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Abstract 

Nondestructive inspection (NDI) has evolved as an essential element in many modern engineering design, 

production, maintenance and diagnostic processes and technologies.  In many applications, the performance 

level (detection capability) and reliability of the NDI procedure is important to the end use of the item being 

inspected. The smallest flaw detected is of less interest than the largest flaw missed.  

 

In recent years, methods for quantification of detection capabilities have been developed. Probability of 

Detection (POD) has been explored by many NDI engineers and specific assessment procedures have been 

developed. Indeed, POD has become a topic of interest and focus at most recent NDI forums. The need for 
quantified NDI and NDI capability / performance data continues to grow.  

 

This paper discusses initial work to establish POD assessment methods, the development and application to 

various NDI methods, and a projection of future needs and methods to improve and quantify NDI performance 

capabilities 

 
Keywords: Probability of Detection, data fitting, reliability, calibration, modeling, model assisted probability of 

detection, crack characteristics, linear elastic fracture mechanics 

 

1. Introduction 
 
The use of linear elastic fracture mechanics (LEFM) was specified in the baseline design of 

the National Aeronautics and Space Administration (NASA) Space Shuttle. In the same time 

frame the United States Air Force (USAF) directed its use in all new military aircraft designs 
[1-7]. Although NDI had been applied as a standard quality assurance tool (QA-NDI) in 

previous engineering design practices, NDI was not, and have never been capable of meeting 

a “no flaws” criteria. The actual detection capabilities of NDI methods and most applied 

procedures were not known. LEFM was a revolution in engineering design and life cycle 
service criteria. It required a revolution in NDI to quantify detection capabilities. NDI 

technicians were asked to confirm the “smallest flaw that they had ever seen”. The flaw of 

importance is, of course, the largest flaw that was missed” - that was unknown. Requirements 

for the quantification and demonstration of NDI capabilities were initiated by NASA in 
procurement and later in NASA 5009. United States Air Force (USAF) requirements were 

imposed by issue of MIL A-83444 [8-10]. The lack of quantified detection data was an 

indicator of the infant state of NDI engineering technology and the historical baseline 

knowledge for NDI applications. 
 

NDI is a complex, multiple parameter process and is specific to each application and to both 

controllable and non-controllable parameters and variances. Various approaches were 

assessed for providing the necessary data. A NASA sponsored program was initiated and the 
results used to provide the first probability of detection (POD) data and analysis procedures 

[11-12]. The POD metric is now used for the assessments of critical NDI procedures 

throughout the world. 
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2. History – the NASA probability of detection program (POD) 
 

2.1 The NASA program was completed in several steps: 

 

Tightly closed fatigue cracks were initiated and grown in 2219-T87 aluminum alloy panels. 
Electro-discharge machined starter notches of different sizes and 6 different shapes were cut 

into test panels. Fatigue cracks were initiated and grown in low cycle fatigue (bending and 

tension – tension) to a predetermined size. The starter notches were machined off leaving 

only the fatigue cracks. Cracks were initiated on both sides of the test panels and an equal 
amount of material was machined from each side of each panel retaining only the fatigue 

cracks. A total of 118 panels containing 328 fatigue cracks were produced. Cracks ranged in 

length from 0.018 to 1.27 cm with depths ranging from 0.003 to 0.451 cm. “As-machined” 
surface finishes ranged from 28 to 64 rms (smooth) and 125 to 420 rms (rough) respectively. 
Final panel thicknesses were nominally 1.52 mm and 5.33 mm. 13 unflawed panels were 

randomly included in the test set. The grain direction for half of the panels in each thickness 

was longitudinal and was transverse in the other half.  Panel lay-out was as shown in Figure 
1. Notch and final crack configurations are shown (side view) in Figures 2 and 3. Panels were 

identified and crack location information within each panel was tabulated. Panel identity and 

included crack information were retained for all subsequent operations. 

 
 

 Inspections were performed by three, skilled operators in the “As Machined” 
condition. Inspection methods were fluorescent penetrant, eddy current, ultrasonic 

and X-radiography.  

 All panels were etched to remove smeared material resulting from the machining 

process. The resulting surface finishes ranged from 35 to 100 rms (smooth) and from 

120 to 300 rms (rough). 

 Inspections were again performed by three operators, using the four selected NDI 

methods in the “Etched” panel condition.  
 All panels were then proof loaded to 85% of yield based on the nominal load values 

for the respective material thicknesses. 

 Inspections were again performed by three operators, using the three selected NDI 
methods in the “Post Proof” panel condition.  

 Panels were then loaded to failure and cracks broken open, photographed, measured 

and crack size information tabulated. The actual crack size was used for all 
subsequent sorting and data analyses. 

 

The experimental test and analysis sequence is shown schematically in Figure 4 



 

 

 

 

Figure 1. Test panel lay-out 

 

Figure 2. Notch and final crack  

                                            configurations 

 

  
Figure 3. Broken crack and starter notch configurations 

 

 

 
Figure 4. Program sequence 

 



 

3. Data analysis and the origin of POD 
 
The challenge for analysis of data produced was to reduce nearly 1000 (984) observations, 

for each test condition, to a single value that would be useful in damage tolerance analyses 

and NDI procedure capability quantification. All NDI procedures are characterized by 

multiple test object condition parameters and NDI application variables. A single value 
output cannot be expected to occur with certainty due to the variant nature of test objects and 

NDI procedures. NDI detection is strongly dependent on factors and variations that or many 

may not be controllable in procedures applications. Variables include: 

 
• Flaw (Artifact) Variables 

• Test Object Variables 

• NDE Method Variables 

• NDE Materials Variables  
• NDE Equipment Variables 

• NDE Procedure Variables 

• NDE Process Variables 
• Calibration Variables 

• Acceptance Criteria / Decision Variables 

• Human Factors 

 
Probabilistic methods are therefore required and are used for analysis and prediction of the 

performance of specific procedures in specific applications. 

 

A goal of the data output metric was to conform to and / or approach the confidence level 
provided for materials properties data (such as ultimate, yield strength, etc.) as described in 

MIL Handbook 5 [13]. A point estimate value for HIT / MISS (binomial) data was used to 

calculate and plot detection success and confidence level as a function of crack size.  The 

procedure used for the original POD analyses was to: 
 

 Order each data set from the largest crack to the smallest crack. 

 The data were grouped to apply a point estimate of detection success by group. There 
was insufficient data to plot at the 95% confidence level (60 observations) so data 

points were calculated at the 90% confidence level (29 observations in each data 

group). The first analyses used successive 29 points and produced only ten points for 

the final curves. Since observations were independent, a moving average data 
grouping procedure was used later. Data were grouped by counting down 29 

observations from the largest crack to the smallest crack in that group. The number of 

successes (HITS) was divided by the number of opportunities in that group. This is 

commonly termed the “HIT / MISS” or binomial estimate procedure. A single data 
point was then registered on a plot of the detection rate as a function of the largest 

flaw size in that sample group.  

 The largest crack in the ordered data was dropped; the point estimate of detection for 
the next group (29 observations) was calculated and that value registered on the plot.  

 The process was repeated until the available data were exhausted. The result was a 

plot of points (detection success) as a function of crack size. 



 

 A smooth curve was drawn through the plot points using a least squares fit procedure. 

(Note: Main frame computers were used at the time; graphics plotting capabilities 
were poor; and overnight batch processing was required.) 

 Since the resulting plot was from point analyses at the 90% confidence level, 

estimates of variance at the 95% level were calculated and registered for each data 
point using a “Chi-Square” distribution analysis procedure.  

 Results from the first POD analysis are shown in Figure 5. 

 
POD plots were made for the four NDI methods 

applied and for the three panel conditions. Figure 6 

shows comparative results for the three panel 

conditions – Sequence 1, “As Machined”; Sequence 2, 
“After Etch”; and Sequence 3, “After Proof Loading”. 
Analysis and plots were completed for all data as a 

function of crack length, crack depth and crack (cross 

section) area. 
 

Visual assessment of the resulting plots showed that 

detection started to decrease near the point where the 

POD curve fell below the 90% detection level. The 
90% detection point was selected for use as the single 

 
Figure 5. First POD plot  

(detection threshold / capability) point input value for reporting NDI capability and for use in 

damage tolerance analyses. Since that point was estimated at the 90% confidence level, the 

calculated 95% lower confidence level was initially reported to approach MIL Handbook 5 
requirements. By convention, the 90/95 value became the metric that is generally used in 

reporting NDI detection capability [14]. Note that the data distribution and form of the POD 

curve can provide much additional information about the properties of the NDI procedure 

and the crack test set used. 

 
Figure 6. Eddy current plots by length in three panel conditions [15] 

 

The initial POD calculation procedures and subsequent analysis procedures were embraced 
as probabilistic models. They were expected predict detection capabilities by the use of 

similar NDI procedures. The NASA POD development project was pioneering work in the 

assessment of the NDI capabilities and was quickly accepted as a standard method and 

metric. A “Written Practice” was developed by a consensus group within the American 



 

Society for Nondestructive Testing (ASNT) and was published in 1982 [16] The large 

amount of data required for POD assessment prompted work by various groups seeking 
development of alternate / supplement analysis procedures [17-18 ]. 

 

4. Extensions of POD analyses 
 
All NDI measurements are characterized by separating the response signals from 

“detectable” anomalies (cracks) from the response signals “noise” obtained from un-cracked 

areas of a test object. Note that “noise” is characteristic to the test object and the NDE 
measurement system, but is well above classical electronic noise.  The upper limit of noise is 
also not the response produced by the smallest crack in a data set. Detection is ideally set at a 

point where the signals from cracks of a given size are discernable from the “noise” 
(background signals). The NDI signal discrimination level (NDI acceptance threshold) is 

established during NDI procedure development and validation. It is applied NDI crack size 
acceptance limit for each application. When NDI measurements are repeated at a single crack 

size, a distribution of responses are obtained for both crack response signal and noise 

response signals. As the crack size decreases, the signal and noise (S/N) overlap and 
discrimination is variable. An example is shown schematically in Figure 7. If the NDI signal 

discrimination level is set high, larger crack sizes will be detected with no noise detection 

(False Calls). If the discrimination level is set too low, some cracks will be missed and some 

False Calls will be reported. False call results and rationale are discussed elsewhere [19]. The 
concept and usefulness of the POD metric attracted many investigators and considerable 

additional work. Much of the work is documented in additional data that is included in the 

“NDE Capabilities Data Book” [20].  

 
The use of probabilistic concepts and tools 

was beyond the experience and expertise of 

most NDI technologists. The help of those 

with experience and expertise in probabilistic 
tools (statistics) were needed and were 

enlisted. NDI was also beyond the experience 

and expertise of most statisticians. Learning 

the language of each respective group, 
communications and learning basic 

procedures was needed. Joint work was 

initially directed to reducing the requirements 

for a large number of test samples and 
observations. 

 
Figure 7. Separation of signal and noise 

               are required for NDI discrimination 

 

Help was provided in the use of standard fitting methods data to known variables analyses 

(statistical) models. Various fitting procedures have been investigated and tested using the 
NASA data for reference. In addition to help in data analysis and fitting procedures, 

statistical procedures were helpful in providing guidance for sample size and sample 

distributions. This supported greater confidence in predicted POD capabilities results. 



 

Two notable procedures were developed using smaller data sets and have evolved as baseline 

methods for use. These are: 
 

 The NASA 29/29 procedure, and 

  The Berens (Logit / Probit) model (data fitting) procedures 
 

4.1    The NASA 29/29 procedure involves: 

 

 Fabricating 29 representative fatigue cracks of near the same size in test specimens 
that are representative of the intended component properties. 

 A few smaller and larger cracks and unflawed areas are added to the test set to 
randomize and to verify detection of some larger size cracks using the procedure. 

 Applying an NDI procedure to the test set; detection of all 29 cracks in the same size 

group is required.  

 The 29/29 size group is assumed to be a subset of a spectrum of cracks sizes in a 

larger set used in the larger, NASA POD development. Detection of all 29 (same size) 

cracks in a set constitutes qualification for detection of cracks at the largest crack size 
in the sample group. No POD curve is produced. One miss disqualifies this procedure 

and an increase in the sample size and / or changes in the NDI procedure are required 

before the 29/29 procedure is repeated [21]. 

 
This procedure was used extensively on the NASA Space Shuttle and satellite 

programs.  

   

4.2     The Berens (Logit or Probit) model data fitting procedures were developed, tested and 
have been used various USAF and other programs [22, 23]. These procedures are 

consistent with the signal / noise rationale and require fewer detection data 

observations (~60).  Logit and Probit procedures are documented in MIL STD 1823 

[24] and the “standard” statistical analysis packages are now available for use on desk 
top computers [25]. Extension of the original NASA work is reported in the 

“Nondestructive Evaluation (NDE) Capabilities Data Book” as a reference and 
collection of various POD results. The Logit (log-odds) model was used for all data 

sets (HIT / MISS) and is the procedure most often used in the literature. The Probit 
(log-normal distribution) is similar and has been used primarily for signal response 

NDT data that is provided by automated NDI systems [26, 27]. 

 

5. Status 
 

Regression models work well for “well behaved data and have been used extensively 

(routinely). There are data for which neither the Logit nor Probit (data fitting) models are 
appropriate. Unfortunately, the literature contains multiple instances where these models 

have been applied to inappropriate data. Much of that data were produced by faulty, 

incomplete or incorrect NDI procedures or by the use of non-representative artifacts. 

 
Other data Fitting Models extensions have been tailored and used to address specific data sets 

[28]. Recently, a new tool was developed and applied to analyze and validate that data 

generated fits assumed “standard” models and model constraints. It is a valuable aid in 



 

validating data set / analyses and in the design of experiments for both data generation and 

subsequent POD analyses [29] 
 

The ultimate goal and use of POD data is to support reliable application of NDI procedures. 

POD data is now integral parameter in engineering design. It is used in design acceptance of 

materials, components, structures and systems management; and in functional risk and life 
limits analyses. Although NDI has a long history of use in quality assurance (QA-NDI), it is 

behind the maturity level of engineering design tools, and that mismatch continues to 

challenge potential benefits and use. In the interim, QA-NDI procedures will continue to 

support general industry use. Quantitative NDI (QNDI) will continue to aid in improved 
understanding material science and will in turn provide tools to increase confidence in all 

NDI applications.  

 

6. POD is not reliability 
 

NDI reliability is: 

 
NDI procedure REPRODUCIBILITY – “Calibration” 

NDI procedure REPEATABILITY – Stable process 

NDI procedure CAPABILITY – POD 

 
POD is a metric of that predicts NDI capability / performance. No POD assessment should be 

initiated until a reproducible “calibration” procedure and NDI acceptance level have been 

established. POD methods and procedures may be useful in developing a stable NDI 

procedure, but a stable procedure is required for application.  
 

6.1 Calibration is a major challenge to the NDI community 

 
Calibration is a long established procedure in industrial quality assurance. Non-
instrumental NDI procedures (visible, liquid penetrant and magnetic particle 

methods) use reference artifacts, and representative patterns that are produced, as a 

measure of process reproducibility and control. Reproduction of a single or multiple 

pattern response is visually observed and judged to be representative of that produced 
during procedure development and validation. Instrumented NDI was thought to be 

more reproducible and a single point response was and is often used in setting-up 

(calibration) of NDI systems. This was prompted, in part, by variations in analog 

instruments and by thermal drift, in use. Unfortunately, a single point „calibration” 
may not provide reproducible functional responses. The same or different instruments 

may not provide functional responses that are consistent with those produced during 

NDI procedure validation. Alternate approaches to NDI system calibration are 

required for precision.  
 

The objective of NDI system calibration is to reproduce the responses that were used 

in establishing and validating the NDI procedure. Application and POD assessments 

require reproduction of system responses. POD discipline and protocol can be 
extended to system calibration. The NDI system output (functional response) desired 

for Logit or Probit analyses assumes that responses increase with increasing flaw size 

as shown in Figure 8. The set-point, X is often adjusted by a „GAIN” setting.  



 

Reproduction of the functional response is achieved by rigid procedure (process) 

control. It is clear that a single point response is not sufficient to assure reproduction 
of NDI system performance (Figure 9). Multiple point set-up is required to approach 

the response used in procedure development and validation (See Figure 10). 

Variations in multi-point responses will further characterize expected NDI system 

response variations and fidelity in applications (Figure 11).   
 

 
 

Figure 8. Assumed response function     Figure 9. Traditional NDI calibration -  
                         variable system responses 

 

 
 

Figure 10. POD calibration with multiple 

                  points 

Figure 11. Small variance in set- point 

                   and slope 

 
 

Saw cuts, notches, etc. that are used for NDI system calibration should provided 

responses that are near / similar to responses from target cracks and crack sizes. A 

“transfer function” procedure may be useful in both system calibration and in 
estimating the capability of an NDI procedure [30]. Representative parts containing 

actual cracks are necessary for both estimating detecting capability of a procedure and 

for quantifying measurement variances. Measurements must include noise 

measurement variances and the baseline variance limits must be documented in the 
NDI written procedure. 

 



 

A part of the calibration development / procedure validation should include 

characterization of measurement variances produced by changes in sensors, cables, 
shut-down and start up. Instructions for adjustments are required in the written 

working procedure. 

 

 
6.2   Process Control 

 

  Process control for QNDI is similar to that of many quality assurance procedures. 

NDI system calibration is a mandatory precursor to system measurements and 
consecutive steps in a written process. Minor changes to the system may invalidate 

the calibration set-up for POD applications. Experience with a production application 

will often aid in establishing re-calibration internvals in during use. As a minimum, 

calibration should be repeated before and after an inspection sequence to verify 
consistency and support acceptance of the NDI data produced. 

 

 The calibration block (and artifacts) used for procedure development and validation is 

essential to linking POD data to a procedure validation. It is a MASTER GAGE and 
an essential part of a production application. It (or a clone) must be used for all 

inspection and data collection. It is advisable to produce and characterize a second 

(working) block during procedure development and preserve the MASTER GAGE. 

Use of the NDI procedure at different locations may require production and 
characterization of multiple “working” blocks. Note that saw cuts and notches of the 

same physical size may not reproduce the same NDI responses and care must be 

exercised in producing and matching the “working” blocks. Offset adjustment to 
respective responses may be necessary and instructions provided in the NDI written 
procedure. 

 

7. Modeling POD 
 
7.1       Deterministic methods - In order to reduce the need for large amounts of experimental 

data, help was also sought from within and outside the traditional NDI technology 

community. Deterministic methods such (1) the use of subset data (NASA 29/29); (2) 
smaller data sets at lower confidence levels]; and (3) “Transfer Function” estimate / 

prediction procedures were developed and applied [30-33].  

 

7.2 Simulation and first principles methods - Simulation models have been successfully 
applied to a variety of engineering problems and developments of simulation 

modeling methods for NDI procedures were pursued. Simulation models are specific 

to specific NDI methods and procedures and separate models may be required for 

each application. Models based on first principles physics were developed and 
applied to traditional X-radiographic applications for production [34]. Application to 

other NDI procedures are more complex and have not progressed to the same state of 

maturity or general application. Simulation model work has been concentrated 

primarily on the interaction of an interrogating NDI field / procedure with cracks and 
artificial anomalies.  

 



 

7.3     Model Assisted POD (MAPOD)- The late Professor Bruce Thompson suggested and 

provided leadership in the development of “Model Assisted POD (MAPOD) tools  
[35]. A similar approach was applied in Europe in the “Picasso – Project” [36]. Such 

tools are intended to aid in the extension of POD and knowledge by quantifying 

expected changes in a single parameter. Modeled parameter changes can enable 

response predictions for variety NDI procedure applications. A modified NDI data set 
can incorporate the predicted response changes to generate a new POD data set. By 

this procedure a single POD data set can be applied to multiple applications without 

the need to generate multiple data sets [37]. An example might be to use flat plate 

data to predict response and detection capabilities in a curved component. 
 

7.4     NDI interaction with material state (Materials Engineering aid needed) - Valid POD 

data collection requires that the artifacts used are representative of those that must be 

addressed in an application. Large unknowns in both POD assessments and 
simulations are due the variances in crack / flaw behavior, with grain structure, 

material texture, crack properties (configuration, shape, and surface texture), static 

and dynamic stress, and the effects of prior load / stress cycles. The help and 

expertise from the material science community is needed to address such complex 
variances. For example, it is well know that the ultrasonic response from a crack may 

vary significantly with changing load / stress. All cracks of the same dimensional size 

do not respond the same to interrogating NDI procedures [38-41]. Help and 

collaboration are required to address these challenges. 

 

8. Summary 

 

Introduction of linear elastic fracture mechanics (LEFM) in engineering practices was a 

revolution in addressing damage tolerance in materials, components, structures and systems. 
Its use precipitated a revolution in understanding and challenges to apply quantitative NDI 

(QNDI) procedures. 

 

8.1 Probability of Detection (POD) was developed as a metric to address and support 
QNDI    procedures 

8.2. POD analysis methods and skills were outside of traditional NDI and outside help 

was required. This broadened the need and scope of requirements for NDI 

engineering. 
8.3. New skills were applied in understanding NDI performance capabilities and in NDI    

data fitting, functional modeling aids, and collaborations in materials science 

understanding and data generation. 

8.4. Although human variance has long been considered to be a major source of variance, 
experimental results have shown other factors to be greater. 

8.5. The results of POD assessments challenged long held understanding of NDI    

procedure capabilities and application requirements. 

8.6. “Calibration” was identified as a dominant source of variance. Indeed function 
predictions and model assisted POD procedures require links to NDI calibration for 

implementation. 

 



 

9.     Suggested path forward 

 
We need to: 

 

9.1  Advance methodology and practices in NDI system calibration this includes linking 
parameters and data to predictive POD models. 

9.2  Focus attention to assure that cracks / anomalies used in generating POD data are 

representative of the intended application. Join in material science pursuits to 

understand and quantify the behavior of cracks (anomalies) to NDI interrogation 
under conditions of stress, prior history, etc.  

9.3  Link modeling to pattern recognition in NDI responses that are produced by scanning 

over cracks / anomalies (dynamic NDI data – the fidelity of measurements are seldom 

reported). 
 

The 18th World Conference provides an opportunity to learn, meet peers and 

exchange ideas for increasing reliability and confidence in NDI for assuring a 

better and safer world. 
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