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ABSTRACT
In recent years, more forensic laboratories are seeking accreditation to ISO 17020 and 17025. In the field of firearm and
toolmark forensics, the barrel length and overall length of a firearm are typical measurements performed in the laboratory
to determine if a given firearm meets legal specifications defined in criminal law. An important and sometimes challenging
aspect of reporting measurement results is generating statements of measurement traceability and measurement uncertainty.
A documented procedure for establishing traceability and determining measurement uncertainty is often discussed during
accreditation. In this paper, we provide a case study demonstrating how measurement traceability and measurement
uncertainty are derived for firearm barrel and overall length for the purposes of meeting accreditation criteria. Data and

procedures from a successfully accredited forensic laboratory will be shown.

1.0 Introduction

Since the 2009 NAS report [1], most forensic disciplines have
come under some level of scrutiny. One reaction to the NAS
report has been a growing number of forensic laboratories in
the United States seeking accreditation. They can pursue this
accreditation through various accreditation bodies, such as the
ANSI-ASQ National Accreditation Board (ANAB) and the
American Association for Laboratory Accreditation (A2LA).
Depending on the type of accreditation the laboratory
pursues, measurement uncertainty, metrological traceability,
and proficiency may be important aspects of their laboratory
Quality Management System.

In general, the result of ameasurement is only an approximation
or estimate of the (“true”) value of the measurand (quantity
subject to measurement). A measurement result is therefore
complete only when accompanied by a statement of the
uncertainty of that estimate. Forensic laboratories that are
seeking accreditation must report measurement uncertainties
in conformance with the ISO Guide to the Expression of
Uncertainty in Measurement, from here on referred to as the
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GUM [2]. Applying the general principles in this guide to
a specific type of measurement can prove to be difficult. A
useful document to aid in applying this guide to construct ISO
compliant measurement uncertainty budgets is the document
SOP No. 29 [3], titled Standard Operating Procedure for
the Assignment of Uncertainty. This SOP, produced at the
National Institute of Standards and Technology (NIST),
provides a generalized procedure that forensic practitioners
can follow to evaluate and produce GUM compliant statements
of measurement uncertainty.

Forensic laboratories offer many different services spanning
the various forensic disciplines, including measurements and
analyses for firearms and toolmarks. One of the simplest
in this discipline is determining the barrel length (BL) and
overall length (OL) of a firearm. This information is required
to verify the legal status of a firearm according to criteria set
forth in the National Firearms Act (NFA) of 1934 [4]. The
measurements themselves are simple to make, often using
some type of ruler to perform the measurement, but generating
the measurement uncertainty budget can be challenging. The
general method for establishing measurement uncertainty and
measurement traceability is the same whether you are making
firearm length measurements or trace chemical measurements
on crime scene evidence. In this paper, we briefly discuss
forensic laboratory accreditation, review legal and technical
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aspects of barrel and overall length measurements, summarize
how to calculate a GUM compliant measurement uncertainty
budget, and show experimental data and analyses from an
accredited forensic laboratory that is performing BL and OL
measurements. We demonstrate the NIST SOP No. 29 [3], as
well as a spreadsheet template for calculating measurement
uncertainty.

2.0 Accreditation

Laboratory accreditation is a voluntary means of determining
and recognizing the technical competence of laboratories
to perform specific types of testing, measurement, and
calibration. Two ISO standards exist that forensic laboratories
can seek accreditation to: ISO 17020 [5] and ISO 17025
[6]. They can pursue accreditation to either one or both
standards depending on the scope of services performed at
the laboratory. In forensic related accreditation, ISO 17020 is
geared more towards organizations that perform inspections
(or comparisons) between gathered evidence and some
known specification, such as comparing fingerprints from a
subject and one recovered at a crime scene. In these cases,
professional judgement is exercised to decide whether a set
of samples are from the same source. For laboratories using
analytical or measurement instrumentation to quantify and
identify materials and samples, ISO 17025 is the appropriate
standard, as measurement uncertainty and measurement
traceability would need to be established for measurements
from these instruments.

The main sections of ISO 17025:2005' are Scope,
Normative References, Terms and Definitions, Management
Requirements, and Technical Requirements. The “Technical
Requirements” section is the portion that addresses issues
such as personnel competence, selection of methods,
validation of methods, estimation of uncertainty of methods,
and measurement traceability, which are all factors that help
to assure the validity and reliability of tests and calibrations
performed by the laboratory. It is with reference to this
section that an ISO 17025 accredited forensic laboratory
would provide and maintain documentation showing how
measurement uncertainty and measurement traceability
are established for all accredited measurement activities. A
laboratory that performs BL and OL measurements might best
pursue accreditation to the ISO 17025 standard.

3.0 Firearm Length Measurements

! The case study referenced later in this paper involves a forensic laboratory
that, at the time the accreditation was completed, was accredited to ISO
17025:2005. Therefore, subsequent references to ISO 17025 will refer to
ISO 17025:2005.

3.1 Legal Aspects of BL and OL Measurements

Firearm BL and OL measurements are made relative to
specifications governed by criminal law at federal, state, and
local levels. The NFA sets the regulation limits for BL and OL
for the following weapons; rifles, weapons made from a rifle,
shotguns, and weapons made from a shotgun. According to
criteria listed in the NFA Handbook [7], from the Bureau of
Alcohol, Tobacco, Firearms, and Explosives (ATF), BL and
OL values that cause a firearm to be subject to NFA regulation
(registration and fees) are as follows: a rifle with a BL less
than 16 in (40.64 cm)?, a shotgun with a BL less than 18 in
(45.72 cm), or a weapon made from a rifle or shotgun with the
aforementioned BL values or with an OL that is less than 26
in (66.04 cm).

In most cases, determining whether a firearm BL or OL
complies with NFA limits is straight forward with little need
to consider measurement uncertainty. Firearms will likely
be much shorter or much longer than the NFA specifications.
However, as the measured lengths begin to approach the NFA
specification values, then careful consideration must be given
to measurement uncertainty. A proper statistical treatment,
which is beyond the scope of this paper, is required when
the measured values for BL and OL are within a distance to
the NFA specification values less than or equal to the stated
measurement uncertainty of the measurement. Statistical
approaches for factoring measurement uncertainty into
various decision-making processes have been developed in
various fields [8-10], including forensics. [11,12].

3.2 BL and OL Measurement
3.2.1 Measurand

The first and most important step in making a measurement
is to carefully define or state what is being measured. In
the world of metrology (science of measurement), this
statement is referred to as the measurand. In addition to
defining what is being measured, the measurand definition
also includes any conditions (input quantities) that could
affect the measurement value if not otherwise specified. For
example, unless specified, length measurands are defined at
20°C [13]. If a length is measured at any temperature other
than 20°C, either a correction can be applied to estimate the
length at 20°C or a component of measurement uncertainty

2 The legal documents and case study referenced in this paper use English
units (instead of Metric units) and as a result, length units presented in this
paper will generally be given in English units. When reasonable, the metric
equivalents will be noted parenthetically and insignificant digits in the
conversion may not be shown. For reference purposes, 1 inch is equivalent
to 2.54 cm.
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can be introduced to account for this. If this correction is
not applied to the measured length, then the measurement
uncertainty increases. We further discuss temperature-based
measurement uncertainty in section 4.3.2. The level of detail
in a measurand statement usually depends on the complexity
of the measurement and the required level of accuracy and
precision. In general, when a non-negligible error source is
discovered in a measurement process, it either needs to be
addressed in the measurand or it will need to become part of
the measurement uncertainty.

The NFA provides measurands for BL and OL, including
important conditions, by defining how the measurements
are to be performed. For BL measurements, the measurand
states the condition that the bolt should be closed. If this
were not stated, there would be a great degree of variability
in measuring BL from one laboratory to the next based on
whether an examiner chose to perform the measurement with
the bolt open or the bolt closed. Similarly, the OL definition
states a condition that the measurement should be done on a
line parallel to the axis of the bore. If an OL measurement
were performed along a different axis, a small error (known
as cosine error) would be introduced due to misalignment of
the measurement direction. Cosine error can affect BL in a
similar way. We provide more detail regarding this error in
section 5.1.

3.2.2 Methods

Firearm BL and OL measurements are fairly straight forward
measurements to make. These measurements often include
the use of a ruler-based device. For BL, a common method is
to use a transfer rod. In this approach, something as simple
as a wood dowel rod is inserted in the barrel until it contacts
the closed bolt and a mark is made on the dowel at the muzzle
end of the barrel. The dowel rod is removed, and the BL is
determined by measuring from the end of the dowel to the
mark. Another method to measure BL is to use a graduated
rod. In this case, a direct measurement is made by observing
the graduations at the muzzle end of the barrel. A commercial
version of a graduated rod for BL measurements is called
the “HottRod’”?, shown in Figures 1a and 1b. As this device
will fit inside the barrel, it allows for a direct measurement of
the BL without transferring it to a dowel rod, avoiding some
sources of measurement uncertainty.

3 Certain commercial equipment, instruments, or materials are identified in
this paper in order to specify the experimental procedure adequately. Such
identification is not intended to imply recommendation or endorsement by
the National Institute of Standards and Technology, nor is it intended to imply
that the materials or equipment identified are necessarily the best available
for the purpose.

Figure 1a: A commercial version of a
graduated dowel called the “HottRod” used
for firearm barrel length measurements.

! "'lrrfﬂ"lp

Figure 1b: “HottRod” used to

measure BL of a shotgun.
The simplest way to make an OL measurement is to use a
calibrated ruler. Care must be taken to align the ruler with the
bore axis of the firearm. Figure 2 demonstrates measuring
OL using the edge of a laboratory bench to line up the ruler
to the fircarm bore axis. In this case, the rearmost portion
of the firearm is contacting the left edge of the laboratory
bench and the bore is aligned with the front edge of the bench.
To complete the measurement, the zero mark of the ruler is
aligned with the bench surface that the rearmost portion of the
firearm is touching and the OL is determined by recording the
measurement at the muzzle end of the barrel.

3.2.3 Metrological Traceability

An ISO 17025 accredited laboratory will need to demonstrate
and document that the measurements it performs meet the
requirements for metrological traceability. Metrological
traceability, as defined in the third edition of the International
Vocabulary of Metrology (VIM) [14], is the “property of
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Figure 2: Using a calibrated metal
ruler to measure OL.

a measurement result whereby the result can be related
to a reference through a documented unbroken chain
of calibrations, each contributing to the measurement
uncertainty.” Sometimes calibration reports will state that
measurement results are traceable to NIST or another
national measurement institute (NMI). It is important to note,
however, that traceability is not achieved to a particular NMI
or calibration laboratory, but rather to the International System
of units (SI) (or an acceptable reference standard, where SI
traceability is not possible).

In the case of firearm length measurements, some type of
ruler-based device is often used. To establish metrological
traceability to the SI unit of length (meter) using a ruler-
based device, the device would have to be sent to a certified
calibration laboratory to evaluate errors in the position of
the graduations and provide a calibration certificate with the
respective measurement uncertainties. The instrumentation
that the certified calibration laboratory used to calibrate
the ruler needs to produce traceable measurements with
documented measurement uncertainty. For a forensic
laboratory to demonstrate metrological traceability, it must
be possible to follow the traceability path all the way back
to the SI unit of length. It is also worth noting that even if
metrological traceability is properly demonstrated, it does not
mean that a measurement system will be capable of making
measurements useful for a particular purpose. Evaluating
the applicability or appropriateness of a given measurement
process requires a careful and proper determination of
measurement uncertainty.

3.2.4 Measurement Uncertainty
Measurements are performed for a variety of reasons; 1)

calibrating standards and instruments, 2) maintaining a
quality control system, 3) evaluating tolerances for accepting

and rejecting manufactured products, and of course 4) to
enforce laws and regulations. Inherent to any of these types
of measurements is some degree of uncertainty. Measurement
uncertainty, as defined in the GUM [2], is the “parameter,
associated with the result of a measurement, that characterizes
the dispersion of the values that could reasonably be attributed
to the measurand.” In other words, measurement uncertainty
is a number that expresses the doubt that one has about a
measurement result. A statement of measurement uncertainty
answers two questions about this doubt. First, it gives the
interval within which the possible values of the measurand are
expected to lie. Second, it provides a level of confidence for
this interval. For example, if the OL of a firearm is measured,
the measurement result may be expressed as follows:

OL =30.0+ 0.2 in (at a level of confidence of 95%)
or equivalently in metric units
OL=76.20 £ 0.51 cm (at a level of confidence of 95%)

Here, the measured OL of the firearm is 30 in (76.20 cm), the
uncertainty is 0.2 in (0.51 cm) and the level of confidence is
95%. Effectively, this means that the uncertainty (+ 0.2 in) forms
an interval (29.8 in (75.69 cm) to 30.2 in (76.71 cm)) about the
measurement result (30 in) that covers approximately 95% of
the probability distribution. This interpretation is consistent
with section 6.2.1 of the GUM [2]. In this example, the OL
measurement standard uncertainty is actually 0.1 inch (0.25
cm). Assuming a normal distribution, this equates to a level
of confidence of about 68% for an interval of 0.1 in (+0.25
cm). To go from an approximate 68% level of confidence to
an approximate 95% level, a coverage factor, k=2, is applied.
When this coverage factor is applied, the resultant statement
of uncertainty is referred to as the expanded uncertainty. The
coverage factor will be discussed more in section 4.

It should be stressed that measurement uncertainty and
measurement error are not synonymous. Measurement error
is the difference between a measurement value and a known or
“true” value of the measurand. Where feasible, a measurement
or measurement system should be corrected for all known
sources of error. Uncorrected and/or unknown error sources
lead to measurement uncertainty. Measurement uncertainty
arises from various sources, including but not limited to, 1)
issues in the definition or realization of the measurand, 2)
an incomplete understanding of the effects of environmental
and/or procedural conditions on the measurement, 3) errors
in reading instrumentation, 4) instrument resolution, 5)
uncertainty in values of measurement standards or reference
materials, and 6) sampling issues.

Traditionally, error sources (which cause measurement
uncertainty) are classified as being random or systematic in
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nature. A random error causes a measured quantity to fluctuate
above and below the measurand value. The effect of the error
can be reduced by averaging multiple measurements. In
contrast, a systematic error will cause a measured quantity to
be over- or under-estimated, with the measured values always
on one side of the measurand value. However, the GUM [2]
defines two slightly different concepts, Type A and Type B,
for evaluating errors to determine their contribution to the
overall measurement uncertainty of a given measurement. A
Type A evaluation is conducted through a statistical analysis
of a series of observations. A Type B evaluation relies on
other methods, typically scientific interpretation of available
information, such as data provided in calibration certificates.
These two evaluation methods will be discussed further in
section 4.

Below, we provide an example of applying a generalized
approach (NIST SOP29)to arrive at statements of measurement
uncertainty for firearm BL and OL measurements as part of a
forensic laboratory accreditation to ISO 17025. In conjunction
with SOP 29, we demonstrate using a spreadsheet template to
assist in putting all the necessary values together to calculate
the measurement uncertainties for BL and OL measurements.
In presenting the case study below, we will add our own
commentary, explanations, and clarifications relevant to
achieving the BL and OL statements of measurement
uncertainty. Familiarity with these concepts and terminology
will make it easier to follow our presentation of the material.

4.0 BL and OL Measurement Uncertainty Example

The Forensic Sciences Section of the Montgomery County
Police Crime Laboratory (MCPCL) in Gaithersburg, MD
underwent accreditation to ISO 17025 by the American Society
of Crime Laboratory Directors — Laboratory Accreditation
Board (ASCLD/LAB) in 2017. Since this accreditation,
ASCLD/LAB has merged with ANAB. The scope of this
particular laboratory accreditation covered activities in the
MCPCL Firearms Examination Unit (FEU), including BL and
OL measurements. Documenting measurement traceability
and measurement uncertainty were key elements of this
accreditation. Statements of measurement uncertainty were
produced as a requirement of this accreditation using the NIST
SOP No. 29 as a guide and the ASCLD/LAB Measurement
Uncertainty Estimation Form spreadsheet template to calculate
the measurement uncertainties. This template spreadsheet is
currently unavailable from ANAB. ANAB is in the process of
developing a new set of guidance documents on measurement
uncertainty and measurement traceability, including a new
template measurement uncertainty spreadsheet. A spreadsheet
similar to the one used by MCPCL may be obtained at (https://
www.aafs.org/asb-standard/bpr-060-annex-spreadsheet). This

spreadsheet, adapted from a previously developed template
[15], provides example data (Sheet 1) and component
estimates from a simulated laboratory study to estimate
uncertainty of measurement for OL (Sheet 2) and BL (Sheet
3). As MCPCL worked through the process of gathering
data and documentation and performing analyses to satisfy
accreditation requirements, they also utilized the ASCLD/
LAB document “ASCLD/LAB Guidance on the Estimation
of Measurement Uncertainty — Annex C Firearms/Toolmarks
Discipline Firearms Category of Testing Example — Overall
Length of a Firearm” [16]. This document provides a
nice example of how to implement SOP 29 specifically for
measuring fircarm BL and OL.

The Office of Weights and Measures (OWM), a division in the
Physical Measurement Laboratory (PML) at NIST, produced
and maintains SOP No. 29. The OWM website contains
various legal metrology resources, including a number of
SOPs that calibration and forensics laboratories can download
and implement in their activities. SOP 29 documents a
stepwise approach for generating measurement uncertainty
budgets. The eight steps to be followed are:

1) Specify the measurement process
2) Identify and characterize uncertainty components

3) Quantify uncertainty components in applicable
measurement units

4) Convert uncertainty components to standard
uncertainties in units of the measurement result

5) Calculate the combined uncertainty

6) Expand the combined uncertainty using an appropriate
coverage factor

7) Evaluate the expanded uncertainty against appropriate
tolerances, user requirements, and laboratory capabilities

8) Report correctly rounded uncertainties with associated
measurement results

The MCPCL accreditation covered BL and OL measurements
based on using a graduated rod to measure BL and using a ruler
to measure OL. The measurement uncertainty analyses shown
below will be based on these methods only. MCPCL utilized
three firearms from their Firearms Reference Collection
(FRC), shown in Figures 3a, 3b, and 3¢, to determine their
statements of measurement uncertainty. The following
sections of the paper (4.1 —4.8) provide the details of MCPCL’s
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eight step process. Although measurement uncertainties were
determined for each of the three firearms, MCPCL chose the
largest BL and OL measurement uncertainties (discussed
further in section 5.2), both from firearm FRC #338, as

Figure 3a: MCPCL FRC #221, Gaucho-
Iga, .410 guage (double barrel).
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Figure 3b: MCPCL FRC #223, homemade, 9 mm.
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Figure 3c: MCPCL FRC #338, H&R
M48, 12 gauge (single barrel).
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the basis for the measurement uncertainties it reports as a
laboratory. Consequently, for the sake of brevity, we will
limit our discussion and sample calculations to firearm FRC
#338 in the sections below.

MCPCL created a document titled “Firearms Estimation of the
Uncertainty of Measurement”, which is their implementation
of the SOP 29, containing the eight steps. This document is
included in Appendix A for reference. The beginning of this
document contains four sections prior to starting “Step 17; 1)
“Testing Method Information”, 2)“Measurement Traceability”,
3) “Measurement Assurance”, and 4) “Equipment”. In the
“Testing Method Information” section, the firearms used
to evaluate measurement uncertainty are listed as well as a
statement that 48 individual measurements (16 measurements
per firearm) were made over different days and times. It was
noted that each of the firearms had BL and OL measurements
greater than 11 in (27.94 cm). In the “Measurement
Traceability” section, it is stated that calibrations of measuring
equipment used in BL and OL measurements are made by
external calibration laboratories that meet clause 3.2.2 of
the ASCLD/LAB Policy on Measurement Uncertainty [17].
Section 3.2.2 essentially says that laboratories shall have their
equipment calibrated by external calibration services that are
performed by either a National Measurement Institute (NMI)
or a service supplier accredited to ISO/IEC 17025:2005, with
the relevant calibration listed in their accreditation scope. The
“Measurement Assurance” section briefly notes the planned
measurement assurance activity utilizing a check standard. In
the “Equipment” section, they list three items: 1) a 24-inch
calibrated measuring rod (HottRod), 2) a 36-inch calibrated
steel ruler, and 3) the firearms (Figure 3a, 3b, and 3¢) from
MCPCL’s FRC, used in their measurement uncertainty
analysis.

4.1 Step 1: Specify BL and OL measurement processes

The purpose of SOP 29 “Step 17 is to carefully define the
measured quantity (measurand) in relation to the measurement
uncertainty being evaluated. SOP 29 recommends specifying
the measurand through a quantitative expression or
measurement equation. It is also acceptable to simply express
it in a textual procedure or in a diagram. MCPCL states their
measurands for BL and OL in a textual procedure.

In “Step 1”, MCPCL records the measurand for BL and OL.
The measurand for BL is defined as “the measurable distance
between the breech end to the furthermost end of the barrel
or permanently attached muzzle device of a firearm, on a line
parallel to the axis of the bore”. The measurand for OL is
defined as “the distance between the muzzle of the barrel and
the rearmost portion of the weapon measured on a line parallel
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to the axis of the bore”. Here, they specify that BL will be
measured using a certified and calibrated measuring rod with
1/16"-inch (0.16 cm) graduations. They also specify that OL
will be measured using a certified and calibrated steel ruler
with 1/16%-inch (0.16 cm) graduations. The measurement
ranges are stated not to exceed 24 in (60.96 cm) for BL and
not to exceed 36 in (91.44) cm for OL.

It is in this step that MCPCL addresses and confirms that their
BL and OL measurements will be metrologically traceable
to the SI unit of length, the meter, through the conversion
factor between centimeters and inches, i.e., 1 inch is
equivalent to 2.54 cm, standardized within the United States
in 1959. MCPCL establishes traceability by having their
measuring devices (rulers, metersticks, graduated rods, etc.)
calibrated by external accredited laboratories. The respective
calibration reports provide proof and are a key component
of the documentation required to show traceability. An
important aspect of demonstrating metrological traceability
is showing how various sources of uncertainty, including the
measurement uncertainty from these calibration reports, carry
over into MCPCL’s BL and OL measurement uncertainty.
This is explained and demonstrated in the sections below.

4.2 Step 2: Identify BL and OL uncertainty components

In “Step 27, a comprehensive list of all known sources of
measurement uncertainty is compiled. MCPCL lists the
relevant possible BL and OL uncertainty components in the
left column of Table 1. The right column identifies how each
source of uncertainty will be evaluated (Type A, Type B) to
quantify them. Quantifying each source is done in “Step 3”.

MCPCLs list is intended to be a comprehensive list of their
uncertainty sources, including sources that may be ruled
negligible when quantified in the next “Step”. This exercise

is intended to ensure due diligence is given to identifying
sources of measurement uncertainty. ~MCPCL divided
their uncertainty sources into four categories; “Measuring
Equipment”, “Staff”, “Test Method”, and “Facility”. This is a
combined list of uncertainty sources that apply to one or both
BL and OL measurements.

4.3 Step 3: Quantify BL and OL uncertainty components

In “Step 37, the sources of measurement uncertainty listed in
Table 1 are quantified using either Type A or Type B evaluation.
Type A uncertainty evaluation involves the statistical analysis
of a series of repeated measurements, with the assumption that
the repeated measurements sufficiently sample the variation
caused by the uncertainty sources being evaluated this way.
Typically, this method applies standard statistical methods (i.e.,
mean and standard deviation) to summarize the characteristics
of the measured data. The most common Type A evaluation
involves calculating the sample standard deviation (s) of a set
of measurements, shown in Equation 1, where n represents
the number of measurements in the sample, x, is an individual
measurement from the sample, and ~x is the average of the
sample set. This sample standard deviation is then used as one
component in the overall uncertainty budget.

n —)2
s = \@ Equation 1
n—

According to the GUM, Type B uncertainty evaluation
involves evaluation “by means other than the statistical
evaluation of a series of observations”. In practice, this means
using knowledge and scientific judgement of each Type B
component to assign a numerical value to that uncertainty
component. Previous measurement data, data provided
in calibration reports, values from reference books, and
manufacturer’s specifications are all examples of uncertainty

Uncertainty Component

Method of Evaluation

Measuring Equipment

Length scale readability

Type B Evaluation

Length scale resolution

Type B Evaluation

Calibration uncertainty

Type B Evaluation

Calibrated scale error

Type B Evaluation

Proper use, storage and handling

Covered in Type A Evaluation of process reproducibilty data

Staff

Multiple Examiners

Covered in Type A Evaluation of process reproducibilty data

Training

Covered in Type A Evaluation of process reproducibilty data

Experience

Covered in Type A Evaluation of process reproducibilty data

Visual acute ness

Covered inType A Evaluation of process reproducibilty data

Fatigue Covered inType A Evaluation of process reproducibilty data
Time of day, day of week, interruptions, workload Covered inType A Evaluation of process reproducibilty data
Test Method

same method|s)used for all lengths of firrarms

Covered inType A Evaluation of process reproducibilty data

positioning of firearm; perpendicular and parallel

Covered inType A Evaluation of process reproducibilty data

Facility

Temperature coefficient of expansion for measuring equipme nt

Type B Evaluation

Table 1: List of possible sources of uncertainty for BL and OL measurements.
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sources that are evaluated this way. For example, length
measurement uncertainty budgets typically include a Type B
component for the resolution of the length measuring device
(smallest change in measurement value that is recorded).
At MCPCL, BL and OL measurements are performed using
ruler-based devices with the smallest between graduations
equal to 1/16" in (0.16 cm). This value, 1/16" in (0.16 cm) is
factored into their uncertainty budget and the steps to do this
will be shown below.

In the discussion below, we note the “Line Item” number
from the template spreadsheets in parentheses to help clarify
which uncertainty source is being discussed and make it easier
to follow the presentation of the material. The BL and OL
template spreadsheets are shown in Figures 4 and 5.

4.3.1 Repeatability and Reproducibility data on firearm
FRC #338

Nine of the fourteen components listed in Table 1 were
addressed using a Type A evaluation. To carry out this Type
A evaluation MCPCL conducted a gage repeatability and
reproducibility (GR&R) study [18]. A GR&R is a methodical
study designed to characterize variability in the measurement
results of a measuring system. The repeatability component
describes variation in measurements taken by a single person
and instrument on the same item under the same conditions.
The reproducibility component describes the variation
introduced when measurements are performed using different
operators, instruments, setups, or labs. The assumption is
that these nine uncertainty sources were sufficiently sampled
during the GR&R.

The MCPCL GR&R study involved three different firearms
(Figure 3a, 3b, and 3c), representing the types of firearms
seen in casework. The firearms were repeatedly measured by
all the MCPCL firearms examiners (three in total) who will
carry out these measurements during routine casework. The
measurements were performed on different days over a two-
month period. The GR&R data sheets are shown in Figure 6.
For the BL measurements, sample standard deviations were
calculated from the sixteen individual measurements of each
firearm; FRC #221, FRC #223, and FRC #338. The same
process was repeated for the OL measurements. MCPCL
chose to use the largest repeatability and reproducibility for BL
and OL, both obtained from firearm FRC #338, to determine
their measurement uncertainties for all measurements. Their
choice is elaborated on in section 5.2.

The repeatability and reproducibility data for firearm FRC
#338 is as follows:

1. The BL sample standard deviation (Line Item 1 in the
spreadsheet) for firearm FRC #338 over the sixteen individual
measurements is equal to 0.0750 in (0.191 cm).

2. The OL sample standard deviation (Line Item 1 in the
spreadsheet) for firearm FRC #338 over the sixteen individual
measurements is equal to 0.1230 in (0.312 cm).

MCPCL entered this data into the BL spreadsheet (Figure 4)
and in the OL spreadsheet (Figure 5). These two values are
entered in the row labeled “Reproducibility of Measurements”
and in the column labeled “Value”.

4.3.2 BL Type B components for firearm FRC #338

In the BL spreadsheet template (Figure 4), MCPCL lists four
uncertainty components that are evaluated via the Type B
method. There are two components related to the error in the
measuring device being used, one component related to length
scale readability, and one component related to temperature.
These components are described below.

The first BL Type B component (Line Item 2) relates to the
calibration uncertainty in the scale of the HottRod. This
component is labeled as “Uncertainty of Calibration of
HottRod” in the spreadsheet template. This component
comes from the Oregon Rule Company calibration certificate
(included in Appendix A1) for the HottRod. This component
is the uncertainty introduced by the measurement procedure
used to calibrate the HottRod. It is listed at the bottom of the
calibration certificate as +/- 0.002 in (0.0051 cm) per step.
Half of this interval, 0.002 in (0.0051 cm), is put into the
“Value” column of the spreadsheet for this component. The
reason the half interval of 0.002 inch (0.0051 cm) is chosen
as opposed to the full interval of 0.004 in (0.0102 cm) will
be discussed in the next section on converting the quantified
errors into standard uncertainties.

The second BL Type B component (Line Item 3) also relates
to the uncertainty in the scale of the HottRod. This component
is labeled as “Max Observed error from certificate” in the
spreadsheet template. The Oregon Rule Company calibration
certificate shows maximum errors observed for two different
measuring devices. The HottRod used in MCPCL BL
measurements is listed in the first row of the calibration
certificate (Certification # 130803-19). This value is assumed
to be the maximum error in the distance of the HottRod
graduations relative to the zero graduation for lengths from
0 in to 24 in. The calibration certificate lists this maximum
error as 0.005 in (0.0127 cm). This value is entered into the
spreadsheet template “Value” column.
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Measurement Uncertainty Estimation Form

Measurement: Barrel Lempth Data from FAC# 338
Range of measurement values: 13 10/167 1013 14/16"
Procedure name and revision: i 130803-18)
Estimation prepared by: Mtk Wiliford, Technical Leader FEU Date Prepared; 1262017
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Une Uncertabnty Frewdom Sandard Contribution
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3 wawobserved error from certdicate « 0.0D5 inch 0.00500000  HOH nic L] in - 0.002850173 3
& LengthScale Readabiiny, See NOTE C 005250000 IeCH Ric ] 346 - 0018042775 H
5 Temperature NOT STANDARD, See NOTE D 0.00108000  INCH REC B 1713 - QOD0s243TT X
Combined Standard Line u, Q077305047 100
Expanded Uec u lk=2) 0154410004
B Uik & BRI
Aeported Uncertainty: o131 ks e 2E 4
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o

NOTE B el st ¥ %
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Heported Uncertanly
Figure 4: MCPCL BL template spreadsheet.
Measurement Uncertainty Estimation Form
|Measurement: Overall Lergeh Data from FC 8 338
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Procedure name and rewision: Mcasuremment with Stesl Raine (348 C40539]
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4 Temperature NOT STANGARD. See Note D oAzl Mo REC L] .73 - Qo012 1
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Figure 5: MCPCL OL template spreadsheet.
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Figure 6: MCPCL GR&R data sheets for BL. and OL measurements.

The third BL Type B component (Line Item 4) relates to the
readability of the length scale at the muzzle end of the barrel
only. This component is labeled “Length Scale Readability”
in the spreadsheet template. It represents the resolution or
smallest measurable difference in length that is recorded by the
observer. The nominal separation between graduations on the
HottRod ruler-based device is 1/16™ in (0.16 cm). The decimal
equivalent of 1/16™ in (0.0625 in or approximately 0.1588 cm)
is entered into the “Value” column in the spreadsheet.

The fourth BL Type B component (Line Item 5) relates to
the error introduced as a result of temperature. It is labeled
as “Temperature NOT STANDARD” in the spreadsheet
template. Factors in determining this potential error include
temperature and thermal expansion coefficients of the firearm
and the measurement scale. MCPCL estimated this error with
a few assumptions. First, they specified that the laboratory
temperature will always be at 20 + 5°C. Second, they assume
that the firearm does not expand, but the steel HottRod does.
In general, this creates a worst-case estimate because, if the
fircarm expanded with temperature as well, then the error
would only be proportional to the difference in thermal
expansion coefficients of the firearm and the HottRod. Finally,
they assume that the temperature of the HottRod is within the
interval of the laboratory temperature. The HottRod is made
of steel and is assumed to have a thermal expansion coefficient
of 12 x 10%°C. The error is calculated over a maximum
barrel length of 18 in (45.72 cm) that the laboratory expects to
measure in casework. The error is then given by Equation 2.
This value is entered into the BL spreadsheet template in the
“Value” column.

0.000012

uncerrainfyh’ott!?cd temperature (T)(S OC)(18 ll’])

= 0.001081in (0.0027 cm) Equation 2

MCPCL could have chosen to make temperature corrections
to future measured data (thus avoiding this uncertainty
component), but the magnitude of the error is small relative
to the other measurement uncertainty components. For this
reason, they chose to add it to their measurement uncertainty,
thus avoiding the extra steps of making temperature corrections
to BL and OL measurements in casework. If temperature
corrections were made, then an uncertainty component for
the correction would be needed, factoring in uncertainties
in the measured temperatures and in the thermal expansion
coefficients of the firearm and HottRod.

4.3.3 OL Type B components for firearm #338

In the OL spreadsheet template (Figure 5), MCPCL lists
three uncertainty components that are evaluated by the Type
B method. There is one component related to the steel ruler,
a second related to the length scale readability, and a third
related to temperature. These components are described
below.

The first OL Type B component (Line Item 2) relates to the
uncertainty (from the calibration process) in the scale factor
of the steel ruler that MCPCL uses for OL measurements. It
is labeled “Uncertainty of Calibration of Steel Ruler” in the
spreadsheet template. This component comes from the GEI
International Inc. calibration certificate (included in Appendix
A2) for the steel ruler. In the certificate, it is reported that the
scale error of the steel ruler is “within plus or minus 0.005”
per foot (127) of each scale length.” MCPCL uses 26 in
(66.04 cm) as the maximum OL it will measure in casework.
The uncertainty for this length is calculated by Equation 3.
This value is entered into the OL spreadsheet template in the
“Value” column.
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0.005 in 6
12in ) n

= 0.01081in (0.0274 cm) Equation 3

The second OL Type B component (Line Item 3) relates to
the uncertainty due to the length scale readability of the steel
ruler. The smallest distance between graduations on the steel
ruler used for OL measurements is 1/16" in (0.16 cm). The
decimal equivalent of 1/16™ in (0.0625 in or approximately
0.1588 cm) is entered in the “Value” column of the OL
spreadsheet template. As with the BL measurement, this Type
B uncertainty component only applies to reading the ruler at
the muzzle end of the barrel.

uncertaintysteel ruler = (

Unlike using the HottRod to make BL measurements, using
the steel ruler to measure OL required aligning its zero mark
with the edge of the bench. This uncertainty component was
not evaluated with the Type B approach. It was identified and
labeled “Proper use, storage, and handling” in the “Measuring
Equipment” section of Table 1 above and is evaluated via the
Type A approach. Aligning the zero mark introduces some
random variation to the OL measurements and this variation
was assumed to be adequately sampled during the GR&R.

The third OL Type B component (Line Item 4) relates to the
error introduced as a result of temperature. It is quantified
the same way as the BL component. In this case, the thermal
expansion coefficient of the stainless-steel ruler is 16 x 10
6°C. MCPCL uses 26 in (66.04 cm) in this calculation as
the maximum OL that will be measured in casework. The
same laboratory temperature range used in the BL component
is used here. The uncertainty is given by Equation 4. This
value is entered into the OL spreadsheet template “Value”
column.

0.000016

= (73(: )(5°C)(26 in)
= 0.00211in (0.0053 cm) Equation 4

uncerfalnfyOL temperature

At this point, all the known non-negligible measurement
uncertainty sources have been considered and quantified.
These measurement uncertainty values for BL and OL have
been entered into their respective spreadsheet templates. In
the next section (NIST process “Step 4”), these values are
converted into standard uncertainties.

4.4 Step 4: Convert BL and OL uncertainty components
to standard uncertainties

Standard uncertainties are the fundamental building blocks
for assembling a measurement uncertainty budget. A standard
uncertainty is the value of an uncertainty component expressed

as a standard deviation. In the previous step, all the known
uncertainty sources were quantified, either through a standard
deviation of repeated measurements (Type A) or by applying
knowledge and scientific judgement regarding the uncertainty
source (Type B). The goal of applying SOP 29 is to combine
all the uncertainty sources considered above to calculate a
statement of measurement uncertainty for BL measurements
and for OL measurements. This requires converting the
values for the uncertainty components (quantified in “Step 3”)
to their standard deviation equivalent (standard uncertainties)
so that they can be combined.

The Type A uncertainty components are already expressed by
their respective standard deviation. For the Type B uncertainty
components, a conversion factor may need to be applied
and entered into the divisor column of the spreadsheet. For
calibration uncertainty components, the divisor equals the
coverage factor k£ that was used to convert the combined
standard uncertainty into an expanded uncertainty. Some
calibration reports state this coverage factor. If the coverage
factor is not stated, or for uncertainty sources that are not
described by a calibration report, the divisor typically requires
specification of the distribution of the respective error. In
measurement uncertainty evaluations, the most common
probability distributions are the normal (Gaussian/bell curve)
distribution and the rectangular (uniform) distribution. In
fact, these are the only two distributions utilized in MCPCL’s
uncertainty calculations. Other types of probability
distributions seen in uncertainty analyses are the triangular,
U-shaped, log normal, and quadratic distributions.

The normal and rectangular probability distributions, along
with the equations to convert the values from “Step 3” into
standard uncertainties are shown in Figure 7. Standard
uncertainties are generally denoted with the symbol u. The
objective here is to take all the uncertainty source values
from “Step 3” and convert (or reduce) them to a one standard
deviation equivalent. In the standard uncertainty equations
in Figure 7, the value for k and the V3 in the denominators
are the “Divisors” in the spreadsheet templates. We provide
additional discussion and specific examples on the use of the
standard uncertainty equations in sections 4.4.1 and 4.4.2 and
demonstrate their use in the MCPCL spreadsheet templates in
sections 4.4.3 and 4.4.4.

4.4.1 Additional discussion regarding normal distribution

Sometimes, an uncertainty evaluation includes a Type B
evaluation of an uncertainty from a calibration certificate
where the calibration laboratory reports their measurements
as an interval [-a, a] with a stated level of confidence (e.g.,
95%) but without a coverage factor k. In many cases, it is
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Figure 7: Probability distributions and standard uncertainty equations for the normal
distribution and the rectangular distribution (\3 is approximately equal to 1.73).

reasonable to assume that the respective errors have a normal
distribution. Under this assumption, we can use distribution
tables to obtain the divisor. For levels of confidence about
equal to 68%, 95%, and 99%, the divisors of the interval half-
width @ equal 1, 2, and 3 respectively. Figure 8 illustrates the
situation where the interval [-a, a] represents a 95% confidence
level (blue shaded area). In this case, the standard uncertainty
would be calculated by Equation 5.

u = % Equation 5
4.4.2 Additional
distribution

discussion regarding rectangular

The rectangular error distribution, shown in Figure 7, implies
equal probability of having an error anywhere along the
interval [-a, a]. For this distribution, the standard uncertainty
is obtained by dividing the half interval width a by the 3.
A rectangular distribution is often the chosen probability
distribution when little is known about the nature of the
uncertainty source. This is a conservative choice, as it will
often overestimate the uncertainty.

Length scale readabilities for ruler-based measurements are
often treated as rectangular distributions in uncertainty analysis.
One approach when making ruler-based measurements is
to round the observed length to the nearest graduation (as
opposed to interpolating between graduations). If a forensic

laboratory were to perform BL or OL measurements in this
manner with a ruler having its smallest graduations equal
to 1/16" in, then uncertainty could be evaluated using the
diagram and formula in the Figure 7 “Rectangular” column.
The 1/16" in (0.0625 in or approximately 0.1588 cm) value
is treated as the full width of the interval [-a, a] (Figure 9)
and the standard uncertainty would be calculated as shown in
Equation 6.

0.0625in 0.03125in
u= =
(2(3) V3

Equation 6

= 0.01801in (0.0457 cm)

It is MCPCL’s policy not to round to the nearest graduation
or interpolate scale readings between graduations, but instead
round to the next highest graduation*. This conservative
approach has implications for treating the length scale
readability uncertainty. It introduces a bias (average
measurement error, assuming the distribution of firearm

* Many labs use this conservative measurement approach where scale
readings are rounded up to the next highest graduation. This approach does
not change the value for the scale readability uncertainty, but introduces a
bias of half the graduation separation. Correction of this bias would defeat
the purpose of the rounding-up procedure. Including the uncorrected bias
as an uncertainty component would result in a double-count of errors for a
conservative decision rule. The decision rule evaluates whether or not the
firearm is deemed to be compliant to regulations based on the measurement
result and its expanded uncertainty. A conservative decision rule can alleviate
the need for a rounding-up policy.
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distributed uncertainty component length scale readability using a ruler with
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Figure 10: Schematic of an OL length measurement, using a 1/16" in (0.16 cm) graduated
ruler, where the observed length (L_, ) is rounded up to the next largest graduation

(Lreported

). A policy of rounding up will introduce a bias (average measurement error,

assuming the distribution of firearm lengths measured is random) equal to half the distance
between the smallest graduations. In this case, the bias is 1/32 in (0.08 cm).

lengths measured is random) equal to half the distance
between the smallest graduations (Figure 10) and in turn
creates an asymmetric rectangular probability interval for
the value of the error equal to [0, 2a]. The bias does not
change the value of the standard uncertainty for length
scale readability, but there is now a choice regarding how to
account for the bias. MCPCL did not include the bias in their
uncertainty analysis. The standard uncertainty for the length
scale readability (for both BL and OL) is shown in Equation
6. This calculated value (0.0180 in or approximately 0.0457
cm) is shown in both BL and OL spreadsheet templates in
the “Standard Uncertainty” column for this component. In
the next two sections, we demonstrate converting all the
quantified values from “Step 3” into standard uncertainties
using the methodology described above.

4.4.3 BL standard uncertainties for firearm #338

In the BL spreadsheet template, there are five uncertainty
components listed. One evaluated by Type A and four
evaluated by Type B. The evaluation method is designated in
the “7Type” column. The probability distribution is indicated in
anunlabeled column. MCPCL’s uncertainty analysis produced
two choices for the probability distribution; “NORMAL” or
“REC” (“REC” stands for Rectangular). To calculate the
standard uncertainty component for each uncertainty source,
the value determined in the “Value” column is simply divided
by the corresponding appropriate probability distribution
factor in the “Divisor” column. The final standard uncertainties
are calculated by the spreadsheet and shown in the “Standard
Uncertainty” column. We provide the sample calculations for
each uncertainty component below. We provide the standard
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uncertainty variable names below (e.g. u,,,) for clarification
in the sample calculations. These variable names do not
appear in the spreadsheet templates. These variable names
will also be used in subsequent discussion in section 4.5. We
are only showing the standard uncertainty sample calculations
for firearm FRC #338.

In “Step 37, the first BL component (Line Item 1 in the BL
spreadsheet) was evaluated via Type A and quantified as the
result of a GR&R study (section 4.3.1). The result of this study
produced a sample standard deviation of 0.075 in (0.1905 cm)
for BL measurements. The divisor is equal to 1.00 because
the quantified value was already a standard deviation. The
standard uncertainty for the first component is denoted by u
and is given by Equation 7.

0.075 inch

0 - 0.075in (0.1905 cm) Equation 7

BL1

Upp =

The second BL component (Line Item 2) describes the
calibration uncertainty of the HottRod (Oregon Rule
Company certificate) and was evaluated by the Type B
method and conservatively assigned a rectangular probability
distribution. The number 0.002 in (0.0051 cm) in the “Value”
column already represents the half-interval ¢ and its divisor is

3. This standard uncertainty is denoted by ug,, and is given

by Equation 8.
0.002 in . _
Ugp; = i = 0.0012in (0.0030 cm) Equation 8

The third BL component (Line Item 3) describes the
uncertainty in the scale of the HottRod as determined by its
calibration (Oregon Rule Company certificate). In this case,
the number 0.005 in (0.0127 cm) in the “Value” column
represents the maximum error in the scale of the actual
HottRod. It was interpreted as a plus or minus value on the
certificate, therefore it already represents the half-interval a.
It is treated as a rectangular distribution and its corresponding
divisor is V3. This standard uncertainty is denoted by u . and
is given by Equation 9.

= 0.0029in (0.0074 cm)

Vi

BL3

_0.005 in
Ugr3 =

Equation 9
The fourth BL component (Line Item 4) relates the length
scale readability of the HottRod and was already described
above in section 4.4.2. This standard uncertainty is denoted
by u,, , and its value of 0.0180 in (0.0457 cm) was calculated
in Equation 6 above.

The last BL component (Line Item 5) relates to the uncertainty
contribution from the temperature-related error described in
section 4.3.2 above. The number 0.0011 in (0.0028 cm) in the
“Value” column already represents the half-interval a because

the temperature range used to quantify this uncertainty
component was half of the stated range of 10°C. It is modeled
as a rectangular distribution and its corresponding divisor is
3. This standard uncertainty is denoted by u_ . and is given
by Equation 10.

BLS

2001 (.0006 in (0.0015 cm)

V3 -

Ups = Equation 10

4.4.4 OL standard uncertainties for firearm #338

In the OL spreadsheet template, there are four uncertainty
components listed. One evaluated by Type A and three
evaluated by Type B. The OL spreadsheet is set up identical
to the BL spreadsheet with respect to the column names and
content.

In “Step 37, the first OL component (Line Item 1 in the OL
spreadsheet) was evaluated via Type A and quantified as the
result of a GR&R study (section 4.3.1). The result of this
study produced a sample standard deviation of 0.1230 in
(0.0312 cm) (fircarm FRC #338) for OL measurements. The
divisor is equal to 1.00 because the quantified value was
already a standard deviation. The standard uncertainty for the
first component is denoted u_ | and is given by Equation 11.

_ 0.1230in
Ugry =

=0.1230in (0.0312cm) Equation 11

The second OL component (Line Item 2) relates to the
uncertainty in the MCPCL stainless steel 36-inch ruler as
measured by the GEI calibration laboratory. Here MCPCL
chose a conservative approach by interpreting the scale
error stated in the calibration certificate as the half-width of
a 68% confidence interval under the assumption of a normal
distribution. The resulting divisor is 1.0. This standard
uncertainty is denoted by u , and is given by Equation 12.

W, — 00108in
oL2 0

= 0.01081in(0.0274 cm) Equation 12
The third OL component (Line Item 3) relates to the length
scale readability of the MCPCL stainless steel ruler. This
uncertainty source was already described above in section
4.4.2. This standard uncertainty is denoted by u . and its
value of 0.0180 in (0.0457 cm) was calculated in Equation
6 above.

The last OL component (Line Item 4) relates to the uncertainty
contribution from the temperature-related error described in
section 4.3.3 above. The number 0.0021 in (0.0053 cm) in the
“Value” column already represents the half-interval a because
the temperature range used to quantify this uncertainty
component was half of the stated range of 10°C. It is modeled
as a rectangular distribution and its corresponding divisor is
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3. This standard uncertainty is denoted by u
by Equation 13.

oLs and is given

0.0021 i .
Ugrs = Tln = 0.0012in (0.0030 cm) Equation 13
N
4.5 Calculate BL and OL combined uncertainties for
firearm FRC #338

In “Step 57, the individual standard uncertainties determined
in the previous section are now combined to calculate the
combined standard uncertainty () for the BL and OL
measurement processes. Before combining the individual
standard uncertainties, it’s important to ensure that they are all
expressed in the same units. We denote the combined standard
uncertainty for the BL measurement process as u_, and denote
the combined standard uncertainty for the OL measurement
process as u_, . The individual standard uncertainties are
combined using the “root sum of the squares”, also known
as “adding in quadrature”. This method involves taking the
square root of the sum of the squares of the individual standard
uncertainties. The main assumption underlying this method is
that the various sources of uncertainty are independent of each
other.

The BL combined standard uncertainty is given by Equation
14.

_ 2 2 2 2 2
Ue_pgr = \r/usu + Upp” + Uppz® + Uprs® + Ups

= \/[1[1752 +0.00122 + 0.0029% + 0.01802 + 0.00062 =

0.07721in (0.1961 cm) Equation 14

The OL combined standard uncertainty is given by Equation
15.

_ 2 2 2 2
U—poL = \/uou + Uppa® T UgL3” T+ Uppy

=/0.1230% + 0.01082 + 0.01802 + 0.00122 =
0.1248 in (0.3170 cm) Equation 15

The combined standard uncertainty describes the dispersion
of the values that could reasonably be attributed to the
measurement result at an equivalent of one standard deviation.
These combined standard uncertainty values are shown in the
“Standard Uncertainty” column in the row labeled “Combined
Standard Unc”.

4.6 Expand the BL and OL uncertainties for firearm FRC
#338 by coverage factor (k)

In “Step 6, the expanded uncertainty is computed. This
is accomplished by multiplying the combined standard

uncertainty with an appropriate coverage factor k. The choice
of the & value is determined by the desired level of confidence
of the resulting uncertainty interval, the distribution of the
errors in the measurand, and the number of effective degrees of
freedom (DOF). DOF will be discussed in section 5.2. MCPCL
has a requirement to report their measurement uncertainty at a
99.73% level of confidence, which corresponds to a coverage
factor of k=3 when assuming a normal distribution. The
expanded uncertainty is usually denoted as U and is given by
the generic Equation 16.

U = ku,

We denote the expanded uncertainty for BL measurements as
U,,. Itis given by Equation 17.

Equation 16

U, = ku,_p, = (3)(0.0772in) = 0.2316 in (0.5883 cm)

Equation 17

We denote the expanded uncertainty for OL measurements as
U,,. Itis given by Equation 18.

Uy, = ku, o, = (3)(0.1248in) = 0.37441in (0.9510 cm)
Equation 18

The expanded uncertainties are shown in the “Standard
Uncertainty” column in the rows labeled “Expanded Unc” for
k=2 and for k=3.

MCPCL reports their expanded uncertainty at a coverage
factor of £ = 3, which corresponds to an approximate 99%
level of confidence, when assuming a normal distribution.

4.7 Evaluate BL and OL expanded uncertainties

“Step 77 involves evaluating the expanded uncertainties
obtained in the previous section to assess whether they are
suitable for the intended application. This evaluation is in
context of the scope of the laboratory accreditation and what
level of uncertainty is required to carry out meaningful BL and
OL measurements in casework. If the expanded uncertainties
are deemed not acceptable, the laboratory may look for
ways to improve their uncertainties and then reevaluate their
measurement uncertainties again, repeating Steps 1 through 6.

4.8 Report the BL and OL uncertainties

In “Step &7, the expanded uncertainties for BL and OL
measurements are stated as they will be reported in casework,
including the MCPCL’s coverage factor (k = 3). The GUM
(section G.6.6) suggests a rule-of-thumb for many practical
cases that a coverage factor of k£ = 3 correspond approximately
to a 99% level of confidence. MCPCL’s estimate (Appendix
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Barrel Length Expanded Uncertainty

Overall Length Expanded Uncertainty

(k=3) (3)%0.0772)==0.232 in (0.5893 cm)

(k=3) (3)*(0.1248) ==0.374in (0.9500 cm)

Table 2: The final statements of measurement uncertainty as reported by MCPCL for BL and OL.

A3) for k = 3 was slightly higher at 99.7%. MCPCL reports
their measurement uncertainty for BL and OL as shown below
in Table 2.

5.0 Discussion

Compared to other measurement processes in science and
engineering, the level of complexity involved in generating
statements of measurement uncertainty and traceability
for MCPCL’s BL and OL measurements was fairly
straightforward. Even so, it can be, and was in this case, a
lengthy process to complete. Measurement uncertainty and
traceability are much broader concepts than described in this
paper, with many other things to consider as a measurement
process becomes more complicated. In the presentation of the
material above, there are a few topics that warrant additional
discussion; 1) common length measurement errors, 2)
degrees of freedom, 3) worst-case measurement uncertainty,
4) reducing measurement uncertainty, and 5) measurement
uncertainty validity.

5.1 Common Length Measurement Errors

In MCPCL’s list of possible uncertainty sources (Table
1), they identify a component labeled as “positioning of
firearm; perpendicular and parallel” in the “Test Method”
section of their list. We want to elaborate on a few length
measurement related error sources that were considered
and sampled (Type A) under this component: cosine error,
parallax error, squareness error, and potential errors from
the fircarm orientation. Understanding the nature of these
errors will aid in minimizing their effects in the laboratory.
We provide schematics and sample calculations for these four
types of errors that demonstrate realistic values that may be
encountered in casework.

5.1.1 Cosine Error

We mentioned cosine error earlier in section 3.2.1, regarding
the OL measurand. In this section, we provide a more detailed
explanation of this error. Cosine error occurs when the axis
of a measurement instrument is misaligned relative to the
axis of a dimension to be measured. This type of error can
occur in firearm BL and OL measurements. In Figure 11, we
demonstrate an OL measurement where the ruler is misaligned
relative to the firearm bore axis. In this specific case, the cosine
error is proportional to the measured length and one minus the
cosine of the angle of misalignment. In practice, cosine errors

are often negligible (relative to other sources of uncertainty)
if care is taken to minimize the misalignment. We provide
a sample calculation (Equation 19) for the cosine error (E)
introduced in a nominally 26 in (66.04 cm) OL measurement
with a misalignment angle (0_.) of 1.0 degree. This equates
to an error on the order of 0.004 in (0.0102 cm). This cosine
error will have a positive sign (regardless of the sign of 0_.),
always causing the measured OL to be longer than actual.

E. = (0L)(1 = cos(8,,;.)) = (26in)(1 — cos(1.0%))

= 0.004 in (0.0102 cm) Equation 19

Ensuring the misalignment is less than 1.0 degree is generally
not difficult; it would require aligning the ruler to the firearm
bore axis to a level better than 7/16 in (1.11 cm) in 26 in
(66.04 cm). While the random variation of cosine error will
be sampled in a GR&R, a bias is also introduced. Depending
on the magnitude of the bias, it may need to be accounted for
in an uncertainty budget.

Figure 11: Schematic of a cosine error in an
OL measurement performed on a laboratory
bench. In this scenario, we assume the axes of
the laboratory bench are perfectly square and
the firearm bore axis is perfectly aligned with the
edge of the bench. The only misalignment (0__.)
is the ruler relative to the edge of the bench.

5.1.2 Parallax Error

Parallax error is an observational error; the error depends
on the observer’s orientation relative to the measurement
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instrument and the object to measure. Anytime a scale or
meter is read, there is the possibility of encountering parallax
error. In the measurement setup depicted in Figure 12, two
factors contribute to the magnitude of the parallax error; 1) the
gap (x) between the ruler and the object to measure and 2) the
angle (0, ) that the observer’s line-of-sight makes relative to
the object to measure. Even if the gap (x) is decreased to zero,
parallax can influence the measurement from the orthogonal
direction, if there is a difference in thickness between the ruler
and the object to measure. Equation 20 demonstrates the
magnitude of this error given a relatively small gap and angle.
In this calculation, parallax error (Ep) is evaluated for a gap
(x) of 0.25 in (0.64 cm) and an angle (0, ) of 5.0 degrees,
equating to an error of 0.022 in (0.0559 cm). Parallax error
usually causes fluctuations above and below the measurand
value (no bias) and is sampled adequately during a GR&R.

E, = (x)(tan(8,;,)) = (0.25 in)(tan(5.0°))

= 0.022 in (0.0559 cm) Equation 20
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Figure 12: Illustration of parallax error when
using a ruler to make an OL measurement.

5.1.3. Squareness Error

Aruler-based OL measurement is typically done on a laboratory
bench (Figure 2). The butt of the stock is pushed up against
a vertical edge of the bench and the bore axis aligned with the
front edge of the bench. The sides of the bench create a datum,
allowing for the firearm to be located, oriented properly , and
measured with the ruler. However, an assumption made is
that the sides of the bench are perpendicular. If the sides of the
bench are not perpendicular (Figure 13), a squareness error
is introduced. Essentially, the squareness error prevents the
firearm gauging point from aligning with the zero mark on the
ruler. This error (E)) is proportional to the out-of-squareness
angle (esq) and the height of the firearm gaging point (hgp). A

sample calculation is provided in Equation 21, assuming an
out-of-squareness of 1.0 degree and a gaging point height of
3.0 in (7.62 cm). This type of squareness error will cause
a bias®, with OL measurements consistently under- or over-
estimated, depending on the sign of (Osq). As with cosine
error, depending on its magnitude, this bias may need to be
accounted for in an uncertainty budget.

E, = (hy, )(tan(8,,)) = (3.0 in) (tan(1.0°))
= 0.052 in (0.1321 cm)

Equation 21

IIIIII!I\IIIIIIIIIIIIIIIIIIII

Figure 13: Schematic of squareness error (E) in
an OL measurement performed on a laboratory
bench. In this scenario, we assume both the
ruler and the firearm bore axis are perfectly
aligned with the edge of the laboratory bench.

Of the errors discussed above ((E), (Ep), and (E)), E_ has
the potential to generate the largest errors. This error can be
minimized by checking the squareness of the table or bench
being used. For example, a standard 16-inch by 24-inch steel
carpenter square should enable a practitioner to ensure the
out-of-squareness (6, ) is below 1.0 degree by confirming a
tight fit of the carpenter square to the nominally perpendicular
edges of the laboratory bench.

5.1.4 Firearm Orientation

Firearm orientation introduces an error set that arise from an
improperly aligned firearm relative to the laboratory bench
edge. It introduces two error components (Figure 14) that are
similar in nature to the squareness error (E ) described above;
1) an error at the butt end of the stock (E ) and 2) an error at
the muzzle end of the barrel (E, ). Italso introduces a different
type of cosine error (E,) that causes a foreshortening of the
firearm (as opposed to an elongation described in the cosine
error example above).

To illustrate the magnitude of these error components, we
consider the OL measurement of a firearm that is misaligned
It this bias is not corrected, based on a measurement of the table squareness, it may have to be treated
as an uncertainty. For example, if we assume that the squareness error is less than a degree, we could
model the squareness error as a rectangular distribution with a halfwidth equal to 0.5 degree. The

. . 1w 1
resulting standard uncertainty equals hw # (m) # (ﬁ)
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bore axis
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Figure 14: Schematic of improperly aligned firearm through an angle (0, ) relative to the
laboratory bench edge. We assume both the ruler and the firearm bore axis are perfectly aligned
with the edge of the laboratory bench. The two squareness-related errors (E, and E_ ,).

(shown in Figure 14) by an angle (0,,) of 1.0 degree (clockwise
rotation). We assume that the firearm has an OL of 26 in (66.04
cm), an outer barrel diameter of 1.0 in (2.54 cm), and an offset
(h,, ) of 2.0 in (5.08 cm) in the position of the stock gauging
point relative to the bore axis (“drop”). In this analysis, we
assume that the muzzle end of the barrel is square relative
to the bore axis, and that the misalignment does not cause a
change in the point of the stock that contacts the table edge.

The error at the butt end of the stock (E,,) is proportional to
hba’gp and the tangent of the misalignment angle (0,). This
error component causes the measured OL to be smaller than
the actual OL and will change sign if the misalignment angle

is reversed. A sample calculation is given in Equation 22.
E_.Fal = (_hba gap )(tan(efa)) = (=2 in)(tan(1.0))

= —0.035in (—0.0889 cm)  Equation 22

The error at the muzzle end of the barrel (E,,) is proportional
to the outer radius of the barrel (r,) and the tangent of the
misalignment angle (0,). This error component causes the
measured OL to be larger than the actual OL and will maintain
sign if the angle is reversed. A sample calculation is given in
Equation 23.

Efer = (r;,)(tan(ﬂ;-“)) = (0.5 in)(tan(1.0))

= 0.0091in (0.0230 cm) Equation 23

Cosine error in this case is negative, causing the measured
OL to be smaller than the actual OL. The sign of this cosine
error stays the same regardless of which direction the firearm
is rotated. This cosine error is proportional to the measured
length and the cosine of the angle of misalignment (0, ) minus
1. A sample calculation is provided in Equation 24. Equation
25 shows the net effect of the three components (summing the
magnitudes of the 3 individual error components).

Efq3 = (0L)(cos(1.0) — 1) = (26 in)(cos(1.0) — 1)

—0.004in (—0.0102 cm) Equation 24

Efa = Efal + Efaz + E,Fa:i
= (—0.035in) + (0.009 in) + (—0.004 in)
= —0.030in (—0.0762 cm) Equation 25

In general, all of these errors are sampled during the GR&R
study. Therefore, their contribution to the length uncertainty is
already included in the Type A standard uncertainty obtained
from the GR&R study. However, this assumes that the
fircarm evaluated during the GR&R study is representative
of that being measured during case work. For a conservative
approach, it is therefore recommended to include in the GR&R
study a firearm with a large offset (hba_gp) in the position of the
stock relative to the bore axis. Both the muzzle rotation and
the cosine error introduce a small bias (average measurement
error) in the measurement result. This is because the sign
of the error is always the same for any misalignment angle.
The bias is not assessed during MCPCL’s GR&R study.
However, the bias is smaller than the error calculated using
the maximum misalignment angle, 0.009 in (0.0230 cm) and
-0.004 in (-0.0102 cm) in this example, and can in general be
neglected.

5.2 Degrees of Freedom

The measurement uncertainty spreadsheets (Figures 4 and 5)
for BL and OL contain a column labeled “Degrees Freedom
(n — 1)”. This label is short for degrees of freedom (DOF).
The DOF have implications in determining or interpreting
the expanded measurement uncertainty. Roughly speaking,
DOF signifies the amount of knowledge or information that
went into an uncertainty estimate. A full explanation of
how DOF are used to determine the level of confidence in
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measurement uncertainty analysis is beyond the scope of this
paper. However, we give a brief overview below and refer the
reader to section 6 and Annex G in the GUM [2] for a better
understanding of the topic.

Calculating an expanded uncertainty involves the selection
of an appropriate coverage factor (k). The selection of this
coverage factor for a chosen level of confidence requires
extensive knowledge of the probability distribution of each
uncertainty component that affects the measurement value.
In practice, the effort to obtain this knowledge and perform
the required calculations are seldom justified. Instead, an
approximation in the form of the t-distribution [19] is often
used to represent the probability distribution of a measurement
result. Coverage factors (k) for this t-distribution are
calculated as a function of the effective DOF and the desired
level of confidence. Table G.2 of the GUM |[2] provides
these tabulated values for k. A formula known as the Welch-
Satterthwaite formula [2] is used to calculate the effective
DOF for a combined uncertainty to account for the individual
probability distributions of the components that make up the
combined uncertainty.

In MCPCL’s case, the measurement uncertainty spreadsheets
document the DOF, but these values are not actually used to
determine the coverage factor. Instead, they chose “k = 37,
equating to an approximately 99% level of confidence. This is
common practice in measurement uncertainty analysis. When
a few assumptions are met, (given in G.6.6 of Annex G in the
GUM [2]) it is reasonable to assume that the distribution of
possible values of the measurand follows a normal distribution
characterized by the combined standard uncertainty, allowing
for the direct use of “k = 2” and “k = 3” for 95% and 99%
levels of confidence.

5.3 Quoting the worst-case measurement uncertainty

MCPCL evaluated measurement uncertainty for BL and OL
for three different firearms. A GR&R was used to evaluate
Type A components in their uncertainty budget resulting in a
standard deviation for each firearm. A question arises, then,
regarding how to use these individual standard deviations to
report one uncertainty each for their BL and OL measurements
in casework. One possible approach is to combine the standard
deviations from all three firearms. This can be accomplished
through a pooled standard deviation [20] that creates a single
standard deviation using a weighted average, giving more
weight to larger sample sizes.

MCPCL chose a different, yet equally acceptable approach.
They simply chose to use the larger of the three standard
deviations observed from the GR&R results of the three

fircarms. This standard deviation was then converted to
a standard uncertainty (in this case, a worst-case standard
uncertainty). Quoting the worst-case uncertainty is a more
conservative choice and will result in erring on the side of
caution when making future law enforcement decisions based
on this measurement process.

5.4 Reducing measurement uncertainty

The fit-for-purpose of a given measurement process is
determined by comparing the measurement uncertainties of
measurements from this measurement process relative to the
specification that is being evaluated. For BL and OL, it may
make sense to reduce measurement uncertainty if critical
cases occur where the measured BL or OL is within a few
standard uncertainties of the regulatory value.

The measurement uncertainty template spreadsheets contain
a column labeled “Component contribution.” This column
shows the percentage contribution of each uncertainty
component relative to the combined uncertainty. If a forensic
laboratory is dissatisfied with the magnitude of their final
expanded uncertainty for BL and OL, then it is most effective
to address the uncertainty components in the order that they
contribute to the overall combined uncertainty (from highest
to lowest contribution). It would not make sense to invest
time and effort to minimize the effect of an uncertainty
component that only contributes a few percent if there are
other components that contribute much larger amounts to the
combined uncertainty.

5.5 Measurement uncertainty validity timeframe

The GR&R study carried out above characterized
measurement system variation for operators, samples, and
measurement instruments that were part of the overall BL
and OL measurement process at that particular point in time.
If nothing changes with respect to the overall measurement
process for BL and OL measurements, then the GR&R
results should remain a valid estimate of the measurement
system variation. However, if changes occur in the overall
measurement process, such as a change in personnel,
measurement procedure, or measurement instrument, then the
GR&R test should be conducted again. The Type A portion of
the measurement uncertainty budgets should be updated with
the new estimates of variation. Various Type B components
may need to be revised as well, depending on what changes in
the measurement process. For example, if new measurement
instruments are introduced into the measurement process,
then certain Type B components related to these instruments
will need to be changed (e.g., calibration uncertainty, length
scale readability, etc.).
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6.0 Conclusion

In this paper, we presented a case study based on an ASCLD/
LAB accreditation of the MCPCL FEU for BL and OL
measurements. The NIST SOP 29 was successfully applied to
generate GUM compliant measurement uncertainty budgets
for these measurement processes. In addition, measurement
uncertainty spreadsheet templates used by MCPCL in
calculating all the necessary components of their measurement
uncertainties were demonstrated. The MCPCL FEU used the
methodologies presented to successfully pass their ASCLD/
LAB accreditation in January 2017.

Acknowledgements

The authors would like to thank Alan Zheng and Ronald
Dixson for thoughtful discussion and careful review of the
manuscript.

References

[1] National Research Council. Strengthening forensic
science in the United States: a path forward. Washington, DC:
National Academies Press, 2009.

[2] BIPM, IEC, IFCC, ILAC, ISO, IUPAC, IUPAP and
OIML. Evaluation of measurement data — Guide to the
expression of uncertainty in measurement. Joint Committee
for Guides in Metrology, JCGM 100, 2008. www.bipm.org.
[3] The National Institute of Standards and Technology /
Office of Weights and Measures (OWM). Standard Operating
Procedure No. 29, Assignment of Uncertainty. https://www.
nist.gov/pml/weights-and-measures/laboratory-metrology/
standard-operating-procedures.

[4] The National Firearms Act, 26 U.S.C : Internal Revenue
Code, I.LR.C. 53 § 5801, 1934.

[5] ISO/IEC 17020 —Conformity Assessment—Requirements
for the operation of various types of bodies performing
inspection, 2012. www.iso.org.

[6] ISO/IEC 17025 — General Requirements for the
competence of testing and calibration laboratories, 2005.
WWW.iS0.0rg.

[7] Bureau of Alcohol, Tobacco, Firearms, and Explosives,
National Firearms Act Handbook, 2009. https://www.atf.gov/
firecarms/national-firearms-act-handbook.

[8] BIPM,IEC,IFCC,ILAC,ISO,IUPAC, IUPAPand OIML.
Evaluation of measurement data — The role of measurement
uncertainty in conformity assessment. Joint Committee for
Guides in Metrology, JCGM 106, 2012. www.bipm.org.

[9] Phillips SD and Krystek M. Assessment of conformity,
decision rules and risk analysis. tm-Technisches Messen.
2014; 81.5:237-245.

[10] Pendrill LR. Using measurement uncertainty in decision-

making and conformity assessment. Metrologia. 2014;
51.4:S206.

[11] Acree B, editor. Measurement Uncertainty in Forensic
Toxicology: Its Estimation, Reporting and Interpretation,
Toxicity and Drug Testing. InTech; 2012. ISBN: 978-953-51-
0004-1.

[12] Desimoni E and Brunetti B. Uncertainty of measurement
and conformity assessment: a review. Analytical and
Bioanalytical Chemistry. 2011;400.6:1729-1741.

[13]Doiron T. 20 C—A Short History of the Standard
Reference  Temperature for Industrial Dimensional
Measurements. Journal of research of the National Institute of
Standards and Technology. 2007;112.1:1.

[14]BIPM, IEC, IFCC, ILAC, ISO, IUPAC, IUPAP and
OIML. International vocabulary of metrology — Basic and
general concepts and associated terms (VIM). Joint Committee
for Guides in Metrology, JCGM 200, 2008. www.bipm.org.
[15]The Blank Measurement Uncertainty Estimation
Template. Available from ANAB, 330 E. Kilbourn Avenue,
Milwaukee, WI 53202, anab@anab.org.

[16]ASCLD/LAB Guidance on the Estimation of
Measurement Uncertainty — ANNEX C, Firearms/Toolmarks
Discipline, Firearms Category of Testing, Example — Overall
Length of a Firearm, AL-PD-3064 Ver 1.0 (May 22, 2013).
Available from ANAB, 330 E. Kilbourn Avenue, Milwaukee,
WI 53202, anab@anab.org.

[17TASCLD/LAB Guidance on the Estimation of
Measurement Uncertainty— Overview, AL-PD-3061 Ver 1.0
(May 22, 2013). Available from ANAB, 330 E. Kilbourn
Avenue, Milwaukee, WI 53202, anab@anab.org.
[18]NIST/SEMATECH e-Handbook of Statistical Methods.
2012. 2.4, Gauge R & R Studies. https://www.itl.nist.gov/
div898/handbook/mpc/sectiond/mpc4.htm.

[19] Devore JL. Probability and Statistics for Engineering and
the Sciences. Belmont, (CA): Wadsworth. Inc; 1995.
[20]Killeen PR. An alternative to null-hypothesis significance
tests. Psychological science. 2005;16.5:345-353.

AFTE Journal -- Volume 53 Number 4 -- Fall 2021



Stocker et al. -- Evaluating Measurement Uncertainty for Firearm Barrel and Overall Length

Il!‘:'unl|||||r£||\l|||;r|||[|£Ilrlll||E|||l\gll||||||]l||||:||||||||]\||||EI|||||||I||

OREGON RULE €O, e - o
We Measure Up, Dovm, Sideways and in Circles! Tk

wnTE A-Now13

COMPANY NAME  Montgomery County Police
ADDRESS 100 Eduon Park Floor 6
CITY STATEZIP  Gaithersburg, MD 20878

ATTN: Alyco Leach
SUBJECT; Ceriificaion of Oregon Rule Co. rule{s)

Reference lnvoice #: Verbal Alyce

Purchase Order # 513570

Part Number AHHR.-'C
Cartification # 06" 0-24"
130803-018 M 0.005
130801018 Ly -0.005

Scalo used for measwing Is a Cerifled ruls #3694-1 (=.000 In 487) ss certifiad by a Mastor Vernier Caliber
cerified 10 Federsl SPEC-GGG-C-11C ncluding National Insttute of Stantarcs and.Technology

Tesl #731-2414600. Dus 10 1ha overall langth of Lhose ruos and the necessily of measureing i In sies,

@ 10larance of +/-002 aer step should be used for quantitstive values., '

Respeciiully submirnd,

Evan Jensen
Oregon Rule Co.

Appendix Al: Oregon Rule Company — HottRod Calibration Certificate
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100 Ball Street, P.O. Box 6849, Syracuse, NY 13217-6849 USA
Telephone: (315) 463-9261 Fax: (315) 463-0034
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Certificate of Calibration

Stainless Steel Ruler Model 2020A, 36" Length
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