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ABSTRACT

Bullet velocity measurements are critical to the understanding of the performance of firearms

and their ammunition, as well as the ballistic protection of armor materials and systems. This

information is essential to the improvement and advancement of firearms, ammunition, and

armor. The bullet velocity measurement uncertainty supports the rigorous application of these

functions by providing a means for accurate comparison between different laboratories, man-

ufacturers, and users; tracking and assessing the performance history of a product; accurately

assessing external effects (such as environmental) on performance; ensuring performance is

within acceptable tolerances; and comparing the performance of products.
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Introduction

Ballistic chronographs are used to measure the velocity of projectiles (bullets), which is

important for a variety of reasons, such as, but not limited to, developing formulas for

different gunpowders, designing bullet shapes and gun components, and verifying the bal-

listic protection of armor materials and systems. For law enforcement and military appli-

cations, this latter application is of great importance.

Ballistic armor is commonly evaluated using backface deformation, where bullets are

fired at a specified velocity and the indentation in a ballistic witness material caused by the

bullet is measured, as well as by V50 testing, where bullets are shot at different velocities to

estimate the velocity above which half the shots are expected to perforate the body armor

and below which half the shots are not expected to perforate the armor. Therefore, having
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a measurement uncertainty estimate for bullet velocity improves the assessment of armor, the ability to compare the

performance of different armor, and supports accurate comparison of results between different ballistic testing labs.

Although there are many different technologies1–6 (for example, high-speed photography, pulsed x-ray im-

aging, radar, “break cards,” acoustic, magnetic gradient) for measuring bullet velocity, the most common method

uses “light screens,” which are basically large rectangular apertures with a linear array of light emitters on one side

and a linear array of optical detectors on the opposite side. There are at least two light screens per chronograph

(see fig. 1). As the bullet passes through a light screen, it blocks the light incident on one or more detectors of that

light screen, which provides an electrical trigger that indicates the passing of the bullet. The bullet blocks the light

that is incident on the detector, and this change in detector illumination causes the detector circuitry to output an

electrical signal. One electrical signal is generated for each light screen, and the delay between these two signals is

the propagation time of the bullet between the two light screens. The separation between the two light screens is

the distance the bullet has traveled.

Velocity Measurement Uncertainty

The ratio of the distance traveled to the travel time gives the bullet velocity, v:

v =
dtrav
ttrav

(1)

where dtrav is the distance between the two light screens of a chronograph and ttrav is the time that it takes the

bullet to travel from the first light screen to the second light screen of a chronograph. Therefore, uncertainties in

the distance traveled and the propagation time will affect uncertainties in bullet velocity.7,8 The velocity mea-

surement uncertainty, uv , using a linear propagation of uncertainties9 is given by:

uv = v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2dtrav
d2trav

+
u2ttrav
t2trav

s
(2)

FIG. 1

Two light screens of a

chronograph with

separation between light

screens of dtrav.
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where udtrav is the uncertainty in the distance traveled by the bullet and uttrav is the uncertainty in the travel or

propagation time of the bullet between the two light screens. The analysis presented here is similar to that de-

veloped previously,7,10 with the difference here being the use of light screens instead of the reference chronograph.

The udtrav and uttrav will be addressed in the following sections, “Uncertainty in Distance Traveled” and

“Uncertainty in Propagation Time.” An example of the computation of uv is given in the Appendix.

UNCERTAINTY IN DISTANCE TRAVELED

The distance traveled by the bullet is defined by the separation between the two light screens of a chronograph.

This separation can be measured with a tape measure or similar device. The light screens have a finite width, so

the measurement of the separation between the two light screens should be made from the same surface, either the

front or back surfaces. Furthermore, any lack of parallelism between the two light screens will introduce a posi-

tional-dependent uncertainty component to udtrav . To avoid this complicating uncertainty, the separation of the

associated corners between the two light screens should be adjusted to be within the measurement resolution of

the distance measuring device (such as a tape measure). The mean separation, dj, for one corner is as follows:

dj =
ð1 + cLMÞ

Mj

XMj

i=1

dj,i (3)

where dj,i is one of the ith separation measurements of the jth corner (1≤ j≤ 4), cLM is a calibration or correction

factor for the length measuring device, and Mj is the number of separation measurements of the jth corner. The

standard measurement uncertainty, σdj , for a separation for the jth corner is computed using the following:

σdj =
ð1 + cLMÞffiffiffiffiffiffi

Mj
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXMj

i=1

ðdj − dj,iÞ2
vuut

(4)

The uncertainty, udj , in the separation between the jth corner is as follows:

udj =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2
dj
+ u2TM +

1
M2

j

XMj

i=1

ðσ2dj,i c2LM + d2j,iu
2
cLM Þ

vuut
(5)

where uTM is the measurement resolution of the tape measure (which we set to ½ the smallest displayed incre-

ment and, in our case, is about 0.5 mm), ucLM is the uncertainty in cLM , and σdj,i is the standard uncertainty in the

separation measurements. The units of cLM are written in terms of length of correction per unit length, for ex-

ample, mm/m. The average separation, dtrav, between light screens is given by the following:

dtrav =
1
4

X4
j=1

dj (6)

The standard uncertainty, σdtrav , in dtrav is given by the following:

σdtrav =
1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX4
j=1

ðdtrav − djÞ2
vuut (7)
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Additionally, the udtrav is given by the following:

udtrav =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2dtrav +

1
16

X4
j=1

u2
dj

vuut (8)

Other factors may affect the separation between light screens and/or the length of the projectile trajectory

between the light screens, and this includes a non-normal trajectory between the light screens, projectile yaw, and

thermal expansion of the mounts used to hold the light screens. The projectile trajectory may not be perfectly

normal between the light screens, and this causes an effective increase in dtrav, dtrav+, that can be computed using

the following:

dtrav+ =
dtrav
cos θ

(9)

where θ is the angle, in radians, from normal that the projectile travels. To include these effects, the uncertainty,

udtrav+ , in dtrav+ is described by the following:

udtrav+ =
dtrav
cos θ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2dtrav
d2trav

+ tan2θu2θ + u2TE + u2yaw

s
(10)

where uθ is the uncertainty in the projectile aim, uTE is the uncertainty in the separation of the light screens due to

thermal expansion of their common mounting system,10 and uyaw is the uncertainty in the length of the bullet due

to yaw,10 which effectively causes the bullet longitudinal section to decrease. The value of uTE, from
10 is less than

0.05 mm for a 1 m separation of light screens mounted on a steel system for a 4°C temperature difference between

the calibration and ballistic measurement events, and this is the value that we use in our measurement uncertainty

calculation. The value of uyaw, from
10 is less than 0.5 mm for less than a 20° yaw angle. We attribute this un-

certainty to the uncertainty in the separation of the light screens. Table 1 summarizes the uncertainty contri-

butions to udtrav+ .

UNCERTAINTY IN PROPAGATION TIME

The propagation time (or travel time) between light screens measured using a waveform recorder, such as an

oscilloscope, is based on computing the delays between representative instants on the electrical pulses output by

the two light screens. To ensure reproducible measurements of ttrav, specific reference levels instants are chosen.

TABLE 1
Summary table of uncertainty contributions to udtrav+

Uncertainty Description Source Value Type

udtrav+ Uncertainty in actual distance traveled calculation

uθ Uncertainty in projectile angle estimation user defined B

uTE Uncertainty in separation of light screens due to thermal effects estimation user defined B

uyaw Uncertainty in separation of light screens attributed to yaw of the bullet estimation user defined B

udtrav Uncertainty in ideal distance traveled calculation

udtrav Standard uncertainty measurement measured A

udj Uncertainty in separation of light screens calculation

ud̄j Standard uncertainty in set of mean separations measurement measured A

uCLM
Calibration uncertainty estimation user defined B

uCTM
Instrument uncertainty estimation user defined B

σdj,i Standard uncertainty in separation measurement measurement measured A
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The reference level instants are the instants that signal from the electrical pulse changes from a value less than (or

greater than) Aref to a value greater than (or less than) Aref, where Aref is the reference level. The delay between

these reference level instants provides ttrav (see fig. 1):

ttrav = ðtRef ,2 − tRef ,1ÞcTB (11)

where tRef ,1 is the reference level instant for the pulse from the first light screen, tRef ,2 is the reference level instant

for the pulse from the second light screen, and cTB is the timebase correction factor that accounts for timebase

expansion or contraction relative to the ideal. The uncertainty, uttrav , in ttrav, is given by the following:

uttrav =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2TBðu2tRef ,1 + u2tRef ,2Þ + ðtRef ,2 − tRef ,1Þ2u2cTB

q
(12)

where utref ,1 is the uncertainty in tRef ,1, utref ,2 is the uncertainty in tRef ,2, and ucTB is the uncertainty in the timebase

correction factor. Table 2 summarizes the uncertainty contributions to uttrav .

The tRef ,i is determined by first identifying the two waveform values, A-,i and A+,i, that bound the ith refer-

ence level, Aref,i, then identifying the sampling instants, t-,i and t+,i, corresponding to A-,i and A+,i, and finally

linearly interpolating between t-,i and t+,i to estimate the instant at which the reference level occurred. Since the

outputs of the light screens for percent reference levels between 10 % and 90 % is linear, linear interpolation is

valid. This process can be summarized by the following:

tRef ,i = t−,i + Δti (13)

where t-,i is the sampling instant that occurred before tRef ,i, i= 1 or 2, and Δti is the interval between t-,i and tRef ,i.

The uncertainty in tRef ,i can then be computed using the following:

utref ,j =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2t−,i + u2Δti

q
(14)

where ut−,i is the uncertainty in t-,i and uΔti is the uncertainty in Δti. The Δti is given by the following:

Δti =
t+,i − t−,i
A+,i − A−,i

ðARef ,i − A−,iÞ (15)

where t+,i is sampling instant that occurred after tRef ,i, A-,i is the signal amplitude at t-,i, A+,i is the signal amplitude

at t+,i, and ARef,i is the reference level. The uncertainty, uΔti , in Δti is given by the following:

uΔti = Δti

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðu2t+,i + u2t−,iÞ
ðt+,i − t−,iÞ2

+
u2A+,i

+ u2A−,i

ðA+,i − A−,iÞ2
+

ðu2ARef ,i
+ u2A−,i

Þ
ðARef ,i − A−,iÞ2

s
(16)

TABLE 2
Summary table of uncertainty contributions to uttrav

Uncertainty Description Source Value Type

uttrav Uncertainty in travel time calculation

utRef ,i Uncertainty in ith reference level instant calculation

ut−,i Uncertainty in ith sampling instant before tRef,i measurement jitter A

uΔti Uncertainty in incremental sampling interval see Table 3

ucTB Uncertainty in timebase correction factor measurement measured A
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where ut+,i is the uncertainty in t+,i, uA+,i
is the uncertainty in A+,i, uA−,i

is the uncertainty in A-,i, and uARef ,i
is the

uncertainty in ARef,i. The ut−,i and ut+,i are caused by the measurement system jitter, which is described using σjit.

The ARef,i is computed using the following:

Aref ,i = Slo,i + AS,i%Ref Lev (17)

where Slo,i is the base (or low) state of the waveform (see fig. 2), %RefLev is the user selected reference level that

will be used to determine the tRef,i, and AS,i is the amplitude of the ith waveform. The AS,i is given by the following:

As,i = Shi,i − Slo,i (18)

where Shi,i is the high state of the waveform (see fig. 2). The uARef ,i
can be computed using the following:

uARef ,i
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2Slo,i +%Ref Lev2ðu2Slo,i + u2Shi,iÞ

q
(19)

where uSlo,i is the uncertainty in Slo,i and uShi,i is the uncertainty in Shi,i. Both of these uncertainties are described by

measurement noise, which is σn. The uARef ,i
can thus be rewritten as follows:

uARef ,i
= σn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + 2%Ref Lev2

q
(20)

Because the reference levels are a percentage of AS, the amplitude gain and offset of the waveform recorder

input channels do not affect uSlo and uShi . Table 3 summarizes the uncertainty contributions to uΔti .

FIG. 2

Light screen output

pulse.
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Summary

An uncertainty analysis for bullet velocity measurements using commercially available light screens and a waveform

recorder has been described. The velocity measurement uncertainty analysis illuminates the measurement variables

that have the greatest effect on velocity measurement uncertainty and this information can be used to improve the

velocity measurement process. This analysis will benefit the test laboratories that perform ballistic testing, assist armor

manufacturers and users to improve and understand the performance of armor materials and systems, and aid the

ammunition and weapons manufacturers and developers in their efforts to improve product performance.

Appendix: Uncertainty Computation Example

A typical example for the estimate of a bullet velocity measurement uncertainty, uv, (using equation (2)) is given

here. For a nominal velocity of 435 m/s, a uv of approximately 1.2 m/s is calculated. The details of the uncertainty

calculation are shown below.

1. For udtrav+ , using estimated values for the parameters listed in Table 1, gives (from equation (5))
udj ≈ 1.1 × 10−3 m, and with σdtrav ≈ 1 × 10−3 m, gives (from equation (8)) udtrav ≈ 1.2 × 10−3 m. Using

expected uncertainties for the remainder of parameters listed in Table 1:
• uyaw ≈ 1 × 10−4 m,
• uTE ≈ 1 × 10−3 m,
• uθ ≈ 0.09 radð5°Þ,
and for θ ≈ 0 rad, gives udtrav+ ≈ 1.2 × 10−3 m.

2. For uttrav , using estimated values for the parameters listed in Table 2:
• uΔti ≈ 2.8 × 10−6 s (computed),
• ut−,j = ut+,i ≈ 2 × 10−7 s,
• ucTB ≈ 10−8,
• utRef ,1 = utRef ,2 ≈ 4 × 10−6 s,
and for cTB ≈ 1 (timebase error is not observable at the temporal resolution used for these measurements)
and ðtRef ,2 − tRef ,1Þ ≈ 2.3 × 10−3 s, gives (from equation (14)) utRef ,i ≈ 2.8 × 10−6 s and uttrav ≈ 5.7 × 10−6 s.

3. For uΔti , using estimated values for the parameters listed in Table 3:
• σn ≈ 5 × 10−3 V,
• ut−,j = ut+,i ≈ 2 × 10−7 s,
• uA−,i

= uA+,i
≈ 10−3 V,

and for %Ref Lev = 0.5, ðt+,i − t−,iÞ ≈ 4 × 10−7 s, ðA+,i − A−,iÞ ≈ 0.4V, ðAref ,i − A−,iÞ ≈ 0.2V,Δti ≈
4 × 10−7 s; gives (from equation (20)) uAef ,i

≈ 6.2 × 10−3 V and (from equation (16)) uΔti ≈ 2.8 × 10−6 s.

TABLE 3
Summary table of uncertainty contributions to uΔti

Uncertainty Description Source Value Type

uΔti Uncertainty in incremental sampling interval calculation

ut−,i Uncertainty in ith sampling instant before tRef,i measurement jitter A

ut+,i Uncertainty in ith sampling instant after tRef,i measurement jitter A

uA−,i
Uncertainty in waveform value at ith sampling instant before tRef,i measurement noise A

uA+,i
Uncertainty in waveform value at ith sampling instant after tRef,i measurement noise A

uARef ,i
Uncertainty in ith reference level calculation

σn Standard deviation of waveform amplitudes measurement noise A
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