flaw size and perform new POD
demonstration testing with the larger flaw size. This is contingent on the hardware design/use
environment being able to structurally support the larger NDE flaw size for both static loads and
fatigue life. Another option would be to consider a higher POF, if acceptable to the
Program/Fracture Control Board. As noted previously, additional statistical expertise should be
engaged to estimate the POF for values other than the 1/95 provided in this guidebook. A higher
POF will increase the likelihood of increased hardware evaluation to determine acceptability
(i.e., use as is or return to print) or scrap. Additionally, depending on the POF value accepted, this
approach may also result in limited separation between POD and POF to address any variabilities
between the demonstration testing and hardware inspections.

If the estimated 90/95 POD and 1/95 POF signal levels are similar, then additional review is
warranted. Again, either an increase in target flaw size and a repeated POD demonstration test, or
acceptance of a higher POF could be considered. Alternatively, if the 90/95 POD and 1/95 POF
signal levels are similar and the sample size is small, an increase in the number of flawed
specimens in the testing may be used to improve the results. It is possible that the 90/95 POD and
1/95 POF signal levels relative values and their separation might be improved. It is important to
note though, that this option involves additional new specimens, and not repeat measurements on



the exiting flawed specimens as this is not permissible. The estimated 90/95 POD signal level is
expected to increase with additional specimens.

Another option to be considered when the POD demonstration test is a failure or the estimated
90/95 POD and 1/95 POF values are similar is to implement changes that result in improvements
to the unflawed signal data. Examples of such changes include improvements to the NDE
technique procedure or the utilization of sensors or other inspection hardware with higher
sensitivity or lower noise, or improvements to the flawed specimens/hardware to be inspected such
as improved surface finish or part design.

2.6 Assumptions, Checks, and Limitations on Use of LS-POD Methodology

2.6.1 Distribution Assumption

The LS-POD method assumes that the distributions of signal responses, or their transformation
such as with a natural logarithm, for the flawed and unflawed specimens are Normally distributed.
For the larger number of signal measurements in the noise or unflawed signal data set, methods
could be employed to check the appropriateness of this assumption. However, it is more
difficult/less reliable to check when the number of flawed samples is small. Thus, knowledge of
the physics of the specific NDE method, and supporting data for this method for flaws with larger
data sets should be used to support the assumption that the method would be expected to provide
a Normal distribution in signal response for a given flaw size. If there is any reason or data that
invalidates the assumption of Normal flaw or noise signal distributions, then the LS-POD method
is not valid.

2.6.2 Increasing Signal Response Check

The signal response, by default, must be an increasing function with respect to flaw size. This is a
similar condition for the MIL-HDBK-1823A guidelines and the Point Estimate POD method.
Additional testing with larger flaw specimens may be required to be included to adequately
demonstrate this assumption is met. Alternatively, prior data from the specific NDE methodology
inspecting similar types of flaws/hardware could be used to confirm this assumption.

2.6.3 Signal Saturation Check

Care should also be used to ensure that the noise and flawed signal responses are on the same
amplitude scale. If additional gain or attenuation is applied to signals between the two types of
measurements, the raw signal responses (e.g. percent full scale) should be adjusted to compensate
for this gain or attenuation in the analysis. Also, signals should be checked to ensure they are not
saturated or “clipped” at some maximum value as such data censoring would also likely lead to
violating the Normal signal distribution requirement. If that is observed to occur, then adjustments
to the measurement process (e.g. reducing the signal gain or adding attenuation to bring the signal
back within the instrument measurement dynamic range) is required. Similarly, the signals should
be checked to make sure that they are properly recorded on the low range, especially in the
acquisition of the noise signal data. Often, in NDE measurements, if the signals are below a certain
value, they are recorded as a zero value. Doing so could result in violating the uncensored Normal
signal distribution requirement. Signal levels should be measured and recorded in all cases for both
flawed and noise signal measurements, regardless of how small a value is measured.



2.6.4 Test Flaw Limitation

In POD testing, it is critical that the NDE simulated flaws are representative of the naturally
occurring flaws expected in the hardware (i.e., NDE simulated flaws must produce signals that are
consistent with, or conservative to (i.e., smaller), signals from naturally occurring flaws in the
hardware) to avoid overestimating NDE process/inspector capability. As described in NASA
Standard 5009B, fatigue cracks are used for metallic hardware, which are assumed conservative
as compared to many types of naturally occurring cracks that may develop. If alternate NDE
simulated flaw types are used, then they must be approved by the responsible Fracture Control
Board. If NDE simulated flaws based on material removal methods (e.g., electrical discharge
machining (EDM) notches) are used, then transfer function approaches may be necessary to adjust
the signal response from the NDE simulated flaws to those that might be detected from naturally
occurring flaws of similar sizes. Additionally, corrections to signal responses might be required to
adjust for additional factors that are non-representative of the flight hardware (e.g., material
differences to include geometry, properties, and surface finish). Methods for such signal response
adjustments are not included in this guidebook.

2.6.5 Sample Size Limitation

The potential consequences of using small sample sets in the LS-POD method should be
recognized. The validation results shown in Appendix B illustrate the larger variability in the
estimated value of the signal level that provides 90/95 POD as the sample size is decreased. This
can lead to higher likelihood of failing the demonstration if a POF requirement cannot be met, and
a larger non-conservative POD estimate in 5 percent of the cases when the estimate exceeds the
90-percent POD. If the LS-POD method is used for flawed sample sizes of less than 10, then
additional review and approval should be obtained by the responsible Fracture Control Board and
statistical expertise should be consulted. This review should include an evaluation of the degree of
separation between the estimated POD and POF limits, the signal threshold level, and the
likelihood of failure of the component. For application of the method with sample sizes of 10 or
larger, the method can be used without additional review, but the results interpretation as defined
in Section 2.5 must be followed.

3.0 NDE Field Application Process Monitoring

NDE process monitoring should be conducted to ensure that the inspector is providing the same
or better capability as established during the demonstration testing. It is not feasible to represent
every condition or source of variability in a POD demonstration test that might be observed in the
inspection of flight hardware. As a result, it has been observed that the NDE inspector in practice
does not provide the same capability that was demonstrated during testing. This can have
disastrous effects if a flaw is missed that results in a catastrophic failure or have significant
schedule and economic impacts if parts without flaws are erroneously rejected.

Basically, there are two sources of data that can be monitored during field application. The first
source is noise measurements from regions assumed to have no flaws on the flight hardware.
Monitoring noise data over time with respect to that established during the demonstration testing
can provide indications of changes in the NDE instrumentation/measurement system, in the parts
being inspected (e.g., material properties, surface conditions, geometry, etc.), and the performance
of the inspector, which can impact the capability of the inspection. The second source of data is
signal (and noise) responses from NDE standards (e.g., calibration blocks), which contain
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documented NDE simulated flaws. These data are used to standardize the instrument response and
monitoring it over time can provide indications that the NDE instrument/measurement system is
changing, which could negatively impact the capability of the NDE method/inspector.

There may be additional measurements that result from indications during the flight hardware
inspections. However, these are not deemed to be as reliable for monitoring the NDE process as it
may not be possible to independently confirm the presence of a flaw, nor characterize its size.
Additionally, even if a flaw is independently confirmed, it is unlikely to be of the same size as
used in the POD demonstration testing, so it is difficult to relate that signal response to the flaw
signal distribution established during the POD demonstration testing.

3.1  Noise Monitoring

Assuming that the majority of components being inspected will not have flaws, recording signal
levels from all field measurement opportunities can expand the unflawed signal database. This
provides two opportunities to monitor and improve the inspection process.

Additionally, monitoring the noise distribution and its parameter estimates over time relative to
the original LS-POD established noise distribution can provide insight into a variety of changes in
the inspection process and the components being inspected. Such changes might negatively impact
the capability of the inspection regarding the POF such to invalidate the inspection.

An unflawed measurement dataset with p measurements is collected in the field as described in
Section 2.1, where p > 40, and the following parameters are estimated in same manner as the
demonstration experiment.
The mean signal in the absence of flaws (yy, ) is calculated by:

14
_ _ Zi=1 YNfieldl-
YNea = p

The standard deviation of noise, or signals in the absence of flaws (s, ,) is calculated by:

p

z (nyieldl- - }_}Nﬁeld)z
p—1

SNfield —
i=1

Specifically, the signal level corresponding to a 1/95 POF for flight hardware measurements
(1/95 PoFg,) Can be defined as:

Y1/95 POFgeaqg = YNgeg T klNﬁeld * SNfieid

From Appendix A, it is shown that the expected variability in the 1/95 POF limit from the LS-
POD testing is 0.10(y1 /95 por — ¥n) for the noise sample size of 40. Thus if:

Y1/95 POFgaq > Y1795 PoF T 0.10(V1 /95 por — Yn)

then the noise has increased beyond expected variability, and the NDE process should be evaluated
to identify the possible cause(s). Additionally, if

Y1/95 POFfeq — Ydec
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then the POF requirement is not met in the flight hardware inspections, and the inspection process
should be stopped to determine the cause(s), and corrections made and verified before valid
inspections are continued. The approved inspection procedure developed and approved by the
responsible NDE engineer should specify the intervals and the numbers of noise measurements
that should be acquired and periodically analyzed to provide this NDE process monitoring. The
procedure should specify the actions to be taken should the noise process monitoring threshold be
violated.

With repeated inspections, an expanded unflawed signal database that combines all unflawed field
measurement data can be constructed, and it will provide an improved estimate of the noise
distribution assuming that the noise from field measurements is consistent with that developed
during the demonstration testing. The resulting improved estimates of the noise signal distribution
parameters may result in a lower signal level required to meet the POF requirement, providing
room for potentially lowering the decision threshold to provide a higher POD. Any such changes
to the POD testing established noise distribution parameters and resulting decision threshold
should be documented as an addendum in the POD demonstration test report and in the NDE
procedure.

Instrument Standardization as defined in NASA Standard 5009B is the adjustment of an NDE
instrument response using an appropriate reference standard with known size discontinuities such
as EDM slots and flat bottom holes, to obtain or establish a known and reproducible response.
Instrument standardization is required in addition to instrument calibration. The NDE procedure
should define when instrument standardization is to be performed, but it is typically required at a
minimum before and after an NDE inspection. In addition, it may be required at certain intervals
(i.e., periods of time or number of parts inspected) for inspections that occur over long time
periods. NASA 5009 recommends that instrument standardization should be carried out using a
minimum of three data points demonstrating expected correlation between signal response and
discontinuity size. While there are differences in standardization dependent on the method or the
particular inspection application, the following general recommendations should be considered
and incorporated as appropriate into the inspection procedure. One of the NDE standards
comprising the three-point instrumentation standardization procedure should be designed to
produce a signal consistent with that produced by the desired target flaw size. The other NDE
standards can be designed to produce signals consistent with larger flaw sizes, but those larger
flaw sizes should be in the range expected to form in the part and be of interest for detection. The
degree of repeatability of the measured signal responses from the NDE standards should be
documented in the procedure, with established limits on how much instrument adjustment
(i.e., gain/attenuation and offset) is permitted to achieve the desired signal response levels. In
addition to monitoring the signal levels from the NDE standards, noise signals should be measured
on defined regions of the standards where no flaw exists. Minimum acceptable NDE standard
signal/noise (S/N) levels should be established in the NDE method development and documented
in the procedure. The S/N should be evaluated at each instrument standardization opportunity to
ensure that it exceeds this minimum specified value.

There are additional signal and noise quality metrics that can be used to monitor the NDE process.
These are described by Koshti (2021) and can be evaluated for applicability for the particular
inspection method and application. If additional metrics are used, they should be described, and
detailed instructions provided in the NDE procedure.
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Appendix A. Statistical Details of the Limited Sample Probability of
Detection Method

Overview

Nondestructive evaluation (NDE) techniques are used to make decisions on whether or not a flaw
indication is present in a test specimen or hardware. In practice, a measurement from an NDE
technique with a continuous signal is compared to a decision threshold, where signals that exceed
the decision threshold indicate the presence of a flaw. NDE probability of detection (POD) studies
are conducted to establish the detectable flaw size associated with specified inferential risks in
declaring a flaw to be present or not. Limited Sample POD (LS-POD) is a type of a POD study
that restricts its attention to a single, target flaw size with a minimal sample size. Table A.1 is
adapted from classical statistical hypothesis testing to illustrate the potential outcomes from an
NDE inspection decision.

Table A.1. Potential Outcomes of an NDE Inspection Highlighting Inferential Risks

Known State of Whether a Flaw is Present
No Flaw is Present Flaw is Present
Declare no Flaw is Correct Deci_sion Incorrect Decision
NDE Present I (True I\tle[g]atl_vg) éFaIse tl\l[(gga_tl\_/e)
e : ncorrect Decision orrect Decision
Decisions |- Declaye a Faw is (False Positive) (True Positive)
POF POD

LS-POD focusses on Probability of a False Call (POF) and POD, and the cases of a true negative
or false negative are not considered. Differing from traditional statistical hypothesis testing, LS-
POD seeks to mimic established NDE practice as described in MIL-HDBK-1823A (2009) in
considering POF and POD independently. However, POD and POF are implicitly related in the
LS-POD guidance and interpretation of the results in Section 2.5.

The LS-POD method provides an estimated POF limit on the NDE signal below which there is no
detected indication that is considered distinguishable from inherent measurement variability
(i.e., noise), and this method provides an estimated POD limit on the NDE signal above which a
target flaw size is considered to be reliably detected. Based on the estimated 1/95 POF and 90/95
POD limits, the feasibility of a decision threshold can be evaluated for flight hardware inspections.

Comment on LS-POD Notation

LS-POD implements notation that is consistent with MIL-HDBK-1823A and standard statistical
nomenclature, while not propagating previously cited notational deviations contained in MIL-
HDBK-1823A where continuous-response NDE techniques are commonly referred to as a-vs-a
data. The use of a is problematic since it implies a predicted value of a in standard statistical
convention, when in fact a denotes the measured inspection signal and not an estimated quantity.
This potential confusion has been cited in the literature, for example, Olin and Meeker (1996)
states, “When the output from an NDE measurement process is a continuous response that is used
to estimate flaw size a, the response is often denoted, in the NDE literature, by @, (not to be
confused with a parameter estimate or estimated mean response as is the convention in statistics).”
In the NDE literature, authors often generalize their notation to using y for the signals and x for
the flaw size in the presentation of their methodology, see Section G.3 in MIL-HDBK-1823A.
This is the notational approach adopted by LS-POD.
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Data Acquisition and Descriptive Statistics

A random sample of NDE flaw signal measurements, yp, are acquired from inspections on m
specimens representative of flight hardware (i.e., similar material, form, and surface finish)
containing known NDE simulated flaws of a single flaw size. In addition, a random sample of
NDE unflawed signals, y,, are acquired from inspections performed on n unflawed specimens or
inspections in regions of the flawed specimens where no flaws are known to exist. The flaw and
unflawed measurements are considered to be independent and identically distributed, from their
own respective distributions, referred to as the flaw and unflawed distributions.

For the statistical analyses that follow, the test specimens are assumed representative of the flight
hardware and no transfer function is applied.

For the flaw signal measurements, the mean signal in the presence of target flaws (y) is calculated
by:
_ Lit1 Y
m

The standard deviation of signals in the presence of target flaws (sz) is calculated by:

Z (YFL J’F)

Since LS-POD’s objective is to utilize a small sample size, it is impractical to reliably identify the
underlying distributional model and therefore a Normal distribution is assumed. If the sample size
is large enough, the assumption of a Normal distribution could be evaluated with a quantile-
quantile plot as described in Appendix G.3.5.3 of MIL-HDBK-1823A.

For the unflawed signal measurements, the mean signal in the absence of flaws (yy) is calculated
by:

_ Yic1 Y
YN =T

The standard deviation of noise, or signals in the absence of flaws (s ) is calculated by:

n _
(}’Nl- — ¥n)?

S =
N n—1

i=1

A Normal distribution is assumed for the unflawed signals or an appropriate transformation of the
unflawed signals. For example, a logarithm transformation might be considered to avoid negative
signal values for some NDE techniques. With a minimum sample size of 40 unflawed signal
measurements, it is practical to evaluate the fit of the Normal distribution with a quantile-quantile
plot, as illustrated in Appendix G.3.5.3 of MIL-HDBK-1823A. Evaluating the Normal
distribution’s quality of fit is not an attempt to prove that the data are normally distributed, rather
it is a check for gross violations of that assumption.
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Establishing Signal Limits for a Specified POF and POD

Statistical tolerance bounds for a normal distribution are employed to estimate the signal limits for
a specified POF and POD. A tolerance interval covers a specified proportion of a distribution with
a stated confidence, see Meeker et al. (2017) for additional details.

For POD, a signal limit that will be exceeded by at least 90 percent of the population of flaw signal
measurements from the target flaw size with 95-percent confidence is known as a 90/95 limit. In
particular, it is one side of the tolerance interval, known as a confidence bound, since only the
signals that exceed the limit are of interest. Assuming that the NDE technique signal level increases
with flaw size and is sufficiently separate from saturation or censoring, LS-POD is conceptually
similar to the approach that MIL-HDBK-1823A uses to estimate the 90/95 detectable flaw size.

Since the estimated signal limit is based on a sample of the population, the analysis includes a
factor, k,, which compensates for the estimation uncertainty associated with the sample size. For
small sample sizes, there is a larger uncertainty in estimating the POD limit.

Meeker et al. (2017), Equation 4.2 provides the formulation for a confidence interval on a normal
distribution quantile as a function of the inverse cumulative distribution function for a normal
distribution and a non-central t-distribution, and it is adapted for a one-sided tolerance interval to
estimate k, as:

§=z,xVm
t(a,m—l,a)
le =
Vm

where z, is the critical value from a standard normal distribution for p = 0.90 based on a 90-
percent proportion of the population, @ = 0.95 for a 95-percent confidence level, and ¢ is the non-
centrality parameter. Appendix C provides a table of 90/95 k, . factors as a function of sample
size. The signal limit, which provides 90-percent POD at 95-percent confidence, is estimated by:

Yoo/9spop = Yr — k1, * Sp

Following a similar approach for POF, a signal limit that exceeds 99 percent of the population of
unflawed signal measurements with 95-percent confidence is estimated. For clarity in the NDE
vernacular, it is called the 1/95 limit rather than the 99/95 limit. The k,,, value is estimated as

follows.

§=zy*Vn
t(a,n—l,(S)
klN ="
Vn

where z, is the critical value from a standard normal distribution for p = 0.99 based on a 99-
percent proportion of the population, @ = 0.95 for a 95-percent confidence level, and ¢ is the non-
centrality parameter. Appendix D provides a table of 1/95 k, , factors as a function of sample size.
The signal limit which will provide 1-percent POF at 95-percent confidence is estimated by:

Y1s9spor = YN + K1y * Sy
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Since NASA Standard 5009B does not require a specific POF value, it is expected that application
specific decisions could be made to accept a lower or higher POF. As an example of k,,, values

for other POF values, Table A.2 provides associated k,, factors for an unflawed sample size of
40.

Table A.2. Unflawed ki Factor Values for Sample Size of n = 40 for Different POF Probabilities.

Probability of False Calls (POF) with 95 percent Confidence for n = 40
0.1% 1% 2% 5% 10%

3.865 2.941 2.613 2.125 1.697

kq

N

The feasibility of a LS-POD demonstration for a target flaw size can be evaluated based on the
relationship between these estimated POF and POD limits, and their relationship to a decision
threshold as discussed in Section 2.5.

Graphical llustration of the Limited Sample POD Method

In Figure A.1, simulated unflawed and flaw signal measurements are illustrated by their respective
histograms. The unflawed and flawed normal distributions fit to the data are overlayed, along with
the POF and POD limits and a decision threshold. In this illustration of a successful LS-POD
demonstration, the POF limit falls below the decision threshold and the POD limit is above the
decision threshold.
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Figure A.1. Graphical illustration of LS-POD method results.
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Process Monitoring Statistical Details

In Section 3.0, process monitoring is recommended by comparing field-based POF limit,
Y195 PoFgyy O the demonstration POF limit, y; 95 por. There is variability in the estimated
Y195 por » therefore sufficient separation is required when making the comparison to protect
against spurious decision outcomes. To illustrate the need for this separation, if a noise
measurement experiment was conducted twice with the exact same specimens, there would likely
be a numerical difference in the estimated y, /o5 por limit when there is no cause for alarm that
something has changed, since they are the same specimens.

A practical approach to accommodate this expected variability in comparing y; /o5 por limits is

proposed by recognizing that a tolerance interval is equivalent to a confidence interval around a
proportion (the 0.99 percentile) of the population. In Figure A.2, an unflawed measurement
distribution is illustrated with a superimposed distribution around the upper 1% percentile that
represents the precision of the percentile estimate given the sample size and the variability of the
unflawed measurements in the samples. Figure A.2 shows a third, smaller superimposed
distribution of the estimated 1/95 POF limit (y1 /95 por)-

upper 1
percentile

Y1/95 POF

Distribution of Signals from
Unflawed Specimens

i T
50 100 150 200 st 1/95 250

Figure A.2. lllustration of the Unflawed measurement distribution, variability of the estimated
quantile, and variability of the y1/es por limit.

The standard deviation of the estimated y, /o5 por IS proportional to the variability of the unflawed
measurements, sy, and the sample size, n. It can be shown that the standard deviation of y, /95 por

can be approximated by a percentage of the POF limit minus the mean of the unflawed distribution,
(71795 por — Yn)- This expression is algebraically equivalent to k,, * sy, and since k,, is a

function of n it is clear that the variability of the 1/95 POF signal level is a function of sample size.
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However, using (95 por — ¥n) In practice is considered advantageous, since those values are

more readily accessible from the LS-POD demonstration results. Table A.3 provides the
approximate percentages for three sample sizes.

Table A.3. Standard Deviation of y1es por as a Function of Sample Size

Standard Deviation of y; g5 por Limit
as a Percentage of (195 por — Yn)

Sample Size (n)

40 11%
60 9%
100 7%

It can be shown through an analytical derivation that the percentage values in the table are a
function of sample size, n, only, which makes them generally applicable regardless of the
estimated sample mean and standard deviation.

The LS-POD method uses 0.10(y1,95por — ¥n) @S the minimum acceptable difference, as
specified in Section 3.1, starting with paragraph 2.

¥1/95 POFgeq > Y1795 poF T 0.10(¥1/05 por — ¥n)

When making a comparison to a field estimate of the limit, y, /o5 pop,,,» this margin on the

difference provides a measure of protection against potentially spurious indications of increases in
the 1/95 POF limit.

This guidance on the variability of the y; 95 por limit assumes replicated experiments from the
same set of specimens, and it does not account for additional variability in comparing LS-POD
specimens to field specimens. In current NDE practice, conducting a dedicated unflawed specimen
measurement experiment is not typically performed. While multiple unflawed measurement
experiments could be conducted to assess the demonstration-to-hardware inspection variability,
until LS-POD is implemented and evaluated in practice, it was considered not practical to require
additional unflawed measurements experiments to estimate this additional variability. Rather, the
proposed factor of 0.10 is considered conservative for sample sizes exceeding the minimum
specified of 40, and the risk of some investigations spuriously detecting differences between
Y195 por aNd Y1 /95 por,,,, Was considered acceptable.

References:

Meeker, W. Q.; Hahn, G. J.; and Escobar, L. A.: Statistical Intervals: A Guide for Practitioners
and Researchers, 2nd Edition, John Wiley & Sons Inc., 2017.
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Appendix B. Demonstration and Validation of the Limited Sample POD
Method

Two datasets are used to demonstrate the application of the Limited Sample POD (LS-POD)
method in this Appendix. The data required for LS-POD are flaw signal measurements, yp,
acquired from inspections of specimens containing known NDE simulated flaws of a single target
flaw size, and unflawed signals, y,, acquired from inspections performed on unflawed specimens.
A decision threshold may be specified prior to conducting a LS-POD, or it may be chosen based
on the LS-POD analysis results.

Demonstration Dataset 1 — Example 1 from MIL-HDBK-1823A

This dataset comes from Section G.3.4 in MIL-HDBK-1823A, and it is included in the companion
R-code distribution package as “EXAMPLE 1 a.hat vs a.xls.” There are 92 measurements of
varying flaw sizes are provided in Table B.1, and there are no censored observations. MIL-HDBK-
1823A recommends modeling the signal response as a function of the transformed flaw size as
log (a). The raw data from Table B.1 are plotted using a log scale for flaw size in Figure B.1.

Table B.1. Example 1 dataset used in MIL-HDBK-1823A Appendix G.

Flaw Size Signal| Flaw Size Signal| Flaw Size Signal| Flaw Size Signal
6 192 13 139 17 461 29 777
6 166 13 342 17 483 29 1040
7 137 13 614 18 599 30 753
7 97 13 537 18 507 30 778
7 147 13 370 18 728 31 729
8 221 14 439 19 344 32 811
8 148 14 138 19 514 32 1208
8 152 14 50 19 568 32 864
9 376 14 621 19 843 32 938
9 568 14 610 20 645 33 865
9 324 15 509 20 838 33 853
9 363 15 482 20 563 34 740

10 87 15 353 20 638 35 830
10 198 15 260 21 751 39 1159
10 394 15 381 22 736 41 743
10 413 15 415 23 703 42 1176
11 290 15 548 24 756 45 1079
11 318 16 537 24 731 48 1344
12 50 16 672 25 713 50 1277
12 50 17 352 27 787 50 1335
12 304 17 671 27 763 52 1283
12 414 17 437 27 963 53 1375
13 519 17 435 28 818 65 1189
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Figure B.1. Signal versus flaw size from Example 1 in MIL-HDBK-1823A.

Estimating Probability of Detection (POD) Limit, yq¢ 95 pop

For a target flaw size of 17, flaw signals associated with flaw sizes of 16, 17, and 18 were chosen
to simulate a LS-POD study, providing 11 measurements shown in Table B.2. Treating this range
of flaw sizes as coming from a collection of specimens of a single target flaw size mimics practice
where variability in the nominal flaw size is anticipated.

Table B.2. Flaw Signal Measurements from Example 1 in MIL-HDBK-1823A

Flaw Size Signal
16 537
16 672
17 352
17 671
17 437
17 435
17 461
17 483
18 599
18 507
18 728
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The sample mean and standard deviation are estimated according to Appendix A as yr = 534.7
and sp = 118.6. From Appendix C, for sample size of 11, k;, = 2.275, and yq( 95 pop IS estimated
as:

Y90/95 POD = 534.7 — 2.275 ¥ 118.6 = 265

Therefore, this represents the maximum decision threshold that maintains 90-percent POD with
95-percent confidence. Signals above yq/95pop = 265 would be called as a hit in an NDE
inspection.

Estimating Probability of False Call (POF) Limit, y1,95 por

A dedicated experiment to measure unflawed specimens was not conducted in the dataset provided
in MIL-HDBK-1823A,; however, the Handbook suggests that signals from flaw sizes below 8.5
are unrelated to flaw size, and therefore they are considered to be unflawed noise measurements.
Therefore, the unflawed measurement data include 8 signal measurements associated with flaw
sizes of 6, 7, and 8 with an estimated sample mean of 157.5 and a standard deviation of 37.0. To
generate a minimum specified sample size to demonstrate LS-POD, 40 unflawed measurements
were simulated from a normal distribution based on the sample mean and standard deviation. Table
B.3 provides these 40 simulated unflawed measurements.

Table B.3. Simulated Unflawed Noise Measurements for Example 1 from MIL-HDBK-1823A
121 | 157 | 138| 156 | 171 | 208 | 218 | 160 | 147 | 192
149 | 116 | 156 | 182 | 128 | 119| 182 81| 151 | 123
102 | 164 | 166 | 199 | 154 | 221 | 152 | 133| 185| 149
126 | 111 | 165| 129 | 170 | 203 | 177| 223 | 153 | 137

A histogram of the simulated unflawed measurements overlaid with an estimated normal
distribution is shown in Figure B.2.
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Figure B.2. Unflawed noise measurements from Example 1 in MIL-HDBK-1823A.
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The estimated sample mean and standard deviation of the unflawed measurements are y, =
156.8 and sy = 33.5. From Appendix D, for a sample size of 40, k,, = 2.941, and y; /95 por IS
estimated as

y1/95 POF — 156.8 + 2.941 * 33.5 = 255

Therefore, signals below y; ;95 por = 255 would not be called as a hit by the NDE inspection to
maintain a POF of 1 percent with 95-percent confidence.

Interpretation of the LS-POD Results

Based on the guidance provided in Section 2.5, the result that yoq /95 pop = ¥1/95 por Satisfies the
first criteria of a successful demonstration at 90/95 POD and 1/95 POF. A decision threshold value
between the POF and POD limits, where 255 < y,.. < 265, is considered acceptable for the
inspection of the flight hardware.

In this particular example, the 1/95 POF limit is close to the 90/95 POD limit, which indicates that
the unflawed and flawed distributions are relatively close together. In cases like this, a LS-POD
demonstration may not be initially successful, and it may require additional flawed specimens,
acceptance of an increased POF, or a larger target flaw size.

Simulation Study to Illustrate the Effect of Sample Size on the Estimated POD Signal Limit

A simulation study was conducted to illustrate the performance characteristics of LS-POD method
using the Example 1 dataset. Replicated LS-POD demonstration tests were simulated with sample
sizes ranging from 10 to 30, and the yqq /95 pop POD signal limit is estimated for each simulated
demonstration test.

For the flaw measurement distribution, it was assumed that the flaw signal population is normally
distributed with a mean and standard deviation of 535 and 119, respectively, which are based on
the estimated sample mean and standard deviation in the previous example. Since these are the
population parameters (unknown in practice), the true 90-percent POD limit can be found directly
from the 10" percentile of the normal distribution as 382. Comparing the estimated POD limits to
the true POD limit of 382, it is expected that in about 5 percent of the cases the estimated yq4 /95 pop

will exceed 382. When the yq( /95 pop POD signal limit exceeds the true 90-percent POD limit, the

method is non-conservative. Minor variation in the percentage that exceeds the true POD limit is
a function of the number of simulation cases performed.

To consider the relationship of the POD and POF signal limit simultaneously, it is assumed that
the unflawed signal population is normally distributed with a mean and standard deviation of 157
and 34, respectively, which are based on the estimated sample mean and standard deviation of the
unflawed measurements in previous example. In this simulation study, the effect of varying the
unflawed measurement sample size on the 1/95 noise limit is not considered. Since these are
population parameters, the true 1-percent (upper 99-percent) limit is found directly from the 99%"
percentile of the normal distribution as 236.

In Figure B.3, the results from 500 simulated LS-POD demonstration tests with samples sizes of
10, 15, 20, 25, 30 are shown along with reference lines at the true POD limit and true POF limit
based on the simulation parameters.
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Figure B.3. Simulated POD limits as a function of sample size based on Example 1 from
MIL-HDBK-1823A.

Discussion of the Simulation Study Results

Consistent with theoretical expectations, Figure B.3 shows that the variability in 90/95 POD limits
due to estimation uncertainty reduces with an increasing number of flawed specimens. The figure
illustrates the 5-percent risk of estimating non-conservative POD limits that are larger than the true
90-percent POD limit, and how that risk is consistent across the sample sizes. However, the
frequency of estimating a POD limit below the true POF requirement is higher for smaller sample
sizes. As an example, for a sample size of 10 about 30 percent of the estimated POD limits fall
below the POF limit in this simulation case. At a sample size of 20, the POD limit is below the
POF limit in about 5 percent of the cases. Finally, it can be observed that for smaller sample sizes
when the 90/95 POD limit exceeds the true POD, it may exceed that value by a larger magnitude
due to the variability associated with the estimates.

Tying this simulation study back to the LS-POD analysis of the Example 1 dataset, the estimated
POD and POF limits are relatively close together at 265 and 255, respectively, which indicates
that unflawed and flaw signal distributions are not well separated. In general, to meet the POD
requirement with acceptable POF, the sample size is a function of the separation between the POD
and POF limits. When the POD and POF limits are close to each other as discussed in Section 2.5,
increasing the sample size, increasing the target flaw size, or allowing a higher POF may be
required. Smaller sample sizes may be acceptable if the POD and POF limits are appropriately

separated (See Section 2.5).

A Numerical Comparison to MIL-HDBK-1823A POD Analysis

To illustrate the relationship between LS-POD and a standard @ vs a POD study described in
Appendix G of MIL-HDBK-1823A is performed on Example 1 dataset. In MIL-HDBK-1823A’s
analysis of this dataset, the decision threshold is specified at y;,. = 200, resulting in an estimated
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aq,95 flaw size of 13.7; however there is a POF of about 11 percent. This POF was considered

too high to demonstrate LS-POD. Therefore, a decision threshold of y,,.. = 265 was chosen since
it is the minimum signal limit for 90/95 POD of the target flaw size based on the LS-POD method,
and it exceeds the POF limit of 255.

The data were modeled with flaw sizes above 8.5 to be consistent with MIL-HDBK-1823A’s
assertion that signals below a flaw size of 8.5 are unrelated to flaw size. Therefore,
m = 92 - 8 = 84 measurements are utilized in the modeling of @ vs log (a).

Figure B.4 shows the @ vs log (a) measurements, an estimated linear model, and the 90-percent
two-sided prediction interval, which is equivalent to a 95-percent one-sided prediction bound.

1400
1200
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400

200

log(size)

Figure B.4. ahat vs log (a), estimated linear model, 90-percent two-sided prediction interval,
with guidelines at the decision threshold and aq( /o5 flaw size.

Using the notation from MIL-HDBK-1823A, the coefficients of the linear model are 3,=—1060.00
and ;= 566.74. The residual error from the regression model is ¢ = 153.13. It can be shown that
the aq /95 flaw size is estimated by

1 "
Agp/95 = B_(Ydec —Bo+ky* 1)
1

where y,,.. IS the specified decision threshold. Using the formulation provided in Appendix A, the
90/95 k, value is 1.556, which is based on a sample size of 82 degrees of freedom associated with
the residual error. The aqq /95 flaw size is estimated as

1
log (a90/95) = ge—, (265 — (~1060.00) + 1.556 * 153.13) = 2.758

a90/95 = 32'758 = 158
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In Figure B.4, a horizontal dotted guideline is shown at the signal decision threshold of 265, and a
vertical dotted guideline is shown at 2.758 in the log (a) axis. Note that their intersection is near
the lower prediction interval that represents a one-sided 95-percent signal limit at the decision
threshold.

As an approximate comparison to LS-POD’s results, the average flaw size from Table B.2 is 17.1.
Therefore, using a decision threshold of 265 for LS-POD results in a larger detectable flaw size
than a MIL-HDBK-1823A POD study. This result is expected due to the smaller sample size used
in LS-POD resulting in a larger uncertainty reflected in the k, values of 2.275 and 1.556 for the
LS-POD and MIL-HDBK-1823A POD estimates, respectively. As a cautionary note, LS-POD
cannot be used to estimate the aqq,95 flaw size since it is derived from measurements of a single
target flaw size.

Demonstration Dataset 2 — Eddy Current Inspection from Raised Head Fasteners

This dataset is simulated based on a published data set from eddy current inspections around raised
head fasteners for fatigue cracks emanating from the fastener holes, see Forsyth et al. 2010.

The original data had censoring at the upper end of the signal range, and it was modeled using the
MIL-HDBK-1823A guidance for fitting a linear fit to the relationship of signal to crack length on
the surface. The estimated model parameters were used to simulate a new set of data without
censoring that allows the estimation of signal distributions across a wider range of crack sizes to
demonstrate the LS-POD method. The simulated inspection measurements are plotted in Figure
B.5 and tabulated in Table B.4.

Raised Head Fastener Simulated Data
Y =-46.56 + 2304*X °

200

150

100

50

EC peak to peak amplitude (% of screen height)

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
exposed crack length (inch)

Figure B.5. Raised head fastener ahat vs. a simulated data with linear model.
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The following linear model is assumed.

a = ﬂo + ﬁla + €
where @ is the eddy current signal, a is the defect size, 3, is the y intercept of the model, g, is the
slope, and the residuals e are normally distributed with a zero mean and standard deviation of z.

A regression is performed to estimate the parameters of the linear model based on the data in Table
B.4 as 3, = -46.6, f; = 2304, and 7 = 7.30.

Table B.4. Raised Head Fastener ahat vs. a Simulated Data

defect size (inch) ( a?l:l)?trr]gly) defect size (inch) ( aftl)gi]t?gly)
0.021 1.01 0.061 102.56
0.022 3.12 0.062 95.87
0.023 12.44 0.063 108.86
0.024 0.32 0.064 102.49
0.025 9.14 0.065 109.28
0.026 17.80 0.066 97.58
0.027 21.61 0.067 105.20
0.028 17.97 0.068 109.15
0.029 16.88 0.069 113.53
0.030 20.69 0.070 107.72
0.031 14.24 0.071 112.04
0.032 35.34 0.072 120.60
0.033 32.21 0.073 127.08
0.034 22.52 0.074 128.41
0.035 22.72 0.075 128.46
0.036 34.14 0.076 123.03
0.037 39.65 0.077 131.32
0.038 49.97 0.078 129.26
0.039 43.65 0.079 140.73
0.040 33.63 0.080 126.05
0.041 43.67 0.081 140.28
0.042 46.12 0.082 138.63
0.043 47.85 0.083 143.68
0.044 58.72 0.084 134.71
0.045 53.93 0.085 140.83
0.046 54.84 0.086 140.35
0.047 68.18 0.087 150.50
0.048 54.17 0.088 156.06
0.049 63.19 0.089 156.62
0.050 67.53 0.090 178.98
0.051 65.37 0.091 160.56
0.052 89.13 0.092 154.60
0.053 82.43 0.093 171.39
0.054 91.49 0.094 171.64
0.055 106.44 0.095 173.81
0.056 86.49 0.096 180.18
0.057 75.37 0.097 174.17
0.058 94.19 0.098 181.31
0.059 98.72 0.099 175.71
0.060 95.22 0.100 192.20
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Estimating POD Limit, y9¢,95 pon

The aqg 95 value for the dataset is estimated as 0.047 inch using MIL-HDBK-1823A methods

given a threshold of y,,.. = 40. LS-POD is expected to be conservative, therefore a larger defect
size of 0.060 inch was chosen for the simulated LS-POD experiment. The following process can
be applied to any defect size.

Using the estimated model parameters, 10 inspections at 0.060 inch were simulated in Table B.5
by calculating the mean response and adding a random residual from a normal distribution with a
mean of zero and standard deviation of 7.30.

Table B.5. Simulated Flaw Signals for Raised Head Fastener Inspection

defect size 0.060”
defect number mean rersggglse from random response total response
1 91.68 -12.70 78.98
2 91.68 8.86 100.54
3 91.68 1.02 92.70
4 91.68 -7.29 84.39
5 91.68 1.61 93.29
6 91.68 -4.81 86.87
7 91.68 -3.71 87.97
8 91.68 10.18 101.86
9 91.68 17.36 109.04
10 91.68 -2.01 89.67

The sample mean and standard deviation of the 10 flaw responses are estimated according to
Appendix A as yr = 92.4 and sp = 9.04. From Appendix C, for sample size of 10, k,, = 2.355,
and yq0 /95 pop 1S estimated as

¥Y90/95POD — 92.4 —2.355%9.04 =71.1

Therefore, this represents the maximum decision threshold that maintains 90% POD with 95%
confidence. Signals above yq¢,95 pop = 71.1 could called as a hit by the NDE inspection.
Estimating POF Limit, y; 95 por

The noise data were not explicitly measured in the original experiment. Based on NDE engineering
judgment, the noise data for unflawed specimen inspections was modeled as lognormal, with mean

m = 5 and standard deviation v = 5. To simulate the noise measurements, the parameters of
the lognormal distribution were converted to the mean, u, and standard deviation, o, of a normal

distribution as follows.
1 < m’ ) 0 (1+ d )
=log| ——|,0= |[lo —
. 8 v+ m2 8 m?
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52 ) 5
=log| ——] ,0 = |lo (1+—)
HTE <m BV Tse
u=152,0=043
Therefore, the log of the noise data is simulated from a normal distribution with p = 1.52 and
o = 0.43. Forty simulated noise measurements are shown in Table B.6 in the form of as-measured

signals and log transformed signals.

Table B.6. Simulated Noise Signals

noise signal log(noise signal) noise signal log(noise signal)
4.186 1.432 7.139 1.966
3.625 1.288 3.912 1.364
5.649 1.731 3.343 1.207
3.535 1.263 10.905 2.389
3.154 1.149 4,523 1.509
9.975 2.300 5.300 1.668
9.259 2.226 7.075 1.957
8.230 2.108 5.645 1.731
3.529 1.261 12.332 2.512
8.083 2.090 3.858 1.350
10.868 2.386 6.466 1.867
2.122 0.752 4,882 1.585
10.767 2.376 4.362 1.473
4.989 1.607 2.478 0.907
5.494 1.704 2.268 0.819
5.380 1.683 8.175 2.101
5.531 1.710 5.325 1.672
2.899 1.064 11.376 2.431
3.456 1.240 4,375 1.476
4.097 1.410 6.366 1.851

A histogram of the 40 simulated unflawed measurements is shown in Figure B.6.
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Figure B.6. Distribution of unflawed measurements for raised head fastener inspections with an
overlayed lognormal density.

The noise limit is found by analyzing the logarithm of the noise measurements. The mean and
standard deviation of these 40 measurements are 1.67 and 0.459. From Appendix D, for a sample

size of 40, k,, = 2.941, and the transformed log(y; o5 por) is estimated as

10g(V1/95 por) = 1.67 + 2.941 * 0.459 = 3.015

And now y1/95 POF — exp(3015) = 20.39

Therefore, signals below y, /95 por = 20.39 should not be called as a hit by the NDE inspection to
maintain a POF of 1% with 95% confidence.

Interpretation of the LS-POD Results

Figure B.7 illustrates the noise and flaw distribution and the yo¢ 95 pop @aNd 1 /95 por limits for this
example. Based on the guidance provided in Section 2.5.1, the result that yoq /95 pop = ¥1/95 poF

satisfies the first criteria of a successful demonstration at 90/95 POD and 1/95 POF. A decision
threshold value between the POF and POD limits, where 20.39 < y4.. < 71.1 is considered
acceptable for the inspection of the flight hardware.
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Figure B.7. Noise (unflawed) and flaw signal distribution for raised head fastener demonstration.
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Appendix C. Table of ki values for flaw measurements to provide 90 percent
probability/95-percent confidence for calculating POD for samples sizes
ranging from 10 to 30 based on formulas provided in Appendix A.

Sample Size k1 ,.(90/95)
10 2.355
11 2.275
12 2.210
13 2.155
14 2.109
15 2.068
16 2.033
17 2.002
18 1.974
19 1.949
20 1.926
21 1.905
22 1.886
23 1.869
24 1.853
25 1.838
26 1.824
27 1.811
28 1.799
29 1.788
30 1.777
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Appendix D. Table of k; values for unflawed measurements that provide 1
percent probability/95-percent confidence for calculating POF with sample
sizes ranging from 40 to 60 based on formulas provided in Appendix A.

Sample Size | k;, (1/95)
40 2.941
41 2.932
42 2.923
43 2.914
44 2.906
45 2.898
46 2.890
47 2.883
48 2.876
49 2.869
50 2.862
51 2.856
52 2.850
53 2.844
54 2.838
55 2.833
56 2.827
57 2.822
58 2.817
59 2.812
60 2.807
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Appendix E. Analytical Comparison of Limited Sample POD to MIL-HDBK-
1823A

This appendix provides an analytical comparison of Limited Sample Probability of Detection (LS-
POD) signal limit, yg9 /95 pop, t0 the aqg 95 flaw size resulting from a MIL-HDBK-1823A POD

study, and shows that LS-POD is expected to be conservative relative to MIL-HDBK-1823As.
Throughout this algebraic derivation, the estimated parameters can be considered as their expected
values, even though the notation is not explicit, to illustrate the relationship rather than focus on
the statistical aspects.

In MIL-HDBK-1823A, a linear model of @ vs a provides an estimated intercept of j,, slope of
B,, and regression modeling error of £. It can be shown that the Ag9,95 flaw size is estimated by

1 N
Q9p/95 = ‘BA_ (ydec —pBo+ k1MH * T)
1

where y,.. is the specified decision threshold, and k,,, is the tolerance interval multiplier
associated with (m,y; — 2) degrees of freedom for m,,; measurements across multiple flaw sizes.
The subscript MH signifies estimates from a MIL-HDBK-1823A POD study, and a subscript of
LS will indicate results from a LS-POD demonstration test.

Without loss of generality, assume that $,= 0 and 3, = 1, therefore

A

Ag0/95 = Yaec T K1y * T

Rearranging to solve for the decision threshold, y .., results in

Ydec = Q90/95 — k1MH * T 1)

In the LS-POD method described in Appendix A, the 90/95 POD signal limit is found by
Y90/95P0D = YF — k1L5 * Sp 2)
where y and s; are the sample mean and standard deviation of m;¢ flaw signal measurements,

and k4, ¢ is a tolerance interval factor based on m, s flaw signal measurements of the target flaw
size.

If the y99,95 pop POD limit from a LS-POD demonstration experiment were equal to the decision
threshold, ygec, from MIL-HDBK-1823A then, yq0 /95 pop = Yaec-

Therefore, combining Equations 1 and 2, results in the following expression

Yr— k1L5 * Sp = Qogp/95 — klMH * T (3)

where the left side of this expression is in units of the signal and the right side is in units of the
flaw size. However, since ,= 0 and ;= 1 the units are removed, and they can be numerically
equal.
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LS-POD demonstration experiments are designed to require a smaller sample size than a MIL-
HDBK-1823A POD study, therefore n; ¢ < n,,y is expected. Since the k; multipliers are inversely
proportional to sample size, it follows that

les > klMH

Therefore, if sp = 7 (see footnote 1), and allowing sz = 1, without loss of generality, Equation
3 becomes

Yr— les = Qgg/95 — klMH
and rearranging, the expression becomes
YF — Qg/95 = les - k1MH
where kq, . — kq,,, > 0, therefore by inspection
Yr > Qg9/95

While 7, is the average signal of the flaw distribution, by letting 3,= 1 it is also equal to the
average flaw size of LS-POD specimens. This result shows that the target flaw size for a LS-POD
demonstration is required to be larger than the aqq 95 flaw size from a MIL-HDBK-1823A POD

study given the same decision threshold, yq¢ /95 pop = Yaec-

The signal decision threshold tends to be limited by the unflawed, noise distribution, and therefore
it is assumed that it cannot be lowered to detect the aq /95 flaw size in a LS-POD demonstration.

This derivation emphasizes the small sample penalty of LS-POD, and it shows that LS-POD is
expected to be conservative relative to a MIL-HDBK-1823A POD study.

Footnote:

12 is estimated from the regression modeling of @ vs a in a MIL-HDBK-1823A POD study across
multiple flaw sizes, while s is estimated from a LS-POD demonstration from a single target flaw
size. Technically, they represent different types of variability; however, for purposes of this
derivation, it is assumed that extracting a subset of signal measurements at a single flaw size from
a MIL-HDBK-1823A POD study can be treated as a LS-POD demonstration experiment and that
the residual variance is representative of the signal variability at that target flaw size. This is
demonstrated in the Example 1 dataset from MIL-HDBK-1823A in Appendix B, and it
numerically confirms the results of this derivation, namely that ¥z > aq 5.
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