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[bookmark: _Toc91950085]1.0. Introduction
Non-destructive testing (NDT) methods have been used throughout the engineering industry for many years to assess the quality of individual components within larger systems or to determine the suitability of certain materials for a multitude of structural elements within various structures without damaging the tested component. It is speculated that these techniques can be traced as far back as ancient times when the romans would try to find possible defects on marble slabs used in the construction of temples and grand houses by smearing oil and flour on to them. (Structural Diagnostics Incorporated, 2019) From this, can be seen that the idea of testing components in a non-destructive way is not necessarily a new idea. However, due to the primitive nature of the testing techniques used throughout history, large scale engineering companies did not really adopt non-destructive testing methods into their design or maintenance procedures until more recently as the methods of testing developed into a more reliable process. This report will outline the development of non -destructive testing methods throughout history and demonstrate how the process of NDT has become more reliable for use on large scale projects within the engineering industry.
As well as this, this report will display the results of an analysis into the performance of a new ultrasonic thickness gauging procedure. This will be achieved by analysing data gathered from 10 different NDT operators practicing this new technique to estimate the size of 21 defects and comparing their sizing estimates to the true defect size. This through wall sizing accuracy analysis will allow for an accurate portrayal of the accuracy of the testing procedure and the overall competency of the individual operators. The results of this analysis will show if the testing procedure is reliable and how much the human element within the process can affect the yielded results.















[bookmark: _Toc91950086]2.0. Literature Review
Non-destructive testing (NDT) is the process of inspecting in service or structural components to determine the suitability of the part for its specific application without damaging it. This is achieved by applying various techniques that allow an operator to take an indirect measurement of a defect within the component. This estimated measurement taken by the operator is then used in calculations determined by fracture mechanics to determine if the component is still suitable for purpose. To determine the validity of a NDT testing procedure, it is common practice to complete a probability of detection (POD) experiment to determine the likelihood of identifying a flaw of varying sizes. This is of the upmost importance as it gives a good indication of the minimum defect size likely to be found using the specific testing technique or more importantly, the  largest flaw that could be missed. This can be achieved by various means, but the most accepted method is using the binary regression method which uses hit/miss data from a designed experiment to determine the POD curve. (Charles R A Schneider, 2003)
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[bookmark: _Toc91949469]Figure 1: Illustration of hit/miss data being utilised to determine the POD curve. (Charlton, 2020)
Once the mean average and standard deviation of the hit and miss data has been determined the probability of a detection can be calculated as a percentage of certainty for a specific sized defect. To calculate this percentage of certainty the following equation must be applied using the determined values from the data set. (Georgiou, 2006)
[bookmark: _Toc91949504]
The results can then be plotted in a graph for a visual representation of the POD curve to aid in further analysis. This process is shown below in Figure 2.
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[bookmark: _Toc91949470]Figure 2: Image displaying an example of a calculated POD curve. (Charlton, 2020)
It can be seen from the figure that there is a 95 percent chance of detecting a defect with a depth of 1.25 mm and a 99 percent chance of detecting a defect with a depth greater than 2 mm. It can also be seen that as the depth of the defect falls below 1 mm, there is a far greater chance of the flaw not being detected using this specific testing method. These results could be regarded either good or bad depending on the application of the component inspected.
This method of validation was first introduced into the design process by the National Aeronautics & Space Administration (NASA) when it was realised that NDT techniques were paramount in the development of their space shuttles in the early 1970’s. (Convair Aerospace Division of General Dynamics, 1973) NASA’s development of these techniques was considered pioneering work at the time and was subsequently accepted as a standard method of quantifying the capabilities of a specific NDT method. (Keprate, 2016) 
As well as performing a POD experiment, it is good practice to also perform a probability of sizing (POS) experiment. Completing such an experiment will help determine if the measurement estimates of the defect performed by the operator accurately reflect the true size of the defect. (Health & Safety Executive, 2008) The method in which such an experiment is achieved will be outlined in greater detail in the latter stages of this report when a through wall sizing analysis is performed to assess the validity of a new ultrasonic thickness gauging procedure.
It should be noted, that although it is good practice to perform experiments to determine the POD & POS of specific NDT methods, there are many factors which could skew the given results. These factors can include, crack length, the set up of the NDT method and even human error. Steps can be taken to reduce these errors, such as repeating the experiment with a different operator and set up method or even mechanising the testing method to remove the human element. (Visser, 2002) 
[bookmark: _Toc91950087]2.1. Development of NDT testing methods.
Throughout the years NDT testing procedures have advanced from relatively arbitrary methods such as visual inspections to detect defects, into advanced imaging techniques using modern technology. Some examples of these modern NDT testing methods are listed below;
· Electro Magnetic Testing
· Eddy Current Testing
· Radiography Testing
· Magnetic Particle Testing
· Acoustic Emission Testing
· Ultrasonic Testing
· Thermography 
· Digitised 3D Scanning
(Gholizadeh, 2016)
As these techniques developed into viable means of inspection and flaw detection, industries such as the oil & gas industry, the aerospace industry, and the nuclear industry have implemented NDT more widely into the construction and maintenance of their equipment. (Jochen H. KURZ, 2012) This is evident from Figure 3 below. It can be seen from the figure that during the period between 2005 and 2015, the publications on NDT techniques have risen almost exponentially. This gives a clear indication that as technology has advanced, NDT methods have become more viable and widespread throughout industry.
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[bookmark: _Toc91949471]Figure 3: Graph displaying the number of publications referring to POD in NDT from 1975 to 2015. (Jochen H. KURZ, 2012)
It is not exactly known when NDT was accepted as recognised technology, but as aforementioned, people have been inspecting structural components for flaws for centuries. The first method of inspection through solid objects was developed by Wilhelm Conrad Roentgen in 1895 when he discovered x-rays and birthed the field of radiography, but due to the technology available at the time, producing the voltage required to see through metallic objects was simply not possible. This meant that the technology was mostly reserved for the medical field to aid surgeons and physicians in their work. However, the field took a big leap forward in 1931 when the General Electric Company in America developed a 1,000,000 Volt x-ray generator. These generators provided enough voltage to allow the x-rays to penetrate deep enough into solid metallic objects for industrial application. Due to this, later that same year, the American Society of Mechanical engineers approved the technology to be used to inspect the fusion welds on pressure vessels. (IOWA State University, 2021)
NDT became more a more mainstream and widespread technology during the second world war when advances in technology became a vital part of modern warfare. NDT methods were implemented to inspect for flaws in anything from the newly developed war planes to intelligence equipment without damaging them and impairing its future usefulness. (World of NDT, 2020) The war had a substantial impact on the rate at which existing technology was advanced,  this was also true for NDT methods. This was especially prevalent for the development of ultrasonic inspection as an NDT technique as the detection of laminations in metallic plates and non-metallic inclusions in hot rolled profiles became of upmost importance. As the existing methods of NDT were deemed unsuitable for this task, the first pulse echo machine capable of finding flaws deep within a material was developed by Floyd Firestone and put to use to aid in the war effort. (Deutsch, 2000) Due to the success of NDT during the war, when the war came to an end and the world started to rebuild itself, NDT methods were implemented much more within industry to aid in the design and maintenance processes. 
Ultrasonic testing is not the only NDT method that has been the focus of constant development throughout the last century. Eddy current testing has also undergone a great deal of development since the discovery of electromagnetic induction by Michael Faraday in 1831. Eddy current testing uses a coil that is energised by an appropriate amount of alternating current voltage placed in close proximity to the test subject. A changing magnetic field is then generated which reacts with the test piece to produce eddy currents. When these eddy currents interact with a defect within the material, the magnitude of the currents change depending on the defect size. The variations in the magnitude of the eddy currents are then measured and interpreted by an operator. Eddy current testing went through a period of impressive growth during the 60’s and 70’s in the aerospace industry as traveling on aircraft became more mainstream and the safety standards of aircraft were placed under more scrutiny. (TWI, 2021) Since then, many case studies have been performed to test the accuracy and validity of eddy current testing as a mean to detect flaws with materials or structures. an example of such an experiment was performed by the National Institute of Standards & Technology (NIST) in America where they tested the sensitivity required of eddy current probes to detect fractures and defects in airplane wings in the hope of developing an easily portable inspection device. (NIST, 2003)    
To help reduce the errors seen in NDT inspections due to the human factor, a large study was undertaken by numerous NDT teams across several countries where various testing methods were used to inspect and locate possible defects on steam generator tubes. The PISC programme (Programme for the Inspection of Steel Components) was launched in 1976 with the objective of testing the validity of a testing procedure when locating flaws in thick reactor steels. (Bieth, 1999) a second study was then performed in 1986 to study the effects of certain variables within the ultrasonic testing procedure. These variables ranged from the equipment used, the effect of different defect characteristics, to the human factor within the testing procedure. (Crutzen, 1989) The third test, which was conducted on the steam generator tubes was performed in 1988 with particular attention being paid to the human factor within the testing procedure. It was found that the human element within the testing procedure had a significant impact on the results seen. To determine this, several methods were used. These methods include, the same defect being inspected by multiple teams and their results compared, a dedicated experiment using manual and automated means of testing and comparing their results to one another, and finally, the same defect being inspected by operators of differing experience levels. It was determined from the study that to decrease the errors due to the human factor there should be a standard procedure implemented when setting up the test equipment and an in-depth POD study undertaken before any experiment. (Visser, 2002)
[bookmark: _Toc91950088]3.0. Probability of Sizing Designed Experiment Methodology
To perform an accurate probability of sizing (POS) experiment to assess the validity of a new ultrasonic thickness gauging procedure, 10 different operators were asked to inspect a selection of materials for defects. There was a total of 21 defects for the operators to locate and estimate their size within .1 of a mm. From the results gathered by each of the operators, the data will be used to produce a POS scatter graph comparing the estimated size of the defect against its true size, and a graph displaying the normal or Gaussian distribution for each operator. These graphs will then be analysed to determine the competency of the individual technicians, as well as the fidelity of the equipment used and the test procedure as a whole.
[bookmark: _Toc91950089]4.0. Results
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[bookmark: _Toc91949492]Table 1: Table displaying the estimated measurements of the 21 defects against their true size.
To allow the results displayed in Table 1 to be analysed in regards to the accuracy of the estimates determined by the various technicians, the difference between the true size and the estimated measurement must first be determined. This difference between the estimated size and true size is then used to calculate the average error range and the standard deviation seen by the individual operators. Once these values are known, it is possible to calculate the minimum defect size at which the operator in question would have a 95 % probability of detecting within the material. As well as this, it is also possible at this stage to determine the normal distribution of a specific operator. Once this information has been graphed, it allows for an analysis into the performance of the operator to take place, along with an assessment of the testing procedure and the equipment used. To determine the standard deviation of an operator, it is common practice to apply the normal distribution function in excel onto the error range determined for the operator. 

[bookmark: _Toc91950090]5.0. Analysis
To determine the validity of the test procedure, equipment used and the performance of the individual operators, an analysis of the sizing probability and the distribution of their measurements will be analysed throughout this section of the report.
[bookmark: _Toc91950091]5.1. POS & Distribution Graph Analysis
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[bookmark: _Toc91949472][bookmark: _Hlk91851588]Figure 4: Graph displaying the POS and normal distribution of operator 1.
It can be seen from analysis of Figure 4 that there is a relatively good correlation between the estimated measurements and true size of the defects. This is evident as the trend line generated from the scatter data closely correlates with the true line that represent the true defect size. It should be noted that the more the correlation between these lines, the less deviation there is between the estimated measurement and the true defect size. As well is this, it should also be noted that if the trend line representing the operators estimates rests above the true line, the operator is oversizing the defect, and if the trend line sits below the true line, the operator is under sizing the defect. Ideally, if the operator is to mismeasure a defect, it is better to oversize than under size. This is due to the fact that a measurement that under sizes a defect could lead to the component passing an inspection and remaining in service, when the true size of the defect would render the part unsuitable for application, or even dangerous with a possibility for a catastrophic failure. It can be seen from analysis of Figure 4 that the operator generally over sizes the defects until the defect size reaches 3mm. As the defects true size becomes larger than 3 mm, it is evident that the operator generally under sizes the defect’s dimensions. 
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[bookmark: _Toc91949473]Figure 5: Graph displaying the POS and normal distribution of operator 2.
Similarly to operator 1, operator 2 generally over sizes the defect until the dimensions of which become greater than around 3 mm, after which, the operator is likely to under size the defect. However, it can be seen from analysis of Figure 5 & Figure 4 that operator 2 has a greater distribution and therefore a larger error range. This can be seen as the angle between the trend line and true line is larger and the spread across the distribution graph is shown to be greater. 
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[bookmark: _Toc91949474]Figure 6: Graph displaying the POS and normal distribution of operator 3.
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[bookmark: _Toc91949475]Figure 7: Graph displaying the POS and normal distribution of operator 4.
It is evident from Figure 6 & 7 that similarly to figures 4 & 5, there is a crossover between the scatter data trend line and the true line. From this, it can be deduced that operator 3 over sizes a defect until the dimensions of the defect become greater than around 2.25 mm and over sizes after this point. Operator 4 under sizes the defects until the dimensions of which reach around 3.75 mm and then overestimates the defect size beyond this point. It can also be seen from analysis of the figures that operators 2 & 4 have a similar gaussian distribution. Operators 3 & 5 also have a similar distribution of errors. It is evident from analysis of this, that the distribution for operators 3 & 5 is smaller and therefore better than operators 2 & 4. 
[image: Chart, line chart, scatter chart

Description automatically generated]
[bookmark: _Toc91949476]Figure 8: Graph displaying the POS and normal distribution of operator 5.
Similarly to the data gathered from operators 1,2,3 & 4, the trend line representing the estimated measurements from operator 5 crosses the true line. However, unlike the other operators, operator 5 does not start under sizing the defects until the dimensions of which are greater than around 6 mm. It should also be noted that although the trend line shows close correlation with the true line, the operator failed to locate the 3 smallest defects. 
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[bookmark: _Toc91949477]Figure 9: Graph displaying the POS and normal distribution of operator 6.
Unlike the data previously analysed from the other operators, the trend line does not cross the true line and the linearity of the lines closely represent one another. This can be seen as the m co-efficient from the Y=Mx+C equation representing the data set trendline is extremely close to 1. Due to this, it can be deduced that operator 6 generally over sizes a located defect. However, it is also evident from analysis of the figure that operator 6, similar to operator 2 & 4, has a relatively large error distribution. 
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[bookmark: _Toc91949478]Figure 10: Graph displaying the POS and normal distribution of operator 7.
The results gathered from operator 7 show that the operator over sizes the defects until the dimensions of which are greater than 2 mm. This means that when the dimensions of a defect are greater than 2mm, the operator underestimates the size of the defects. It is also apparent from analysis of the figures that the distribution seen from this operator is similar to those of operators 2,4 & 6. 
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[bookmark: _Toc91949479][bookmark: _Hlk91864595]Figure 11: Graph displaying the POS and normal distribution of operator 8.
Similar to the data set seen from the results gathered by operator 6, the trend line representing the measurements taken by operator 8 shows a close linearity with the true line. It can also be seen that the trendline lies above the true line and does not intersect. This shows that the operator has generally overestimated the size of the defects. As well as this, it is also evident from the figure that the operator has a fairly small distribution in comparison with the other operators.
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[bookmark: _Toc91949480]Figure 12: Graph displaying the POS and normal distribution of operator 9.
It is visible from Figure 12 that the trend line representing the operator’s estimates does not cross the true line but meets it at the 8 mm mark. This is due to fact that all but one of the measurements taken by the operator are an overestimate of the true defect size. This means that the operator generally overestimates the size of a defect until the defect dimensions reach 8 mm.  
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[bookmark: _Toc91949481]Figure 13: Graph displaying the POS and normal distribution of operator 10.
The results shown in the figure from operator 10 show the smallest distribution amongst all of the operators. It is also evident from the figure that the operator under sizes a defect until the dimensions of which a greater than 5 or 6 mm. it should also be noted that the trend line representing the estimates of operator 10 rests incredibly close to the true line. This is to be expected from a data set that shows such a small distribution.
[bookmark: _Toc91950092]5.2. Correlation Co-Efficient Analysis
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[bookmark: _Toc91949493]Table 2: Table displaying the correlation percentage between the true defect size and the measured estimate from each operator.
The R2 correlation co-efficient is generated through excel from the trend line equation that represents the averaged results from each operator. This correlation co-efficient can be used to determine how accurate the measurements estimated by the operators are in comparison to the true defect size. The closer the percentage determined is to 100, the better the correlation with the actual defect size and the operators’ estimated measurements.
It can be seen from analysis of Table 2, operator 2 has the least correlation between the actual defect size and their estimated results, with operator 10 showing the most. It is also evident from the tabulated data that operators 1,6,8,9 & 10 have produced results that have greater than 95% correlation with the true defect sizes. It can be deduced from these results that as each of the operators have results that show above 90 percent correlation with the true data, the testing procedure and equipment used has shown to be reliable. From this, it can be understood that the deviation in the results is likely due to the human element in the experiment. 
[bookmark: _Toc91950093]5.2. Standard Deviation Analysis
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[bookmark: _Toc91949494]Table 3: Table displaying the standard deviation from each operator.
The standard deviation of an operator shows how dispersed the results gathered are from the mean average. When the deviation is low, it shows that the operators experimental process is reliable and is likely to produce consistent results. It is shown in Table 3, operator 2 has the most deviation from their mean results, with operators 8 & 10 showing the least.
[bookmark: _Toc91950094]5.3. Minimum Defect Size Analysis
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[bookmark: _Toc91949495]Table 4: Table displaying the minimum defect size likely to be found by each operator. (95% probability)
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Table 4 shows the smallest defect that the operator in question would have a 95% probability of locating. It is evident from the table that operator 2 is less likely to locate a defect with dimensions less than 1 mm. it can also be seen that operators 8 & 10 have the best results showing they would have a 95% chance of locating a defect with dimensions of  0.5 mm. The other operators show that they are likely to locate a defect with dimensions ranging between  0.8 and 1.1mm.
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[bookmark: _Toc91950095]5.4. Average Sizing Error Analysis
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[bookmark: _Toc91949496]Table 5: Table displaying the calculated estimate for a range of defect sizes. (Dependent on the graphed results and trendline equation)
Table 5 shows the measurements that would likely be estimated by the various operators for a specific defect size, as well as their average likely sizing error. It can be seen from the table that operators 6, 8 & 9 are likely to over or undersize a defect by half a millimetre or more, where operators 1,3,5,7 & 10 are likely to under or oversize a defect by under .25 of a millimetre. 
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[bookmark: _Toc91950096]6.0. Conclusions
The earlier stages of this report detailed the history and development of NDT methods, as well as the importance of conducting  probability of detection and probability of sizing studies. It was found that non-destructive testing has been around for many years but has only come into the mainstream engineering process relatively recently. It was shown that studies such as POD & POS experiments were vital in determining the validity of NDT testing methods and the accuracy of an individual operator. It was shown that NDT has become paramount in the maintenance process of multiple large industries such as nuclear, oil and gas. It was determined that it would be more beneficial to the business model of said companies to determine if a component should be replaced or serviced using NDT methods before a catastrophic failure occurred.
The other focus of this report was to display and analyse the results of a through wall thickness study as part of a larger POD study to assess the performance of a new ultrasonic thickness gauging procedure. This was achieved by 10 NDT operators using the new procedure to determine the dimensions of 21 known defects within a specific material. The data gathered from the experiment showed that the NDT operators tended to oversize the defects until the flaw increased in size. This is more desirable form a health and safety perspective as the chance of a catastrophic failure would be reduced as the component in question would likely be serviced or replaced before necessary. However, this could be detrimental to the company from a cost perspective as parts may be replaced unnecessarily. 
It was determined that due to all of the operators producing measurements with a correlation of over 90 percent with the true size of the defects, that the testing procedure and equipment used is viable. This also shows that the deviation between the operators is likely due to the human factor within the experiment. It can be seen in the analysis of the performance of each of the operators that operators 8 & 10 show the most correlation with the true data, showing 98 and 99 percent correlation. It was also shown that these two operators are the most likely to locate defects with extremely small dimensions (0.5 mm). Operator 2 showed the least correlation with the true data and the most deviation from their mean results. As well as this, operator 2 showed that they are the least likely to locate a defect with dimensions under a millimetre. The remaining operators showed similar results with one another with averaging results of around 94-95 percent correlation with the true data and a 95% likelihood of locating a defect with dimensions of about 1 mm.










[bookmark: _Toc91950097]7.0. References
Bieth, M., 1999. Final Results Of The Pisc III Round Robin Test On Steam Generator Tube Inspection. The e-Journal of Nondestructive Testing, 104(10).
Charles R A Schneider, J. R. R., 2003. Review of Statistical Methods Used in Quantifying NDT Reliability. Bransford, Worcester, UK, British Institute of Non-Destructive Testing.
Charlton, P., 2020. Detection Uncertainty , Swansea: UWTSD.
Convair Aerospace Division of General Dynamics, 1973. Detection of fatigue cracks by nondestructive testing methods, San Diefco, California, USA: National Aeronautics and Space Administration (NASA).
Crutzen, S., 1989. PISC 2 Parametric Studies , Luxembourg: Commision of the European Communities.
Deutsch, P. V., 2000. 15th World Conference on Nondestructive Testing, History of NDT-Instrumentation. Rome, Italy, The Italian Society of NDT & Monitoring Diagnostics, NDT.net.
Georgiou, G. A., 2006. Probability of Detection (PoD) curves, Derivation, applications and limitations, Norwich: HSE Books.
Gholizadeh, S., 2016. A review of non-destructive testing methods of composite materials. Paço de Arcos, Portugal, Procedia Structural Integrity. Elsevier Ltd.
Health & Safety Executive, 2008. Ultrasonic Sizing Errors and Their Implication for Defect Assessment, London: HSE.
IOWA State University, 2021. Nondestructive Evaluation Techniques, Radiography Testing. [Online] 
Available at: https://www.nde-ed.org/NDETechniques/Radiography/Introduction/history.xhtml
[Accessed 18 December 2021].
Jochen H. KURZ, A. J. S. D. G. D., 2012. Probability of Detection (POD) determination using ultrasound phased array for considering NDT in probabilistic damage assessments. Durban, South Africa, Fraunhofer Institute for Nondestructive Testing.
Keprate, A., 2016. Probability of Detection: History, Development and Future. Pipeline Technology Journal, Volume 8, pp. 41-45.
NIST, 2003. Engineering Statistics Handbook, Process, Process Imporovement. [Online] 
Available at: https://www.itl.nist.gov/div898/handbook/index.htm
[Accessed 21 December 2021].
Structural Diagnostics Incorporated, 2019. The Evolution and History of Nondestructive Testing. [Online] 
Available at: https://sdindt.com/2019/08/28/the-evolution-and-history-of-nondestructive-testing/
[Accessed 14 December 2021].
TWI, 2021. Eddy Current Testing. [Online] 
Available at: https://www.twi-global.com/technical-knowledge/job-knowledge/eddy-current-testing-123#WhatIsEddyCurrentTesting
[Accessed 20 December 2021].
Visser, D. W., 2002. POD/POS curves for non-destructive examination, Weybridge, Surrey, UK: HSE Books.
World of NDT, 2020. History of Non Destructive Testing. [Online] 
Available at: https://worldofndt.com/history-of-non-destructive-testing/
[Accessed 18 December 2021].

image3.png
Number of Publications

M| I
1%75 1980 1985 1990 1995 2000 2005 2010
Y




image4.png
Defect |True Size |Opl 0p2 0p3 Opd 0p5 0p6 0p7 0ps8 0p9 0p10
A 025 03 05 0 05 0 1 05 1 0.8 05
B 027 12 12 05 1 0 1 05 1 0.8 07
C 028 07 1 12 05 0 1 05 1 13 0.8
D 0.4 0.8 05 1 1 1 12 06 1 15 09
E 0.4 09 12 1 11] 1 1.4 02 1 16 1
F 05 05 09 1 0.8 1 11] 0 12 1 0.8
G 0.52 07 15 11] 1 15 09 1 1 09 1
H 0.55 0.4 12 0.8 12 09 05 13 1 16 1
| 07 1 15 09 12 16 2 16 1 22 1.4
] 0.98 1.4 1 0.8 16 2 19 05 1 18] 13
K 112 13 05 1 18] 18] 1 18] 15 2 1.4
L 115 12 18] 13 15 1 22 18] 15 2 16
M 11] 16 2 1.4 15 16 2 05 2 22 16
N 13 17 2.1 09 2 2 22 17 15 2 17
0 16 15 0.8 09 15 2 2 12 2 2 16
P 18] 11] 2 1.4 32 2 2.4 22 25 25 2.1
Q 2.1 26 18] 23 3 25 35 2 2 32 25
R 27 22 3 32 35 25 2.8 25 35 35 3
S 49 55 45 45 4.4 45 57 42 55 5.4 49
T 6 6 55 62 55 65 7 53 65 6.7 62
U 75 6.5 6 6.3 6.5 72 3 6.5 3 6.9 7





image5.png
Operator 1 POS

y=0.8911x+0.3292
R2=0.9519

Operator 1 Distribution

Estimate (mm)

0 1 2 3 4 5 6 7 8
True Size (mm)




image6.png
Estimate (mm)

Operator 2 POS

y=0.7513x+0.6364
R2=0.9149

. 253252151050 05 115 225 3

0 1 2 3 4 5 6 7 8
True Size (mm)




image7.png
Estimate (mm)

Operator 3 POS

y=0.8585x+0.3186
R2=0.9431

Operator 3 Distribution
1
03
g
0.4
02

0
25 2 45 4 05 0 0S5 1 15 2

2 3 4 5 6 7 8
True Size (mm)




image8.png
Estimate (mm)

y=0.8056x+0.724
R2=0.9485

Operator 4 POS

4 5

True Size (mm)




image9.png
Estimate (mm)

y=0.9229x+ 0.4411
R2=0.9476

Operator 5 POS

4 5
True Size (mm)

Operator 5 Distribution

15




image10.png
Operator 6 POS

y=1.0021x+0.6954
R2=0.9622

Operator 6 Distribution

12

Estimate (mm)

1
08
6
0
02

0 1 2 3 4 5 6 7 8
True Size (mm)




image11.png
Operator 7 POS

y=0.8229x+0.318
R2=0.9381

Operator 7 Distribution

08

Estimate (mm)

0 1 2 3 4 5 6 7 8
True Size (mm)




image12.png
Estimate (mm)

y=0.9945x+0.5132
R2=0.9839

Operator 8 POS

4
True Size (mm)

Operator 8 Distribution

2

15

15




image13.png
Estimate (mm)

y=0.8727x+0.9704
R2=0.963

Operator 9 POS

4
True Size (mm)




image14.png
Estimate (mm)

y =0.8989x+ 0.5015
R2=0.9924

Operator 10 POS

4 5
True Size (mm)

15

Operator 10 Distribution

2

5




image15.png
Operator

Correlation Percentage

1

95.19%

91.49%

94.31%

94.85%

94.76%

96.22%

93.81%

98.39%

©lw|~ oo |s]w|m

96.30%

5

99.24%





image16.png
Operator

Standard Deviation

1

0.46

0.68

0.51

0.54

0.46

0.4

0.55

0.25

©lw|~ oo |s]w|m

0.43

5

0.26





image17.png
Operator

Minimum Defect Size - mm (95%)

1

0.88903

1.31841

0.98962

1.05369

0.89811

0.77413

1.07500

0.49595

©lw|~ oo |s]w|m

0.83104

5

0.49906





image20.png
Defect Size | Operator 1 Estimate |Operator 2 Estimate |Operator 3 Estimate | Operator 4 Estimate | Operator 5 Estimate | Operator 6 Estimate | Operator 7 Estimate | Operator 8 Estimate | Operator 9 Estimate | Operator 10 Estimate
0.5 0.77475 1.01205 0.74785 1.1268 0.90255 1.19645 0.72945 1.01045 1.40675 0.95095
1 1.2203 1.3877 14771 1.5296 1.364 1.6975 1.1409 1.5077 1.8431 1.4004.
15 1.66585 1.76335 1.60635 1.9324 1.82545 219855 1.55235 2.00495 2.27945 1.84985
2 21114 2.139 2.0356 2.3352 2.2869 2.6996 1.9638 2.5022 2.7158 2.2093
25 2.55695 2.51465 2.46485 2.738 274835 3.20065 237525 2.99945 315215 2.74875
3 3.0025 2.8903 2.8041 3.1408 3.2098 3.7017 2.7867 3.4967 3.5885 3.1982
3.5 3.44805 3.26595 332335 3.5436 3.67125 4.20275 3.19815 3.99395 4.02485 3.64765
4 3.8936 3.6416 3.7526 3.9464 4.1327 4.7038 3.6096 4.4912 4.4612 4.0971
4.5 4.33915 4.01725 4.18185 4.3492 4.59415 5.20485 4.02105 4.98845 4.89755 4.54655
5 4.7847 4.3929 4.6111 4.752 5.0556 5.7059 4.4325 5.4857 5.3339 4.996
Average Sizing Error 0.136625 0.310875 0.183905 0.27988 0.220075 0.701175 0.253565 0.498075 0.620325 0.224275





image1.png
Defect

Depth (mm)

Hit/Miss

0.1

0

0.2

0.3

0.35

0.5

0.6

0.7

T|o|n|mlolo|e

0.8

0.9

1

e

1.2

1.4

3

3.1

3.2

4

o oo |53

5

[ P N e S [ IS 0 = O PR R o Y

Mean

0.588235

Std Dev.

0.5073

sone

Hit/Miss

0 ‘emee

.

Hit/Miss Data

Defect Depth (mm)




image2.png
Depth (mm) PoD,
001 S 78831E07 PoD from Hit/Miss Data
025 | ooseseeszs “
05 | osoraverrr
075 | orssarose: 1 eawe
3 ossizmssL
125 | osezasesse 09
15 | osrassans
175 | osssrerss 08
B 0959863012
225 0993324258 0.7
25 | ossstioosr
275 0996731189 o ¢
s Toswamna | | £
525 | ossmsemie
55 | osseaine 0
575 | ossserean
. ossaraarer 03
425 | osssaveer
45 0999436543 02
475 | osssssssas
s o9s9e15958 01
525 | osssersan
55 0999724964 o od *
575 099976537 0 B 2 3 4 s
. 0.995798483 Defect Depth (mm)
25| osssezsess o s ——pon
o5 | osssneezs





image18.png
) Prifysgol Cymru
Y Drindod Dewi Sant
University of Wales

Trinity Saint David





image19.png




