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Abstract – Data from two observation sessions was interrogated: the first from acoustic testing of two sample metals to determine their attenuating properties, and the second from a group of 10 operators to evaluate their performance both individually and as a group. In the first, it was found that the collected data had too much variance to make any determinations of the material characteristics, but trends in the distributions illuminated possible avenues to improve the quality of data collected in future. In the second, individual operator quality was discovered to have less of an effect on the data than two systemic errors which were tentatively identified both as inaccuracies in equipment calibration.

1. INTRODUCTION

In the first half of this report, laboratory work was undertaken in order to determine the ultrasonic attenuation coefficient of two metal samples. In the second half, lab results data concerning the probability of detection and sizing using ultrasonic equipment were provided. In both cases, the results were analysed using statistical methods to determine reliability of the data and, where possible, render judgement on the subjects of the tests themselves.

2. ULTRASONIC ATTENUATION COEFFICIENT

Data was collected using ultrasonic detection equipment on two metal samples: one an unknown mild steel prism and the other a car brake disc. The collected data was then processed via statistical techniques in an attempt to determine material properties of the two samples.
2.1 Apparatus and Setup

The laboratory work was performed using the following equipment:
· Unknown steel prism sample
· Brake disc sample
· 5MHz single crystal ultrasonic probe
· Silverwing D-Scan 705 ultrasonic tester
· Coupling gel
· Analog calipers
The thickness of both the brake disc and prism samples was measured at four locations using the calipers. Then, gel couplant was placed on the relevant sample and ultrasonic measurements were taken at five sites as percentages of screen height. The initial reflection was normalized to just off the top of the screen, as shown in figure 1, and ignored in data collection to eliminate interference from the probe.
[image: ]
Figure 1: Reflection monitor setup

2.2 Results

The results of the sample thickness measurement are shown below in table 1. Table 2 contains the results of the ultrasonic measurements for the prism sample; and table 3, the brake disc sample. The reflections are labelled A1, A2, et cetera; four reflections were measured in the prism sample but only three were retrieved from the brake disc sample as it attenuated too quickly for further measurement.

Table 1: Measured Sample Thicknesses

	
	Prism (mm)
	Brake Disc (mm)

	Location 1
	19.15
	12.6

	Location 2
	19.3
	12.7

	Location 3
	19
	12.6

	Location 4
	19
	12.6



Table 2: Prism Sample Ultrasonic Reflection Amplitudes
	
	A1
	A2
	A3
	A4

	Site 1
	81
	55
	38
	27

	Site 2
	80
	50
	35
	28

	Site 3
	90
	52
	38
	30

	Site 4
	66
	43
	29
	20

	Site 5
	78
	50
	35
	27



Table 3: Disc Sample Ultrasonic Reflection Amplitudes
	
	A1
	A2
	A3

	Site 1
	97
	24
	7

	Site 2
	99
	24
	7

	Site 3
	90
	19
	6

	Site 4
	79
	17
	5

	Site 5
	93
	22
	6



2.3 Calculations
The decibel drop between the reflections was calculated using the formula:
				(1)
Where D is the distance traveled in millimeters, in this case a multiple of the measured sample thickness, A1 is the first reflection considered, and A2 is the furthest reflection considered. Various combinations of reflections were plugged in to formula 1 and the resultant attenuation coefficients are displayed in tables 4 and 5, labeled by the reflection combination that was used in the logged term.
Table 4: Prism Sample Attenuation Coefficients (dB/mm)
	
	A2/A1
	A3/A2
	A4/A3
	A3/A1
	A4/A2
	A4/A1

	Site 1
	-0.088
	-0.084
	-0.078
	-0.086
	-0.081
	-0.083

	Site 2
	-0.107
	-0.081
	-0.051
	-0.094
	-0.066
	-0.080

	Site 3
	-0.125
	-0.071
	-0.054
	-0.098
	-0.062
	-0.083

	Site 4
	-0.097
	-0.090
	-0.084
	-0.093
	-0.087
	-0.090

	Site 5
	-0.101
	-0.081
	-0.059
	-0.091
	-0.070
	-0.080




Table 5: Disc Sample Attenuation Coefficients (dB/mm)
	
	A2/A1
	A3/A2
	A3/A1

	Site 1
	-0.480
	-0.424
	-0.452

	Site 2
	-0.487
	-0.424
	-0.456

	Site 3
	-0.535
	-0.397
	-0.466

	Site 4
	-0.528
	-0.421
	-0.475

	Site 5
	-0.496
	-0.447
	-0.471



The thickness value used in formula 1 was a multiple of the measured sample thickness: 2x for judging between adjacent reflections, 4x when comparing every other reflection, and 6x when calculating the A4/A1 reflections for the prism sample. Since the thickness measurements had some variation, their means were used: 19.11 mm and 12.62 mm, respectively. This introduced some error into the calculations, with the chief concern being that since the distances were multiplied, so too would be the error, making comparisons between distant reflections less reliable than comparisons between adjacent ones.
The effect of this multiplied error was explored by plotting the minimum and maximum values as seen for site 1 of the prism sample in figure 2:

[image: ]
Figure 2: Distance error effect on attenuation coefficient

The lines represent groups between the data points: adjacent reflections on the left, every other reflection in the middle, and first and last reflection on the right. Remarkably, the error does not seem to significantly compound with greater multiplication of the distance measurement—in fact, the error is much less than the differences between the different attenuation coefficients themselves; it is unlikely then that it has any meaningful effect on the reliability of the data.

2.4 Results and DiscussionFigure 3: Normal distribution curves for each combination of reflections in the prism sample


For each combination of reflection comparisons, a normal distribution curve was plotted by using the 5 measurement sites to determine a mean and standard deviation. The curves were then plotted on a common axis for comparison in figures 3 and 4. As can be clearly seen for both samples, the calculated attenuation coefficients were widely variable. However, some general trends in the data can be determined: firstly, with the exception of the A4/A2 curve in figure 3, attenuation coefficients calculated from non-adjacent reflections tended to have narrower distributions than those that were. Secondly, the distribution of the peaks of the curves themselves seems to follow its own normally distributed trend, better illustrated in figure 3 than in 4 because of the greater number of curves calculated.
[image: ]Along with the normal distributions for each combination of reflections, an ‘Average’ curve created by finding the mean of the means of the other distributions was also plotted (dark blue) for both samples. Of note is that this ‘Average’ curve behaves differently between the prism and the brake disc: figure 3 shows a broad distribution while the one in figure 4 behaves quite similarly to the A3/A1 distribution. The reason for this discrepancy in behavior is unclear; it may reflect a lesser overall variance in the brake disc sample data or it may simply be a result of fewer points composing the average.
As for the general trends noticed, the reason that non-adjacent reflection comparisons return narrower distributions may be a result of the greater amplitude difference proportionally decreasing the effect of variances in observed amplitude of the reflection peaks. If such truly is the case, the measurement process might then be optimized by first determining the equipment settings with the most possible observable reflections, then simply measuring the first and last peaks, being sure of course to note the distance traveled.
Though the data itself is widely variable, the distribution of the curve peaks may yet hold some promise: if the normal distributions are indeed themselves normally distributed, such behavior may intimate a more global mean value. In the case of the unknown metal prism, its ‘Average’ mean was determined to be 0.0831 dB/mm or 83 dB/m at 5MHz—which agrees with values found for ferritic-pearlitic medium carbon steel (Ono, 2020). It should also be noted that of all other means, the A4/A1 comparison came the closest to the ‘Average’ mean at 0.0833 dB/mm, supporting the notion that values calculated from widely separated reflections may return more accurate results.

2.5 Conclusion

The collected data are widely variable and not suitable for making determinations regarding material properties of the samples. However, trends in the collected data suggest methods for further refinement: one possible way to obtain data of better quality would be to collect data from many more sites as well as—if applicable—differing sample thicknesses in order to aggregate the determined values into a global ‘Average’ mean. More thickness measurements may be performed as well but do not seem to be of major importance given the comparatively low effect the error has on the determination of the attenuation coefficient, even when multiplied.
[image: ]Perhaps a less labor intensive way to achieve similar results might be to simply maximize the number of reflections observed—as was seen in both samples, values calculated from reflections with maximal amplitude difference between them seemed to have narrower distributions, suggesting a lower overall error. The mean values derived also closely resembled the ‘Average’ mean values computed from many curves. Either way, further work will need to be done before any firm statements can be made about the material properties of the samples.Figure 4: Normal distribution curves for each combination of reflections in the brake disc sample



3. SIZING PROBABILITY
Statistical methods were used to evaluate externally sourced defect size measurement data. The evaluation had two goals: to evaluate the performance of the personnel themselves and to identify any systemic trends that may indicate an issue with the measurement process.

[image: ] Table 6: Operator measurement results

3.1 Provided Data

Ten operators were given 21 defects of known size to measure using ultrasonic equipment. The results of the measurement are displayed above in table 6.

3.2 Calculations

The results from each operator were then tested for linearity against the known defect sizes in a common plot. The resultant graph, which was unreadable due to the numerous data points, was then refined into the plot shown in figure 5. The mean of all measured values was taken for each defect and the estimated standard error calculated via equation 2 below (Wasserman, 2003 pp.101), where σ is the standard deviation and n the number of samples.

					(2)

The calculated standard deviation and error are also displayed in table 7, where it can more clearly be seen that the standard error tends to increase as the defect size grows. This was also somewhat visible in figure 6, which displays the error of each measurement from each operator—errors about the smaller defects seemed to be more closely vertically packed, indicating slightly less variance.
The mean error was similarly plotted in figure 7, again incorporating estimated standard error, and with an attempted linear trend fit.


Table 7: Standard deviation and estimated error
	true size
	mean
	std dev
	std error

	0.25
	0.51
	0.35
	0.11

	0.27
	0.79
	0.37
	0.12

	0.28
	0.80
	0.39
	0.12

	0.40
	0.95
	0.28
	0.09

	0.40
	1.04
	0.37
	0.12

	0.50
	0.83
	0.35
	0.11

	0.52
	1.06
	0.25
	0.08

	0.55
	0.99
	0.36
	0.11

	0.70
	1.44
	0.43
	0.14

	0.98
	1.33
	0.50
	0.16

	1.12
	1.41
	0.47
	0.15

	1.15
	1.59
	0.37
	0.12

	1.10
	1.64
	0.48
	0.15

	1.30
	1.78
	0.38
	0.12

	1.60
	1.55
	0.46
	0.15

	1.80
	2.14
	0.59
	0.19

	2.10
	2.54
	0.55
	0.18

	2.70
	2.97
	0.47
	0.15

	4.90
	4.91
	0.56
	0.18

	6.00
	6.14
	0.56
	0.18

	7.50
	6.88
	0.69
	0.22


[image: ]Figure 6: All operator errors per defect
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Figure 5: Linearity of mean measurements against true size


[image: ]3.3 Results and DiscussionFigure 7: Mean error with line of best fit


The main discernable pattern across the measurements is that the error trends to negative as defect size increases. However, this may be unduly effected by the final error value, seen in the bottom right of figure 7. Following the procedure outlined by Neil Salkind (Salkind 2017, pp 211), the final error value was determined to have a -3.3 z score, which does make it eligible for elimination as an outlier (Bhandari, 2022). Doing so, such as in figure 8, does result in a decreased negative trend; however the trend is still noticeably downward, and the fit of the line becomes worse--likely due to increased emphasis on the erratic data points in the lower defect sizes.Figure 8: Mean error with outlier at defect size 7.5mm removed

[image: ]Given that eliminating the outlier does not eliminate the trend, it seems possible or perhaps even likely that the tendency to oversize small defects and undersize large ones may stem from something systemic rather than from an individual operator. Slope of <1 generally indicates improper monitor calibration—it is likely that the equipment used in measurement was set up with an inaccurate wave velocity figure that was slightly faster than the actual propagation speed within the material.
Indeed, combine improper velocity setting with improper time base zeroing that slightly overestimates size, and such a theoretical calibration describes the trend in the observed measurements quite well. Since this trend is visually noticeable in the raw data such as in figure 6 as well, it is likely that it not a fluke and, if so, it is also likely to be caused by systemic improper calibration.


3.3.1 Individual Evaluation

Though the main source of error seems to be stemming from improper calibration procedure, the individual operators must also be considered. Table 8 contains the mean error, absolute error, and mean absolute error of all operators, calculated according to definitions given in “Absolute Error & Mean Absolute Error (MAE)” (Glen, 2023).

Table 8: Individual Operator Errors
	 
	Mean error
	Absolute error
	Mean absolute error

	Op1
	0.21
	12.62
	0.60

	Op2
	0.07
	8.93
	0.43

	Op3
	0.70
	15.02
	0.72

	Op4
	0.31
	10.18
	0.48

	Op5
	0.39
	12.38
	0.59

	Op6
	0.01
	10.04
	0.48

	Op7
	0.75
	16.98
	0.81

	Op8
	0.50
	10.78
	0.51

	Op9
	0.14
	7.88
	0.38

	Op10
	0.34
	8.49
	0.40



[image: ]Here it becomes obvious which operators are superior; operators 2, 9,  and 10 have the three lowest absolute and mean absolute errors of all ten. However, if a normal distribution is calculated for the absolute error, all those operators who are below the 11.33 mean include operators 2, 4, 6, 8, 9, and 10; or roughly half as expected. Taking only those 6 operators and re-running the processes that generated figures 7 and 8 results in figure 9, which perhaps unsurprisingly still displays the same systemic trends but now notably has larger error—likely the result of decreasing the volume of input data.Figure 9: Mean error of all operators in the lower half of the absolute error distribution

It would seem, then, that the quality of the individual operators effects the outcome less than the previously defined systemic miscalibrations. In fact, were it feasible to increase the number of operators with personnel of similar skill, doing so might result in decreased error. Just as importantly, if it becomes necessary to decrease the number of operators, which specific operators are excluded might not have a significant effect on trends in the data aside from increasing the uncertainty.

3.4 Conclusion

By using statistical analysis on the provided observational data, it was determined that although the individual operators do differ in quality, the main cause of error in the data stemmed from two different improper calibrations of the equipment. Improper time base zeroing caused general overestimation of defect sizes which, while inaccurate, remains nonetheless preferrable to the alternative when considering possible safety standards and regulations of the components observed. Improper wave propagation velocity setting caused a gradual underestimation of defect size as defect size increased. Again considering possible safety regulations, this is the miscalibration which should be addressed first above all.
Additionally, by interrogating the observations from operators individually, it was discovered that excluding operators did not seem to have an effect on the overall trends in the data aside from increasing the uncertainty. It is expected that increasing the number of operators would likewise decrease uncertainty while still leaving the overall trends unaffected.
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image6.emf
Defect true size Op1 Op2 Op3 Op4 Op5 Op6 Op7 Op8 Op9 Op10

A 0.25 0.50 0.50 0.00 1.00 0.00 0.50 0.50 0.80 1.00 0.30

B 0.27 0.73 1.20 0.50 1.00 0.00 1.00 0.50 0.80 1.00 1.20

C 0.28 0.76 1.00 1.20 1.00 0.00 0.50 0.50 1.30 1.00 0.70

D 0.40 0.91 0.50 1.00 1.20 1.00 1.00 0.60 1.50 1.00 0.80

E 0.40 0.98 1.20 1.00 1.40 1.00 1.10 0.20 1.60 1.00 0.90

F 0.50 0.79 0.90 1.00 1.10 1.00 0.80 0.00 1.00 1.20 0.50

G 0.52 1.01 1.50 1.10 0.90 1.50 1.00 1.00 0.90 1.00 0.70

H 0.55 0.96 1.20 0.80 0.50 0.90 1.20 1.30 1.60 1.00 0.40

I 0.70 1.35 1.50 0.90 2.00 1.60 1.20 1.60 2.20 1.00 1.00

J 0.98 1.31 1.00 0.80 1.90 2.00 1.60 0.50 1.80 1.00 1.40

K 1.12 1.37 0.50 1.00 1.00 1.80 1.80 1.80 2.00 1.50 1.30

L 1.15 1.56 1.80 1.30 2.20 1.00 1.50 1.80 2.00 1.50 1.20

M 1.10 1.60 2.00 1.40 2.00 1.60 1.50 0.50 2.20 2.00 1.60

N 1.30 1.73 2.10 0.90 2.20 2.00 2.00 1.70 2.00 1.50 1.70

O 1.60 1.56 0.80 0.90 2.00 2.00 1.50 1.20 2.00 2.00 1.50

P 1.80 2.14 2.00 1.40 2.40 2.00 3.20 2.20 2.50 2.50 1.10

Q 2.10 2.49 1.80 2.30 3.50 2.50 3.00 2.00 3.20 2.00 2.60

R 2.70 2.97 3.00 3.20 2.80 2.50 3.50 2.50 3.50 3.50 2.20

S 4.90 4.87 4.50 4.50 5.70 4.50 4.40 4.20 5.40 5.50 5.50

T 6.00 6.17 5.50 6.20 7.00 6.50 5.50 5.30 6.70 6.50 6.00

U 7.50 6.99 6.00 6.25 8.00 7.20 6.50 6.50 6.90 8.00 6.50
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