Practical Estimation of Uncertainty in Test Velocity Measurements
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Abstract. The velocity of the test projectile is one of the critical measurements when testing armor and other protective equipment for ballistic resistance. Good laboratory practice requires estimating the uncertainty of these measurements, and understanding the sources of that uncertainty is essential to ensuring that test results are correct and repeatable. Velocity measurements, however, are particularly complicated, because they require two independent measurements: the time of flight of the projectile between two measurement points and distance between those points. These measurements may appear to be relatively simple to make, but nuances in how the measurements are made and small variations from ideal test conditions can significantly influence the resulting velocity measurement. In addition, the uncertainty of the velocity measurement will be dependent on both the measurement equipment and how that equipment is used. This work is focused on understanding what factors significantly influence the uncertainty of projectile velocity measurements made with commercial systems of the types that are common in test laboratories. Common sources of measurement errors are considered and their likely influence on the estimated uncertainty is evaluated. The results are intended to provide laboratory personnel with a practical framework in which they can determine what factors they need to consider when assessing the uncertainty of their velocity measurements.


1. BACKGROUND

The velocity of the test projectile is one of the critical measurements when testing armor and other protective equipment for ballistic resistance. Most test methods and performance standards recognize this and set limits for what velocities are acceptable, in addition to other requirements intended to improve the quality and repeatability of the measurements. Significant errors in the velocity measurements can lead to erroneous test results; either causing an acceptable armor design to appear to be deficient, or allowing a deficient design to appear to be acceptable.
	Uncertainty is defined as “...parameter characterizing the dispersion of the quantity values being attributed to a measurand...” [1]. In other words, it can be thought of as both an estimate of the error associated with a particular measurement and providing an estimate of the range of values that true value will be within [2].
	The current version of the performance and testing standard for US law enforcement body armor, NIJ–0101.06 [3], requires that the velocity measurements have a combined uncertainty of less than 1.0 m/s. The more recent ASTM Standard Specification for Indoor Ballistic Test Ranges for Small Arms and Fragmentation Testing of Ballistic-resistant Items, ASTM E3062 [4], does not set any direct accuracy or uncertainty requirements for velocity measurements, but requires that two independent sets of instrumentation provide measurements that are within 3 m/s of each other. This requirement effective limits the random uncertainty associated with each measurement; if the random uncertainty is too great, a significant portion of all test firings will fail to meet this criterion. Measurement errors arising from some forms of systematic errors can influence multiple sets of instrumentation, if they are not fully independent, which can result in measurements with large errors that are not detected by requirements such as those in the ASTM specifications.
	Understanding the sources of the uncertainty in a measurement provides insight that can be used to reduce the uncertainty. In the case of velocity measurements during ballistic testing, a better understanding of the sources of uncertainty in their measurements will allow a test laboratory to reduce that uncertainty in the simplest and most economical way. Reducing the uncertainty will improve the quality of the laboratories measurements and increase the repeatability of the measurements, which should minimize the number of test firings that cannot be used due to inconsistent measurements.


2. ESTIMATION OF UNCERTAINTY

When assessing the uncertainty in a measurand (Y) that is dependent on measurement of multiple quantities (X1, X2, ..., XN) and has a known relationship, i.e. Y = f(X1, X2, ..., XN), then the estimate of the measurand, y, has a combined standard uncertainty, uc(y), which is a function of the individual estimated measurement quantities, xi, and the associated uncertainties, u(xi). By the law of propagation of uncertainty [5, 6] the combined standard uncertainty in the measurement result can be shown to be:

			(1)

	Here, u(xi, xj) is the estimated covariance that is associated with the measured quantities xi and xj. To apply this result to the estimation of bullet velocity using light screens, consider that the relationship between the estimated velocity and the measured quantities is:

			(2)

	Where v is the estimated bullet velocity, l is the estimated length between the start and stop screens, and t is the estimated time of flight for the projectile between the two screens. Applying Equation 1 to Equation 2 yields:

		
		
			(3)

	This result is based on the assumption that the measurements of the length and time are completely independent, so that the estimated covariance, u(l, t), will be zero. This result is essentially the same as that obtained in previously published works [7, 8].
	The uncertainties in the length measurement, u(l), and time measurement, u(t), are composed of a number of uncertainties related to each measurement, as described below. When these individual uncertainty values are not correlated, they may be combined using the root-sum-of-squares method [6]:

			(4)

	The combined uncertainty as expressed in Equation 3 is not simply a function of the individual uncertainties but is dependent on both the length and time. In other words, the uncertainty will depend on the screen spacing and projectile speed. To show this relationship more clearly, consider a measurement system using commercial light screens spaced 1.0 m apart with an estimated length uncertainty, u(l), of 1.5 mm, and a commercial timer that has a (simplified) uncertainty of 3 ppm, or 3 × 10−6 t. The uncertainty associated with each velocity measurement from this system will vary with the projectile velocity and increase as the projectile velocity increases. This uncertainty is plotted as the solid blue line in Figure 1. For this example, the velocity uncertainty meets the NIJ 0101.06 [3] requirements when the test velocities are in the range used to test soft body armor, but when test velocities are increased to the range used to test armors that provide rifle protection the velocity uncertainty exceeds the limit. One approach to meet the test requirements at the higher velocities is to significantly reduce some components of the uncertainty. A simpler approach is to increase the spacing between the light screens (assuming that this can be accomplished without increasing the length uncertainty). The dashed red line plotted in Figure 1 indicates the velocity uncertainty when the screens are spaced 2.0 m apart with the same estimated length uncertainty. In this case the velocity uncertainty meets the NIJ 0101.06 [3] requirements for all test velocities.
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Figure 1. Example system uncertainty for a system with u(l) of 1.5 mm and u(t) of 3 × 10−6 t.


3. FACTORS INFLUENCING UNCERTAINTY

There can be many factors that will influence the uncertainty of a velocity measurement in a laboratory, but for the purposes of this paper three general classes of uncertainty will be considered. Uncertainties in the time measurement, uncertainties due to the system electronics, and uncertainties in the length, or more accurately, the distance traveled by the projectile between when it is sensed by the start and stop screen, will all contribute to the total uncertainty. Each of these will have multiple components that will need to be evaluated.

3.1 Timer Uncertainty

The uncertainty in the measurement of the projectile time of flight, u(t), can have a significant impact on the uncertainty of the velocity measurement, but if a good quality commercial timer is used with an appropriate screen spacing the timer uncertainty should be small. The time uncertainty will still need to be carefully assessed to ensure that it does not have a major impact on the system uncertainty.
	Each timer my have different sources of uncertainty, but typically a timer will have uncertainties due to the timebase, or internal clock, the time resolution of the timer, the measurement error induced by noise in the signals, and channel to channel measurement errors. General purpose commercial timers typically have documentation detailing which of these are important to the particular device, certification sheets that document the calibration values, and may include detailed instructions for estimating the uncertainty associated with a particular measurement. Specific purpose timers may combine some of these sources of uncertainty, and report only a single uncertainty or accuracy value for all measurements. In general, the uncertainty associated with a time measurement will have a component that represents the uncertainties due to the resolution of the timer, limitations of the system electronics, and signal noise, which will be expressed as a time in microseconds or nanoseconds, and a component that represents the uncertainties due to the timebase, including the calibration uncertainty, uncertainty due to aging, and uncertainty due to temperature changes. This second component is typically expressed in parts per million (ppm) or parts per billion (ppb), and must be multiplied by the measured time to determine the uncertainty associated with the measurement.
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Figure 2: Estimated velocity uncertainty with example timers and no length uncertainty (left) and a length uncertainty of 1 mm (right).

	For purposes of an example, and to show how much the time uncertainty can influence the velocity uncertainty, consider two timer systems. The first is a general purpose commercial timer which has a combined system uncertainty (resolution, system noise, etc.) of 2.1 ns and a timebase uncertainty of 1.5 ppm. The second is a low-cost consumer grade timer with an estimated combined system uncertainty of 350 ns and a timebase uncertainty of 40 ppm. The resulting estimated velocity uncertainties are plotted for two cases in Figure 2. In the left plot, the light screens are spaced 1 m apart, and assumed to have no length uncertainty. The uncertainty due to the general purpose timer is quite small at all projectile velocities, while the less accurate consumer timer produces small uncertainties at low velocities, but noticeably larger uncertainties at higher velocities. In the right plot, the same configuration is considered, but the length uncertainty is assumed to be 1.0 mm. In this case, the length uncertainty dominates the result, and the greater uncertainty associated with the lower cost timer is only noticeable at the highest projectile velocities.
	This response is an indication that even relatively low-cost timers may be acceptable for ballistic testing when the screen spacing is sufficiently large. If the projectile velocity is sufficiently high, or the screens are quite close together, higher quality timers are necessary to avoid having the timer uncertainty lead to large velocity uncertainties.

3.1.1 Uncertainties Due to System Electronics

In addition to the uncertainty associated with the timer, there may be significant uncertainties associated with other electronic components in the system. Most light screens or laser break beam systems generate a digital pulse or change the state of a digital signal when the projectile passes. These pulses or state changes are, in theory, an instantaneous change from one signal state (e.g. digital low, or 0 V) to the other (e.g. digital high, or 5 V). In reality, the transition from the starting state to the end state will take a finite time, and the rate of change will vary depending on the design and type of electronic components used. The start of the transition may also be delayed due to the speeds at which the electronic components respond.
	When the response delays and transition times are essentially the same in both screens in a pair, they won’t have an influence on the resulting velocity estimate. If, however, the screens exhibit different delays or transition times, these differences will increase the time uncertainty and potentially cause large errors in the velocity estimate. There are two approaches that can be used to assess the uncertainty due to the screen electronics.
	The more rigorous, and preferred, approach is to measure the delay and transition times for each screen. This will typically require an oscilloscope with sufficient bandwidth. While the procedures will vary for different system designs, the general approach will be to trigger the screens simultaneously or at a known interval, and for each screen measure both the time until the signal begins transition to the new state and the time that the transition takes. The difference in the total time from when a physical artifact passes through the screens and when the trigger signals become close enough to the new state to be detected by the timer will represent the additional time uncertainty from the screens.
	A simpler approach that can be used when the preferred approach is not an option is to carefully configure two or more pairs of screens and appropriate timers. Then record the estimated velocities for a sufficient number of test shots, paying close attention to the differences in the estimates between each set. Switch the order of start and stop screens from one pair, and repeat the test shot sequence, verifying that the differences between pairs do not change. If there is a significant change in the differences in the estimated velocities, there may differences in the screen electronics. Either a different pair of screens should be used, or the cause of the differences investigated using a more rigorous approach. The procedure should be repeated for each pair of screens, swapping the order of the start and stop screens while maintaining the order for the other pairs.

3.2 Length and Alignment Uncertainties

The uncertainty in the length may be due to any of a number of factors. The primary factor will usually be the quality of the measurement of the length between the two screens, but other factors will include how well the screens are aligned, how much the projectile line-of-flight varies from being perpendicular to the screens, how much the projectile yaw changes during flight between the screens, how much the temperature varies between when the spacing is measured and when the test occurs, and how much the temperature at the time the length was measured varied from the calibration temperature of the measuring device.

3.2.1 Screen Spacing and Alignment

When possible, the screen to screen length should be measured directly between the sensing points; however, such a measurement is only possible in a small set of configurations, such as laser break beams used with a projectile that is constrained against out-of-plane motion. For more common systems, such as commercial light screens or break screens, it is necessary to estimate the locations of the planes that the projectile will pass through, and to minimize the uncertainty, it is necessary to know how close these planes are to parallel.
	For many types of commercial light screens, the exact location of the sensing plane will not be known, but it is generally assumed to be at the center of the gap that allows light reach the sensor. The simple, practical approach to positioning the screens is to measure the distances to fiducial points on light screen housing, often the corners of the housing or specific marked points on the housing. In practice, these measurements should be made by multiple people, and, when possible, made with multiple measuring devices (i.e., all measurements should not be made with just one tape measure). The spacing between the screens can then be estimated as the mean of measurements at multiple points, and the standard deviation will represent the uncertainty in the length measurement. There are, however, additional factors that must be considered.
	First, the commercial light screens are mass-produced products, which will not be identical to each other. A simple assessment of two sets of four light screens found that the housing thicknesses varied by about 0.50 mm at points near the corners that were selected as fiducial points. The standard deviation of the measurements was 0.130 mm. For the screens considered, this will be an additional length uncertainty associated with each of the two screen housings, and which will need to be included in the overall length uncertainty.
	Second, the alignment of the screens is quite important. Ideally, the screens should be positioned so that the sensing planes are parallel, and both are perpendicular to the path of the projectile. A single, average distance value does not provide any indication of whether the screens are properly aligned. Instead, measurements at different fiducial points should be considered separately. When possible, if all four corners are not the same distance apart, the screen mounting should be adjusted to minimize the differences, and the resulting alignment remeasured. Once the differences are minimized, the final measurements can be used to calculate the mean distance between the screens, the uncertainty associated with that distance, and estimate the variation in length due to misalignment. The variation due to misalignment can be used to estimate how much additional uncertainty there will be when the projectile line of flight is not at the center of the screens.

3.2.2 Projectile Line-of-Flight

[bookmark: _GoBack]The basic calculation of the velocity from the time and screen spacing assumes that the projectile has traveled in a straight line, perpendicular to the planes of both screens, and following the shortest possible distance. If the projectile instead follows a path at an angle to the intended line of flight, the distance traveled will be longer, which will increase the measured time and result in an estimated velocity that is slower than the actual projectile velocity. The ideal trajectory for a projectile is enter the start screen at the center (in height and width) of the sensing area, and exit the stop screen at its center. When possible, the screens should be positioned and gun aligned such that this occurs. Since not every projectile will follow the exact same path, the laboratory should at least assess the variation in entrance and exit positions for various configurations of barrels and projectiles, to gain an understanding of how close the projectile path is to the desired path.

[image: ]
Figure 3. Estimated error in the distance measurement due to misalignment of the projectile line-of-flight.

	The size of the length variation will small when the offset in the line of flight is small, but, as can be observed in Figure 3, it increases rapidly as the offset increases. When the path is offset by only about 10 mm or less, the length error will be negligible, but if the offset becomes greater than about 20 mm the length error starts to become significant, particularly if the screen spacing is small. This is one source of error and uncertainty that can easily be minimized by careful configuration and alignment of the light screens and other experimental equipment.

3.2.3 Projectile Yaw

Projectile yaw has the potential to be a significant source of uncertainty. As a yawing projectile travels down range, it will rotate about its center of mass, and appear to the measurement instrumentation to become longer or shorter. If the projectile is at the same yaw angle when it passes through the start and stop screens, the yaw will not influence the measurement, but if the yaw angle is significantly different, the apparent change in length of the projectile can significantly influence the measurement result.
	To assess the influence of yaw on the apparent length of the projectile, three common test bullets were considered: the 9 mm FMJ RN, the 7.62 mm NATO FMJ, and the .30-06 M2 AP; all bullets used in the NIJ body armor standard [3]. Digital representations of each of the bullets were rotated about their center of mass, and the resulting projected lengths were analyzed. Three locations were considered: the extreme tip of the bullet nose, the farthest edge of the base, and the first point where the projected width of the bullet exceeded a specified width. Since some common commercial light screen systems specify .17 caliber (4.3 mm) as the minimum projectile size that can be reliably detected, this value was used for analysis.
	The change in the distance from the bullet center of mass to the first point where the projected width exceeded 4.3 mm is plotted for each of the three bullets in Figure 4. When the bullet yaw is quite large, the changes in the projected length can be a significant fraction of the bullet length, and can greatly influence the uncertainty; however, when the yaw is about 5° or less, the change in projected length is negligible. The change in projected length to the first point where the projected width of the 9 mm bullet exceeds 4.3 mm when the yaw is 5° is just 0.035 mm.
	Measuring the projectile yaw just before the start screen and just after the stop screen will allow a laboratory to know whether the yaw is significantly influencing the measurement. As long as the yaw is kept small, or does not change significantly between screens, the uncertainty due to yaw should remain small. If, however, the yaw is not assessed or is found to vary significantly it will be necessary for the laboratory to include the yaw in the uncertainty estimation.
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Figure 4. Estimated change in projected length of projectile from center of mass to tip (left) and estimated detection width (right).
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Figure 5. Change in length with temperature for select materials with 1 m length.

3.2.4 Influence of Temperature

For practical testing, pairs of light screens will need to be mounted in frames and anchored to prevent relative motion. The framing, while preventing gross errors in the screen spacing, will be a source of uncertainty due to how its length changes with temperature. In addition, temperature differences between when the length measuring device was calibrated and when the screen spacing was evaluated can introduce another source of uncertainty. These uncertainties, however, can be mitigated by careful control and monitoring of the temperature in the test range.
	The size of the length variation will depend on the material and the magnitude of the temperature change.  The variations for three common materials, and one less common one, are plotted in Figure 5 for the case of a 1 m long frame. The variation for a longer screen spacing, with a correspondingly longer frame, will be proportionally greater.
	ASTM E3062 [4] sets the allowable temperature for a test range to 20 °C ± 5.5 °C. A particular laboratory could meet this requirement and still have a temperature differential of 11 °C between when the spacing of the light screens was estimated and when a velocity measurement was made. If the framing used was aluminum, with a screen spacing of 1 m, the uncertainty due to the temperature variation would be approximately 0.25 mm.
	The influence of temperature on the measurement tools used to estimate the screen spacing will have a similar uncertainty. Calibrations are typically performed at about 20 °C, and the calibration temperature should be documented on the calibration certification. If the screen spacing is assessed in a range that is at a different temperature, there will be an error due to the change in length of the measuring device.
	The uncertainty from the temperature can be greatly reduced by either tightly controlling the range temperature, by accounting for temperature changes when calculating the velocity, or both. In many cases, the most practical approach will be to assess the screen spacing at a temperature that is close to calibration temperature of the measuring device and then maintain the range temperature to within one or two °C. The range temperature should be regularly measured, and the observed variations used to estimate the effect of the temperature on the length measurements.


4. PRACTICAL ASSESSMENT

A practical assessment of the uncertainty associated with a particular velocity measurement system will consider all of the major sources of uncertainty, but may ignore sources that the laboratory has determined are not significant.  Such an assessment will generally include mitigating the sources of large uncertainty.
	The laboratory should start the assessment by configuring their screens and instrumentation according to the manufacturers' specifications and recommendations.  The timer uncertainty should be estimated according to the documentation, if available.  The laboratory should then begin measuring and assessing the primary sources of length uncertainty, and establishing an appropriate uncertainty budget: a list of the recognized sources of uncertainty and, when known, the estimated values.  The laboratory will generally want to assess the screen spacing and alignment, the variation in path length, how much the temperature will influence the length, and whether projectile yaw will be significant.
	Once an initial set off values has been established, the length uncertainties may be combined using Equation 4.  This result and the timer uncertainty can then be combined using Equation 3 to estimate the uncertainty for a particular velocity measurement.
	If the uncertainty is too great, the laboratory can use the uncertainty budget to guide their decisions regarding what aspects of their system or setup must be adjusted.  Generally, the largest components in the budget will have the greatest influence on combined uncertainty.  In some cases, carefully increasing the screen spacing may be sufficient.  If a temperature related uncertainty is large, the laboratory may choose to improve their climate controls for the range, or use a low coefficient of expansion material in the frame that supports the screens.
	Some sources of uncertainty may not be able to be mitigated.  For example, tests involving projectiles the do exhibit stable flight and routinely tumble may have a large uncertainty associated with the yaw and which may not be preventable.  In such circumstances, the laboratory should document the uncertainty and its source.  Such a condition should not routinely occur with standardized tests that set uncertainty limits.


5. CONCLUSIONS

By carefully assessing the uncertainty associated with the velocity measurements and the sources of those uncertainties, a laboratory can ensure that their velocity measurements meet the requirements of the appropriate test methods, and ensure that their test results are reliable and repeatable. When the sources of uncertainty are understood, the laboratory can make improvements and develop standard procedures that will allow them to minimize the uncertainty.
	The issues discussed above are intended to provide a starting point for a laboratory that is assessing the uncertainty associated with their velocity measurements. Each laboratory should consider what sources of error and uncertainty apply to their particular system, and consider additional sources of uncertainty that are not addressed here.
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