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[bookmark: _Toc92814270]Introduction 
This report analyses 10 different operators’ results from a probability of detection study used to assess the performance of a new ultrasonic thickness gauging procedure. 
[bookmark: _Toc92814271]Aims
· Statistically analyse each operators results from the PoD study
· Suggest improvements to procedure and equipment to improve accuracy and repeatability of results




[bookmark: _Toc92814273]Literature Review
The history and development of probability of detection in NDT is well documented in various papers, a brief summary is shown below from HSE report.
Non-destructive Testing (NDT) reliability may be defined as 'the probability of detecting a crack in a given size group under the inspection conditions and procedures specified’. There are of course other similar definitions, but the underlying statistical parameter is the PoD, which has become the accepted formal measure of quantifying NDT reliability. The PoD is usually expressed as a function of flaw size (i.e., length or depth), although in reality it is a function of many other physical and operational parameters, such as, the material, the geometry, the flaw type, the NDT method, the testing conditions, and the NDT personnel (e.g., their certification, education, and experience). Repeat inspections of the same flaw size or the same flaw type will not necessarily result in consistent hit or miss indications. Hence there is a spread of detection results for each flaw size and flaw type, and this is precisely why the detection capability is expressed in statistical terms such as the PoD. An early example of this is illustrated in the paper by Lewis et al (Lewis W H, 1978), who had 60 air force inspectors use the same surface eddy-current technique to inspect 41 known cracks around countersunk fastener holes in a 1.5m length of a wing box. The chances of detecting the cracks increases with crack size, as one might expect, but none of the cracks were detected 100% of the time and different cracks with the same size have quite different detection percentages. PoD functions, for describing the reliability of an NDT method or technique have been the subject of many studies and have undergone considerable development since the late 1960’s and early 1970's, where most of the pioneering work was carried out in the aerospace industry. (D, 1998), (190, AGARD Lecture Series, 1993). In order to ensure the structural integrity of critical components it was becoming more evident that instead of asking the question ‘…what is the smallest flaw that can be detected by an NDT method?’ it was more appropriate, from a fracture mechanics point of view, to ask ‘…what is the largest flaw that can be missed?’. In 1969, a program was initiated by the National Aeronautics and Space Administration (NASA) to determine the largest flaw that could be missed for the various NDT methods that were to be used in the design and production of the space shuttle. The methodology by NASA was soon adopted by the US Air Force as well as the US commercial aircraft industry. In the last two decades many more industries have adopted similar NDT reliability methods based on PoD. Early on in the mid-1970’s, a constant PoD for all flaw types of a given size was proposed and Binomial distribution methods were used to estimate this probability, along with an associated error or ‘lower confidence limit’ as it is often called. Whilst good PoD estimates could be obtained for a single flaw size, very large sample sizes were required to obtain good estimates of the ‘lower confidence limit’ (D, 1982). It is clear that this early assumption about a constant PoD for flaws of a given size, whilst making the probability calculations easier, was too simplistic as different detection percentages were being recorded for the same flaw size. In cases where there was an absence of large sample sizes, various grouping schemes were introduced to analyse the data, but in these cases estimates for the lower confidence limit were no longer valid. In the early to the mid-1980s, the approach was to assume a more general model for the PoD vs. flaw size ‘a’. Various analyses of data from reliability experiments on NDT methods indicated that the PoD (a) function could be modelled closely by either the cumulative 'log-normal' distribution or the 'log-logistic' (or ‘log-odds’) distribution or the cumulative 'log-normal' distribution. (P, 1997) The statistical parameters (e.g., mean, median and standard deviation) associated with the PoD (a) functions can be estimated using standard statistical methods like 'maximum likelihood methods'. (Jacobi Consulting Limited, 2006)
‘Some of the earliest studies of a variety of aspects concerning POD can be found in the development of radar technology during World War II.’ (Jochen H. KURZ., 2012)
Recent developments in the NDT world have go down the simulation route to minimise reliance on practical trials. ‘TWI is therefore also developing methods, called simulation-supported PODs, for reducing this reliance on practical trials through simulation of NDT techniques.’ (TWI, n.d.)
This improvement to non-destructive inspection techniques has been documented in various papers, with the hope of validating the performance of these new techniques. ‘A model-assisted strategy for the design and execution of POD studies has been proposed to help mitigate the validation costs and to improve POD evaluation quality by addressing a wider array of inspection variables . The use of computer and empirical models to address variables that cannot be easily recreated in experimental samples is a significant opportunity.’ (John C. Aldrin, 2009)
‘On the modelling, there is the PoD for ultrasonic corrosion mapping (15), which predicts the PoD theoretically as well as by a simulation approach. Simulated images are brought up on the screen and the inspector can mark where flaws are seen, like a ‘spot the ball’ approach. The data is then analysed in terms of PoD and false calls. There are also PoD models originally developed for the European Space Agency (ESA), which deal with ultrasonic C-scanning and radiography of composite materials. More recent work on modelling PoD includes the Magnetic Flux Leakage method in floor scanners and Eddy Currents for fastener inspection in airframe structures.’ (Jacobi Consulting Limited, 2006)
‘ “Model Assisted Probability of Detection” (MAPOD) approaches that may be useful in determining the probability of detection (POD), a metric for quantifying the performance of non-destructive evaluation (NDE) methods. The limitations of laboratory-based studies to replicate actual field conditions are well-recognized and not limited to the nuclear power industry. Probability of detection estimates based on laboratory studies generally provide ideal environments for performing examinations as compared field settings, which typically will result in non-conservative estimates of POD for field applications. As a consequence of this effort, the authors conclude that use of MAPOD concepts to improve estimates of field NDE performance may require access to certain field data, or alternatively, may require significant laboratory studies to assess the influence of human and environmental shaping factors. If the necessary field data cannot be made available, it is proposed that laboratory efforts will have greater chance of success by focusing on a specific examination technique and component application.’ (RM Meyer, 2014)




[bookmark: _Toc92814274]Analysis 
The statistical analysis of each operator was carried out in Microsoft excel using formulas and in-built functions. Parameters like the mean and standard deviation of the error and detection rate for each sample were initially calculated. This then allowed for analysis of the normal distribution and linear regression for each operator.
[bookmark: _Toc92814275]Operator 1

Figure 2 - Operator 1 linear regression chart

Figure 3 - Operator 1 Normal distribution of errors
Figures 2 and 3 show the errors of operator 1 to be reasonably low, with a mean error of -0.14mm and standard deviation of 0.456mm. From the y=mx+c equation on figure 2, the y intercept is 0.3292 meaning this operator will oversize the error at zero, thus detecting an error where there is not one. The true line in red shows a perfect scenario where the error is zero and each defect measurement is perfectly accurate. This operator oversize’s the defect until about 3mm defect size where from then on, the defect are larger than the measured value.
Figure 3 shows the normal distribution of errors from this operator. The spread is reasonable with a 95% probability of having an error of plus or minus 0.889mm. This could be significant with smaller defects but with larger ones the error is less of the proportion of the overall defect size. 
[bookmark: _Toc92814276]Operator 2

Figure 4 - Operator 2 linear regression chart
[bookmark: _Toc92814277]
Figure 5 - Operator 2 normal distribution of errors
Operator 2 is worse than operator 1 shown from figures 4 and 5, with the mean error being -0.21mm and standard deviation being 0.676mm. Operator 2 also oversize’s errors at below 2.5mm, and under sizes them above this value, but with the error being greater than that of operator 1. The 95% probability of error is 1.318mm, showing this operator to be more inconsistent in accurate defect measurements. 
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Figure 6 - Operator 3 linear regression chart

Figure 7 - Operator 3 normal distribution of errors
Operator 3 has a mean error of -0.07mm and a standard deviation of error of 0.514mm. This shows operator 3 to be slightly more inconsistent than operator 1 but generally the error is lower. Again, following the trend of operators 1 and 2, this operator tends to oversize defects smaller than 2.5mm and oversize them above this value. The 95% probability of error is 1.00mm which is reasonable, it may be significant at lower defect sizes but for larger defects this error is relatively good. Not all defects were detected though, defect 1 of size 0.25mm was not detected.

[bookmark: _Toc92814279]Operator 4

Figure 8 - Operator 4 linear regression chart

Figure 9 - Operator 4 normal distribution of errors
Operator 4 has a mean error of -0.39mm and standard deviation of 0.54mm, with the 95% probability of error being 1.05mm. The mean error is quite high, but the standard deviation is not too bad, the key issue with this operator is the y intercept value of 0.724mm, meaning that a defect of 0.724mm will be detected when there is no defect. This is quite significant and could cause some real issues.

[bookmark: _Toc92814280]Operator 5

Figure 10 - Operator 5 linear regression chart

Figure 11 - Operator 5 normal distribution of errors
Operator 5 has a mean error of -0.31mm and standard deviation of 0.46mm. The 95% probability of error being 0.898mm which is very reasonable. But this operator did not detect all of the defects in the test, the first 3 defects were not detected at all, which is surprising as from figure 10, this operator also oversize’s smaller defects, and the 3 that were not detected were all under 1mm in size. Of the defects measured, the correlation between actual and measured defect size was good.
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Figure 12 - Operator 6 linear regression chart

Figure 13 - Operator 6 normal distribution of errors
Operator 6 had a mean error of -0.70mm and standard deviation of 0.397mm. The 95% probability of error was 0.77mm which is good. This operator, unlike operator 1 through 5, oversized all defects by roughly 0.7mm. This may seem initially like a bad thing but, if you know this oversize offset, with a mean of -0.7mm, you can assume the defect measurement to be pretty accurate if you subtract the offset. This offset may have come from an equipment issue, as opposed to an operator error.
[bookmark: _Toc92814282]Operator 7

Figure 14 - Operator 7 linear regression chart

Figure 15 - Operator 7 normal distribution of errors
Operator 7 had a mean error of -0.01mm and standard deviation of 0.55mm which is very good. The 95% probability of error was 1.075mm which is also reasonable. One defect was not detected by this operator of size 0.5mm. Below defect sizes of 2mm, this operator tends to oversize defects, and then under size them above 2mm size. The normal distribution of these errors is reasonable with a spread not too big.
[bookmark: _Toc92814283]Operator 8

Figure 16 - Operator 8 linear regression chart

Figure 17 - Operator 8 normal distribution of errors
Operator 9 had a mean error of -0.5mm and a standard deviation of 0.254mm. The 95% probability of error was 0.496mm which is very good. Similar to operator 6, this operator oversize’s all defects by roughly 0.5mm. Subtracting the system offset of 0.51mm would give very accurate and consistent results. The spread of errors is also very good, showing the mean error may have arisen from equipment, not the operator. 
[bookmark: _Toc92814284]Operator 9

Figure 18 - Operator 9 linear regression chart

Figure 19 - Operator 9 normal distribution of errors
Operator 9 had a mean error of -0.75mm and standard deviation of 0.426mm, with a 95% probability of error of 0.831mm. This operator oversize’s defects under 7.5mm by quite a significant amount. The y intercept value of 0.97mm is a large value and would mean with no defect present, this operator would detect a defect of 0.97mm which is not good.
[bookmark: _Toc92814285]Operator 10

Figure 20 - Operator 10 linear regression chart

Figure 21 - Operator 10 normal distribution of errors
Operator 10 had a mean error of -0.31mm and standard deviation of 0.258mm with a 95% probability of error of 0.50mm. This operator over sizes defects below about 5mm and over sizes them above this value. The y intercept value 0.49 shows a defect would be detected with the presence of a defect in the material. Despite this, operator 10 is very consistent with a low spread of errors as shown in figure 21. 


[bookmark: _Toc92814286]Conclusions 
From the figures shown in the appendix, you could assume operator 10 to be the best operator because of a reasonable mean error, a good standard deviation of errors and a good 95% probability of error. However, I think operator 8 was the best, with a standard deviation of error of 0.254mm and a 95% probability of error of 0.496mm, the only bad thing appeared to be the mean error of -0.5mm, but this was consistent with the system offset of 0.51mm. The correlation coefficient of 0.984 was the best of all operators. If the system offset was subtracted from each defect measurement, operator 8 would have very accurate and consistent results compared to the real defect sizes. 
I believe this error of 0.5mm came from equipment, not the operator as you could not get as consistent result is the operator was at fault, but the equipment would show the same error each time if it was at fault. Simply recalibrating the equipment may solve this issue, and this could be implemented into the procedure to calibre the equipment each time on a defect of known dimensions. 
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Figure 22 - First 5 Operators analysis in Excel	
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Figure 23 - Analysis of operators 6 through 10 in Excel
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-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.89999999999999902	-0.79999999999999905	-0.69999999999999896	-0.59999999999999898	-0.5	-0.4	-0.3	-0.2	-0.1	0	0.1	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	0.1312837310811692	0.21142205032074882	0.31954551512910329	0.45327132963180333	0.6034299340986734	0.75394302474371233	0.88408349335230141	0.97295132388695027	1.0049212311234657	0.97412795599305591	0.8862231071262423	0.75668166172755202	0.60635424915257063	0.45601876988815798	0.32187117777662866	0.21321832956423969	0.1325592569547864	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	


OP 7


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	TRUE	0	9.5	0	9.5	


Op7 Normal

-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.89999999999999902	-0.79999999999999905	-0.69999999999999896	-0.59999999999999898	-0.5	-0.4	-0.3	-0.2	-0.1	0	0.1	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	1.907017592504831E-2	3.0595352901730214E-2	4.749699760565871E-2	7.1348816219719835E-2	0.10370920604880185	0.14586724163128031	0.19852177737549531	0.26143784950815119	0.33314913778370991	0.41078904014072043	0.49012733684114551	0.56585991134076752	0.63214812163130329	0.6833429210750861	0.71477354672183679	0.72344940859507545	0.70852925047284043	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	


OP 8


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	TRUE	0	9.5	0	9.5	


Op8 Normal

-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.89999999999999902	-0.79999999999999905	-0.69999999999999896	-0.59999999999999898	-0.5	-0.4	-0.3	-0.2	-0.1	0	0.1	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	7.3118942285239463E-4	3.157211201413236E-3	1.1679848683883682E-2	3.7019508182549343E-2	0.10052727722603715	0.23388213084569795	0.46619757579001042	0.79616453238838647	1.1649183579779896	1.4603198848587697	1.5684127184382828	1.4432200666485877	1.1377965403726409	0.76852235689600479	0.44474210769768829	0.22050571037329994	9.3668006725464173E-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	


OP 9


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	TRUE	0	9.5	0	9.5	


Op9 Normal

-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.89999999999999902	-0.79999999999999905	-0.69999999999999896	-0.59999999999999898	-0.5	-0.4	-0.3	-0.2	-0.1	0	0.1	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	0.20015323073937472	0.29403850037642176	0.40882167098332983	0.53796216677442277	0.66997357644351196	0.78968107542724597	0.88091478962892789	0.930045482795269	0.92931423451726269	0.87883856510770508	0.78658151951215061	0.66629489547463483	0.53416736220861971	0.40529974183844281	0.29104719665836659	0.19780562127574416	0.1272336403928159	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	


OP 10


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	TRUE	0	9.5	0	9.5	


Op10 Normal

-1.5	-1.4	-1.3	-1.2	-1.1000000000000001	-1	-0.89999999999999902	-0.79999999999999905	-0.69999999999999896	-0.59999999999999898	-0.5	-0.4	-0.3	-0.2	-0.1	0	0.1	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	4.1487706163789306E-5	2.2728821317527718E-4	1.0719543386027625E-3	4.3522871330334712E-3	1.5212502873017663E-2	4.5774719134685234E-2	0.11857485007877773	0.26442429871608825	0.50763553934112982	0.838966381262509	1.1936554309529144	1.4620266175806724	1.5416062470194476	1.3993731109189536	1.0935420025359075	0.73566364382870009	0.4260543463742717	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	
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