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1. Abstract
              The Non-Destructive Test (NDT) methods are used for the detection of the flaw in the metal. The capability of the NDT methods is expressed by the metric called as the Probability of Detection (POD), which is stated as a function of crack size through the POD curve. This manuscript thus deals with introduction and history of the Probability of Detection and Sizing method. Furthermore, considering realistic testing data, which contain 21 defect measurements in total and 10 technicians have used the equipment and procedure to perform measurement. Finally through the statistical data, discus about sizing accuracy of the individual technicians, as well as the equipment and procedure. 



2. Introduction
              Ultimate purpose of the course work is through the statistical analysis assess the sizing accuracy of the individual technicians, as well as the equipment and procedure. There are 21 defect measurements of through wall thickness undertaken as part of a larger POD study used to assess the performance of a new ultrasonic thickness gauging procedure. These defects are measured by 10 technicians. The statistical flaw data used for generating normal curve graph and as well as estimated measurement graph for individual operators.












3. Non-Destructive Test

3.1 What is Non-Destructive Test or NDT?
              Non-destructive testing (NDT) is a testing and analysis technique used by industry to evaluate the properties of a material, component, structure or system for characteristic differences or welding defects and discontinuities without causing damage to the original part. NDT is also known as non-destructive examination (NDE), non-destructive inspection (NDI) and non-destructive evaluation (NDE). [1]
· The Non-destructive tests are employed for the finished products.
· The finished product which is under Non-destructive testing will not be subjected to the fracture.
· The Non-destructive test intended to know the internal defects and surface defects of the finished product.

3.2 Non-Destructive Testing Methods
              As mentioned before, NDT intended to know the internal defects and surface defects of the finished product. BUT HOW??????...... So there are so many methods used to test the finished product as listed below.[2]
(1)          Acoustic Emission Testing
(2)          Electromagnetic Testing
(3)          Laser Testing
(4)          Leak Testing 
(5)          Liquid Penetrate Testing
(6)          Magnetic Flux Leakage Testing
(7)          Microwave Testing
(8)          Magnetic Particle Testing
(9)          Radiographic Testing
(10) Thermal/Infrared Testing
(11) Ultrasonic Testing
(12) Vibration Testing
(13) Visual Testing
              We use one of these methods to obtain statistical data. There are many factors which are considering choosing appropriate method such as nature of the flaw, test method used, sensitivity of the test method used, human factor, etc. This statistical data then used for create POD curve.  



4. Detection Uncertainty
              [3]Detection uncertainty relates to whether or not a flaw has been found. This is in itself is a controversial topic. What constitutes a flaw? If we consider that any deviation from a pure condition constitutes a "flawed" item then even the smallest crystal dislocation in a metal structure could be interpreted as a "flaw". Not many (probably not any) components would be considered "unflawed" if the definition was taken to this extreme. Flaw detection must therefore take on some practical considerations. Detection of flaws in NDT is by indirect means and whether or not a flaw is detected therefore depends on a variety of factors. These factors include the nature of the flaw itself, the test method used, the sensitivity of the test method used and human factors.
              Having agreed upon the test method and test protocol, there are four possible outcomes in an inspection of a component. These four options constitute the probability matrix of detection.
1. An item is flawed and the NDT method detects it (True Positive)
2. No flaw exists and the NDT method indicates a flaw present (False Positive)
3. An item is flawed and the NDT method does not detect it (False Negative)
4. No flaw exists and the NDT method has no indication of a flaw (True Negative)
              These are the foundations of the concept of "Probability of Detection" or POD.
              PODs try to assess a minimum flaw size that will be reliably detected by the NDT technique. This is best done by plotting the accumulation of flaws detected against the flaw size of all the flaws "detected" or that produce a response over some threshold. Ideally all flaws over some critical size will be detected and flaws smaller than that are not "detected". The tool most commonly used for POD description is the POD curve. Figure 1 illustrates a POD curve that indicates there is an 80% chance of detecting a flaw 2.2mm high and we can state with 90% confidence that it would not be greater than 3.3mm high. Or conversely we may state that we have a 90% confidence that a flaw 2.2mm high will be detected will not have a POD less than 65%.
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The best way to describe a confidence curve (e.g. 95 %) is to state that: If the actual POD curve were to be reconstructed over and over using the same method and data, then 95% of those constructed curves would be above the confidence curve (i.e. 5% would be below). In other words, we are 95% sure that the REAL POD curve is above the confidence curve.
The confidence level must also consider the effects of the full matrix for POD where we have the potential for false calls. In a set of specimens with known flaws over the minimum required size for detection we can see that a miss of one item could destroy our confidence in the system if a high confidence is required. E.g. if there was a selection of 30 specimens it would require that 28 samples be tested in order to provide assurance that we have we could have a 95% confidence that the results are indicative of the detection capabilities of the test system. However, if we missed a flaw in one of the 28 samples we would no longer have 95% confidence of in the probability of detection.
An example of the population size required to be tested to assess the probability reliability is found at the website http://www.surveysystem.com/sscalc.htm There they explain that the confidence level tells you the larger your sample, the more sure you can be that the test results truly reflect the population distribution. This indicates that for a given confidence level, the larger your sample size, the smaller your confidence interval can be. However, the relationship is not linear (i.e., doubling the sample size does not halve the confidence interval).
Conversely, if we have a large population we need to make a test of many samples to ensure that the results are indicative of the entire population (the calculator at the referenced website indicates 278 samples are required in a population of 1000 to ensure a 95% confidence level).


5. Dimensioning Uncertainty
              Quite a different set of uncertainties exists when an NDT operator is required to provide dimensional information about the flaws detected. Dimensions usually requested include; length, maximum vertical extent, depth below a test surface and position with respect to some X-Y coordinate system.
              NDT uses indirect measurement methods to assess flaw dimensions. Magnetic particle inspection uses the pattern of small particles entrapped in a magnetic field. Eddy current uses coil impedance phase and amplitude information to gauge flaw depth and size. Ultrasonic testing uses arrival times, amplitude and phase information to provide depth, area and nature of a flaw.
              However, even more direct methods can suffer from variation in estimates of dimensions. Handing a vernier calliper to ten people and asking them to provide the three dimensions (length, width, height) of a steel block will still result in a scattering of dimensions being recorded. Variations will result due to; different skill levels with the calliper, measurements at different places along the block surfaces, different pressures used on the calliper actuator and even rounding of readings if the vernier is mechanical instead of digital.
              Analysis of the variations of sizing in NDT becomes important when the results are used with fracture mechanics to assess if a flaw can be allowed to remain in the part or not. Materials' properties are studied in mechanical laboratories to determine the maximum flaw size that will not result in the component failing. This is an important concept for NDT users as it stresses the opposite to what most people ask of NDT. Instead of "What is the smallest flaw a test method can find?" the real concern is, "What is the largest flaw that could be missed by the NDT method?"
              When an NDT operator is asked to make a judgment about the size of the flaw the result is then compared to an allowable dimension chart. But if the NDT method is not exactly accurate then there is some possibility that the dimension estimated by the NDT operator is less than actually exists, i.e. the operator under sizes the flaw. The NDT operator's estimate then results in an underestimate of the severity of the flaw. By an analysis of the sizing technique, the fracture mechanics engineer can incorporate a safety factor in the calculations that provides for the potential that the sizing technique used might undersize a flaw.
              As with POD calculations, the sizing estimates are analyzed using a comparison to results obtained from destructive testing. One such analysis is illustrated in Figure 2. Figure 2 is a plot of the vertical extent of flaws that were sized by destructively examining the test sample and comparing those values to the NDT estimate of vertical extent. Destructive testing involves cutting and polishing or splitting the sample by means of a "nick break" and examining the flaws under a microscope to determine the maximum flaw size. This method too has some variability associated with it. It is the maximum overall value that is generally considered the reference to which the NDT size is compared. An ideal NDT method would plot all the NDT estimates along the line that equals the destructive test sizes. However, a scatter of estimates from the ideal is more typical of NDT methods assigned the task of sizing. This scatter is indicated in Figure 2.
              Figure 2 also incorporates sizing tolerance lines. These are lines parallel to the ideal indicating the error in the size as estimated by NDT compared to the ideal or "assumed" correct size.
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6. Probability of Detection

6.1 What is POD?
              POD – Probability of Detection – is a means of describing how well an inspection procedure can detect the required defects. The chance or probability of detecting a defect will lie somewhere between 0 (no chance of detecting a defect) and 1 (no chance of not detecting a defect). By assigning POD values to a procedure, it is possible to compare the effectiveness of different inspection techniques. Alternatively, POD values can be used as a target which procedures have to be shown to be able to achieve.[4]


6.2 History of POD
               The use of the POD functions as a metric for quantifying the NDE capability has undergone considerable development circa late 1960’s and early 1970’s [5]. In 1969, the National Astronautics and Space Administration (NASA) recognized the need for NDE quantification for design and production of the space shuttle [6, 7]. In order to meet the damage tolerance requirement, NASA appraised NDE reliability based on the largest fl aw, which is possible to be missed rather than the smallest fl aw that is possible to be detected [6, 7]. The need for this transition was felt because detecting the smallest fl aw by NDE method was more cumbersome and less reliable, than detecting the largest fl aw that could be missed by a NDE method. 
              The NASA methodology of quantifying NDE capability was incorporated in the standard NASA-5009 and was soon adopted by the US Air Force (USAF) by issuing the document MIL A-83444 [6, 7]. Thereafter, the concept of the POD was introduced in 1973 and was incorporated into the design requirements for the NASA Space Shuttle program [8]. The NASA POD development project was pioneering work in quantifying the NDE capabilities and was soon accepted as a standard method. 
              The initial plots of POD curves were constructed using moving averages, and manually fitting a curve through these points [9]. Thereafter, large number of methods was formulated to draw the POD curves. The equation POD (a) =  served as the main equation of these methods and binomial statistics was used to calculate the confidence bounds [10]. Nevertheless, this non-parametric method was inadequate as it produced coherent results for a single fl aw size, but often led to the requirement of extremely large sample sizes to obtain reasonable lower confidence bounds on the POD [11]. 
              Thereafter, in 1978 a final report [12] of a large NDE reliability program carried out by the USAF and statisticians based on the logistic regression to analyze hit/miss data was issued [13]. The program was called “Have-Cracks-Will-Travel” and the experimental data from the program included numerous examples of two cracks of approximately equal length having significantly different POD. These results clearly demonstrated that besides crack length, the POD was influenced by many other factors [14]. It is to be noted that the “Have-Cracks-Will-Travel” data was recorded in terms of ‘hit/miss’ only. Based on the analysis of the above data, Berens and Hovey [13] proposed a probabilistic description of POD, “as a curve through the averages of detection probabilities for all cracks of the same length”. They called such a curve as regression curve. The aforementioned approach was documented in an American Society for Testing of Materials (ASTM) Special Technical Publication [14]. 
              It is mentioned in the aforementioned document that log odds models of the POD provides better estimates of the POD with less scatter, as compared to the non-parametric method which used binomial based estimates.
              The next evolution of POD was driven by development of the automated EC which besides ‘hit/miss’ data, allowed the collection of signal response, which may be interpreted as the perceived flaw size (i.e. â vs a” data). A method of estimating the POD function from â vs a” data was presented in [15]. The review of the signal response data indicated that the data was generally linear on a logarithmic scale and the variance was normally distributed around the mean, independent of crack size [16]. Thereafter, Berens showed that ‘log-normal’ or ‘Probit’ was the best fit for the signal response NDE data [8]. 
              Until late 90s the work done by Berens, as published in the ASM Handbook was treated as the main reference standard in the field of POD evaluation [11]. Later, this work was documented into the US Department of Defense (DOD) Handbook for POD studies, which was published in 1999 [17]. The main challenge in the development of POD was to calculate the confidence interval (CI) accurately [18]. Since 2000, several modifications have been suggested for POD CI calculations [17]. Firstly, the CI for ‘hit/miss’ data were considered overly conservative as they were applied simultaneously to all the points on the POD curve. This method of calculating CI was based on the so called Wald Statistic [18]. Later, the likelihood ratio method was recommended as a more accurate method for CI calculations [19]. 
              MIL-HDBK-1823 was revised to include these developments in POD CI calculations and finally MIL-HDBK-1823A (an updated version of MIL-HDBK-1823) was published in 2009 [20]. At present, MIL-HDBK1823A is considered as the state-of-the-art guidance for conducting POD studies by the USAF and other industries.

      6.3 Development towards Computational POD
              Until mid 90s the reliability of NDE inspection had traditionally been evaluated by experimental trials. Since it was a laborious and time consuming task, this led to transition in the POD curve generation philosophy from experimental to computational models, most notably within UK National NDT Centre and also in the USA [21]. 
              In 1989, Gray and colleagues at Iowa State University published a paper reviewing NDE reliability models. The authors concluded that due to the time and economic reasons there is a need to come up with the computational models for predicting the NDE reliability [22]. Later in 1990, Nakagawa, at Iowa State, and Beissner, at Southwest Research Institute, used a novice approach of substituting the experimental flaw signals with the theoretical physical modeling technique [23]. The authors concluded from their work, that computer simulations are possible replacement of a large number of experimental EC measurements to determine POD for the fatigue cracks [23]. 
              Contemporary to the efforts on modeling of POD at Iowa State University, researchers at Harwell Laboratory in Oxford were also pursuing development of computational POD models. Ogilvy in 1993 created a mathematical model to predict the theoretical POD of planar buried defects from conventional ultrasonic pulse-echo inspection [24]. In 1994, Wall and Wedgwood presented a review of the economic benefits to be derived from being able to improve and quantify speed, coverage and reliability of the NDE measurements [25]. 
             In the same year, Schmerr and Thompson at Iowa State University based on their research concluded that modeling of NDE allowed it to be fully integrated in the design and life cycle performance [26]. Two years later in 1996, Meeker, et al. discussed the physical models based on theory of ultrasonic wave scattering that could be used to predict measurements from the flaw signal distributions [27]. In the following year, Wall at the National NDT Centre (NNDTC), Harwell presented a review on modeling of NDE reliability and the application of corrections for human factors [21]. In the same year, an overall review of the POD modeling methodology developed at Iowa State University was presented by Thompson and Meeker [28]. 
              In 1998, Sarkar, et al. combined a deterministic POD model with a statistical model to predict POD at inspection conditions that are different from the original conditions for which experimental data was available [29]. Thereafter in 2001,Meeker, et al. described a novice modeling methodology combining the use of physical modeling and statistical modeling to account for other important factors that are not included in the physical model (e.g., human factors, unavoidable changes in inspection system properties) [30].


7. Analysis of Outcomes
In one Non-Destructive test, 21 flaws are found which are measured by 10 technicians with ultrasonic wall thickness method. Table (1) shows actual defect size as well as size measured by all technicians.
[image: ]Table 1: Given Data

              From given data, first of all, we find ERROR for all defects for all individual operators.

After that, find average of all error as well as Standard Deviation for error (s).




              So, Standard Deviation (s) = .


              Table (2) shows the mean, standard deviation and 95% probability of 10 operators.
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Table 2: Mean, Standard deviation, 95% probability
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Estimated size of operator 4 (mm)



Normal	-1.4	-1.2999999999999996	-1.1999999999999995	-1.0999999999999994	-0.99999999999999967	-0.89999999999999969	-0.79999999999999971	-0.69999999999999973	-0.59999999999999976	-0.49999999999999989	-0.39999999999999991	-0.29999999999999988	-0.19999999999999987	-9.9999999999999853E-2	1.9428902930940254E-16	0.1000000000000002	0.20000000000000021	0.30000000000000027	0.4000000000000003	0.50000000000000022	0.60000000000000031	0.70000000000000029	0.80000000000000027	0.90000000000000013	1.0000000000000002	1.1000000000000003	0.12849092399698603	0.17853874560683011	0.23972792769958215	0.31105050326780909	0.39000422388477995	0.47253484372655652	0.55325390818892617	0.62595234109802245	0.68435929580799226	0.72302480758409537	0.73815633527591473	0.72823178315904979	0.69425182906983862	0.63957364711551912	0.56936427567078751	0.48979685551621649	0.40716261616154792	0.32707392665396962	0.2538926208123008	0.19044972833940194	0.13805011142219498	9.6698400538229673E-2	6.5452757027463698E-2	4.2811724706872972E-2	2.7059740567612376E-2	1.6527632900477009E-2	Range


Operator 5 Sizing Accuracy
Operator 5	
0.25	0.27	0.28000000000000008	0.4	0.4	0.5	0.52	0.55000000000000004	0.70000000000000007	0.98	1.1200000000000001	1.1499999999999997	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	True size	0	8	0	8	True size (mm)

Estimated size of operator 5 (mm)



Normal	-1.1000000000000001	-1	-0.9	-0.8	-0.70000000000000018	-0.6000000000000002	-0.50000000000000011	-0.40000000000000019	-0.30000000000000021	-0.20000000000000018	-0.10000000000000014	-1.3877787807814469E-16	9.9999999999999881E-2	0.19999999999999993	0.29999999999999993	0.4	0.5	0.59999999999999987	0.69999999999999984	0.79999999999999982	0.8999999999999998	0.99999999999999978	1.0999999999999996	1.2	1.3	0.19788873896355633	0.28068494550324685	0.37978992086607738	0.49022338675098909	0.60363010749127577	0.70904538767561209	0.7945174782820229	0.84929614111005236	0.86604632304634932	0.84246015486863512	0.78177880687206935	0.69206150450588244	0.58442901368330913	0.47080939408943057	0.36181348351800913	0.26524710417492325	0.18549953744604503	0.12375458179185114	7.8760056461255251E-2	4.7816416616976588E-2	2.7693274520287019E-2	1.5300226883442529E-2	8.0639477862080103E-3	4.0543741038294636E-3	1.9445817589006467E-3	Range


Operator 6 Sizing Accuracy
Operator 6	
0.25	0.27	0.28000000000000008	0.4	0.4	0.5	0.52	0.55000000000000004	0.70000000000000007	0.98	1.1200000000000001	1.1499999999999997	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	1.9000000000000001	1	2.2000000000000002	2	2.2000000000000002	2	2.4	3.5	2.8	5.7	7	8	True size	0	8	0	8	True size (mm)

Estimated size by operator 6 (mm)



Normal	-1.5	-1.4	-1.2999999999999996	-1.1999999999999995	-1.0999999999999994	-0.99999999999999967	-0.89999999999999969	-0.79999999999999971	-0.69999999999999973	-0.59999999999999976	-0.49999999999999989	-0.39999999999999991	-0.29999999999999988	-0.19999999999999987	-9.9999999999999853E-2	1.9428902930940254E-16	0.1000000000000002	0.20000000000000021	0.30000000000000027	0.4000000000000003	0.50000000000000022	0.60000000000000031	0.70000000000000029	0.80000000000000027	0.90000000000000013	1.0000000000000002	1.1000000000000003	1.2000000000000004	1.3000000000000005	1.4000000000000006	0.13128373108116931	0.21142205032074876	0.31954551512910356	0.45327132963180355	0.60342993409867418	0.75394302474371278	0.88408349335230052	0.9729513238869496	1.0049212311234652	0.97412795599305635	0.88622310712624175	0.7566816617275518	0.60635424915257041	0.4560187698881577	0.32187117777662844	0.21321832956423956	0.13255925695478615	7.7346143133627962E-2	4.2355551498361427E-2	2.1768329188762182E-2	1.049984598736602E-2	4.753175373157538E-3	2.0194254481499564E-3	8.0522062103588498E-4	3.0133184366327884E-4	1.0583230286108463E-4	3.4884663715195481E-5	1.0791800600192214E-5	3.1332594689160315E-6	8.5377195793041879E-7	Range


Operator7 Sizing Accuracy
Size measured by Operator7	
0.25	0.27	0.28000000000000008	0.4	0.4	0.5	0.52	0.55000000000000004	0.70000000000000007	0.98	1.1200000000000001	1.1499999999999997	1.1000000000000001	1.3	1.6	1.8	2.1	2.7	4.9000000000000004	6	7.5	0.5	0.5	0.5	0.60000000000000009	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	True size	0	8	0	8	True size (mm)

Estimated size by operator 7 (mm)



Normal	-1.2	-1.0999999999999996	-0.99999999999999989	-0.89999999999999991	-0.79999999999999993	-0.70000000000000007	-0.60000000000000009	-0.5	-0.4	-0.3000000000000001	-0.20000000000000004	-0.10000000000000003	0	0.1	0.2	0.3000000000000001	0.4	0.5	0.60000000000000009	0.70000000000000007	0.79999999999999993	0.89999999999999991	0.99999999999999989	1.0999999999999996	1.2	7.1348816219719779E-2	0.10370920604880197	0.14586724163128037	0.19852177737549478	0.26143784950815063	0.33314913778370925	0.4107890401407196	0.49012733684114557	0.56585991134076752	0.63214812163130329	0.68334292107508599	0.71477354672183668	0.72344940859507556	0.70852925047284043	0.67145563924080554	0.61572500440345523	0.54634400103229286	0.4690892608187332	0.38972182311108211	0.31330251700733985	0.24371539622986577	0.18344757320075863	0.13361367198366317	9.4167220441922897E-2	6.4218258907889028E-2	Range


Operator 8 Sizing Accuracy
Estimated size by operator 8	
0.25	0.27	0.28000000000000008	0.4	0.4	0.5	0.52	0.55000000000000004	0.70000000000000007	0.98	1.1200000000000001	1.1499999999999997	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	True size 	0	8	0	8	True size (mm)

Estimated size by operator 8 (mm)


Normal
Normal	-1	-0.9	-0.8	-0.70000000000000018	-0.6000000000000002	-0.50000000000000011	-0.40000000000000019	-0.30000000000000021	-0.20000000000000018	-0.10000000000000014	-1.3877787807814469E-16	9.9999999999999881E-2	0.19999999999999993	0.29999999999999993	0.4	0.5	0.59999999999999987	0.69999999999999984	0.79999999999999982	0.8999999999999998	0.99999999999999978	0.23388213084569795	0.46619757579000765	0.79616453238838281	1.1649183579779856	1.4603198848587673	1.5684127184382828	1.4432200666485877	1.1377965403726409	0.76852235689600534	0.44474210769768868	0.22050571037330005	9.3668006725464256E-2	3.408965162490897E-2	1.0629521005207934E-2	2.8396490733491337E-3	6.4994334022808089E-4	1.2745185773458464E-4	2.1412959179176841E-5	3.0822442773194063E-6	3.8011697777921153E-7	4.0163109308467713E-8	Range


Operator 9 Sizing Accuracy
Estimated size measured by operator 9	
0.25	0.27	0.28000000000000008	0.4	0.4	0.5	0.52	0.55000000000000004	0.70000000000000007	0.98	1.1200000000000001	1.1499999999999997	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	True size	0	8	0	8	True size (mm)

Estimated size measured by operator 9 (mm)



Normal	-1.6	-1.5	-1.4	-1.2999999999999996	-1.1999999999999995	-1.0999999999999994	-0.99999999999999967	-0.89999999999999969	-0.79999999999999971	-0.69999999999999973	-0.59999999999999976	-0.49999999999999989	-0.39999999999999991	-0.29999999999999988	-0.19999999999999987	-9.9999999999999853E-2	1.9428902930940254E-16	0.1000000000000002	0.20000000000000021	0.30000000000000027	0.4000000000000003	0.50000000000000022	0.60000000000000031	0.70000000000000029	0.80000000000000027	0.12894637137056825	0.20015323073937469	0.29403850037642171	0.40882167098333011	0.53796216677442288	0.66997357644351274	0.78968107542724619	0.88091478962892711	0.93004548279526866	0.92931423451726258	0.87883856510770553	0.78658151951215027	0.66629489547463461	0.53416736220861938	0.40529974183844258	0.29104719665836626	0.19780562127574389	0.12723364039281573	7.7455701690217968E-2	4.4626512362194865E-2	2.433439858255641E-2	1.25584604579413E-2	6.1339510092131445E-3	2.8355174144131588E-3	1.2405447924513559E-3	Range


Operator 10 Sizing Accuracy
Estimated size measured by operator10	
0.25	0.27	0.28000000000000008	0.4	0.4	0.5	0.52	0.55000000000000004	0.70000000000000007	0.98	1.1200000000000001	1.1499999999999997	1.1000000000000001	1.3	1.6	1.8	2.1	2.7	4.9000000000000004	6	7.5	0.5	0.70000000000000007	0.8	0.9	1	0.8	1	1	1.4	1.3	1.4	1.6	1.6	1.7	1.6	2.1	2.5	3	4.9000000000000004	6.2	7	True size 	0	8	0	8	True size (mm)

Estimated size measured by operator10 (mm)



Normal	-1	-0.9	-0.8	-0.70000000000000018	-0.6000000000000002	-0.50000000000000011	-0.40000000000000019	-0.30000000000000021	-0.20000000000000018	-0.10000000000000014	-1.3877787807814469E-16	9.9999999999999881E-2	0.19999999999999993	0.29999999999999993	0.4	0.5	0.59999999999999987	0.69999999999999984	0.79999999999999982	0.8999999999999998	0.99999999999999978	4.9427689923098907E-2	0.1278329758280155	0.28379845008534416	0.54084357454979515	0.88476485788513548	1.2424490529197554	1.4976966179870932	1.5497571320588233	1.3765689619175112	1.0496072875335412	0.68698971705372458	0.38598299399034097	0.18615754346983138	7.7070405336767997E-2	2.7389820218255836E-2	8.3557464872126286E-3	2.1881438192817601E-3	4.9188208630915591E-4	9.4916274660380035E-5	1.5722257221796166E-5	2.235546176436683E-6	Range


True size	0.25	0.27	0.28000000000000008	0.4	0.4	0.5	0.52	0.55000000000000004	0.7000000000000004	0.98	1.1200000000000001	1.149999999999999	1.1000000000000001	1.3	1.6	1.8	2.1	2.7	4.9000000000000004	6	7.5	0.25	0.27	0.28000000000000008	0.4	0.4	0.5	0.52	0.55000000000000004	0.7000000000000004	0.98	1.1200000000000001	1.149999999999999	1.1000000000000001	1.3	1.6	1.8	2.1	2.7	4.9000000000000004	6	7.5	Operator1	0.25	0.27	0.28000000000000008	0.4	0.4	0.5	0.52	0.55000000000000004	0.7000000000000004	0.98	1.1200000000000001	1.149999999999999	1.1000000000000001	1.3	1.6	1.8	2.1	2.7	4.9000000000000004	6	7.5	0.30000000000000021	1.2	0.7000000000000004	0.8	0.9	0.5	0.7000000000000004	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	Operator2	0.25	0.27	0.28000000000000008	0.4	0.4	0.5	0.52	0.55000000000000004	0.7000000000000004	0.98	1.1200000000000001	1.149999999999999	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	Operator3	0.25	0.27	0.28000000000000008	0.4	0.4	0.5	0.52	0.55000000000000004	0.7000000000000004	0.98	1.1200000000000001	1.149999999999999	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	6.3	Operator4	0.25	0.27	0.28000000000000008	0.4	0.4	0.5	0.52	0.55000000000000004	0.7000000000000004	0.98	1.1200000000000001	1.149999999999999	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	Operator5	0.25	0.27	0.28000000000000008	0.4	0.4	0.5	0.52	0.55000000000000004	0.7000000000000004	0.98	1.1200000000000001	1.149999999999999	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	Operator6	0.25	0.27	0.28000000000000008	0.4	0.4	0.5	0.52	0.55000000000000004	0.7000000000000004	0.98	1.1200000000000001	1.149999999999999	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	1.9000000000000001	1	2.2000000000000002	2	2.2000000000000002	2	2.4	3.5	2.8	5.7	7	8	Operator7	0.25	0.27	0.28000000000000008	0.4	0.4	0.5	0.52	0.55000000000000004	0.7000000000000004	0.98	1.1200000000000001	1.149999999999999	1.1000000000000001	1.3	1.6	1.8	2.1	2.7	4.9000000000000004	6	7.5	0.5	0.5	0.5	0.60000000000000042	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	Operator8	0.25	0.27	0.28000000000000008	0.4	0.4	0.5	0.52	0.55000000000000004	0.7000000000000004	0.98	1.1200000000000001	1.149999999999999	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	Operator9	0.25	0.27	0.28000000000000008	0.4	0.4	0.5	0.52	0.55000000000000004	0.7000000000000004	0.98	1.1200000000000001	1.149999999999999	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	Operator10	0.25	0.27	0.28000000000000008	0.4	0.4	0.5	0.52	0.55000000000000004	0.7000000000000004	0.98	1.1200000000000001	1.149999999999999	1.1000000000000001	1.3	1.6	1.8	2.1	2.7	4.9000000000000004	6	7.5	0.5	0.7000000000000004	0.8	0.9	1	0.8	1	1	1.4	1.3	1.4	1.6	1.6	1.7	1.6	2.1	2.5	3	4.9000000000000004	6.2	7	
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image4.emf
Defect True sizeOperator1Operator2Operator3Operator4Operator5Operator6Operator7Operator8Operator9Operator10

A 0.25 0.3 0.5 0 0.5 0 1 0.5 1 0.8 0.5

B 0.27 1.2 1.2 0.5 1 0 1 0.5 1 0.8 0.7

C 0.28 0.7 1 1.2 0.5 0 1 0.5 1 1.3 0.8

D 0.4 0.8 0.5 1 1 1 1.2 0.6 1 1.5 0.9

E 0.4 0.9 1.2 1 1.1 1 1.4 0.2 1 1.6 1

F 0.5 0.5 0.9 1 0.8 1 1.1 0 1.2 1 0.8

G 0.52 0.7 1.5 1.1 1 1.5 0.9 1 1 0.9 1

H 0.55 0.4 1.2 0.8 1.2 0.9 0.5 1.3 1 1.6 1

I 0.7 1 1.5 0.9 1.2 1.6 2 1.6 1 2.2 1.4

J 0.98 1.4 1 0.8 1.6 2 1.9 0.5 1 1.8 1.3

K 1.12 1.3 0.5 1 1.8 1.8 1 1.8 1.5 2 1.4

L 1.15 1.2 1.8 1.3 1.5 1 2.2 1.8 1.5 2 1.6

M 1.1 1.6 2 1.4 1.5 1.6 2 0.5 2 2.2 1.6

N 1.3 1.7 2.1 0.9 2 2 2.2 1.7 1.5 2 1.7

O 1.6 1.5 0.8 0.9 1.5 2 2 1.2 2 2 1.6

P 1.8 1.1 2 1.4 3.2 2 2.4 2.2 2.5 2.5 2.1

Q 2.1 2.6 1.8 2.3 3 2.5 3.5 2 2 3.2 2.5

R 2.7 2.2 3 3.2 3.5 2.5 2.8 2.5 3.5 3.5 3

S 4.9 5.5 4.5 4.5 4.4 4.5 5.7 4.2 5.5 5.4 4.9

T 6 6 5.5 6.2 5.5 6.5 7 5.3 6.5 6.7 6.2

U 7.5 6.5 6 6.3 6.5 7.2 8 6.5 8 6.9 7


image5.emf
Operator  Error Mean Standard Deviation95% Probability

Operator 1 -0.141904762 0.455912481 0.889029338

Operator 2 -0.208571429 0.676108613 1.318411796

Operator 3 -0.075238095 0.507499941 0.989624886

Operator 4 -0.38952381 0.540356144 1.05369448

Operator 5 -0.308571429 0.460567972 0.898107546

Operator 6 -0.699047619 0.396987465 0.774125557

Operator 7 -0.013333333 0.551283351 1.075002535

Operator 8 -0.503809524 0.254331992 0.495947383

Operator 9 -0.751428571 0.426172333 0.831036049

Operator 10 -0.327619048 0.255927817 0.499059244
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