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Abstract
The work in this report is a joint evaluation of two data sets. The first is a ROC test and the PoD against PoFA will be analysed. The second is a PoS study analysing the performance of two NDT methods (MFL and UT) at how they detect defects on the floor of a storage tank. Each data set was analysed and even though there are a lot of unknowns it was easy to deduce which was the best method for the ROC inspection. However the PoS data sets are not as straight forward. It was concluded in the end that the UT was the more suitable method for detecting the depth that corrosion has reached.   
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1.0 [bookmark: _Toc507415963][bookmark: _GoBack]Introduction
Probability of Detection (POD), Probability of Sizing (POS) and Probability of false alarm (PoFA) are three fundamental analytical tools for determining the effectiveness of NDT methods. 
This report analyses two data sets. The first set is hit/miss data from a Receiver Operating Characteristic (ROC) study using an unspecified NDT method searching for defects in an aircraft wing. There are three sets of data for the ROC, each one using a different but unspecified NDT method. The second set is data gathered from a storage tank floor where one MFL scan and two UT scans where conducted. The data given was on sizing.
The data set for ROC test will be analysed with the aim to determine which NDT method in the is the most effective in relation to probability of detection and probability of false alarm.
The POS set will be analysed to determine which method is more suitable for determining the depth of defects and which operator is more effective in the UT. 

2.0 [bookmark: _Toc507415964]Literate review
Probability of detection was first developed in the late 1960’s to early 1970’s (Schaefer, 2009). NASA played by far the largest role in the early development in 1969. NASA saw the need of NDT for the development for the space shuttle. To be able to accurately analyse the capabilities of each NDT system, NASA created PoD as an analytical tool to accomplish this. (Keprat, 2016).
NASA decided it was best to base the system reliability on “the largest flaw that is possible to be missed, rather than the smallest flaw that is possible to be detected” (Keprat, 2016). The methodology for PoD developed by NASA was incorporated into their standard procedures and the US air force also adopted it in 1973 (Keprat, 2016).
As the NASA PoD method was so successful in evaluation the capabilities of NDT methods, it was soon adopted as standard method globally. 
However, in 1978 the US air force carried out a report highlighting a problem in the method. This was shown on a number of instances in the report when two cracks of similar length could have drastically different PoD. It was concluded that there were “many other” factors at play. To address this problem logarithm-odds for PoD where adopted as they provided better estimates in comparison to the former binomial methods (Keprat, 2016).
PoD has been undergoing constant development ever since its birth. The MIL-HDBK-1823A PoD method was published in 2009 and is currently considered the best and most up to date method by many industries globally (Keprat, 2016).
[bookmark: _Hlk506192345]Probability of size detection is similar to PoD in how it is a good tool for comparing the accuracy and performance of individual human operators. PoS is the analysis of how accurately an operator or a method can measure a defect assuming the defect has already been detected. It is based on the measured size of the defect compared to its true size. (HSE, 2008)As the same for PoD, PoS helps evaluate how effective different types of NDT are for scanning different components and materials. Rather than asking if a sensor can detect a defect or not it instead analyses how accurately it can measure said defect. For example an ultrasonic single crystal sensor projecting an A scan would be quite effective at finding delamination type defects within a flat block of steel. However, it would be poor at measuring the exact size of the defect in comparison to what an ultrasonic phased array probe could do using a B scan. 
Another example being if one human operator was to measure defects closer to its true size than a second human operator then this is a good indicator of the performance of the two. It would suggest that the second operator may not be as experienced or not be as adept with the equipment as the first operator and could require further training. 

[bookmark: _Toc507415965]2.1 Probability of false alarm
Probability of false alarm (PoFA) is a statistical system similar to PoS and PoD that allows engineers to evaluate the performance of different NDT methods. In this case, it shows a systems tendency to throw up false alarms i.e a system detecting a defect when in fact no defect is present. 
There are four categorisations that describe how a system can treat defects (or lack of defects). These are:
· True Positive – This occurs when the system detects a defect that is present
· False Positive – This is the system detecting a defect when in fact no defect is present
· True Negative – This is the system not detecting a defect in a sector where there is no defect
· False Negative – This is the system failing to detect a defect when in fact a defect is present
(F. Fücsök, 2005)
PFA can often to be seen as the opposite to POD. As POD is the quantification of how likely the system will have a true positive, PoFA is the probability of a false positive. They can then be expressed as the following:

(1)

(2)

Where POD is the probability of detection, TP is true positive and FN is false negative (F. Fücsök, 2005). PoFA is the probability of false alarm.














3.0 [bookmark: _Toc507415966]ROC
A Receiver Operating Characteristic (ROC) study is an NDT analytical tool used for determining how good an NDT system can differentiate real signals from defects from background signal noise. It is usually conducted in the form of a PoFA study. As background noise can vary depending on many factors including the NDT method, conditions, surface and so on, then a ROC test is important. The level of noise has a large impact on how accurate an NDT system is. High levels of noise can easily be mistaken for defects while inversely small real defects might not be detected as they will be within the noise itself. (Konchina, 1994)
[bookmark: _Toc507415967]3.1 Methodology
In this section an ROC analysis is undertaken to analyse the effectiveness of three NDT methods. In order to analyse the effectiveness of each method two aspects are taken into consideration. The two aspects are probability of detection (PoD) and probability of false alarm (PoFA). These can be calculated by the following equations;
he formula for probability of detection is as follows:
                                                 					  (3)
Where; Number of true positives is when there is a defect present and the defect is found, the total possibilities for detection is the number of defects in the sample/specimen. The equation gives a direct percentage of how many of the total defects are detected by each method. 
The second variable is probability of false alarm and is found using the following equation:

(4)
Where; number of false positives is the number of defect free sections where there are no defects identified, total number of defect free sections is the number of defect free locations. Similar to the PoD equation this gives a direct percentage showing the likelihood of the method will flag up a false positive, i.e identifying a defect when there is in fact no defect present.

3.1 [bookmark: _Toc507415968]Results

All three methods are compared in the form of an ROC graph using the PoD and PoFA values calculated from the data set. The results are shown in figure 1.

[bookmark: _Toc507412997][bookmark: _Toc507415339]Figure 1 – Graph comparing the PoD and PoFA of each of the three test methods
The NDT method 3 scores the best out of the three. Although method 3 has an equal PoFA as method 2, with a value of 0.18, its probability of detection is significantly greater than either method 2 or 1 at approximately 88% chance of detection against (50% chance of detection from method 2 and 63% chance for method 1). Method 1 scores slightly better than method 2 in PoD, however it has a significantly higher chance of having false positives than either method 2 or 3. 
In conclusion, using the data it is determined that method 3 is the most desirable method to use. For this inspection criteria.





[bookmark: _Toc507415969]4.0 POS of MFL and UT inspections
The second set of results gives sizing data on set of 14 defects in a floor of a storage tank. Three inspections are made of the tank floor. One with a magnetic flux leakage sensor array and the other two with an unspecified ultrasonic method. 
[bookmark: _Toc507415970]4.1Methodology
To get from the raw data to able to accurately visualise the sizing of the different methods, the data must be sorted and analysed. 
Firstly, the error of the sizing measurements where calculated. It is simply subtracting the true depth of the defect by the measured depth. Simply:


(5)
This enables the viewer to see how far off the true depth each individual measurement was. 
To obtain the range of the measurements the standard deviation of the errors is calculated. The standard multiplied by 2 gives the range of results. The larger the range the further the individual data points stray from the trendline. A tighter range shows that the measurements are a lot more consistent with the trendline. 
Next the plus/minus 95% confidence limit is put in place. This is imply multiplying the standard deviation by 1.96. 
The lower limits and upper limit lines allow the range of the measurements to be visualised clearly. An upper and lower confidence limit is set for each individual measurement. The equation is as follows:


(6)


(7)

Last is the true line. This line simply represents the true size of defects along the entire graph. It is put in place to allow easy comparison of the measured data and how far from the true defect sizes they are.


[bookmark: _Toc507415971]4.2 Results
The results for the MFL and UT differ significantly. As there are many unknowns regarding the test conditions, operators, UT probes used and so on, there are assumptions and speculation involved in the analysis.

[bookmark: _Toc507415972]4.2.1 Magnetic flux leakage


[bookmark: _Toc507412998][bookmark: _Toc507415340]Figure 2 – Graph showing the POS for the MFL inspection method
It is immediately apparent that the MFL inspection method oversized every single defect. This can be easily visualised looking at the true line (yellow) and how all measurement points land above it. The standard deviation is ± 4.76% and an average error of 10.73%. 

[bookmark: _Toc507414162][bookmark: _Toc507415325]Table 1 - Data from the MFL test
	Results for MFL test

	Defect
	True Depth
	MFL
	Error
	Lower limit
	Upper limit

	1
	16
	31
	15
	18.6802891
	37.3709109

	2
	21
	29
	8
	23.3232891
	42.0139109

	3
	26
	42
	16
	27.9662891
	46.6569109

	4
	29
	39
	10
	30.7520891
	49.4427109

	5
	31
	41.5
	10.5
	32.6092891
	51.2999109

	6
	32
	46
	14
	33.5378891
	52.2285109

	7
	33
	44.5
	11.5
	34.4664891
	53.1571109

	8
	33.5
	36
	2.5
	34.9307891
	53.6214109

	9
	38
	47
	9
	39.1094891
	57.8001109

	10
	40
	55
	15
	40.9666891
	59.6573109

	11
	42
	51
	9
	42.8238891
	61.5145109

	12
	49.5
	51.5
	2
	49.7883891
	68.4790109

	14
	53
	70
	17
	53.0384891
	71.7291109



The fact that all the defects are oversized suggests that the floor section being scanned was possibly over saturated. MFL sensors rely on gathering data on the amount of flux that leaks from the scanned surface due to loss of material. Depending on the material properties and cross sectional area, a certain amount of flux (Teslas) is required to saturate the material. When the material is properly saturated by process of calibration there should be very little flux leakage. The sensor will always pick up small amounts of flux due to the nature of the sensor and how flux leakage occurs around other areas of the MFL circuit (demonstrated in figure3). Even though the wall being scanned is very close to perfect saturation the sensor still picks up small amounts of flux radiating from the areas at each end of the magnetic bridge. 
[image: ]Flux Sensor

[bookmark: _Toc507412999][bookmark: _Toc507415341]Figure 3 – Screenshot from the FEMM software package showing flux density around the sensor
It is possible that due to operator error or an inconsistent tank floor thickness, that over saturation may have occurred. This would throw out additional flux which would show up on the sensor at a size larger than the true size and could explain why the MFL is consistently oversizing all the defects.
Another factor to consider is that both methods are only measuring for depth of the defect. Two defects may both have the same depth but differing widths, this can be visualised in figure 4. If using MFL then two different readings would be given off by each defect as a greater volume of material is absent from the longer defect. However, the UT results would be the same in respect to depth of the defect.
[image: ]
[bookmark: _Toc507413000][bookmark: _Toc507415342]Figure 4 – Crude diagram showing two defects with the same depth through the material but different lengths

[bookmark: _Toc507415973]4.2.2 Ultrasonic 
Operator 1 for the ultrasonic testing undersized all of the defects, the exact opposite to the MFL testing. The average measured depth was undersized by 12% through wall thickness, this can be seen in the graph figure 5. Operator 2 (shown in figure 6) came significantly closer overall to the true size. Over sizing or under sizing the through wall thickness by an average of only 7%.	
The range of both operators is larger than the range of the MFL test. This is likely due to the nature of the inspection method. Assuming that the MFL inspection equipment is of similar design to most other storage tank floor equipment like the Sliverwing 3Di-R (SliverWing, 2017) then there is much less room for variation of results. The Sliverwing 3Di-R in its simplest form a sensor built into a wheeled trolley. The operator simply must have the equipment running and walk with the sensor around the area being evaluated. The data is then compiled automatically by an onboard computer. Ultrasonic testing uses in most cases individual probes, be it single crystal, dual crystal or more advanced probes like phased array. Operator experience has a significant impact on how accurately defects can be sized. Factors that may affect the data include amount of couplet between the probe and face, the way the probe is held on the surface and experience in reading the different scans. The combination of these factors likely explains why there is greater variation in the ultrasonic data comparted to the MFL data. 

[bookmark: _Toc507413001][bookmark: _Toc507415343]Figure 5 – Graph showing the POS for the ultrasonic inspection method for operator 1 


[bookmark: _Toc507414163][bookmark: _Toc507415326]Table 2 - Data from UT with operator 1
	Results for UT Op 1

	Defect
	True Depth
	UT - OpA
	Error
	Lower limit
	Upper limit

	1
	16
	8
	-8
	-7.1212047
	17.6064047

	2
	21
	12
	-9
	-2.4507047
	22.2769047

	3
	26
	8
	-18
	2.2197953
	26.9474047

	4
	29
	15
	-14
	5.0220953
	29.7497047

	5
	31
	24
	-7
	6.8902953
	31.6179047

	6
	32
	24
	-8
	7.8243953
	32.5520047

	7
	33
	16
	-17
	8.7584953
	33.4861047

	8
	33.5
	8
	-25.5
	9.2255453
	33.9531547

	9
	38
	31
	-7
	13.4289953
	38.1566047

	10
	40
	34
	-6
	15.2971953
	40.0248047

	11
	42
	38
	-4
	17.1653953
	41.8930047

	12
	49.5
	32
	-17.5
	24.1711453
	48.8987547

	14
	53
	38
	-15
	27.4404953
	52.1681047




[bookmark: _Toc507413002][bookmark: _Toc507415344]Figure 6 – Graph showing the POS for the ultrasonic inspection method for operator 2





[bookmark: _Toc507414164][bookmark: _Toc507415327]Table 3 - Data from UT with operator 2
	Results for UT Op 2

	Defect
	True Depth
	UT-OpB
	Error
	Lower limit
	Upper limit

	1
	16
	0
	-16
	-8.135463908
	29.34906391

	2
	21
	0
	-21
	-3.852463908
	33.63206391

	3
	26
	30
	4
	0.430536092
	37.91506391

	4
	29
	24
	-5
	3.000336092
	40.48486391

	5
	31
	30
	-1
	4.713536092
	42.19806391

	6
	32
	40
	8
	5.570136092
	43.05466391

	7
	33
	30
	-3
	6.426736092
	43.91126391

	8
	33.5
	28
	-5.5
	6.855036092
	44.33956391

	9
	38
	40
	2
	10.70973609
	48.19426391

	10
	40
	25
	-15
	12.42293609
	49.90746391

	11
	42
	23
	-19
	14.13613609
	51.62066391

	12
	49.5
	39
	-10.5
	20.56063609
	58.04516391

	14
	53
	35
	-18
	23.55873609
	61.04326391




[bookmark: _Toc507415974]4.2.3 Accuracy Comparison

Despite the MFL data being more consistent than the ultrasonic testing, there is good reason to believe that the ultrasonic data is more accurate than the MFL data. There are a number of reasons for this and has already been touched on in section 4.2.1.
The two test methods are fundamentally different in how each collects its data. Both ultrasonic and MFL methods have their strengths and weaknesses. MFL receives its data by measuring flux leakage. The amount of flux leakage is directly proportional to the volume of material lost in the subject material, not the depth the material loss reaches. This makes MFL testing very effective at sizing defects by volume, however less effective at measuring depth. 
Ultrasonic probes work in such a way in which they can effectively measure depth. This owed to speed of sound in the subject material (time of flight). The shorter the time between the transmission of the initial signal and the return signal, the shallower the back wall of the subject material is. A long response time means the deeper the defect/backwall. This fundamental difference in operation means ultrasonic probes are much more effective at measuring depth, in this case how much of the wall thickness has been compromised. This is demonstrated in figure () where there are two defects, each has the same volume of material missing. This would cause the MFL to show each defect to be more similar than they actually are, negating the fact that one is shallow and the other protrudes deeply.
[image: ]
[bookmark: _Toc507413003][bookmark: _Toc507415345]Figure 7 – Simple diagram showing two defects with the same material loss but penetrating different depths
Below in figure 8 shows similar defects (assume that volume of defects are the same) but with UT probes over each. The defect on the left is much shallower than the defect on the right. This means that the sound will take longer to travel to the back wall and reflect back to the probe. Knowing the speed of sound in the test material means that the distance from the surface to the defect can be calculated accurately (depending on equipment used accuracies of 0.5mm are not uncommon). When comparing to the probe on the right, the sound will reflect off the defect much sooner and so the probe will receive the return signal in less time than the probe on the left. This demonstrates again how the UT probes are much more adept at determining depths of defects and in this case percent of wall loss. 

[image: ]
[bookmark: _Toc507415346]Figure 8 - Crude diagram showing the nature of UT distance measurement






[bookmark: _Toc507415975]5.0Conclusion
Even though there were a lot of unknowns in the data a lot of useful information was still be able to be extracted. 
In the ROC data set it was concluded that the unspecified method 3 was the most effective method with the by far the highest PoD and joint lowest PoFA. This indicates that method 3 is least afflicted by noise and thus true defects are more distinguishable and false positives are less likely to be made as mistaking noise for a defect.
In the POS analysis it is concluded that it is more likely that the UT data was more true to life as UT is highly effective at measuring distances from back walls and defects while the MFL is less adept at judging depth and more useful at determining defect size/volume. The MFL yielded more consistent results due to the linear nature of its operation and less room for error.
Out of the two UT operators for POS, it was found that operator A was better than operator B as their results where more consistent. On top of that operator B completely failed to find the first two defects. 
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