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This report will investigate probability of detection (PoD) & sizing (PoS) methods. It will consist of a literature review on the development and history of PoD and PoS methods employed within non-destructive testing (NDT). Non-destructive testing refers to a range of methods used to identify and characterise defects within a test specimen without damaging or altering the specimen (Dwivedi, et al., 2018). Following the literature review, a statistical analysis is performed on a data set of through wall thickness measurements, collected as part of a larger PoD study, used to assess the performance of a new ultrasonic thickness gauging procedure. Ten technicians/operators are assessed on their ability to correctly size 21 sample defects present on a test specimen ranging from 0.25mm to 7.5mm. Following an analysis of the operators’ performances, the effects of the equipment and procedure as a whole is also considered. Conclusions are then drawn as to the capabilities of the operators, as well as the NDT method used.
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In preparing this report the aim is to:
· Provide a brief literature review on the development and history of probability of detection and sizing methods employed within NDT. 
· Using the data sample provided, assess the sizing accuracy of the individual technicians, as well as the equipment and procedure as a whole.
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NDT incorporates a variety of different methods for material testing that allow a specimen to be inspected for surface or interior defects without damaging or altering the specimen. Whilst some of today’s most popular NDT methods have been developed in recent decades, the concept of NDT has been used throughout history. NDT is widely applied in many industries and includes a variety of methods such as ultrasonic testing, radiographic testing & electromagnetic testing (Dwivedi & Mahto, 2013). Over time, methods for assessing the reliability of these NDT methods have been developed, including the probability of detection (PoD) & sizing (PoS).
 In its simplest origins, examples of NDT could include a simple visual inspection of a specimen to identify defects. Nowadays, NDTs can more commonly be seen through use of every-day technologies such as MRI & X-Ray imaging. In recent years, various NDT techniques have been developed not only to improve the accuracy of results, but also to suit specific circumstances and test requirements. For example, tests that require an area of the human body to be examined are likely be carried out using NDT techniques such as ultrasonic testing as opposed to radiographic testing, due to the health & safety implications imposed via the inclusion of radiography (Dwivedi & Mahto, 2013).
The range of NDT methods available provides a variety of benefits to the observer. Firstly, with the exception of radiography, the majority of NDT testing methods available are safe to perform without causing potential human harm. Further benefits include efficiency and manufacturing cost reduction, as often NDT tests are able to be performed without requiring the disassembly or removal of a specimen from its operational service (Dwivedi & Mahto, 2013).
During the Second World War, NDT technology became increasingly vital in manufacturing due to strict restrictions on material usage, cost, and time restraints. Testing methods that did not affect a components usability became preferable, in order to meet these requirements. This led to further development of NDT methods for improved capability and accuracy (World of NDT, 2020). 
The ability to perform NDT testing, without the damaging or removal of a component from an assembly is one of the key benefits of NDT. The ability to reuse the specimen once the test has finished, reduces manufacturing costs when compared with other destructive test means. However, performing NDT’s generally requires a large sample group of components, thus requiring more tests and increasing the cost of testing (Keprate, 2016).This may be further exacerbated through the potential of false readings or inaccuracies. Figure 1 shows an image depicting the relationship between cost and effectiveness with regards to different methods of NDT testing. 
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Figure 1: NDT Cost against Effectiveness (Keprate, 2016)
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Table 1: A table of comparison for conventional NDT Methods (Keprate, 2016).
Table 1 shows a range of varying NDT techniques and the characteristics determining their capabilities. A large range of literature has been published on the subject of NDT methods. Dwivedi & Mahto (Dwivedi & Mahto, 2013) indicate that NDT techniques are primarily used in manufacturing & aerospace industries and may also be used for evaluation of civil infrastructures. Lim & Cao (Lim & Cao, 2003) suggest that the reliability and confidence level of NDT is generally increased by using combination of varying NDT methods to evaluate a specimen. NDT of composite materials often requires additional testing methods in order to properly evaluate defect characteristics due to the limitations of testing composites (Dwivedi & Mahto, 2013).
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Dwivedi & Mahto (Dwivedi & Mahto, 2013) suggests that the preferred NDT method to evaluate the sub-surface characteristics of titanium alloy type materials was Ultrasonic testing. They also suggest that for critical and complex specimen evaluations, Ultrasonic testing produces the best results with respect to accuracy, and probability of detection. We also know that ultrasonic testing can be used to identify variations in a specimen’s density & elasticity (Dwivedi & Mahto, 2013),
 Ultrasonic testing may also be appropriate in several other scenarios, such as evaluating fatigue degradation of polymer composites (Rojek, et al., 2007). Chunguang (Chunguag, et al., 2015) indicates that Ultrasonic critical refracted wave method has the characteristics of high resolution & high penetration testing, whilst also posing no risk of damage to human tissue. Due to this, it is suggested that this is the most promising technology to be used in residual stress testing. 
For the data set provided, an Ultrasonic Thickness Measurement (UTM) method was employed. UTM is an NDT method that works be precisely measuring the length of time taken for a sound pulse to travel through the test piece and reflect back from the inside surface or far wall. 
As can be seen from figure 1, ultrasonic testing generally offers good cost effectiveness for conventional purposes when compared to other testing methods. However, for advanced circumstances, other testing methods may be preferable such as Time-of-flight diffraction (TOFD), which is a different form of Ultrasonic testing which will be discussed further later in this report (Keprate, 2016). TOFD is often used as an accurate means of investigating defects in welds (Hecht, 1997).
It is apparent that there are various NDT techniques available to inspect a component for defects, and that the choice of technique may be dependent on a variety of factors such as the specimen material, geometry, & the type and size of defects investigated. Various forms of Ultrasonic NDT are widely used for the examination of complex components as well as in many other circumstances (Dwivedi & Mahto, 2013).
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The PoD method is defined as a means of assessing the reliability of an NDT and involves calculating the detection probability as a function of defect size (Muller , et al., 2006). Once a test procedure has been selected, there are four possible outcomes regarding the specimen’s evaluation. These outcomes make up the probability of detection matrix and can be seen below. 
1. True Positive – A defect exists & the NDT indicates presence of defect. 
2. False Positive – A defect does not exist & the NDT indicates presence of defect. 
3. True Negative – A defect does not exist & the NDT indicates no presence of defect. 
4. False Negative – A defect exists & the NDT indicates no presence of defect 
(Ginzel, 2006)
False readings may be introduced not only due to potential faults with the testing equipment or procedure, but also as a result of human error (Keprate, 2016). The PoD is dependent upon a number of variables such as the NDT method & procedure itself, specimen’s material & geometry, the type of defect, & of course a number of factors introduced through operators. 
PoD curves, such as the one exampled in Figure 2 are a popular means of visually relating PoD to a defect’s size, and is the most utilized tool within PoD. However, despite PoD’s increasing popularity within NDT, it was suggested in a report by the Health & Safety Executive, that a large proportion of users that employ such technique, may not understand or interpret curves correctly (Health and Safety Executive , 2006). Figure 2 shows a realistic case versus an ideal case. This is because in an ideal situation, any defect over a certain size would be detectable, and anything smaller would be undetectable, highlighting the step function seen in the ideal case. In a realistic scenario, defects are either found or not found, with an overlap present. This results in the need for a binary regression curve function to be added to the datapoints.
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Figure 2: An example PoD curve, displaying realistic and ideal values (Keprate, 2016).

The probability of detection (PoD) method was originally developed for aerospace purposes by Nasa & the United States Military. In 1973 the concept of the PoD method was incorporated into the design process for NASA’s space shuttle program, and the NASA PoD development project went on to be the pioneering work in assessing NDT capabilities. The PoD development project later became accepted as the standard for NDT evaluation (Keprate, 2016).
Since its original conception in the early 70’s, a range of papers have been published. Figure 3 shows the number of publications produced on PoD since 1975, and the trend suggests that the concept is becoming increasingly accepted and implemented with a particular surge in recent years. 
[image: ]
Figure 3: A graph showing the number of publications on PoD per year (Keprate, 2016). 
The concept of the PoD method is being continually adapted and developed for use within a range of industries. For example, since the early 2000’s the national NDT Centre UK has worked in unison with the London Underground with the aim of improving inspection standards through the use of PoD (Health and Safety Executive , 2006).
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Whilst the PoD is used to assess the probability of a defect being detected by an operator, probability of sizing (PoS) provides a means of assessing an operator’s sizing accuracy. In other words, the probability of correctly sizing a detected defect. 
A major factor influencing flaw characterisation is the selected flaw sizing method. A variety of sizing methods may be employed, and each has its own advantages and disadvantages as exhibited in table 2.  
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Table 2: A table displaying various flaw sizing methods and their respective advantages and disadvantages (Ginzel, 2000).
One sizing technique that may be employed is the previously mentioned TOFD method. The TOFD method was developed in 1977 by Maurice Silk. Since then it has become an increasingly popular form of NDT. TOFD is gaining popularity due to its ability to produce a more accurate representation of a defect’s size, location and orientation than more traditional NDT methods. Unlike other ultrasonic testing methods, TOFD relies on detection of forward-scattered diffracted signals originating at the defects edges which allows for more precise measurement of defect characteristics (Mondal, 2000)
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Figure 5: An image depicting the two-probe mathemateical model of the TOFD technique (Mondal, 2000).

Figure 5 shows a basic TOFD setup in which two ultrasonic angle probes in a transmitter-receiver mode are used to monitor signals diffracted from the edges of the defect. Broad beam probes are used so that the entire defect area is flooded with ultrasound (Mondal, 2000).
The ability to correctly size a defect is an essential NDT tool in industry, particularly in cases where slight misestimations of a defect’s characteristics could create dangerous conditions. Underestimates may cause specimen failure, which could be drastic, whilst overestimates may increase waste and costs if it results in a specimen being incorrectly decommissioned. Ultrasonic NDT methods have significantly improved the reliability of determining PoS as testing procedures can be custom suited to the desired specimen. Ultrasonic NDT is now heavily favoured in industry when test specimens are inaccessible, such as in pipelines where defects caused by corrosion in the pipe’s interior can be identified and characterised without requiring disassembly of the pipeline (Moles, 2009).
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Table 3: A table displaying the true size of defects (mm) and operator estimates (mm).
The data set in Table 3 above, was provided in order to perform statistical analysis & assess the sizing accuracy of the individual technicians, as well as the equipment and procedure as a whole. Each operator was tasked with estimating the size of each individual defect, the results of which are displayed above.
 Firstly, an error value was calculated for each operator and defect. A mean value was obtained for the error values at each respective defect, and subsequently the standard deviation was calculated. Following this a 95% confidence value was obtained by multiplying the standard deviation by 1.95, and the normal distributions were calculated in excel.  An example of the resulting histogram chart that was produced for Operator 1 can be seen below in Figure 6. 
[image: ]
Figure 6: Operator 1 Histogram
The true size of the defects and the operators respective estimate were then plotted against each other on scatter graphs and a linear trendlines were produced. The equation of these lines could then be expressed in terms of y = mx + c, where “m” refers to the gradient and “c” refers to the Y intercept. The gradient of each operator’s trendline can be used to assess their tendency to misestimate a defect’s size and provide an indication as to whether there is a trend of over or under sizing.
 When the gradient > 1 it can be inferred that the operator’s estimates are becoming increasingly over-sized as defect size increases, and conversely, when the gradient < 1 the operator’s estimates are becoming increasingly undersized with defect size. In an ideal situation, the gradient would be equal to 1 providing an estimated size equal to that of the true defect size. 
The R² value for each operator’s trendline was also established. This value provides a measurement of the data’s correlation to the fitted regression line and is known as the correlation coefficient (R²). In an ideal situation where 100% correlation exists, the R² would be equal to 1.  
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Table 4 (Left): A table of the mean error results for each operator. Table 5 (Middle): A table of the standard deviation results for each operator. Table 6 (Right): A table of the 95% confidence values for each operator.
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Table 7 (Left): A table of the gradient results for each operator’s trendline. Table 8 (Right): A table of the correlation coefficient values for each operator’s trendline. 

Figure 7: A graph displaying the operators estimates plotted against true defect size, and each operator’s respective trendline. 
Figure 7 features each operator’s estimates plotted against true defect size and their respective trendlines. On examination of Table 7 which displays the gradient of each operator’s trendline, we can see that 90% of operators had a gradient < 1, suggesting that 90% of operators’ estimations became increasingly undersized as true defect size increases. Operator 6 showed the highest consistency with regards to sizing accuracy with a gradient of 1.0021. On examination of Figure 8 below, it can be suggested that Operator 6 exhibited a generally good trend with regards to sizing consistency. Operator 6 consistently overestimates the size of the defect to some extent. The type of trend exhibited can be useful in instances where extra attention must be paid to the margin of safety employed. However, as aforementioned, whilst overestimations can provide an additional margin of safety, it can also lead to increased manufacturing costs. Therefore, it is important to consider the degree to which overestimations are being made when analysing a trendline such as the one shown in Figure 8. Each operator’s respective scatter plot can be found in Appendix 1.  

Figure 8: The scatter plot created for Operator 6 featuring the trendline in blue, and the ideal line in orange.

Figure 9: A graph showing the 95% confidence values calculated for each operator.
Figure 9 shows the aforementioned 95% confidence values that were calculated for each of the operators. This value originates from the “90/95” for NDT, which is often referred to as having “90% PoD with 95% confidence” and is a value often used a reference. The confidence value can be considered as a statistical tool to estimate the PoD for a given testing method. Figure 10 shows a PoD chart that features the 90/95 confidence. The 90/95 confidence tool can effectively be translated as there being a 90% of a defect of the size of discontinuity being detected, with 95% confidence in that statement (Topp, 2020). 
[image: POD 90/95 rule]
Figure 10: An example PoD chart featuring the 90/95 confidence (Topp, 2020).
By examining Table 6 & Figure 9, it can be seen that Operators 8 & 10 had the lowest 95% confidences at +/- 0.496 & +/- 0.504 respectively. The smallest defect that can be found in a system is referred to as the intrinsic capability, between this and the 90/95 confidence value exists a performance gap as exampled in Figure 11. The aim should be to produce a 90/95 confidence value as close to the point of intrinsic capability, effectively reducing the performance gap. The larger the performance gap, the more improvement can be made (Topp, 2020).
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Figure 11: An example PoD chart featuring the performance gap between the point of intrinsic capability and the 90/95 confidence (Topp, 2020).  
Operators 8 & 10 displayed the lowest 95% confidence values and thus had the smallest performance gaps. Conversely, Operator 2 produced a 95% confidence value of +/- 1.318 and would subsequently result in the highest performance gap. 

Figure 12: Original graph produced to display histogram data produced for each operator. 

Figure 13: A version of the graph of operator histogram data later modified to account for the 95% confidence values and mean error. 
Figure 13 displays the distribution for each operator with respect to calculated mean error & 95% confidence values. The individual graphs produced for each operator can be seen in Appendix 2. For the curves displayed in Figure 13, the value of x at the peak of each curve corresponds to its mean error value. The area under each curve can be considered to be split by a vertical line at its mean, with the area to the left corresponding to the error mean minus the 95% confidence value, and conversely the area to the right corresponding to the error mean plus the 95% confidence. This is highlighted by Figure 13 as Operators 8 & 10 produce narrower, taller curve shapes due to their low 95% confidence value, whereas Operator 2 displays the broadest, shortest curve due to its high 95% confidence.  

Figure 14: A graph showing the correlation coefficients obtained for each operator’s trendline. 
Table 8 & Figure 14 show that every operator is within 10% of a R² value equal to 1. Operator 10 has the highest coefficient at 0.9925, and Operator 2 has the lowest coefficient at 0.9149. There Is vast range of potential explanations as to why an operators estimate may not reflect true defect size. For example, the UTM method employed has the potential to introduce inaccuracies through improper equipment calibration or handling. Ultrasonic thickness gauges require precise calibration to account for factors such as material type, which effects the speed of the soundwaves travelling through the specimen. 
However, the inaccuracies mentioned above do not explain the variance in estimated defect size between operators. As each operator was tasked with sizing the same set of defects using the same equipment, if inaccuracies were introduced solely through factors born out of the procedure or equipment used, we would expect each operator to obtain the same estimate value. This of course assumes that the operators all use the same thickness gauge as opposed to their own. The introduction of inaccuracies due to a human (operator) element is evidenced through the variance in operator estimates. 
There are innumerable factors that may potentially influence an operator’s capability at a given time, the most obvious of which being experience. Undeterminable levels of experience between operators could mean that one operator has 10 years of experience using the NDT method, whereas another has only 10 days. It has been suggested that Ultrasonic NDT methods require a higher level of skill and training than other NDT methods, and as such when assessing the evaluations made by operators, consideration should be paid to their individual level of experience & the overall difficulty of the procedure (Health and Safety Executive , 2006).
Further evaluation of the data set suggests that Operators 8 & 10 are likely to be considered as providing the most accurate results throughout. Operator 8 had the lowest standard deviation value, and subsequently the lowest 95% confidence value, and also displayed the second most preferential m & R² values. However, Operator 8’s main drawback was seen when examining the operator’s mean error value which was the third highest out of all operators. Similarly, Operator 10 exhibited the second most preferential standard deviation & 95 % confidence value, the most preferential R² value, and the fourth most preferential gradient. Further, Operator 10’s downfall was also seen when examining the mean error values, in which Operator 10 was the fourth highest. 
Conversely, the data suggests that the operator with lowest overall accuracy to be Operator 2. This is evidenced by Operator 2 producing R² and gradient values furthest from 1 when compared with other operators, and also featured the highest standard deviation and 95% confidence. 
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In conclusion, this paper has highlighted the importance of PoD & PoS methods within NDT. The benefits of PoD & PoS have been explored, and potential limitations identified. These limitations are a combined result of a variety of different factors, including the nature of the testing procedure, as well as factors introduced through means of human error. 
This paper has also provided a statistical analysis of the provided dataset of through wall measurements. It was determined that Operators 8 & 10 could be considered the as being the most accurate throughout, whereas conversely it was determined that Operator 2 provided the least accurate results overall. 
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Operator Estimate (mm)




Operator 6 

Op6	
0.25	0.27	0.28000000000000003	0.4	0.4	0.5	0.52	0.55000000000000004	0.7	0.98	1.1200000000000001	1.1499999999999999	1.1000000000000001	1.3	1.6	1.8	2.1	2.7	4.9000000000000004	6	7.5	1	1	1	1.2	1.4	1.1000000000000001	0.9	0.5	2	1.9	1	2.2000000000000002	2	2.2000000000000002	2	2.4	3.5	2.8	5.7	7	8	line	0	8	0	8	True Size (mm)


Operator Estimate (mm)



95% Confidence

Operator 1 	1	0.88902933825926911	Operator 2 	1	1.3184117961720891	Operator 3 	1	1.0020257267869208	Operator 4 	1	1.0536944799812027	Operator 5 	1	0.89810754605766152	Operator 6 	1	0.77412555736871846	Operator 7 	1	1.0750025348807324	Operator 8	1	0.49594738344188977	Operator 9	1	0.83103604872816161	Operator 10	1	0.50382071024465458	m




Operator Distribution 
 

Operator 1 	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	3.2880374247959612E-5	8.6398845021024516E-5	2.1636406552510813E-4	5.1637872569621412E-4	1.1745122783133762E-3	2.5459671320254606E-3	5.2596159753108343E-3	1.035526674676082E-2	1.943007858208708E-2	3.4745121536721213E-2	5.9213280862554445E-2	9.6172393867387185E-2	0.14886333335200486	0.2195993570694926	0.30873111451549429	0.41365259087007777	0.52819843318097837	0.64278314475582798	0.74548320410510538	0.82398111462348267	0.86796590217742853	0.8713529030702567	0.83366489147776102	0.76014239289189545	0.66054803775309789	0.54704099267402051	0.43175894907931794	0.32476471358575126	0.2328103779193948	0.1590529934916298	0.10355888608058436	6.4259731281867419E-2	3.800112479916809E-2	2.1417067706228192E-2	1.1503488942839915E-2	5.8885065273804717E-3	2.8726767132674479E-3	1.3355936902410487E-3	Operator 2 	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	7.7094600777319611E-3	1.1788850797893772E-2	1.7636742376728611E-2	2.5814556228906594E-2	3.6966671536351692E-2	5.1791134709720618E-2	7.0990444646737552E-2	9.5201492957047149E-2	0.12490706807164995	0.16033548954959981	0.20135930452136133	0.24740765643494511	0.2974089001657011	0.34977936016674949	0.40247025564729239	0.45307781011099818	0.49901222865633016	0.5377110690351482	0.5668735030416765	0.58468604837010618	0.59000908213012315	0.58249748605828489	0.56263767067887294	0.53169545758843395	0.49158258184199488	0.44466138353623325	0.39351540300879495	0.34071672299528155	0.28861875997443398	0.23919662930602253	0.19394783986126468	0.15385592690032918	0.11941060743950244	9.0671536818068582E-2	6.7359435433579501E-2	4.8958183165775743E-2	3.4813808787228034E-2	2.4220169551222259E-2	1.6485503314937745E-2	1.097808617471834E-2	7.1523779004205538E-3	Operator 3 	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	1.4759464684583628E-4	3.2411971494640611E-4	6.853192735084315E-4	1.3951891777081956E-3	2.7348021164191466E-3	5.1614458008654397E-3	9.3792797762306309E-3	1.6410441511388568E-2	2.7645452061587826E-2	4.4841463860647419E-2	7.0030708982437878E-2	0.10530522487775219	0.15246282835325375	0.21253510791868199	0.28526602008986718	0.36865664101839546	0.45871900741883942	0.54957132630979066	0.63394860506530937	0.70410380475051282	0.75296014154164104	0.77528242435307992	0.76860029283431941	0.73365825418225306	0.67427914265267874	0.59667562860092682	0.50838125413956758	0.41705507705707734	0.32941999197755917	0.25052965915100073	0.18345138642995459	0.12934078858150577	8.7801647727291071E-2	5.7388184161170697E-2	3.6115610111903007E-2	2.1883666317000481E-2	1.2767264847020008E-2	7.1718022578098643E-3	3.8789251663833135E-3	2.0199803795887608E-3	1.0128276676007249E-3	Operator 4 	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	2.6948384828785589E-3	4.9247452118988174E-3	8.6968287376600461E-3	1.48410351645571E-2	2.4473359822340637E-2	3.8998609458801493E-2	6.0052455992705596E-2	8.9359051509674839E-2	0.12849092399698606	0.17853874560682997	0.23972792769958201	0.31105050326780864	0.39000422388477957	0.4725348437265563	0.55325390818892584	0.62595234109802234	0.68435929580799215	0.72302480758409515	0.73815633527591495	0.72823178315905002	0.69425182906983862	0.63957364711551912	0.56936427567078762	0.4897968555162171	0.40716261616154809	0.32707392665396978	0.25389262081230091	0.19044972833940202	0.13805011142219506	9.6698400538229645E-2	6.5452757027463698E-2	4.2811724706873042E-2	2.7059740567612407E-2	1.652763290047703E-2	9.7549222593916064E-3	5.5636921604076016E-3	3.0663978185067669E-3	1.6331272568746787E-3	8.4049993134954922E-4	4.1800498635344318E-4	2.008867847232133E-4	Operator 5 	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	1.8852843933616582E-4	4.4914428158947055E-4	1.0207541471804272E-3	2.2130065915823794E-3	4.576890665795667E-3	9.0299354237193021E-3	1.6995150981856551E-2	3.0513476130279122E-2	5.2261830913493873E-2	8.5389374309206789E-2	0.1330911930324265	0.19788873896355638	0.2806849455032468	0.37978992086607744	0.49022338675098909	0.60363010749127588	0.70904538767561232	0.79451747828202324	0.84929614111005247	0.86604632304634943	0.84246015486863535	0.78177880687206935	0.69206150450588233	0.58442901368330946	0.47080939408943046	0.3618134835180089	0.2652471041749232	0.18549953744604489	0.1237545817918511	7.8760056461255251E-2	4.7816416616976498E-2	2.7693274520286963E-2	1.5300226883442503E-2	8.0639477862079947E-3	4.0543741038294662E-3	1.9445817589006467E-3	8.8972311129170061E-4	3.8833793083926579E-4	1.6169292919491969E-4	6.4224173078399703E-5	2.4335052624940386E-5	Operator 6 	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	7.9075415341338915E-4	1.9855430694008512E-3	4.6790772929303642E-3	1.034866202396093E-2	2.148084022856463E-2	4.1846718083765902E-2	7.6509368706930522E-2	0.1312837310811692	0.21142205032074882	0.31954551512910329	0.45327132963180333	0.6034299340986734	0.75394302474371233	0.88408349335230041	0.97295132388694971	1.0049212311234657	0.97412795599305668	0.8862231071262423	0.75668166172755202	0.60635424915257063	0.45601876988815798	0.32187117777662866	0.21321832956423969	0.13255925695478663	7.7346143133628031E-2	4.2355551498361503E-2	2.1768329188762241E-2	1.049984598736602E-2	4.7531753731575475E-3	2.0194254481499668E-3	8.0522062103588628E-4	3.0133184366327938E-4	1.0583230286108463E-4	3.4884663715195414E-5	1.079180060019227E-5	3.1332594689160416E-6	8.5377195793042621E-7	2.1833858371696411E-7	5.2403726144921609E-8	1.1804209941429009E-8	2.495483820790095E-9	Operator 7 	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	2.7741323837837369E-4	5.6034885116968379E-4	1.0952158316745793E-3	2.0713374796873722E-3	3.7906347313506781E-3	6.7124789188015921E-3	1.1501748194391892E-2	1.907017592504831E-2	3.0595352901730214E-2	4.749699760565871E-2	7.1348816219719835E-2	0.10370920604880185	0.14586724163128031	0.19852177737549476	0.26143784950815052	0.33314913778370925	0.41078904014071965	0.49012733684114551	0.56585991134076752	0.63214812163130329	0.6833429210750861	0.71477354672183679	0.72344940859507545	0.70852925047284054	0.67145563924080542	0.61572500440345523	0.54634400103229297	0.4690892608187332	0.38972182311108211	0.31330251700733974	0.24371539622986568	0.18344757320075861	0.13361367198366308	9.4167220441922828E-2	6.4218258907889E-2	4.2376708935455011E-2	2.7058632704271449E-2	1.6718387726858169E-2	9.9952316053475744E-3	5.7823084399143765E-3	3.2368276080858372E-3	Operator 8	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	3.4450019421908514E-10	4.3897953840988962E-9	4.7924647897042187E-8	4.4826355493938436E-7	3.5922601288998316E-6	2.4663912554287548E-5	1.4508282811280139E-4	7.3118942285239463E-4	3.157211201413236E-3	1.1679848683883682E-2	3.7019508182549343E-2	0.10052727722603715	0.23388213084569795	0.46619757579000776	0.7961645323883827	1.1649183579779863	1.4603198848587677	1.5684127184382828	1.4432200666485877	1.1377965403726409	0.76852235689600479	0.44474210769768829	0.22050571037329994	9.3668006725464367E-2	3.408965162490888E-2	1.0629521005207932E-2	2.8396490733491285E-3	6.4994334022808013E-4	1.2745185773458436E-4	2.14129591791768E-5	3.0822442773193843E-6	3.8011697777920926E-7	4.0163109308467706E-8	3.6357769642896918E-9	2.8198563637815654E-10	1.8737713196674249E-11	1.0667583092218035E-12	5.2032576131674955E-14	2.1744251830643312E-15	7.7852660211054731E-17	2.3881537949235285E-18	Operator 9 	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	2.9009394969655902E-3	6.2656114373236997E-3	1.2807853793745261E-2	2.4778635056417506E-2	4.5369763218955333E-2	7.8621941000667286E-2	0.12894637137056825	0.20015323073937472	0.29403850037642176	0.40882167098332983	0.53796216677442277	0.66997357644351196	0.78968107542724597	0.88091478962892722	0.93004548279526877	0.92931423451726303	0.87883856510770597	0.78658151951215061	0.66629489547463483	0.53416736220861971	0.40529974183844281	0.29104719665836659	0.19780562127574416	0.12723364039281609	7.745570169021801E-2	4.4626512362194976E-2	2.4334398582556451E-2	1.2558460457941347E-2	6.1339510092131549E-3	2.8355174144131618E-3	1.2405447924513551E-3	5.1366585343941469E-4	2.0129688675284054E-4	7.4658891114696467E-5	2.6206808036672803E-5	8.7063242016767869E-6	2.7374340064878174E-6	8.1459285473563045E-7	2.2941702825591141E-7	6.1150331916370427E-8	1.5426240675228876E-8	Operator 10 	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	4.2236668568238439E-12	6.6031928233852624E-11	8.8871024008704552E-10	1.0296942086489625E-8	1.0270657265868182E-7	8.8192181391725178E-7	6.51934273936311E-6	4.1487706163789306E-5	2.2728821317527718E-4	1.0719543386027625E-3	4.3522871330334712E-3	1.5212502873017663E-2	4.5774719134685234E-2	0.1185748500787768	0.26442429871608641	0.50763553934112693	0.83896638126250567	1.1936554309529144	1.4620266175806724	1.5416062470194476	1.3993731109189536	1.0935420025359075	0.73566364382870009	0.42605434637427275	0.2124186220613937	9.1172120429369979E-2	3.3687858536931167E-2	1.0715850227253444E-2	2.9344164338530507E-3	6.9176524446529545E-4	1.4039046476601965E-4	2.4527786999555806E-5	3.6891048729979351E-6	4.7766730689217079E-7	5.3244152068318666E-8	5.1092857631404296E-9	4.2207570341425139E-10	3.0016661890978354E-11	1.8377071911463731E-12	9.6857246200614971E-14	4.3947057373726419E-15	



Operator Distribution 
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Correlation Coefficient (R²) 

Operator 1 	1	0.95189999999999997	Operator 2 	1	0.91490000000000005	Operator 3 	1	0.94199999999999995	Operator 4 	1	0.94850000000000001	Operator 5 	1	0.9476	Operator 6 	1	0.96220000000000006	Operator 7 	1	0.93810000000000004	Operator 8	1	0.9839	Operator 9	1	0.96299999999999997	Operator 10	1	0.99250000000000005	R²




Operator 1 

Op1	y = 0.8911x + 0.3292
R² = 0.9519

0.25	0.27	0.28000000000000003	0.4	0.4	0.5	0.52	0.55000000000000004	0.7	0.98	1.1200000000000001	1.1499999999999999	1.1000000000000001	1.3	1.6	1.8	2.1	2.7	4.9000000000000004	6	7.5	0.3	1.2	0.7	0.8	0.9	0.5	0.7	0.4	1	1.4	1.3	1.2	1.6	1.7	1.5	1.1000000000000001	2.6	2.2000000000000002	5.5	6	6.5	line	0	8	0	8	True Size (mm)


Operator Estimate (mm)



Operator 2 

Op2	y = 0.7513x + 0.6364
R² = 0.9149

0.25	0.27	0.28000000000000003	0.4	0.4	0.5	0.52	0.55000000000000004	0.7	0.98	1.1200000000000001	1.1499999999999999	1.1000000000000001	1.3	1.6	1.8	2.1	2.7	4.9000000000000004	6	7.5	0.5	1.2	1	0.5	1.2	0.9	1.5	1.2	1.5	1	0.5	1.8	2	2.1	0.8	2	1.8	3	4.5	5.5	6	line	0	8	0	8	True Size (mm)


Operator Estimate (mm)



Operator 3 

Op3	y = 0.8549x + 0.3225
R² = 0.942

0.25	0.27	0.28000000000000003	0.4	0.4	0.5	0.52	0.55000000000000004	0.7	0.98	1.1200000000000001	1.1499999999999999	1.1000000000000001	1.3	1.6	1.8	2.1	2.7	4.9000000000000004	6	7.5	0	0.5	1.2	1	1	1	1.1000000000000001	0.8	0.9	0.8	1	1.3	1.4	0.9	0.9	1.4	2.2999999999999998	3.2	4.5	6.2	6.25	line	0	8	0	8	True Size (mm)


Operator Estimate (mm)



Operator 4 

Op4	
0.25	0.27	0.28000000000000003	0.4	0.4	0.5	0.52	0.55000000000000004	0.7	0.98	1.1200000000000001	1.1499999999999999	1.1000000000000001	1.3	1.6	1.8	2.1	2.7	4.9000000000000004	6	7.5	0.5	1	0.5	1	1.1000000000000001	0.8	1	1.2	1.2	1.6	1.8	1.5	1.5	2	1.5	3.2	3	3.5	4.4000000000000004	5.5	6.5	line	0	8	0	8	True Size (mm)


Operator Estimate (mm)



Operator 5 

Op5	
0.25	0.27	0.28000000000000003	0.4	0.4	0.5	0.52	0.55000000000000004	0.7	0.98	1.1200000000000001	1.1499999999999999	1.1000000000000001	1.3	1.6	1.8	2.1	2.7	4.9000000000000004	6	7.5	0	0	0	1	1	1	1.5	0.9	1.6	2	1.8	1	1.6	2	2	2	2.5	2.5	4.5	6.5	7.2	line	0	8	0	8	True Size (mm)


Operator Estimate (mm)



Operator 6 

Op6	
0.25	0.27	0.28000000000000003	0.4	0.4	0.5	0.52	0.55000000000000004	0.7	0.98	1.1200000000000001	1.1499999999999999	1.1000000000000001	1.3	1.6	1.8	2.1	2.7	4.9000000000000004	6	7.5	1	1	1	1.2	1.4	1.1000000000000001	0.9	0.5	2	1.9	1	2.2000000000000002	2	2.2000000000000002	2	2.4	3.5	2.8	5.7	7	8	line	0	8	0	8	True Size (mm)


Operator Estimate (mm)



Operator 7 

Op7	
0.25	0.27	0.28000000000000003	0.4	0.4	0.5	0.52	0.55000000000000004	0.7	0.98	1.1200000000000001	1.1499999999999999	1.1000000000000001	1.3	1.6	1.8	2.1	2.7	4.9000000000000004	6	7.5	0.5	0.5	0.5	0.6	0.2	0	1	1.3	1.6	0.5	1.8	1.8	0.5	1.7	1.2	2.2000000000000002	2	2.5	4.2	5.3	6.5	line	0	8	0	8	True Size (mm)


Operator Estimate (mm)



Operator 8

Op8	
0.25	0.27	0.28000000000000003	0.4	0.4	0.5	0.52	0.55000000000000004	0.7	0.98	1.1200000000000001	1.1499999999999999	1.1000000000000001	1.3	1.6	1.8	2.1	2.7	4.9000000000000004	6	7.5	1	1	1	1	1	1.2	1	1	1	1	1.5	1.5	2	1.5	2	2.5	2	3.5	5.5	6.5	8	line	0	8	0	8	True Size (mm)


Operator Estimate (mm)



Operator 9

Op9	
0.25	0.27	0.28000000000000003	0.4	0.4	0.5	0.52	0.55000000000000004	0.7	0.98	1.1200000000000001	1.1499999999999999	1.1000000000000001	1.3	1.6	1.8	2.1	2.7	4.9000000000000004	6	7.5	0.8	0.8	1.3	1.5	1.6	1	0.9	1.6	2.2000000000000002	1.8	2	2	2.2000000000000002	2	2	2.5	3.2	3.5	5.4	6.7	6.9	line	0	8	0	8	True Size (mm)


Operator Estimate (mm)



Operator 10

Op10	
0.25	0.27	0.28000000000000003	0.4	0.4	0.5	0.52	0.55000000000000004	0.7	0.98	1.1200000000000001	1.1499999999999999	1.1000000000000001	1.3	1.6	1.8	2.1	2.7	4.9000000000000004	6	7.5	0.495	0.72699999999999998	0.75800000000000001	0.90999999999999992	0.97999999999999987	0.78999999999999992	1.012	0.95500000000000007	1.35	1.3080000000000003	1.3720000000000001	1.5550000000000002	1.6	1.73	1.5599999999999998	2.1399999999999997	2.4899999999999998	2.9699999999999998	4.87	6.17	6.9850000000000012	line	0	8	0	8	True Size (mm)


Operator Estimate (mm)



Operator 1 Distribution  

Normal 	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	3.2880374247959612E-5	8.6398845021024516E-5	2.1636406552510813E-4	5.1637872569621412E-4	1.1745122783133762E-3	2.5459671320254606E-3	5.2596159753108343E-3	1.035526674676082E-2	1.943007858208708E-2	3.4745121536721213E-2	5.9213280862554445E-2	9.6172393867387185E-2	0.14886333335200486	0.2195993570694926	0.30873111451549429	0.41365259087007777	0.52819843318097837	0.64278314475582798	0.74548320410510538	0.82398111462348267	0.86796590217742853	0.8713529030702567	0.83366489147776102	0.76014239289189545	0.66054803775309789	0.54704099267402051	0.43175894907931794	0.32476471358575126	0.2328103779193948	0.1590529934916298	0.10355888608058436	6.4259731281867419E-2	3.800112479916809E-2	2.1417067706228192E-2	1.1503488942839915E-2	5.8885065273804717E-3	2.8726767132674479E-3	1.3355936902410487E-3	Mean	-0.14190476190476189	-0.14190476190476189	0	0.8713529030702567	Mean - 95% Prob	-1.0309341001640311	-1.0309341001640311	0	0.13071523270731578	Mean + 95% Prob	0.74712457635450724	0.74712457635450724	0	0.13071523270731578	



Operator 2 Distribution  

Normal 	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	7.7094600777319611E-3	1.1788850797893772E-2	1.7636742376728611E-2	2.5814556228906594E-2	3.6966671536351692E-2	5.1791134709720618E-2	7.0990444646737552E-2	9.5201492957047149E-2	0.12490706807164995	0.16033548954959981	0.20135930452136133	0.24740765643494511	0.2974089001657011	0.34977936016674949	0.40247025564729239	0.45307781011099818	0.49901222865633016	0.5377110690351482	0.5668735030416765	0.58468604837010618	0.59000908213012315	0.58249748605828489	0.56263767067887294	0.53169545758843395	0.49158258184199488	0.44466138353623325	0.39351540300879495	0.34071672299528155	0.28861875997443398	0.23919662930602253	0.19394783986126468	0.15385592690032918	0.11941060743950244	9.0671536818068582E-2	6.7359435433579501E-2	4.8958183165775743E-2	3.4813808787228034E-2	2.4220169551222259E-2	1.6485503314937745E-2	1.097808617471834E-2	7.1523779004205538E-3	Mean	-0.20857142857142857	-0.20857142857142857	0	0.59000908213012315	Mean - 95%	-1.5269832247435178	-1.5269832247435178	0	8.8143687102616636E-2	Mean + 95%	1.1098403676006605	1.1098403676006605	0	8.8143687102616636E-2	



Operator 3 Distribution  

Normal 	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	1.4759464684583628E-4	3.2411971494640611E-4	6.853192735084315E-4	1.3951891777081956E-3	2.7348021164191466E-3	5.1614458008654397E-3	9.3792797762306309E-3	1.6410441511388568E-2	2.7645452061587826E-2	4.4841463860647419E-2	7.0030708982437878E-2	0.10530522487775219	0.15246282835325375	0.21253510791868199	0.28526602008986718	0.36865664101839546	0.45871900741883942	0.54957132630979066	0.63394860506530937	0.70410380475051282	0.75296014154164104	0.77528242435307992	0.76860029283431941	0.73365825418225306	0.67427914265267874	0.59667562860092682	0.50838125413956758	0.41705507705707734	0.32941999197755917	0.25052965915100073	0.18345138642995459	0.12934078858150577	8.7801647727291071E-2	5.7388184161170697E-2	3.6115610111903007E-2	2.1883666317000481E-2	1.2767264847020008E-2	7.1718022578098643E-3	3.8789251663833135E-3	2.0199803795887608E-3	1.0128276676007249E-3	Mean	-7.2857142857142843E-2	-7.2857142857142843E-2	0	0.77528242435307992	Mean - 95%	-1.0748828696440635	-1.0748828696440635	0	0.11597474368929384	Mean + 95%	0.92916858392977797	0.92916858392977797	0	0.11597474368929384	



Operator 4 Distribution  

Normal 	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	2.6948384828785589E-3	4.9247452118988174E-3	8.6968287376600461E-3	1.48410351645571E-2	2.4473359822340637E-2	3.8998609458801493E-2	6.0052455992705596E-2	8.9359051509674839E-2	0.12849092399698606	0.17853874560682997	0.23972792769958201	0.31105050326780864	0.39000422388477957	0.4725348437265563	0.55325390818892584	0.62595234109802234	0.68435929580799215	0.72302480758409515	0.73815633527591495	0.72823178315905002	0.69425182906983862	0.63957364711551912	0.56936427567078762	0.4897968555162171	0.40716261616154809	0.32707392665396978	0.25389262081230091	0.19044972833940202	0.13805011142219506	9.6698400538229645E-2	6.5452757027463698E-2	4.2811724706873042E-2	2.7059740567612407E-2	1.652763290047703E-2	9.7549222593916064E-3	5.5636921604076016E-3	3.0663978185067669E-3	1.6331272568746787E-3	8.4049993134954922E-4	4.1800498635344318E-4	2.008867847232133E-4	Mean	-0.38952380952380949	-0.38952380952380949	0	0.73815633527591495	Mean - 95%	-1.4432182895050123	-1.4432182895050123	0	0.11028782919719231	Mean + 95%	0.6641706704573932	0.6641706704573932	0	0.11028782919719231	



Operator 5 Distribution  

Normal 	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	1.8852843933616582E-4	4.4914428158947055E-4	1.0207541471804272E-3	2.2130065915823794E-3	4.576890665795667E-3	9.0299354237193021E-3	1.6995150981856551E-2	3.0513476130279122E-2	5.2261830913493873E-2	8.5389374309206789E-2	0.1330911930324265	0.19788873896355638	0.2806849455032468	0.37978992086607744	0.49022338675098909	0.60363010749127588	0.70904538767561232	0.79451747828202324	0.84929614111005247	0.86604632304634943	0.84246015486863535	0.78177880687206935	0.69206150450588233	0.58442901368330946	0.47080939408943046	0.3618134835180089	0.2652471041749232	0.18549953744604489	0.1237545817918511	7.8760056461255251E-2	4.7816416616976498E-2	2.7693274520286963E-2	1.5300226883442503E-2	8.0639477862079947E-3	4.0543741038294662E-3	1.9445817589006467E-3	8.8972311129170061E-4	3.8833793083926579E-4	1.6169292919491969E-4	6.4224173078399703E-5	2.4335052624940386E-5	Mean	-0.3085714285714285	-0.3085714285714285	0	0.86604632304634943	Mean - 95%	-1.20667897462909	-1.20667897462909	0	0.12939394323575842	Mean + 95%	0.58953611748623302	0.58953611748623302	0	0.12939394323575842	



Operator 6 Distribution  

Normal 	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	7.9075415341338915E-4	1.9855430694008512E-3	4.6790772929303642E-3	1.034866202396093E-2	2.148084022856463E-2	4.1846718083765902E-2	7.6509368706930522E-2	0.1312837310811692	0.21142205032074882	0.31954551512910329	0.45327132963180333	0.6034299340986734	0.75394302474371233	0.88408349335230041	0.97295132388694971	1.0049212311234657	0.97412795599305668	0.8862231071262423	0.75668166172755202	0.60635424915257063	0.45601876988815798	0.32187117777662866	0.21321832956423969	0.13255925695478663	7.7346143133628031E-2	4.2355551498361503E-2	2.1768329188762241E-2	1.049984598736602E-2	4.7531753731575475E-3	2.0194254481499668E-3	8.0522062103588628E-4	3.0133184366327938E-4	1.0583230286108463E-4	3.4884663715195414E-5	1.079180060019227E-5	3.1332594689160416E-6	8.5377195793042621E-7	2.1833858371696411E-7	5.2403726144921609E-8	1.1804209941429009E-8	2.495483820790095E-9	Mean 	-0.69904761904761903	-0.69904761904761903	0	1.0049212311234657	Mean - 95%	-1.4731731764163376	-1.4731731764163376	0	0.15011734947647545	Mean + 95%	7.5077938321099436E-2	7.5077938321099436E-2	0	0.15011734947647545	



Operator 7 Distribution  

Normal 	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	2.7741323837837369E-4	5.6034885116968379E-4	1.0952158316745793E-3	2.0713374796873722E-3	3.7906347313506781E-3	6.7124789188015921E-3	1.1501748194391892E-2	1.907017592504831E-2	3.0595352901730214E-2	4.749699760565871E-2	7.1348816219719835E-2	0.10370920604880185	0.14586724163128031	0.19852177737549476	0.26143784950815052	0.33314913778370925	0.41078904014071965	0.49012733684114551	0.56585991134076752	0.63214812163130329	0.6833429210750861	0.71477354672183679	0.72344940859507545	0.70852925047284054	0.67145563924080542	0.61572500440345523	0.54634400103229297	0.4690892608187332	0.38972182311108211	0.31330251700733974	0.24371539622986568	0.18344757320075861	0.13361367198366308	9.4167220441922828E-2	6.4218258907889E-2	4.2376708935455011E-2	2.7058632704271449E-2	1.6718387726858169E-2	9.9952316053475744E-3	5.7823084399143765E-3	3.2368276080858372E-3	Mean	-1.3333333333333324E-2	-1.3333333333333324E-2	0	0.72344940859507545	Mean - 95%	-1.0883358682140658	-1.0883358682140658	0	0.10810177005497427	Mean + 95%	1.061669201547399	1.061669201547399	0	0.10810177005497427	



Operator 8 Distribution  

Normal 	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	3.4450019421908514E-10	4.3897953840988962E-9	4.7924647897042187E-8	4.4826355493938436E-7	3.5922601288998316E-6	2.4663912554287548E-5	1.4508282811280139E-4	7.3118942285239463E-4	3.157211201413236E-3	1.1679848683883682E-2	3.7019508182549343E-2	0.10052727722603715	0.23388213084569795	0.46619757579000776	0.7961645323883827	1.1649183579779863	1.4603198848587677	1.5684127184382828	1.4432200666485877	1.1377965403726409	0.76852235689600479	0.44474210769768829	0.22050571037329994	9.3668006725464367E-2	3.408965162490888E-2	1.0629521005207932E-2	2.8396490733491285E-3	6.4994334022808013E-4	1.2745185773458436E-4	2.14129591791768E-5	3.0822442773193843E-6	3.8011697777920926E-7	4.0163109308467706E-8	3.6357769642896918E-9	2.8198563637815654E-10	1.8737713196674249E-11	1.0667583092218035E-12	5.2032576131674955E-14	2.1744251830643312E-15	7.7852660211054731E-17	2.3881537949235285E-18	Mean 	-0.50380952380952382	-0.50380952380952382	0	1.5684127184382828	Mean - 95%	-0.99975690725141364	-0.99975690725141364	0	0.23431856022244266	Mean + 95%	-7.8621403676340518E-3	-7.8621403676340518E-3	0	0.23431856022244266	



Operator 9 Distribution  

Normal 	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	2.9009394969655902E-3	6.2656114373236997E-3	1.2807853793745261E-2	2.4778635056417506E-2	4.5369763218955333E-2	7.8621941000667286E-2	0.12894637137056825	0.20015323073937472	0.29403850037642176	0.40882167098332983	0.53796216677442277	0.66997357644351196	0.78968107542724597	0.88091478962892722	0.93004548279526877	0.92931423451726303	0.87883856510770597	0.78658151951215061	0.66629489547463483	0.53416736220861971	0.40529974183844281	0.29104719665836659	0.19780562127574416	0.12723364039281609	7.745570169021801E-2	4.4626512362194976E-2	2.4334398582556451E-2	1.2558460457941347E-2	6.1339510092131549E-3	2.8355174144131618E-3	1.2405447924513551E-3	5.1366585343941469E-4	2.0129688675284054E-4	7.4658891114696467E-5	2.6206808036672803E-5	8.7063242016767869E-6	2.7374340064878174E-6	8.1459285473563045E-7	2.2941702825591141E-7	6.1150331916370427E-8	1.5426240675228876E-8	Mean 	-0.75142857142857145	-0.75142857142857145	0	0.93004548279526877	Mean - 95%	-1.5824646201567329	-1.5824646201567329	0	0.13983710696069279	Mean + 95%	7.9607477299590168E-2	7.9607477299590168E-2	0	0.13983710696069279	



Operator 10 Distribution  

Normal 	-2.2000000000000002	-2.1	-2	-1.9	-1.8	-1.7	-1.6	-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.9	-0.8	-0.7	-0.6	-0.5	-0.4	-0.3	-0.2	-0.1	0	9.9999999999999603E-2	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	4.2236668568238439E-12	6.6031928233852624E-11	8.8871024008704552E-10	1.0296942086489625E-8	1.0270657265868182E-7	8.8192181391725178E-7	6.51934273936311E-6	4.1487706163789306E-5	2.2728821317527718E-4	1.0719543386027625E-3	4.3522871330334712E-3	1.5212502873017663E-2	4.5774719134685234E-2	0.1185748500787768	0.26442429871608641	0.50763553934112693	0.83896638126250567	1.1936554309529144	1.4620266175806724	1.5416062470194476	1.3993731109189536	1.0935420025359075	0.73566364382870009	0.42605434637427275	0.2124186220613937	9.1172120429369979E-2	3.3687858536931167E-2	1.0715850227253444E-2	2.9344164338530507E-3	6.9176524446529545E-4	1.4039046476601965E-4	2.4527786999555806E-5	3.6891048729979351E-6	4.7766730689217079E-7	5.3244152068318666E-8	5.1092857631404296E-9	4.2207570341425139E-10	3.0016661890978354E-11	1.8377071911463731E-12	9.6857246200614971E-14	4.3947057373726419E-15	Mean	-0.31461904761904763	-0.31461904761904763	0	1.5416062470194476	Mean - 95% 	-0.81843975786370216	-0.81843975786370216	0	0.23065680800965901	Mean + 95%	0.18920166262560695	0.18920166262560695	0	0.23065680800965901	



Mean Error

Operator 1 	1	-0.14190476190476189	Operator 2 	1	-0.20857142857142857	Operator 3 	1	-7.2857142857142843E-2	Operator 4 	1	-0.38952380952380949	Operator 5 	1	-0.3085714285714285	Operator 6 	1	-0.69904761904761903	Operator 7 	1	-1.3333333333333324E-2	Operator 8	1	-0.50380952380952382	Operator 9	1	-0.75142857142857145	Operator 10	1	-0.31461904761904763	Mean Error (mm)




Standard Deviation  

Operator 1 	1	0.45591248115859956	Operator 2 	1	0.67610861342158424	Operator 3 	1	0.51385934707021585	Operator 4 	1	0.54035614358010398	Operator 5 	1	0.46056797233726232	Operator 6 	1	0.39698746531729151	Operator 7 	1	0.55128335122088845	Operator 8	1	0.25433199150866143	Operator 9	1	0.42617233268110855	Operator 10	1	0.25836959499725876	m




Gradient 

Operator 1 	1	0.8911	Operator 2 	1	0.75129999999999997	Operator 3 	1	0.85489999999999999	Operator 4 	1	0.80559999999999998	Operator 5 	1	0.92290000000000005	Operator 6 	1	1.0021	Operator 7 	1	0.82289999999999996	Operator 8	1	0.99450000000000005	Operator 9	1	0.87270000000000003	Operator 10	1	0.89680000000000004	m
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- requires special curves
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lAmplitude

[ simple to use on smooth
|*_easy to adapt to plane mechanized systems

+ correction for beam size reflectors unreliable in vertical

[Transmit time

[ simple to plot soundpath with respect to probe position on part]
o _reasonable accurate

[ requires access from several sides
o _not all new surfaces will provide good reflection

[TOFD

[ single pass operation
o very accurate
o _not amplitude dependent

o requires B-scan presentation and access to both sides of defect from one surface,

Satellite Pulse

[ uses standard equipment
o _not amplitude dependent

[ not effective at all angles
lo_signals are usually weak

MultiModal Transducer

quick and accurate
not amplitude based

[ probes are expensive Techniques.
l»_Timited characterization possible

Zonal Method Using Focused|,

simple to incorporate into
reduced geometry signals

[ probes expensive Probes mechanized systems
o sizing limited to assigned zone

o _amplitude based





image7.gif
- Trnsmitr & 8 - Rocivsr
R ——

1 Thskaces of the ksl plte

L Sueofthe defct

- T for bl e

0 T for o oo ot (11-12)
L Tine oo daction pth (5141
e i for b vl scha





image8.png
Defect | truesize | Op1 op2 op3 opa ops op6 op7 op8 ops 0p10
A 025 03 05 00 05 00 10 05 10 08 05
] 027 12 12 05 10 00 10 05 10 08 07
c 028 07 10 12 05 00 10 05 10 13 08
[ 04 08 05 10 10 10 12 06 10 15 09
3 04 09 12 10 11 10 14 02 10 16 10
F 05 05 09 10 08 10 11 00 12 10 08
G 052 07 15 11 10 15 09 10 10 09 10
H 055 04 12 08 12 09 05 13 10 16 10
' 07 10 15 09 12 16 20 16 10 22 14
] 098 14 10 08 16 20 19 05 10 18 13
K 112 13 05 10 18 18 10 18 15 20 14
L 115 12 18 13 15 10 22 18 15 20 16
™ 11 16 20 14 15 16 20 05 20 22 16
N 13 17 21 09 20 20 22 17 15 20 17
o 16 15 08 09 15 20 20 12 20 20 16
P 18 11 20 14 3.2 20 24 22 25 25 21
a 21 26 18 23 3.0 25 35 20 20 3.2 25
R 27 22 3.0 3.2 35 25 28 25 35 35 3.0
s 49 55 45 45 44 45 57 42 55 54 49
T 6 60 55 62 55 65 7.0 53 65 67 62
u 75 65 60 63 65 72 80 65 80 69 7.0





image9.png
e
%\
? o





image10.png
Mean Error

Operator Mean Error (mm)

1 -0.14

-0.21

-0.07

-0.39

-0.31

-0.70

-0.01

-0.50

© o |~ o o] s [w |

-0.75

10 -0.31





image11.png
Standard Deviation

Operator

sD

1

0.46

0.68

0.51

0.54

0.46

0.40

0.55

0.25

© o |~ o o] s [w |

0.43

0.26





image12.png
95%

Operator

95%

0.889

1.318

1.002

1.054

0.898

0.774

1.075

0.496

© o |~ o o] s [w |

0.831

0.504





image13.png
Gradient

Operator

R2

0.8911

0.7513

0.8549

0.8056

0.9229

1.0021

0.8229

0.9945

© o |~ o o] s [w |

0.8727

0.8968





image14.png
Correlation Coefficient

Operator

R

1

0.9519

0.9149

0.942

0.9485

0.9476

0.9622

0.9381

0.9839

© o |~ o o] s [w |

0.963

0.9925





image15.jpeg
Probability Of
Detection

100%

920%

Mean

95%;

90/95

Confidence Interval

Size Of
Discontinuity




image16.jpeg
Probability Of
Detection

100%

90%

90/95

2mm 22mm  Discontinuity




