Forensic Metrology

A Primer for Lawyers, Judges and

Forensic Scientists

Ted Vosk,



Forensic Metrology
A Primer for Lawyers, Judges and Forensic Scientists

Based on the textbook:
Vosk, Emery, Fitzgerald, Forensic Metrology: A Primer on Scientific Measurement for Lawyers, Judges and Forensic Scientists (CRC Press — In Preparation)

Ted Vosk.

Forensic Metrology: A Primer for Lawyers, Judges and Forensic Scientists



FOR KRIS

Forensic Metrology: A Primer for Lawyers, Judges and Forensic Scientists



Table of Contents

WHY FORENSIC METROLOGY FOR LAWYERS, JUDGES AND FORENSIC SCIENTISTS?...ccciiiiiiiiiiiiieeeeeeeeeeiireneeeeeeeeeenans 1
1. CONCERNING FORENSIC SCIENCE AND THE ADMINISTRATION OF JUSTICE .......cooveiuiiiiieeeeeeeeeicirrreeeeeeeeeeeinvrneeeeenes 1
AL SCIENCE ..iiitiiieieitee ettt e ettt e e e ettt e e e e atae e e e e aaaaee e e taaaeeaaasseeeeassssaeeasssseeeaansssaesasssaaeeanssaseeaansseseeasssseeeassseaeans 1
B. LAWYERS AND JUDGES .....uuttiiiieiiiiie e ettt e eett e e e ettt e e e ettt e e estaeeeeasasaaaesessssaeeassssaseaasssaeeeensssseeaansseeeesnsssseseansses 2
II. WHERE TO BEGINT ...ttt ettt e e e ettt e e e et e e e e e aata e e e eaabeeeeeasaeaeeassssaeeesssaeeaanssseeeaansseaeeannsseeeanns 2
AL SCIENCE TOT oottt e et e e e e eta e e e e e aba e e e eaataeeeeeasseeeaaassaeeaesssaeeeenssseeeesnssesesanssseeeannees 2
B. IMETROLOGY ...uuttiiiiiiieieieeiiiiete e e e e e eeeettt e e e e eeeeeittaaaaeeaaeeeeaastsssassaaaaeaeaasstsasssaaaaeeaaasssssasaaaaaeseaasssassseaaeeesaasssrens 3
III. METROLOGY: A LITTLE BACKGROUND.........ooiiiiiitiiieeiiiiiieeeitteeeeeetteeeeeetreeeeassseeeesasseeessssseseeasseseeaasseseessssseeeans 3
A IMETROLOGIST ....utttteeeeitieeeeetteeeeeitaeeeaataeseeaaassaeeeassaaeeaassaseaassssaasassssseesanssssesansssssesassasesessseseessnsssessanssseesanns 3
B. BRIEF HISTORY ...ooiiiiiiiiiieiiiiie e eette e ettt e e ettt e e e ettt e e e eataeeeeeaaaaeeeaeasaaeeeesssseeeaasssaeeeasssaeeeenssseeeeansseeeeannssseeeannnes 4
TV . IMEETROLOGY ..ettiiiiiiiiieeeeitee e e ettt e e ettt e e e e e ttaeeeeesttaeeeeasasaeeeaasasaeeasssseeeeasssaseeassssaeeassssaeeessseseaansssseeaassseeeeanssseaeanns 4
A. METROLOGICAL FOCUS ..ottt e e ettt e e e e e e e atbae e e e e e e eeeeaasttbaeaaaaaeeeassssasaseaaeeeeannsserens 4
B. WEIGHTS & IMEASURES .....cutitiiiiieiiiiiiiiteeeeeeeeeeeiittteeeeeaeesaaatsssassaeaasaaaaasssasssssaseesaassssssssessesessassssssssesseesssnssssens 5
C. MEASUREMENT AND TESTING PROCESS ......uuuuiiiiiiieieeieeicieeeeee ettt e e e eeettate e e e e e eeetaaaaeeeeeeeeeeanasreeeeaeas 6
D. QUALITY ASSURANCE ..eeeeeiutttteestureeeessteeeaaisseeeesssseesassseeesssssssesassssseesssssseesssssssesssssssesssssssessessssseesssssseessssssns 9
E. MEASUREMENT INTERPRETATION .....cuuutiiiiieeeiiieiiutreeeeeeeeeeaiesrereeeseeeeeaesssssseseseessssisssssssesessessossssseseseseesesnsnssnes 14
F. SCIENTIFIC STANDARDS ....uuutiiiiiiitieeeeeitteeeeitteeeeeiteeeeessseeeeassssaeesasssseeeaassssaeansssseesasssssesaasssssesssssseesssssseeennns 35
V. FORENSIC IMETROLOGY ..eeetttttttteieeeeeeeeeeeeeeeeeeeeeeeeeesesressesesessssssssssssssssssssssssssssssssssssstsssssssesesssesrsesressesesesrseseseseeens 37
A. FORENSIC METROLOGY ...uutttiiiieieeeieiiitttreeeeeeesaaeousseseeeaesaaasasssssesssseeesaasssssssssssesassssssssssessssassassssssssesseesannsssees 37
B. FORENSIC WEIGHTS AND MEASURES ......uuuutuuuuutuuutsusssssssssssssssrsresssssssesesssssssssssesssssssssssssssssssessmmssssmmsessmmmsme. 37
C. FORENSIC MEASUREMENT AND TESTING PROCESS ......cooiittitiiiiee ettt ettt e e e e e eevvrreee e e e e e e e eannnees 39
D. FORENSIC QUALITY ASSURANCE ....ccceeiutitieeitieeeeeiitreeeeaisseeeeaasseeeeaassseeesssssssssasssesesssssssessssssssesssssssssssssssesesnns 40
E. FORENSIC MEASUREMENT/OBSERVATION INTERPRETATION ......ccceeiuriieeeeireeeeeeiueeeeeesureeeeesseeeeeeisseeeeensnneeeeas 43
F. SCIENTIFIC FORENSIC STANDARDS ...cccuutiiieiititeeeeiteeeeeetteeeeeetseeeeeessseeeaassesaeaasseseesssssseeaasssseessssseesesssseeanns 52
VI SPECIAL TOPICS ..oiiiiiiiieeeitee e ettt e ettt e e ettt e e e e tta e e e e aaaaeeeestaeeeaassssaeeessssaaeeanssseeesanssseeeeanssaeeeasssseeeeassseeesansnns 53
AL DN A e e e e et eeeee———eeeea——teeeai——aeeea——teeeaa—taeeeaiaaaeeeataeeeeaataaens 53
B. BLOOD ALCOHOL TESTING ....eiiiecttiieeeeiuiieeeaiiieeeeestreeeessseeeeasssssesessssesessssssssesssssesesssssssesassssssessssssssessssssssesnns 55
VII. FORENSIC METROLOGY AND THE LAW .coiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeee ettt eeee e e e e e e eeeeeeeeeeseseseseseseaesassssasssaeseseeees 63
A. GENERAL PRINCIPLES ......cuutiiiiiiiiiiiiiiiiitieeeeeeeeeeitteeeeeeeeeeeattaseseaeeeeaastssaasasaseesasassssasasaeaesaasasssssaseaeseesannssssens 63
B. DAUBERT, FRYE AND EVID. R. 7O2Z....ueeiiiiiiiiiiiiieiiietteieititeeieaeaettaaatasaeasassssssssssssssssssssssssssssssssssssssssssssssenssnnnnnes 63
C. STATUTORY/REGULATORY METROLOGICAL PROVISIONS ......ooiiiiiiiiieiiiiiieeeetiee e e ettt e et e et eeaaaee e 78
VIIL APPLICATIONS ..coiiieeiittiieeeeeeeeeeeecttteeeeeeeeeeeetuaaaeeeeeeeeeeetsssaaaaeaaeeaaaassssaaesaeeeeaaastsasasesaeseeaassssssseeaseeeaasssrareneeens 81
A. EVID. R. 702. — BLOOD TESTING: REPORTING RESULTS ......utttiiiiiiiiiiiiiiiiieeeeceeeciiiereeeeeeeeeeeirrreeeeeeeeeeaennnens 81
B. STATUTORY/REGULATORY REQUIREMENTS — BLOOD TESTING: STANDARDS AS EVIDENCE .....ccccovvvvviiieenne. 82
IX. CASE STUDY: WASHINGTON STATE TOXICOLOGY LAB — State v Ahmach ...............cccccevveeeeecieneeeciieeeeecnnnn.. 83
A. VIOLATED STANDARDS — EXAMPLES .....coiiiiitiiiiiiiiiieeeciieeeeeeiteeeeeeiteeeeeetteeeessaaseeeesssaseeaasnseseesansseeeeensseeeans 83
B. EVIDENTIARY RULING .....uuutiiiiiiiiiiiiiiiiiiieee e e e eeeciitteeeeeeeeeeiattaaeeeeeesasnnssssasaesssssassssssaseseesesansasssssessesssesssnssssens 85
X. RECENT DECISION INCORPORATING NAS REPORT — StAf@ V BEIFY.....ooeeiiiie i 86
XTI EXERCISES ..utttittitieeeieeeiiiteeeeeeeeeeeeettaseseeeeeaasasssssasesaseesaaasssasasesaesaaaasssssasssaseesaassssasssesaesasaasssssessasseesaassssassneeens

APPENDIX A: MISCELLANEOUS RESOURCES

Forensic Metrology: A Primer for Lawyers, Judges and Forensic Scientists



APPENDIX B: DECISION — State v Ahmach, King County District Court (Jan. 2008) ......c.cccovevieevrienieeniienieeieene

APPENDIX C: DECISION — State v Berry, Pierce County District Court (Dec. 2009) .......ccovveeiiiinieeiiienieeiieeee,
APPENDIX D: TED VOSK = CV ettt ettt e ettt e e ettt e e et e e e e ataeeeesnsbaeee e ssseaeeanssseeesansseaeeensssaaesessens

Forensic Metrology: A Primer for Lawyers, Judges and Forensic Scientists



WHY FORENSIC METROLOGY FOR LAWYERS, JUDGES AND FORENSIC SCIENTISTS?'

“The ultimate mission of the system upon which we rely to protect the liberty of the accused as well as
the welfare of society is to ascertain the factual truth.”> “Complete, competent, and impartial forensic-science
investigations can be that ‘touchstone of truth’ in a judicial process that works to see that the guilty are punished
and the innocent are exonerated.”

Unfortunately, over the past decade the forensic sciences have come under increasing fire by scientists
and legal professionals alike, culminating in the recent National Academy of Sciences report: Strengthening
Forensic Science in the United States: A Path Forward. Many, if not most, forensic scientists are dedicated
professionals. Nonetheless, burgeoning caseloads, pressure to assist prosecutions, inadequate training and a
lack of resources have led to systemic failures to adhere to basic scientific standards, principles and practices.
The situation has grown so bad that the National Academy of Sciences Report concludes that “[t]he law’s
greatest dilemma in its heavy reliance on forensic evidence...concerns the question of whether—and to what
extent—there is science in any given ‘forensic science’ discipline.”” Given the significant role scientific
knowledge and evidence plays in the courtroom, this weakness threatens to undermine the integrity of our
system of justice as a whole. It is “clear that change and advancements, both systemic and scientific, are
needed in a number of forensic science disciplines—to ensure the reliability of the disciplines, establish
enforceable standards, and promote best practices and their consistent application.”

Forensic science professionals are only one side of the coin, however. Sharing equal blame for this state

of affairs are lawyers and judges who encounter forensic science in the courtroom on an increasingly frequent

! This primer is based on the textbook: Vosk, Emery, Fitzgerald, Forensic Metrology: A Primer on Scientific Measurement for
Lawyers, Judges and Forensic Scientists (CRC Press — In Preparation).

> Commonwealth of Northern Mariana Islands v. Bowie, 243 F.3d 1109, 1114 (9" Cir. 2001).

3 Peterson, THE EVOLUTION OF FORENSIC SCIENCE: PROGRESS AMID THE PITFALLS 36 Stetson Law Rev. 621, 660
(2007).

* NATIONAL ACADEMY OF SCIENCES, Strengthening Forensic Science in the United States: A Path Forward [hereinafter NAS 2009],
87 (2009).

> NAS p., xix.
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d.

iii.  “The uncertainty of the calibration will depend on the uncertainty of the values of the
standards and the measurement processes used for the intercomparisons.”"

iv.  “[U]se of proper standards and equipment, and selection of standard operating
procedures are essential for providing calibration results with accurate and traceable

values with appropriate and suitable uncertainties.””’

Calibration defines the valid range of measurement:

i.  “Standards should never be used in an extrapolative mode. They should always
bracket the measurement range. No measurement should be reported at a value lower
or higher than the lowest or highest standard used to calibrate the measurement

process.”lo0

ii.  “It is not good measurement practice to report extrapolated data, i.e., outside the
range calibrated.”'"!

iii.  “It is a generally accepted principle of reliable analysis that chemical analyzers
should be calibrated over the full range of measurement and that measurement data be
restricted to the range calibrated.”'*

“Calibration with proper standards is the key to metrological traceability.”'*

Traceability and Calibration in Qualitative Test Observations:

a.

Reference materials and procedures “are the key elements in assuring traceability of the
qualitative results/information.”'%*

“Traceability of measurement results, reference values and calibration values is essential in
qualitative testing. It is particularly critical where the qualitative test relies on comparison
with reference values.”'*

QUALITY ASSURANCE PROGRAM: “The laboratory shall have quality control procedures for

monitoring the validity of tests and calibrations undertaken. The resulting data shall be
recorded in such a way that trends are detectable and, where practicable, statistical techniques

shall be applied to the reviewing of the results.

59106

" NIST, Good Laboratory Practice for Rounding Expanded Uncertainties and Calibration Values, GLP-9, 1 (2003).

% NIST, Standard Reference Materials: Handbook for SRM Users, NISTSP 260-100, 6 (1993).

% NIST, Good Measurement Practice for Standard Operating Procedure Selection, GMP-12, 1 (2003).

Y0 NIST, Standard Reference Materials: Handbook for SRM Users, NISTSP 260-100, 6 (1993).

YUNIST, Standard Reference Materials: Handbook for SRM Users, NISTSP 260-100, 7 (1993).

2 NIST, Standard Reference Materials: Handbook for SRM Users, NISTSP 260-100, 7 (1993).

19 Hibbert, Metrological traceability: I make it 42; you make it 42; but is it the same 42? 11 ACCRED. QUAL. ASSUR. 543, 543 (2006).
19 Rios, Reliability of binary analytical responses, 24(6) TRENDS ANAL. CHEM. 509, 510 (2005).

195 Ellison, Uncertainties in qualitative testing and analysis, 5 ACCRED. QUAL. ASSUR. 346, 348 (2000).

1180, General requirements for the competence of testing and calibration laboratories, 1ISO 17025 § 5.9.1 (2005); NIST, Handbook

150 § 5.9.1 (2006).
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a. ACCREDITATION: An independent authoritative body gives formal recognition that a lab
adheres to an established set of standards of quality and relies on acceptable practices
within these requirements to render it competent to carry out specific tests or calibrations or
types of tests or calibrations.'"’

i.  “Accrediting bodies require that the methods meet a level of acceptable practice.”'*®

a) “Laboratories shall be able to demonstrate proper use of traceable standards and
test and measurement equipment by competent laboratory personnel in a suitable
environment in performing the tests for which accreditation is desired or held.
This demonstration will include the determination of the appropriate measurement
uncertainty.”'?’

ii.  Best Measurement Capability: “Smallest uncertainty of measurement a laboratory can
achieve within its scope of accreditation, when performing more-or-less routine
calibrations of nearly ideal measurement standards intended to define, realize,
conserve or reproduce a unit of that quantity or one or more of its values, or when
performing more-or-less routine calibrations of nearly ideal measurement instruments
designed for the measurement of that quantity.”' '

iii.  Scope of Accreditation: “The Scope of Accreditation lists the test methods or
services, or calibration services, for which the laboratory is accredited.”'!"

b. PROFICIENCY TESTING: Determination of laboratory testing performance by means of
interlaboratory comparisons.' '

i.  “Proficiency testing requirements are associated with most fields of accreditation.”' ">

ii.  “The performance of tests or calibrations and reporting of results from proficiency
testing assists...in determining a laboratory’s competence and the effectiveness of its
management system. Information obtained from proficiency testing helps to identify
technical problems in a laboratory.”''* Types of processes subject to proficiency
testing include:'"

a) Sampling—for example, where individuals or organizations are required to take
samples for subsequent analysis;

b) Qualitative schemes—for example, where laboratories are required to identify a
component of a test item; and

"7 NIST, Handbook 150 § 1.5.1 (2006); NAS, Strengthening Forensic Science in the United States: A Path Forward, 7-2 (2009).
"% NAS, Strengthening Forensic Science in the United States: A Path Forward, 7-10 (2009).

1 NIST, Handbook 150 App. B.2 (2006).

HONIST, Handbook 150 § 1.5.5 (2006).

HINIST, Handbook 150 § 1.5.26 (2006).

"2 NIST, Handbook 150 § 1.5.21 (2006).

'3 NIST, Handbook 150 § 3.4.2.1 (2006).

4 NIST, Handbook 150 § 3.4.1.1 (2006).

5 NIST, Handbook 150 § 1.5.21 (2006).
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c) Data transformation—for example, where laboratories are furnished with sets of
data and are required to manipulate the data to provide further information.

iii.  “Proficiency testing has long been recognized among analytical chemists as useful for
evaluating instrumental, method, laboratory and program performance.”"'°

E. MEASUREMENT INTERPRETATION:

1. “Itis scientific only to say what is more likely and what is less likely.”""”

a. “Even when an analytical procedure has been performed correctly and precisely, variables
can affect the test result. Knowledge of these variables and standardization of laboratory
testing procedures are essential for correct interpretation and optimal use of the data.”'®

2. Measurement Result: Set of quantity values being attributed to a measurand together with any
other available relevant information.'"”

a. The value of a measurand can never be known exactly; all that can be known is its
estimated value.'?

1.  “Every measurement has an uncertainty associated with it, resulting from errors
arising in the various stages of sampling and analysis and from imperfect knowledge
of factors affecting the result. For measurements to be of practical value it is
necessary to have some knowledge of their reliability or uncertainty.”'*!

a) Ex. We wish to know the quantity Y associated with a substance being measured.
Given that the exact value of Y can never be known, we chose to make multiple
measurements and average them to arrive at a best estimate. Our best estimate
can be expressed as:'*?

Y=y+¢
where

¥ = mean of measurements
€ = unknown uncertainty associated with mean

b. UNCERTAINTY: “Characterization of the dispersion of values assignable to a measurand
based on the information available including systematic and random effects, definitional

" Gullberg, Results of a Proposed Breath Alcohol Proficiency Test Program, 51(1) J. For. Sci. 168,168 (2006).

""" Feynman, The Character of Physical Law 165-166 (MIT Press 1965).

"8 NCCLS, Procedures for the Collection of Diagnostic Blood Specimens by Venipuncture; Approved Standard—Fifth Edition, H3-
A5, §5(2003).

"9 JCGM, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.9 (2008).

120 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), Appendix D.4 (2008);
Kirkup, An Introduction to Uncertainty in Measurement 33 (Cambridge University Press 2006).

12l EURACHEM, Guide to Quality in Analytical Chemistry § 16.1 (2002).

122 Eleftheriou, Measuring performance in analytical measurements 14 ACCRED. QUAL. ASSUR. 67, 67 (2009).
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uncertainty and any other factors that may impact the measurement or test process or
»123
result.

i.  Uncertainty is a property of quantitative measurement results.'**

ii.  The estimate of uncertainty of a measurement:

a) “Quantifies the quality of a measurement result.”'*

b) “Reflects the lack of exact knowledge of the value of the measurand.”'*°

¢) “Is a necessary step in producing traceable results.”'?’

.  “Knowledge of the uncertainty associated with measurement results is essential to the
interpretation of the results. Without quantitative assessments of uncertainty, it is
impossible to decide whether observed differences between results reflect more than
experimental variability, whether test items comply with specifications, or whether
laws based on limits have been broken. Without information on uncertainty, there is a
risk of misinterpretation of results. Incorrect decisions taken on such a basis may
result in unnecessary expenditure in industry, incorrect prosecution in law, or adverse
health or social consequences.”'**

3. OBSERVATION RESULT: “[E]stimated value of a particular nominal or ordinal property, obtained
by observation.”'*

a. “Qualitative analysis is characterized by its binary nature: presence/absence, positive
sample/negative sample, or yes/no according to a pre-set threshold.” '

1.  Types of qualitative analysis:13 :

a) Identification.

b) Classification.

1 JCGM, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.26
(2008); ASTM, Standard Terminology Relating to Quality and Statistics, E 456 § 3 (2008); Ted W. Vosk, Uncertainty in Forensic
Breath Alcohol Testing, Intoxication Test Evidence, Ch. 56, (2nd Ed. 2009).

124 Rios, Quality assurance of qualitative analysis in the framework of the European project ‘MEQUALAN’, 8 ACCRED. QUAL. ASSUR.
68,71 (2003).

125 Croarkin, Statistics and Measurements 106 J. RES. NATL. INST. STAND. TECHNOL. 279, 283 (2001).

126 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 3.3.1 (2008).

127 Uncertainty Of Measurement In Biological, Forensic, Medical And Veterinary Testing, NATA TECH. CIRC. 1 (December 2003).

128 1SO, Guidance for the use of repeatability, reproducibility and trueness estimates in measurement uncertainty estimation, 1ISO/TS
21748 DRAFT REVISION, v (2009); Ted W. Vosk, Uncertainty in Forensic Breath Alcohol Testing, Intoxication Test Evidence, Ch.
56, (2" Ed. 2009).

12 Fuentes-Arderiu, Vocabulary of terms in protometrology, 11 ACCRED. QUAL. ASSUR. 640, 642 (2006).

130 Rios, Quality assurance of qualitative analysis in the framework of the European project ‘MEQUALAN’, 8 ACCRED. QUAL. ASSUR.
68, 69 (2003); Rios, Reliability of binary analytical responses, 24(6) TRENDS ANAL. CHEM. 509, 512 (2005).

B! Rios, Quality assurance of qualitative analysis in the framework of the European project ‘MEQUALAN’, 8 ACCRED. QUAL. ASSUR.
68, 69 (2003).

Forensic Metrology: A Primer for Lawyers, Judges and Forensic Scientists Page 15



ii.  “It is important to recognize...that any method or technique used for classification
purposes, no matter how simple it may be to perform, will eventually fail to classify
all samples correctly.”’”  This is true “even when the analyst making the
identification follows all the canons of best practice.”'**

iii.  “Interpretation of the results must accordingly take the relevant uncertainties into
2134
account.

iv.  Uncertainty in qualitative methods is generally associated with the probabilistic
determination of the reliability/unreliability of a method.'*

b. UNRELIABILITY: The unreliability of a qualitative method is a measure of its likelihood of
giving an erroneous response (error rate).'*®

1. “Traceability and (un)reliability of the [results] produced by these methods are crucial
parameters in assuring the quality expected of the information derived.”"*’

4. STATISTICAL APPROACHES:

a. Frequentist (Relative frequency) Inference: “To a frequentist the probability of an event is
equal to its relative occurrence in a larger number of repetitions of an experiment.”"*® In
this approach, the population of past events sampled to determine a frequency of occurrence
is assumed to be representative of the population of future events so that the
frequency/probability found can be applied to the population future events.'*’

i.  “[T]he only evidence employed in the decision making process are data which are
derived from a sample.”'*

a) Probabilities are objectively determined as a function of empirical data.'*!

B2 Lendl, Advancing from unsupervised, single variable-based to supervised, multivariate-based methods: A challenge for qualitative
analysis, 24(6) TRENDS ANAL. CHEM. 488, 488 (2005).

133 Ellison, Quantifying uncertainty in qualitative analysis 123 ANALYST 1155, 1155 (1998).

4 Ellison, Quantifying uncertainty in qualitative analysis 123 ANALYST 1155, 1155 (1998).

133 Rios, Quality assurance of qualitative analysis in the framework of the European project ‘MEQUALAN’, 8 ACCRED. QUAL. ASSUR.
68, 71 (2003); Mil’man, Uncertainty of Qualitative Chemical Analysis: General Methodology and Binary Test Methods, 59(12) J.
ANAL. CHEM. 1128, 1130-1134, 1136 (2004); Ellison, Characterizing the performance of qualitative analytical methods: Statistics and
terminology, 24(6) TRENDS ANAL. CHEM. 468, 469-70 (2005); Lewis, Reliability and Validity: Meaning and Measurement, 10-11,
Presentation to Annual Meeting of the Society for Academic Emergency Medicine (1999); ISO, Statistics — Vocabulary and symbols
— Part I: General statistical terms and terms used in probability, ISO 3534-1 §§ 1.46, 1.47 (2006).

¢ Mil’man, Uncertainty of Qualitative Chemical Analysis: General Methodology and Binary Test Methods, 59(12) J. ANAL. CHEM.
1128, 1128 (2004); Ellison, Uncertainties in qualitative testing and analysis, 5 ACCRED. QUAL. ASSUR. 346, 347 (2000); Rios, Quality
assurance of qualitative analysis in the framework of the European project ‘MEQUALAN’, 8 ACCRED. QUAL. ASSUR. 68, 70-74
(2003).

7 Rios, Reliability of binary analytical responses, 24(6) TRENDS ANAL. CHEM. 509, 515 (2005).

% Meinrath, Lectures for chemists on statistics. I. Belief. probability, frequency, and statistics: decision making in a floating world,
13 ACCRED. QUAL. ASSUR. 3, 7 (2008); Briichle, Confidence intervals for experiments with background and small numbers of events
91 RADIOCHIM. ACTA 71, 71 (2003).

139 Mendenhall, Mathematical Statistics with Applications, 17-18 (PWS-Kent 1990); Handbook of Parametric and Nonparametric
Statistical Procedures 353 (CRC 2007).

Y Handbook of Parametric and Nonparametric Statistical Procedures 332 (CRC 2007).
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b) Uncertainty is treated using the concept of confidence intervals.'*
ii. Drawbacks:'®

a) Changed conditions: Relative frequencies or conditions for past events may not be
the same as for future events.

b) Unique events: Cannot be applied to unique events.

b. Bayesian Inference: Probability is not a relative frequency of the occurrence of events, but
an “information-based degree of belief about the truth of a proposition.”144 This approach
combines subjective degrees of belief associated with relevant parameters prior to
measurement/observation with the results of measurement/observation to determine
updated degrees of belief incorporating new results.'*

i.  Bayesian inference employs sampling data and any other preexisting information
deemed relevant in the decision making process.

a) Degrees of belief may be based upon both objective and subjective components.

ii.  The foundation for Bayesian analysis is Bayes Theorem. It states that the probability
of a hypothesis being true given some result is proportional to the probability of the
hypothesis being true prior to obtaining the result multiplied by the probability of
obtaining the result assuming the hypothesis is true. This can be written as:'*®

p(H | I) o< p(1[H)p(H)

where
p(H | I) = Posterior probability: Probability of H given result I.
p(H) = Prior probability: Independent probability of H prior to result L.

p(I|H) = Probability of result I if H true.

! Handbook of Parametric and Nonparametric Statistical Procedures 353 (CRC 2007).

2 JCGM, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.36 Note 2 (2008);
ISO, Statistics — Vocabulary and symbols — Part 1: General statistical terms and terms used in probability, ISO 3534-1, § 1.28
(2007).

"> Handbook of Parametric and Nonparametric Statistical Procedures 353 (CRC 2007).

' Ehrlich, Evolution of philosophy and description of measurement 12 ACCRED. QUAL. ASSUR. 201, 205 (2007); Briichle, Confidence
intervals for experiments with background and small numbers of events 91 RADIOCHIM. ACTA 71, 74 (2003).

15 Bolstad, Introduction to Baysian Statistics 6-7 (Wiley 2007); Pearl, Causality: Models Reasoning and Inference 5-6 (Cambridge
2001); Handbook of Parametric and Nonparametric Statistical Procedures 355 (CRC 2007).

146 Pearl, Causality: Models Reasoning and Inference 5 (Cambridge 2001); Estler, Measurement as Inference: Fundamental Ideas,
48(2) Annals of the CIRP 611, 618 (1999); Bolstad, Introduction to Baysian Statistics 63, 73 (Wiley 2007); Howson, Scientific
Reasoning The Bayesian Approach 20-21 (Open Court 2006); Leonard, Bayesian Methods An Analysis for Statisticians and
Interdisciplinary Researchers 76 (Cambridge 1999); Mendenhall, Mathematical Statistics with Applications, 64 (PWS-Kent 1990);
Briichle, Confidence intervals for experiments with background and small numbers of events 91 RADIOCHIM. ACTA 71, 74-75 (2003).
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a) “Bayesian inference provides a rigorous means of incorporating prior information
into a measurement.”"*’

1.  Drawbacks:

a) Validity of result is critically dependent upon the reliability of prior information
and the validity of subjectively determined probabilities.'**

c. The philosophy underlying each of these approaches is profoundly distinct."* The
frequentist interpretation is that most widely espoused although Bayesian theory has gained
prominence."”® Regardless, both are important. Moreover, the methods are often combined
and the usefulness of either approach depends upon the circumstances of the measurement,
the validity of any assumptions and the use to be made of the results. One should be aware
of both approaches to be able to adequately evaluate uncertainty/unreliability claims
concerning a test result.

5. DETERMINATION OF UNCERTAINTY AND UNRELIABILITY:

a. “Testing laboratories shall have and shall apply procedures for estimating uncertainty of
measurement. In certain cases the nature of the test method may preclude rigorous,
metrologically and statistically valid, calculation of uncertainty of measurement. In these
cases the laboratory shall at least attempt to identify all the components of uncertainty and
make a reasonable estimation, and shall ensure that the form of reporting of the result does
not give a wrong impression of the uncertainty. Reasonable estimation shall be based on
knowledge of the performance of the method and on the measurement scope and shall make
use of, for example, previous experience and validation data.”"!

b. MEASUREMENTS V. OBSERVATIONS:

1. “Traditional metrological principles, as they are applied to quantitative methods,
cannot be directly applied to qualitative ones.”’* Accordingly quantitative and
qualitative methods are treated separately.

7 Phillips, Calculation of Measurement Uncertainty Using Prior Information 103 J. RES. NATL. INST. STAND. TECHNOL. 625, 626
(1998); Ellison, Quantifying uncertainty in qualitative analysis 123 ANALYST 1155, 1156 (1998).

8 Howson, Scientific Reasoning The Bayesian Approach 9 (Open Court 2006); Phillips, Calculation of Measurement Uncertainty
Using Prior Information 103 J. RES. NATL. INST. STAND. TECHNOL. 625, 629 (1998); Ellison, Quantifying uncertainty in qualitative
analysis 123 ANALYST 1155, 1160 (1998).

9 Howson, Scientific Reasoning The Bayesian Approach 20-21 (Open Court 2006); Ehrlich, Evolution of philosophy and description
of measurement 12 ACCRED. QUAL. ASSUR. 201, 205 (2007); Briichle, Confidence intervals for experiments with background and
small numbers of events 91 RADIOCHIM. ACTA 71, 74 (2003); D'Agostini, Role and Meaning of Subjective Probabaility, 568 AIP
Conference Proceedings 23 (2001); Estler, Measurement as Inference: Fundamental Ideas, 48(2) Annals of the CIRP 611, 618 (1999);
D'Agostini, Bayesian Reasoning Versus Conventional Statistics in High Energy Physics, presentation at XVIII International
Workshop on Maximum Entropy and Bayesian Methods (Germany 1998).

130 Croarkin, Statistics and Measurements 106 J. RES. NATL. INST. STAND. TECHNOL. 279, 290-291 (2001).

PUS0, General requirements for the competence of testing and calibration laboratories, 1SO 17025 § 5.4.6.2 (2005).

12 Rios, Quality assurance of qualitative analysis in the framework of the European project ‘MEQUALAN’, 8 ACCRED. QUAL. ASSUR.
68, 69 (2003); Rios, Reliability of binary analytical responses, 24(6) TRENDS ANAL. CHEM. 509, 512 (2005).
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c. UNCERTAINTY OF MEASUREMENT RESULTS (QUANTITATIVE METHODS):

1. “The approach to quantification of uncertainty in measurement, which is now widely
used in the physical sciences, is that presented in the Guide to the Expression of
Uncertainty in Measurement.”">

ii.  Basic Concepts:

a) ACCURACY: Closeness of agreement between a measured quantity value and a
true quantity value of a measurand.'**

1) Accuracy is not a quantity and is not given a numerical quantity value. A
measurement is said to be more accurate when it offers a smaller measurement

CI‘I‘OI'.155

2) When multiple measures are made, accuracy is evaluated utilizing the mean of
the set of measurements.

a) ARITHMETIC MEAN:'® A sum of measurement values divided by the
number of measurements.

e
y_n l=1yl

b) WEIGHTED MEAN:""" A sum of measurement values that have been
assigned relative weights based on the importance or confidence we have
in a particular measurement divided by the sum of the weights.

n
—  _ Li=1WiYi

W Erw
where
o; = weighting factor

b) PRECISION: Closeness of agreement between indications or measured quantity
values obtained by replicate measurements on the same or similar objects under
specified conditions.'*®

133 Toman, Bayesian Approach to Assessing Uncertainty and Calculating a Reference Value in Key Comparison Experiments, 110 J.
RES. NATL. INST. STAND. TECHNOL. 605, 606 (2005); Ted W. Vosk, Uncertainty in Forensic Breath Alcohol Testing, Intoxication Test
Evidence, Ch. 56, (2™ Ed. 2009).

13 JCGM, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.13 (2008).

133 JCGM, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.13 Note 1 (2008).
1 SO, Statistics — Vocabulary and symbols — Part 1: General statistical terms and terms used in probability, 1SO 3534-1, § 1.15
(2007).

" Taylor, An Introduction to Error Analysis: The Study of Uncertainties in Physical Measurements, 175-6 (2™ Ed. 1997); Kachigan,
Statistical Analysis: An Interdisciplinary Introduction to Univariate & Multivariate Methods 49 (Radius Press 1986); Paule,
Consensus Values and Weighting Factors, 87 J. RES. NAT’L BUREAU STAND. 377, 378 (1982).

138 JCGM, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.15 (2008).
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1) MEASUREMENT __ STANDARD _ DEVIATION:"  Characterizes  the
variability/dispersion of measured values about their mean.

Zin=1(Yi_ y)?
n-1

o =

c) A set of measurements may be neither accurate nor precise, precise but not
accurate, accurate but not precise or both accurate and precise.'®

Neither Precise Nor Accurate Precise. Not Accurate

1) “Accuracy...is judged with respect to the use to be made of the data.”"®'

2) “What might be considered as very precise for one purpose could be grossly
imprecise for another.”'%*

d) MEASUREMENT ERROR: Measured quantity value minus a reference quantity
value.'® “Traditionally, an error is viewed as having two components, namely, a
random component and a systematic component.”'**

1) SYSTEMATIC ERROR: Component of measurement error that in replicate
measurements remains constant or varies in a predictable manner.'®

a) BIAs: Estimate of a systematic error.'®

159 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 4.2.2 (2008); Kirkup,
An Introduction to Uncertainty in Measurement 57 (Cambridge University Press 2006); Dieck, Measurement Uncertainty Methods
and Applications 46 (4™ ed. 2007).

10 Dimech, Calculating Uncertainty of Measurement for Serology Assays by Use of Precision and Bias 52(3) CLIN. CHEM. 526, 527
(20006).

U NIST, Standard Reference Materials: Handbook for SRM Users, NISTSP 260-100, 2 (1993).

2 NIST, Standard Reference Materials: Handbook for SRM Users, NISTSP 260-100, 3 (1993).

19 JCGM, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.16 (2008).

1% JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 3.2.1 (2008).

195 JCGM, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.17 (2008).

1 JCGM, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.18 (2008).
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1) “Whenever the true value of the measured quantity is needed or when
data from different laboratories, different methodologies or from the
same laboratory using the same method over a period of time need to
be interrelated, bias can be a serious problem.”'®’

2) RANDOM ERROR: Component of measurement error that in replicate
measurements varies in an unpredictable manner.'®®

169

Measurement Error

Systematic
Error
ol i
Random
Error
-
- '//’ -
Mean Reference

3) “Error analysis is the attempt to estimate the total error using frequency-based
s gl 95170
statistics.

1ii.  CHARACTERIZING ACCURACY: “Accuracy...includes the concepts of both bias and
precision and is judged with respect to the use to be made of the data. A
measurement process must be unbiased to be capable of producing accurate
values...it must be sufficiently precise as well, or else the individual results will be
inaccurate due to unacceptable variability.””'

" NIST, Standard Reference Materials: Handbook for SRM Users, NISTSP 260-100, 4 (1993).

18 JCGM, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.19 (2008).
1% Image by Rod Gullberg.

1% Ehrlich, Evolution of philosophy and description of measurement 12 ACCRED. QUAL. ASSUR. 201, 205 (2007).

"' NIST, Standard Reference Materials: Handbook for SRM Users, NISTSP 260-100, 2 (1993).
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iv. BEST ESTIMATE OF MEASURAND VALUE:

a) “The objective of measurement in the Uncertainty Approach is not to determine a
true value as closely as possible. Rather, it is assumed that the information from
measurement only permits assignment of an interval of reasonable values to the
measurand, based on the assumption that no mistakes have been made in
performing the measurement. Additional relevant information may reduce the
range of the interval of values that can reasonably be attributed to the measurand.
However, even the most refined measurement cannot reduce the interval to a
single value because of the finite amount of detail in the definition of a
measurand. The definitional uncertainty, therefore, sets a minimum limit to any
measurement uncertainty. The interval can be represented by one of its values,
called a ‘measured quantity value.”'"?

b) “It is understood that the result of the measurement is the best estimate of the
value of the measurand, and that all components of uncertainty, including those
arising from systematic effects, such as components associated with corrections
and reference standards, contribute to the dispersion.”'

c) When multiple measurements are obtained, the best estimate of Y may be based
on either an arithmetic or weighted mean.'”* Although in special circumstances
the weighted and classical mean may be equal, in general they will not be.'”

1) Within Laboratory Measurements: All measurements performed utilizing “the
same method under the same conditions, that is, by the same operator, with
the same equipment, on the same day and in a single laboratory.”’®

a) Arithmetic mean is appropriate.

2) Between Laboratory Measurement: Some measurements performed where
either method, conditions, analysts, operators, instruments or laboratories are
different.'”

a) Weighted mean accepted approach.'”

172 JCGM, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 0.1 (2008); Ted W.
Vosk, Uncertainty in Forensic Breath Alcohol Testing, Intoxication Test Evidence, Ch. 56, (2™ Ed. 2009).

'3 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 2.2.3 Note 3 (2008).
17 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 4.1.4 (2008); NIST,
Standard Reference Materials: Handbook for SRM Users, NISTSP 260-100, 76-78 (1993).

'3 Paule, Consensus Values and Weighting Factors, 87 J. RES. NAT’L BUREAU STAND. 377, 380 (1982).

1% Jones, Dealing with Uncertainty in Chemical Measurements, 14(1) NEWSL. OF THE INT. ASSOC. FOR CHEM. TEST. 8 (2003).

7 Jones, Dealing with Uncertainty in Chemical Measurements, 14(1) NEWSL. OF THE INT. ASSOC. FOR CHEM. TEST. 8 (2003); Zhang,
The Uncertainty Associated with the Weighted Mean of Measurement Data, 43 METROLOGIA 195, 195 (2006).

178 Paule, Consensus Values and Weighting Factors, 87 J. RES. NAT’L BUREAU STAND. 377, 380 (1982); Taylor, An Introduction to
Error Analysis: The Study of Uncertainties in Physical Measurements, 175-6 (2™ Ed. 1997); Zhang, The Uncertainty Associated with
the Weighted Mean of Measurement Data, 43 METROLOGIA 195, 195 (2006); NIST, Standard Reference Materials, Statistical Aspects
of the Certification of Chemical Batch SRMs, NIST SP260-125 § 8 (1996); NIST, Standard Reference Materials: Handbook for SRM
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1) Ex.: Precision of between laboratory measurements different. When
the precision between sets of measurements is significant, the
weighted mean should be utilized and we may employ the following
weighting factor: '

w; =

Q3

2) In this context, the weighting factor gives greater weight to those
measurement results that are more precise, coinciding with the greater
level of confidence in those results.'*

3) Under the principle of maximum likelihood, the weighted mean yields
the most precise value for the best estimate of Y.'®!

4) Failure to utilize the weighted mean in these circumstances can result
in an underestimation of uncertainty.'®

5) “There are many situations in which it would be very misleading to

average quantities without [weighting them]”.'®

V. DETERMINING UNCERTAINTY:

a) “When estimating the uncertainty of measurement, all uncertainty components
which are of importance in the given situation shall be taken into account using
appropriate methods of analysis.”'®*

b) All known systematic effects should be compensated for through application of a
correction factor'® It is assumed that a correction (or correction factor) is
applied to compensate for each recognized systematic effect that significantly

Users, NIST SP260-100, 78 (1993); ISO, Reference Materials — General and Statistical Principles for Certification, 1ISO Guide 35,
App. B.7 (2006).

17 Zhang, The Uncertainty Associated with the Weighted Mean of Measurement Data, 43 METROLOGIA 195, 195 (2006); Dimech,
Calculating Uncertainty of Measurement for Serology Assays by Use of Precision and Bias 52(3) CLIN. CHEM. 526, 527 (20006);
Paule, Consensus Values and Weighting Factors, 87 J. RES. NAT’L BUREAU STAND. 377, 380 (1982); NIST, Standard Reference
Materials: Handbook for SRM Users, NISTSP 260-100, 78 (1993); Witkovsky, On Statistical Models for Consensus Values 1(1)
MEAS. ScCI. REv. 33, 35 (2001).

% Dieck, Measurement Uncertainty Methods and Applications 154-155 (4™ ed. 2007).

'8 Taylor, An Introduction to Error Analysis: The Study of Uncertainties in Physical Measurements, 175-6 (2™ Ed. 1997); Bevington,
Data Reduction and Error Analysis for the Physical Sciences 57 (3™ 2003).

82 Dieck, Measurement Uncertainty Methods and Applications 155 (4™ ed. 2007); Zhang, The Uncertainty Associated with the
Weighted Mean of Measurement Data, 43 METROLOGIA 195 (2006).

'8 Freund, Modern Elementary Statistics 39 (4™ 1973).

8180, General requirements for the competence of testing and calibration laboratories, ISO 17025 § 5.4.6.3 (2005).

185 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 6.3.2 (2008); JCGM,
International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.53 (2008).
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influences the measurement result.”'* Assuming we have determined a
systematic error (bias) of b, our best estimate of Y would then be:'®’

Y=y-b+eg
:y—|—8

¢) “Uncertainty of measurement comprises, in general, many components. Some of
these components may be evaluated from the statistical distribution of the results
of series of measurements and can be characterized by experimental standard
deviations. The other components, which can also be characterized by standard
deviations, are evaluated from assumed probability distributions based on
experience or other information.”'™*

1) TYPE A UNCERTAINTY: Component of measurement uncertainty determined
by a statistical analysis of a series of measured quantity values obtained under
defined measurement conditions.'"

a) “A Type A evaluation of standard uncertainty may be based on any valid
statistical method for treating data.”*°

1) Standard deviation of the mean of a series of independent
observations;

2) Using the method of least squares to fit a curve to data in order to
estimate the parameters of the curve and their standard deviations;

3) Carrying out an analysis of variance (ANOVA) in order to identify and
quantify random effects in certain kinds of measurements.

2) TyPE B UNCERTAINTY: Component of measurement uncertainty determined
by a method other than the statistical analysis of series of observations.""

a) “A Type B evaluation of standard uncertainty is usually based on
scientific judgment using all the relevant information available.”'**

1) Previous measurement data;

'8 NIST, Guidelines for Evaluating and Expressing the Uncertainty of NIST Measurement Results, NIST TN 1297, §5.2, App. D 1.1.6
— 8 (1994).

187 Eleftheriou, Measuring performance in analytical measurements 14 ACCRED. QUAL. ASSUR. 67, 67 (2009); Ted W. Vosk,
Uncertainty in Forensic Breath Alcohol Testing, Intoxication Test Evidence, Ch. 56, (2" Ed. 2009).

188 NIST, Handbook 150 § 1.5.31 Note 2 (2006).

1% JCGM, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.28 (2008);
JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 2.3.2 (2008); NIST,
Guidelines for Evaluating and Expressing the Uncertainty of NIST Measurement Results, NIST TN 1297, § 2.5 (1994).

YONIST, Guidelines for Evaluating and Expressing the Uncertainty of NIST Measurement Results, NIST TN 1297, § 3 (1994).

1 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 2.3.3 (2008); JCGM,
International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.29 (2008).

2 NIST, Guidelines for Evaluating and Expressing the Uncertainty of NIST Measurement Results, NIST TN 1297, § 4.1 (1994);
JCGM, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.29 (2008).
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2)

3)
4)
)

6)

7)

Experience with, or general knowledge of, the behavior and property
of relevant materials and instruments;

Manufacturer’s specifications;
Data provided in calibration and other reports;
Uncertainties assigned to reference data taken from handbooks;

Information associated with the quantity value of a certified reference
material;

Information about instrumental drift.

3) “The purpose of the Type A and Type B classification is to indicate the two
different ways of evaluating uncertainty components...the uncertainty
components resulting from either type are quantified by variances or standard

deviations.

9193

a) “Type A evaluations of standard uncertainty components are founded on
frequency distributions while Type B evaluations are founded on a priori
distributions. It must be recognized that in both cases the distributions are

b)

models that are used to represent the state of our knowledge.

59194

“[TThe GUM approach, and in fact the uncertainty approach in general, are
consequences of the Bayesian theory of describing one’s state of
knowledge about a measurand.”"””

1)

2)

“The frequentist theory of inference can be useful for determining
certain Type A components of measurement uncertainty, but is not
capable of treating most Type B components.”*°

“An example of the difficulty of the frequentist theory of inference
within the GUM approach is that the frequentist theory is not able to
be used to assess the uncertainty of a single measured value when
using a measuring instrument, such as a voltmeter. The reason is that
the uncertainty here derives from ‘nonstatistical’ information obtained
from the instrument’s calibration certificate.”'”’

d) “Sources contributing to the uncertainty include, but are not necessarily limited

to, the reference standards and reference materials used, methods and equipment

193 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 3.3.4 (2008).

94 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 4.1.6 (2008).

193 Enhrlich, Evolution of philosophy and description of measurement 12 ACCRED. QUAL. ASSUR. 201, 212-213 (2007).

1% Ehrlich, Evolution of philosophy and description of measurement 12 ACCRED. QUAL. ASSUR. 201, 212-213 (2007); Briichle,
Confidence intervals for experiments with background and small numbers of events 91 RADIOCHIM. ACTA 71, 71 (2003).

"7 Ehrlich, Evolution of philosophy and description of measurement 12 ACCRED. QUAL. ASSUR. 201, 213 (2007).
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used, environmental conditions, properties and condition of the item being tested
or calibrated, and the operator.”'*®

e) UNCERTAINTY BUDGET: Statement of a measurement uncertainty, of the
components of that measurement uncertainty, and of their calculation and
combination.'”

200

Source of uncertainty Type A Type B

1. Factors influencing only the reference standard:
1.1 Constancy of the dosimeter 0.100

1.2 Dosimeter reading 0.010 0.010
1.3 Temperature 7' difference with T'inside the cavity 0.060
Thermometer resolution 0.020
1.4 Pressure 0.060
1.5 Current/charge measurements 0.060
1.6 Reproducibility of the phantom positioning 0.040
Quadratic sum 0.041 0.144
Combined uncertainty 1 0.150
2. Factors nfluencing only the user’s chamber
2.1 Dosimeter reading 0.020 0.060
2.2 Temperature: difference with 7' inside the cavity 0.060
Thermometer resolution 0.020
2.3 Pressure 0.060
2.4 Current/charge measurements 0.060
2.5 Leakage current 0.020
2.6 Reproducibility of the phantom positioning 0.040
Quadratic sum 0.045 0.108
Combined uncertainty 2 0.117

3. Total uncertainty

3.1 Quadratic sum (1 +2) 0.061 0.130
3.2 Combined uncertainty SSDL (1 +2) 0.190
3.3 Uncertainty of the calibration coefficient reported by IAEA 0.490
3.4 Combined uncertainty (SSDL + [AEA) 0.526
3.5 Expanded uncertainty (k= 2) 1.052

f) COMBINED UNCERTAINTY: Measurement uncertainty determined by combining
the uncertainties associated with each individual source of uncertainty identified

8180, General requirements for the competence of testing and calibration laboratories, ISO 17025 § 5.4.6.3 Note 1 (2005); JCGM,
Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 3.3.2 (2008).

199 JCGM, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.33 (2008); Ted
W. Vosk, Uncertainty in Forensic Breath Alcohol Testing, Intoxication Test Evidence, Ch. 56, (2" Ed. 2009).

2% Image from Arib, Study of the influence of phantom material and size on the calibration of ionization chambers in terms of
absorbed dose to water 7(3) J. APP. CLIN. MED. PHYS. (2006) at

www.jacmp.org/index.php/jacmp/article/viewArticle/2264/1286.
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in the uncertainty budget.””’ The combined uncertainty can be represented
symbolically as: .

g) EXPANDED UNCERTAINTY: Value obtained when the combined uncertainty is
multiplied by a “coverage factor.” The expanded uncertainty can be represented
symbolically as: U= Ju""

1) The expanded uncertainty defines a “coverage interval” that may be expected
to encompass the set of values that could reasonably be attributed to the
measurand with a stated probability based on the information available”

2) LEVEL OF CONFIDENCE: Probability that the set of true quantity values of a
measurand is contained within a specified coverage interval.***

a) The level of confidence attributed to a coverage interval is dependent on
assumptions regarding the probability distribution associated with a
measurement result and its combined standard uncertainty. It is only valid
to the extent to which the assumptions may be justified.””

b) For a given set of assumptions, the level of confidence provided by an
interval is determined by the coverage factor chosen.”

h) THE COVERAGE INTERVAL:

1) A coverage interval need not be symmetric with respect to (centered on) the
chosen measured quantity value.?”’

21 JCGM, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.31 (2008);
JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 2.3.4 (2008); NIST,
Guidelines for Evaluating and Expressing the Uncertainty of NIST Measurement Results, NIST TN 1297 § 5 (1994).

292 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 6.2.1 (2008); JCGM,
International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.35 (2008); NIST, Guidelines
for Evaluating and Expressing the Uncertainty of NIST Measurement Results, NIST TN 1297 § 6 (1994).

29 JCGM, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.35 - § 2.38
(2008); JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 2.3.5 - § 2.3.6
(2008).

% JCGM, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.37 (2008);
JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 2.3.5 (2008).

295 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 2.3.5 (2008).

26 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 6.3.1 (2008).

207 JCGM, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.36 (2008);
UKAS, The Expression of Uncertainty and Confidence in Measurement, M3003 § 6.7 (2007).
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2) Frequently (although by no means universally) measurement variables are
approximately normally distributed. In these circumstances, the coverage
interval will be symmetric about the corrected mean of our measurement

results so that our best estimate of Y becomes:>*
Y=y+U
=y £ Aue

a) This “is interpreted to mean that the best estimate of the value attributable
to the measurand Y is y, and that y — U to y + U is an interval that may be
expected to encompass a large fraction of the distribution of values that
could reasonably be attributed to Y.

b) In this context, our level of confidence is determined by our coverage
factor, /.

c) Setting 4 = 2 produces an interval having a level of confidence of
approximately 95 percent, while setting 4 = 3 produces an interval having
a level of confidence of approximately 99 percent.”'’

211

easurement »

34.13% = 34.13%

-3\ -2\ -1A 0 +1A +2h  +3A
«— 68.26% —

«——— 95.46% ———

-« 9973%
Expanded measurement uncertainty:
UatA=1,2and3

2% JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 6.2.1 (2008); NIST,

Guidelines for Evaluating and Expressing the Uncertainty of NIST Measurement Results, NIST TN 1297 § 6.1 (1994); Eleftheriou,
Measuring performance in analytical measurements 14 ACCRED. QUAL. ASSUR. 67, 67 (2009); Richter, Reporting measurement
uncertainty in chemical analysis, 13 ACCRED. QUAL. ASSUR. 113, 113 (2008); Briichle, Confidence intervals for experiments with
background and small numbers of events 91 RADIOCHIM. ACTA 71, 71 (2003).

299 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 6.2.1 (2008).

219 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 3.3.7, 6.3.3 (2008);
NIST, Guidelines for Evaluating and Expressing the Uncertainty of NIST Measurement Results, NIST TN 1297 § 6.2 (1994); UKAS,
The Expression of Uncertainty and Confidence in Measurement, M3003 § 3.47 (2007).

2! Image adapted from, Shah, Standard Definition Getting to the bottom of measurement uncertainty 42(3) QUALITY PROGRESS 53

(2009).
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3) Although a confidence interval is an example of a coverage interval, a
coverage interval is not a confidence interval. A confidence interval is a
statistical concept based on the frequentist approach while a coverage interval
is a metrological concept. Although conceptually similar, only when certain

assumptions are satisfied will a coverage interval be a confidence interval.*'?

a) In the context of a confidence interval, “[t]lhe confidence reflects the
proportion of cases that the confidence interval would contain the true
parameter value in a long series of repeated random samples under
identical conditions. A confidence interval does not reflect the probability
that the observed interval contains the true value of the parameter (it either
does or does not contain it).”*"?

1) SAFETY MARGIN:

1) Another way to account for uncertainty is to subtract “a ‘safety margin’ from
the result to ensure that...the result does not exceed a limit value only because
of random effects of the measurement.”*

2) The magnitude of the safety margin “depends both on the acceptable risk of
committing a type 1 error [false positive] and on the uncertainty of the
result.”*!

3) This is similar to utilization of a one sided confidence interval.*'® Assuming a
safety margin s, our estimate of Y becomes:

Y>y-—s

4) This would be interpreted to mean that a very small fraction of the distribution
of values that could reasonably be attributed to Y would be encompassed by
the region Y <y — 5.2’

212 JCGM, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (VIM), § 2.36 (2008);
JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 6.2.2 (2008); 1SO,
Statistics — Vocabulary and symbols — Part 1: General statistical terms and terms used in probability, ISO 3534-1, § 1.28 (2007).
23180, Statistics — Vocabulary and symbols — Part 1: General statistical terms and terms used in probability, ISO 3534-1, § 1.28
(2007); Ted W. Vosk, Uncertainty in Forensic Breath Alcohol Testing, Intoxication Test Evidence, Ch. 56, (2" Ed. 2009).

214 Kristiansen, An Uncertainty Budget for the Measurement of Ethanol in Blood by Headspace Gas Chromatography, 28(6) J. ANAL.
Tox. 456 (2004).

213 Kristiansen, An Uncertainty Budget for the Measurement of Ethanol in Blood by Headspace Gas Chromatography, 28(6) J. ANAL.
Tox. 456 (2004).

18180, Statistics — Vocabulary and symbols — Part I: General statistical terms and terms used in probability, 1SO 3534-1 § 1.29
(20006).

217 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § C.2.28 (2008); Garaj,
One-sided Tolerance Factors of Normal Distributions with unknown mean and variability, 6(2) MEAS. SCI. REV. 12, 14-15 (2006);
Kristiansen, An Uncertainty Budget for the Measurement of Ethanol in Blood by Headspace Gas Chromatography, 28(6) J. ANAL.
Tox. 456 (2004).
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d. UNRELIABILITY OF OBSERVATIONS (QUALITATIVE METHODS):

i.  FREQUENTIST METHODS: Traditional measures of

unreliability include™"®

frequentist probabilistic

a) FALSE NEGATIVE (TYPE [ ERROR) RATE: Percent rejection of true condition.
FNR = [NFN / (NTP + NFN)]

b) FALSE POSITIVE (TYPE Il ERROR) RATE: Percent failure to reject false condition.
FPR = [NFP /(NFP + NTN)]

c) SENSITIVITY: Percent confirming a true condition.
Se = [Ntp /(N1p +NpN)]

d) SPECIFICITY: Percent rejecting a false condition.
Sp = [Ntn /(Ngp + N1n)]

e) POSITIVE PREDICTIVE VALUE: Percent indicating condition true that are correct.
Ppv = [N1p /(Ngp+ Nrp)]

f) NEGATIVE PREDICTIVE VALUE: Percent indicating condition false that are correct.
Npy = [Nn /(Nex + N1n)]

Test Result Test Result

A —A

Condition True Positive False Negative | Npp+ Ny

A Nrp (Type I error)

Nin

Condition | False Positive True Negative | Npp+ Ny
—A (Type II error) N1~

Ngp
Nrtp + Nrp Nen+N1n N

g) “The existence of several types of potential error rates makes it absolutely critical
for all involved in the analysis to be explicit and precise in the particular rate or
rates referenced in a specific setting.”*"

18 Rios, Quality assurance of qualitative analysis in the framework of the European project ‘MEQUALAN’, 8 ACCRED. QUAL. ASSUR.
68, 71 (2003); Mil’man, Uncertainty of Qualitative Chemical Analysis: General Methodology and Binary Test Methods, 59(12) J.
ANAL. CHEM. 1128, 1130-1134, 1136 (2004); Ellison, Characterizing the performance of qualitative analytical methods: Statistics and
terminology, 24(6) TRENDS ANAL. CHEM. 468, 469-70 (2005); Lewis, Reliability and Validity: Meaning and Measurement, 10-11,
Presentation to Annual Meeting of the Society for Academic Emergency Medicine (1999); ISO, Statistics — Vocabulary and symbols
— Part I: General statistical terms and terms used in probability, 1SO 3534-1 §§ 1.46, 1.47 (2006); Handbook of Parametric and
Nonparametric Statistical Procedures 335 (CRC 2007).

219 NAS, Strengthening Forensic Science in the United States: A Path Forward, 4-9 (2009).
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h) When utilizing frequentist methods, “[i]t is important for laboratories to check at
least the most critical false response rate for a qualitative test.”**"

ii.  BAYESIAN METHODS: An important alternative to frequentist measures of unreliability
is the application of Bayesian measures.””!

a) LIKELIHOOD RATIO: %2 L(I | H) = pp(?l—mH)). This is a measure of the impact of the

test result on the likelihood of H, that is of how much the test result has increased
or decreased the pretest likelihood of H.

b) POSTERIOR PROBABILITY:** p(H | I) = Probability (degree of belief) that H is true
given test result .

c) BAYESIAN NETWORK: “Bayesian networks are a graphical representation of
(in)dependencies amongst random variables...with nodes representing random
variables, and arcs representing direct influence... Bayesian networks aid in
knowledge acquisition by specifying which probabilities are needed.”***

6. REPORTING RESULTS:

a. “Calculations and data transfers shall be subject to appropriate checks in a systematic

manner.”>?

1. “When the experimenter is clearly aware that a gross deviation from prescribed
experimental procedure has taken place, the resultant observation should be
discarded, whether or not it agrees with the rest of the data.”**

1i.  OUTLIER: “[A]n observation that appears to deviate markedly in value from other
members of the sample in which it appears.”*”’

220 Ellison, Uncertainties in qualitative testing and analysis, 5 ACCRED. QUAL. ASSUR. 346, 348 (2000).

221 Ellison, Uncertainties in qualitative testing and analysis, 5 ACCRED. QUAL. ASSUR. 346, 346 (2000); Mil’man, Uncertainty of
Qualitative Chemical Analysis: General Methodology and Binary Test Methods, 59(12) J. ANAL. CHEM. 1128, 1137-1138 (2004).

22 Ellison, Quantifying uncertainty in qualitative analysis 123 ANALYST 1155, 1157-1158 (1998); Pearl, Causality: Models
Reasoning and Inference 7 (Cambridge 2001); Bolstad, Introduction to Baysian Statistics 63, 70 (Wiley 2007); Howson, Scientific
Reasoning The Bayesian Approach 20-21 (Open Court 2006); Leonard, Bayesian Methods An Analysis for Statisticians and
Interdisciplinary Researchers 112 (Cambridge 1999).

3 Ellison, Characterizing the performance of qualitative analytical methods: Statistics and terminology, 24(6) TRENDS ANAL. CHEM.
468, 70 (2005); Mil’man, Uncertainty of Qualitative Chemical Analysis: General Methodology and Binary Test Methods, 59(12) .
ANAL. CHEM. 1128, 1137-1138 (2004); Ellison, Quantifying uncertainty in qualitative analysis 123 ANALYST 1155, 1157-1158
(1998).

2% Zhang, Exploiting Causal Independence in Bayesian Network Inference 5 J. ART. INTEL. RES. 301, 301 (1996).

3 1SO, General requirements for the competence of testing and calibration laboratories, 1SO 17025 § 5.4.7.1 (2005); NIST,
Handbook 150 § 5.4.7.1 (2006).

226 ASTM, Standard Practice for Dealing With Outlying Observations, E 178 § 4.1 (2008).

21 ASTM, Standard T erminology Relating to Quality and Statistics, E456 §3 (2008); ISO, Accuracy (trueness and precision) of
measurement methods and results - Part 1: General principles and definitions § 3.21 (1994).
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a) “An outlying observation may be merely an extreme manifestation of the random
variability inherent in the data. If this is true, the value should be retained and
processed in the same manner as the other observations in the sample.”***

b) “On the other hand, an outlying observation may be the result of gross deviation
from prescribed experimental procedure or an error in calculating or recording the
numerical value”, malfunctions or contamination.?”’

c) “A single result or an entire set of results is suspected to be a statistically invalid
result if its deviation either in accuracy or precision from others in the set or other
sets, respectively, is greater than can be justified by statistical fluctuations
pertinent to a given frequency distribution.”**’

1) “Outliers should not be excluded on purely statistical evidence until they have
been thoroughly investigated and, where possible, the reasons for the
discrepancies identified.”*"

2) Chauvenet’s Criterion (also known as Grubb’s test) is a common test for
outliers:***

C < Y= yo1l
o

a) The value chosen for C determines the level of confidence of the outlier
233
test.

d) “For qualitative methods, statistical outliers are represented by abnormally high or
low frequencies of incorrect responses.”*

b. RESULT = MEASUREMENT + UNCERTAINTY:

1. “The result of a measurement cannot be correctly evaluated without knowing its
uncertainty.”*>

228 ASTM, Standard Practice for Dealing With Outlying Observations, E 178 § 1.1.1 (2008); ISO, Reference Materials — General and
Statistical Principles for Certification, ISO Guide 35 § 10.5.5 (2006).

229 ASTM, Standard Practice for Dealing With Outlying Observations, E 178 § 1.1.2 (2008); NIST, Standard Reference Materials:
Handbook for SRM Users, NIST SP260-100, 79 (1993).

39180, Reference Materials — General and Statistical Principles for Certification, 1ISO Guide 35 § 10.5.5 (2006).

31180, General Requirements for the Competence of Reference Material Producers, ISO Guide 34 § 5.15.1 (2000); ASTM, Standard
Practice for Dealing With Outlying Observations, E 178 § 4.3 (2008); NIST, Standard Reference Materials: Handbook for SRM
Users, NIST SP260-100, 79 (1993); Taylor, An Intorduction to Error Analysis: The Study of Uncertainties in Physical Measurements,
166-9 (2™ 1997); Meyer, Data Analysis: For Scientists and Engineers, 17 (1975).

2 ASTM, Standard Practice for Dealing With Outlying Observations, E 178 § 6.1 (2008); NIST, Standard Reference Materials:
Handbook for SRM Users, NIST SP260-100, 80-81 (1993); Taylor, An Intorduction to Error Analysis: The Study of Uncertainties in
Physical Measurements, 170 (2" 1997); Meyer, Data Analysis: For Scientists and Engineers, 17-18 (1975).

33 ASTM, Standard Practice for Dealing With Outlying Observations, E 178 § 6 (2008); Taylor, An Intorduction to Error Analysis:
The Study of Uncertainties in Physical Measurements, 166-170, App. A (2" 1997).

34 Ellison, Characterizing the performance of qualitative analytical methods: Statistics and terminology, 24(6) TRENDS ANAL. CHEM.
468, 475 (2005).
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a) “A quantitative analysis is not a great deal of use unless there is some estimation
of how prone to error the analytical procedure is. Simply accepting the analytical
result could lead to rejection or acceptance. ..on the basis of a faulty analysis.”**°

1. “When reporting the result of a measurement of a physical quantity, it is obligatory
that some quantitative indication of the quality of the result be given so that those
who use it can assess its reliability. Without such an indication, measurement results
cannot be compared, either among themselves or with reference values given in a
specification or standard.”*’

a) “Requirements for measurement accuracy translate into a need to know not only
the results of measurements but the uncertainties associated with the results.”**®

b) “In general, the result of a measurement is only an approximation or estimate of
the value of the measurand and thus is complete only when accompanied by a
statement of the uncertainty of that estimate.”**

c) “Measurement uncertainty is an integral part of a measurement result. Without a
statement of uncertainty a measurement result is not complete. Concluding about
compatibility with other measurement results obtained for the same measurand or
with compliance limits is not possible and the measurement result does therefore,
not serve its purpose.”**°

iii.  Reports of result must include:**'

a) Test method — Description of how test was made;

b) Calibration results — When an instrument has been repaired or adjusted the
calibration results before and after repair or adjustment are reported;

c) Standards used — Identification of and traceability to national standards;

d) Quantitative methods — Description of calculations of measurement result and its
uncertainty from the experimental observations and input data;

5 Desimoni, About considering both false negative and false-positive errors when assessing compliance and non-compliance with
reference values given in compositional specifications and statutory limits, 13 ACCRED. QUAL. ASSUR. 653, 653 (2008); Ted W. Vosk,
Uncertainty in Forensic Breath Alcohol Testing, Intoxication Test Evidence, Ch. 56, (2" Ed. 2009).

36 Watson, Pharmaceutical Analysis - A Textbook for Pharmacy Students and Pharmaceutical Chemists, 2 (2" ed. Elsevier 2005);
Ted W. Vosk, Uncertainty in Forensic Breath Alcohol Testing, Intoxication Test Evidence, Ch. 56, (2" Ed. 2009).

37 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 0.1 (2008).

3% Ehrlich, Metrological Timelines in Traceability, 103 J. Res. Natl. Inst. Stand. Technol. 93, 94 (1998).

39 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 3.1.2 (2008); NIST,
Guidelines for Evaluating and Expressing the Uncertainty of NIST Measurement Results, NIST TN 1297 § 2.1 (1994); Briichle,
Confidence intervals for experiments with background and small numbers of events 91 RADIOCHIM. ACTA 71, 71 (2003).

%9 Richter, Reporting measurement uncertainty in chemical analysis, 13 ACCRED. QUAL. ASSUR. 113, 113 (2008).

1 180, General requirements for the competence of testing and calibration laboratories, 1SO 17025 § 5.10.3 (2005); NIST,
Recommended Standard Operations Procedures for Preparation of Test/Calibration Reports, SOP-1, § 2 (2003); JCGM, Evaluation
of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 7.1.4 (2008); NAS, Strengthening Forensic
Science in the United States: A Path Forward, S-15, 6-3 (2009).
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1) Include all corrections and constants used in the analysis and their sources;

e) Estimated measurement uncertainty —

1) List all uncertainty components and document fully how they were evaluated;
2) Coverage factor and estimated confidence interval.

iv. MEASUREMENT + UNCERTAINTY:

a) “It is assumed that the result of a measurement has been corrected for all
recognized significant systematic effects and that every effort has been made to
identify such effects.””*

b) COVERAGE INTERVAL APPROACH:

1) “State the result of the measurement as Y =y + U and give the units of y and
43

2) Give the value of A used to obtain U (U = Auc).**

3) “Give the approximate level of confidence associated with the interval y + U
and state how it was determined.”**

4) The expanded uncertainty is generally reported with approximately a 95% -
99% level of confidence.**

c) SAFETY MARGIN APPROACH:
1) State the result of the measurement as Y >y — s and give the units of y and s.

2) Give the approximate level of confidence associated with the region Y >y — s
and state how it was determined.

c. RESULTS OF QUALITATIVE TEST OBSERVATIONS:

1.  FREQUENTIST APPROACH: “The most common, and probably the most useful, form of
data treatment in method-validation studies for qualitative tests is the calculation and

2 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 3.2.4 (2008); NIST,
Guidelines for Evaluating and Expressing the Uncertainty of NIST Measurement Results, NIST TN 1297 §5.2, App. D 1.1.6 — 8
(1994); Ted W. Vosk, Uncertainty in Forensic Breath Alcohol Testing, Intoxication Test Evidence, Ch. 56, (2™ Ed. 2009).

3 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 7.2.3 (2008).

* JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 7.2.3 (2008).

** JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 7.2.3 (2008).

6 JCGM, Evaluation of measurement data — Guide to the expression of uncertainty in measurement (GUM), § 3.3.7, 6.3 (2008);
NIST, Good Laboratory Practice for Rounding Expanded Uncertainties and Calibration Values, GLP-9, 1 (2003); NIST, Guidelines
for Evaluating and Expressing the Uncertainty of NIST Measurement Results, NIST TN 1297 §6.2 — 6.3 (1994); Richter, Reporting
measurement uncertainty in chemical analysis, 13 ACCRED. QUAL. ASSUR. 113, 113 (2008); UKAS, The Expression of Uncertainty
and Confidence in Measurement, M3003 § 6.1 — 6.4 (2007).
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reporting of either specificity and sensitivity or false positive and negative error
39247
rates.

ii. BAYESIAN APPROACH: “The scientist can testify to the value of their evidence by
quoting a likelihood ratio value obtained from a particular procedure.”**

F. SCIENTIFIC STANDARDS: “Measurement is one of the basic tools humanity uses to understand the
environment and compare quality. International standardization was established and National
laboratories were founded in every advanced society to control this basic measurement need.””*’

1. STANDARD: Document, established by consensus and approved by a recognized body, that
provides, for common and repeated use, rules, guidelines or characteristics for activities or their
results, aimed at the achievement of the optimum degree of order in a given context.”*°

a. “Standards should be based on the consolidated results of science, technology and
experience, and aimed at the promotion of optimum community benefits.”**!

b. Types

1.  Basic Standard: Standard that has a wide-ranging coverage or contains general
provisions for one particular field.*>

ii.  Testing Standard: Standard that is concerned with test methods, sometimes
supplemented with other provisions related to testing, such as sampling, use of
statistical methods, sequence of tests.*>

iii.  Process Standard: Standard that specifies requirements to be fulfilled by a process, to
establish its fitness for purpose.”*

iv.  Terminology Standard: Define words permitting parties to use a common, clearly
understood language.?

V. Standard on Data to be Provided: Standard that contains a list of characteristics for
which values or other data are to be stated for specifying the product, process or
. 236
service.

7 Ellison, Characterizing the performance of qualitative analytical methods: Statistics and terminology, 24(6) TRENDS ANAL. CHEM.
468, 470 (2005).

28 Ramos, Information-theoretical comparison of likelihood ratio methods of forensic evidence evaluation, presented at the THIRD
INT. SYM. ON INFO. ASSURANCE AND SEC. (2007); Evett, 4 Model for Case Assessment and Interpretation 38(3) SCI. & JUSTICE 151
(1998).

9 Eleftheriou, Measuring performance in analytical measurements 14 ACCRED. QUAL. ASSUR. 67, 67 (2009).

Y180, Standardization and related activities — General vocabulary, 1SO 2 § 3.2 (2004).

#1180, Standardization and related activities — General vocabulary, 1SO 2 § 3.2 Note (2004).

#2180, Standardization and related activities — General vocabulary, 1SO 2 § 5.1 (2004).

33180, Standardization and related activities — General vocabulary, ISO 2 § 5.3 (2004).

24180, Standardization and related activities — General vocabulary, ISO 2 § 5.5 (2004).

253 Breitenberg, Office of Standards Code and Information, NIST, The ABC's of Standards-Related Activities in the United States,
NBSIR 87-3576 (1987); ISO, Standardization and related activities — General vocabulary, 1SO 2 § 5.2 (2004).
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c. ACKNOWLEDGED RULE OF TECHNOLOGY: Technical provision acknowledged by a majority
of representative experts as reflecting the state of the art.>’

1. STATE OF THE ART: Developed stage of technical capability at a given time as regards
products, processes and services, based on the relevant consolidated findings of
science, technology and experience.”*®

1.  “A normative document on a technical subject, if prepared with the cooperation of
concerned interests by consultation and consensus procedures, is presumed to
constitute an acknowledged rule of technology at the time of its approval.”**’

iii.  “Voluntary consensus standards are heavily peer-reviewed before they even come
into existence.””®

d. UTILITY:

1. “Standards provide the foundation against which performance, reliability, and validity
can be assessed. Adherence to standards reduces bias, improves consistency, and
enhances the validity and reliability of results. Standards reduce variability resulting
from the idiosyncratic tendencies of the individual examiner...They make it possible
to replicate and empirically test procedures and help disentangle method errors from
practitioner errors.”*!

1.  “Standards ensure desirable characteristics of services and techniques such as quality,
reliability, efficiency, and consistency among practitioners.”262

iii.  “[S]tandards are crucial to every form of scientific and industrial process.”*®

e. “Typically standards are enforced through systems of accreditation and certification,
wherein independent examiners and auditors test and audit the performance, policies, and
procedures of both laboratories and service providers.”***

2. ISO 17025: GENERAL REQUIREMENTS FOR THE COMPETENCE OF TESTING AND CALIBRATION
LABORATORIES.

a. The Gold Standard: “This International Standard specifies the general requirements for the
competence to carry out tests and/or calibrations, including sampling. It covers testing and

8180, Standardization and related activities — General vocabulary, 1SO 2 § 5.8 (2004).

#1180, Standardization and related activities — General vocabulary, 1SO 2 § 1.5 (2004).

8180, Standardization and related activities — General vocabulary, 1SO 2 § 1.4 (2004).

9180, Standardization and related activities — General vocabulary, 1SO 2 § 1.5 Note (2004).

260 entini, Forensic Science Standards: Where They Come From and How They Are Used, 1 FOR. SCI. POL. MGMT. 10, 10 (2009).

1 NAS, Strengthening Forensic Science in the United States: A Path Forward, 7-7 (2009).

22 NAS, Strengthening Forensic Science in the United States: A Path Forward, 7-1 (2009).

263 Breitenberg, Office of Standards Code and Information, NIST, The ABC's of Standards-Related Activities in the United States,
NBSIR 87-3576 (1987).

24 NAS, Strengthening Forensic Science in the United States: A Path Forward, 7-1 —7-2 (2009).
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calibration performed using standard methods, non-standard methods, and laboratory-
developed methods.”*®

i.  Competence: Ability of a laboratory to conduct tests and perform calibrations in
accordance with the specified standards and to produce accurate, proper, fit for
purpose, technically valid data and test and calibration results.**

b. “This International Standard is applicable to all organizations performing tests and/or
calibrations...[and] all laboratories regardless of the number of personnel or the extent of
the scope of testing and/or calibration activities.”*®’

c. “This international standard forms the basis for international laboratory accreditation.”**®
V. FORENSIC METROLOGY

A. FORENSIC METROLOGY: “Forensic Metrology is the application of measurements and hence
measurement standards to the solution and prevention of crime.”®

1. “Legal metrology is an internationally coordinated activity that aims to ensure the reliability of
measurements that might be the subject of dispute in law. It aims to standardize the use of
measurement units, to provide, or facilitate the provision of traceable measurement standards
and to evaluate and approve certain types of measuring equipment.”*’’

2. “The need for a reliable world metrology system is driven not only by trade requirements but
equally by societal requirements. Improvement of the quality of life is highly served by
reliable, traceable and more accurate measurements, particularly in areas such as...forensics
and security.”’!

3. Forensic metrology is practiced around the world.*"
B. FORENSIC WEIGHTS AND MEASURES
1. REFERENCE MATERIALS AND STANDARDS

a. “Access to reference materials and collections is essential to crime laboratory efforts to
identify and assign values to materials, calibrate instruments [and] assess measurement
methods™” as well as to assure the validity of qualitative test results.”’*

25 1S0, General requirements for the competence of testing and calibration laboratories, ISO 17025 § 1.1 (2005).

266 NIST, Handbook 150 § 1.5.8 (2006).

7180, General requirements for the competence of testing and calibration laboratories, ISO 17025 § 1.2 (2005); NIST, Handbook
150, v-vi (2006).

28 UKAS, The Expression of Uncertainty and Confidence in Measurement, M3003 § 1.1 (2007).

*%% Sharp, Measurement Standards, in Measurement, Instrumentation, and Sensors Handbook §5.2 (1999).

0 King, Chemical measurement and the law: metrology and quality issues, 6 ACCRED. QUAL. ASSUR. 236, 241 (2001).

! Kaarls, Metrology, essential to trade, industry and society, 12 ACCRED. QUAL. ASSUR. 423, 435 (2007).

22 Sharp, Measurement Standards, in Measurement, Instrumentation, and Sensors Handbook §5.2 (1999).

23 NIST, 1999 Survey of Forensic Reference Materials, NISTIR 6518, 1 (2000).
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b. “Appropriate reference material(s) shall be used for qualitative and quantitative procedures.
Traceability of the reference material is required.”*"

i.  CERTIFIED REFERENCE MATERIAL: A reference material, accompanied by a
certificate, one or more of whose property values are certified by a procedure that
establishes traceability to an accurate realization of the unit in which the property
values are expressed, and for which each certified value is accompanied by an
uncertainty at a stated level of confidence.*”

a) “A certified reference material...suitable for the preparation of a standard to
which calibration material can be compared, must be certified by a method
generally recognized by the scientific community as one that validates the CRM
for this purpose.”’’

1i.  REFERENCE STANDARD: A standard, generally having the highest metrological quality
available at a given location or in a given organization, from which measurements
made there are derived.””®

¢. Adequacy and documentation of references:

1.  “Clear documentation of the [reference material] and its property value(s) should be
available, preferably as a certificate ([certified reference material]).”"

ii.  “The quality of standard materials and reagents should be adequate for the procedure
used. Lot/batch numbers of standard materials and critical reagents should be
recorded. All critical reagents should be tested for their reliability. Standard materials
and reagents should be labeled with: name; concentration, where appropriate;
preparation date and or expiry date; identity of preparer; storage conditions, if
relevant; hazard warning, where necessary.””

iii.  “Reference collections of data or items/materials encountered in casework which are
maintained for identification, comparison or interpretation purposes (eg mass spectra,
motor vehicle paints or headlamp lenses, drug samples, typewriter printstyles, wood
fragments, bullets, cartridges, DNA profiles, frequency databases) should be fully
documented, uniquely identified and properly controlled.””"!

2™ Gonzalez-Rodriguez, Emulating DNA: Rigorous Quantification of Evidential Weight in Transparent and Testable Forensic
Speaker Recognition 15(7) IEEE TRANS. AUDIO SPEECH LANGUAGE PROCESSING 2104, 2104 (2007); Reeder, Impact of DNA Typing
on Standards and Practice in the Forensic Community 123 ARCH. PATH. LAB. MED. 1063 (1999).

5 SWGDRUG, Recommendations (Minimum Standards), 31 (2008).

716 ASTM, Standard Terminology Relating to Forensic Science, §4 E 1732 (2005); Epstein, The Use of Certified Reference Materials
in Forensic QA, Presented at 13th INTERPOL Forensic Science Symposium, (2001).

> SOFT/AAFS, Forensic Toxicology Laboratory Guidelines, § 9.3.1 (2006).

" ASCLD/LAB — International, Traceability Discussion, 2 (2004).

7 Epstein, The Use of Certified Reference Materials in Forensic QA, Presented at 13th INTERPOL Forensic Science Symposium,
(2001).

0 ILAC, Guideline for Forensic Science Laboratories, ILAC G19, § 5.4.2d (2002).

BUILAC, Guideline for Forensic Science Laboratories, ILAC G19, § 5.6.3.2 (2002).
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d. “[L]aboratories may obtain certified reference material from NIST...or from another
national metrology institute.”*

C. FORENSIC MEASUREMENT AND TESTING PROCESS

1. TEST METHOD: Defined technical procedure to determine one or more specified characteristics
of a material or product.**?

a. “All methods shall be fully documented including procedures for quality control, and,
where appropriate, the use of reference materials.”***

2.  OBIJECTIVE TEST: “A test which having been documented and validated is under control so that
it can be demonstrated that all appropriately trained staff will obtain the same results within
defined limits. These defined limits relate to expressions of degrees of probability as well as
numerical values.”

a. “Visual inspection, qualitative examinations and computer simulations are included in the
definition of objective test.”*

b. “It is anticipated that the majority of the work carried out in forensic testing laboratories
will be capable of satisfying the definition of an objective test.”**’

c. “Objective tests will be controlled by: documentation of the test; validation of the test;
training and authorization of staff; maintenance of equipment; and where appropriate by;
calibration of equipment; use of appropriate reference materials; provision of guidance for
interpretation; checking of results; testing of staff proficiency; recording of equipment/test
performance.””™*

3. VALIDATION: Confirmation by examination and provision of objective evidence that the
particular requirements for a specific intended use are fulfilled.**

a. “To confirm the validity of a method or process for a particular purpose (e.g., for a forensic
investigation), validation studies must be performed.”*°

b. “All technical procedures used by a forensic science laboratory must be fully validated
before being used on casework.”"

2 RQS-I, Traceability, FRAP-4, § 2.1 (2008); Vallone, Development and usage of a NIST standard reference material for real time
PCR quantitation of human DNA FOR. SCI. INT.: GENETICS SUPP. SERIES 1, 80 (2008).

3 ASTM, Standard Terminology Relating to Forensic Science, §4 E 1732 (2005).

24 FQS-1, Forensic Requirements for Accreditation, FRA-1, § 5.4.1 (2008).

* ILAC, Guideline for Forensic Science Laboratories, ILAC G19, § 3 (2002).

8 ILAC, Guideline for Forensic Science Laboratories, ILAC G19, § 3 (2002).

T FQS-1, Forensic Requirements for Accreditation, FRA-1, § 3 (2008).

8 ILAC, Guideline for Forensic Science Laboratories, ILAC G19, § 3 (2002).

9 ASTM, Standard Terminology Relating to Forensic Science, §4 E 1732 (2005); Ted Vosk, The DataMaster, Defending DUIs in
Washington Ch.13 (3" Ed. 2008).

20 NAS, Strengthening Forensic Science in the United States: A Path Forward, 113 (2009).
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1. “The reliability of analytical findings is a matter of great importance in forensic and
clinical toxicology, as the results may have wide legal consequences or lead to the
wrong treatment of a patient. So, at the very least, routine analytical methods have to
be validated.”*”

ii.  “Establishing fitness-for-purpose is necessary before analytical results can be relied
on for important legal decisions... Given the serious penalties associated with
conviction, the entire analytical system must be demonstrated fit-for-purpose.””

a. “The contribution of random and systematic errors to method result uncertainty shall be
assessed and the expanded uncertainty derived for quantitative methods.”***

b. “In validating test methods, the following issues (among others) may need to be
determined, as appropriate: matrix effects; interferences; sample homogeneity;
concentration ranges; specificity; stability of measured compounds; linearity range;
population distribution; precision; measurement uncertainty.”*’

D. FORENSIC QUALITY ASSURANCE: “Forensic quality control results from an appropriate balance
between instrumental and protocol considerations. Many jurisdictions, unfortunately, expend
significant effort on instrument selection and testing while giving little thought to the analytical
protocol. Forensic integrity results from the balanced contribution of all elements affecting
measurement results.”**°

1. TRACEABILITY: Property of the result of a measurement or value of a standard whereby it can
be related with a stated uncertainty, to stated references, usually national or international

standards (i.e. through an unbroken chain of comparisons).*’
a. Accuracy and Reliability:
1.  “It is not possible to determine a reliable result and its uncertainty if there is no

traceability of the measurement to a standard with known uncertainty. So for reliable
results, traceability of each...measurement to a national standard...(or the SI) is
essential.”**®

ii.  “Especially for legal purposes, traceability is an essential requirement, which
however is not always fulfilled.”*"

PULAC, Guideline for Forensic Science Laboratories, ILAC G19, § 5.4.5.1 (2002); FQS-I, Forensic Requirements for Accreditation,
FRA-1, § 5.4.2 (2008).

22 Westphal, Development of a validated method for the simultaneous determination of amphetamine, methamphetamine and
methylenedioxyamphetamines (MDA, MDMA, MDEA) in serum by GC-MS after derivatisation with perfluorooctanoyl chloride, 12
ACCRED. QUAL. ASSUR. 335, 340 (2007).

% Gullberg, Estimating the measurement uncertainty in forensic breath-alcohol analysis, 11 ACCRED. QUAL. ASSUR. 562, 562 (2006).
2% SWGDRUG, Recommendations (Minimum Standards), 34 (2008).

5 ILAC, Guideline for Forensic Science Laboratories, ILAC G19, § 5.4.5.1 (2002).

2% Gullberg, Methodology and Quality Assurance in Forensic Breath Alcohol Analysis, 12 For. Sci. Rev. 49, 56 (2000).

27 ASTM, Standard Terminology Relating to Forensic Science, §4 E 1732 (2005).

2% Knopf, Traceability system for breath-alcohol measurements in Germany, OIML Bulletin XLVIII(2), 17 (2007).

%99 Bich, Interdependence between measurement uncertainty and metrological traceability ACCRED. QUAL. ASSUR. (IN PRESS - 2009).
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iii.  “Traceability to authoritative reference standards is an important and often
overlooked element in forensic....analysis.”"

iv.  “[Blias can be corrected when traceability is established.”*"’

b. “It is a fundamental requirement that the results of all...calibrations required to support
accredited tests shall be traceable to national and international standards of
measurement.”*?

1. “ISO/IEC 17025 details the specific requirements for traceablilty to be met by testing
and calibration laboratories.”"

ii.  For the purpose of assuring traceability, testing laboratories that perform calibration
only for themselves may calibrate its own equipment if the appropriate requirements
of NIST Handbook 150 have been met.**!

c. DOCUMENTATION: “Accounting for and documenting traceability...is an important element
of quality control.”*"’

1. “The laboratory or calibration provider must document the measurement process or
system used to demonstrate traceability and provide a description of the chain of
comparisons/calibrations that were used to establish a connection to a particular
stated reference.”"

1.  “To support traceability, the laboratory records for each step in the chain shall
include: A clear description of the quantity being measured; Specific information
pertaining to the equipment subject to traceability; A complete description of the
measurement equipment or working standard used to perform the measurement; A
complete specification of the stated reference at the time the measurement system or
working standard was compared to it; A stated measurement result or value, with
reference to International System of Units (SI) where possible; A documented
uncertainty of measurement and a description of the process used to develop it;
Appropriate intervals for re-calibration or calibration checks; Information establishing
the competence of the calibration laboratory and/or in-house personnel involved.”"’

iii.  “The uncertainty of measurement for each step in the traceability chain must be
determined and stated.”*®

% Gullberg, Methodology and Quality Assurance in Forensic Breath Alcohol Analysis, 12 For. Sci. Rev. 49, 59 (2000).

' Gullberg, Estimating the measurement uncertainty in forensic breath-alcohol analysis, 11 ACCRED. QUAL. ASSUR. 562, 563 (2006).
392 FQS-1, Traceability, FRAP-4 (2008).

39 FQS-1, Traceability, FRAP-4 (2008).

3% FQS-1, Traceability, FRAP-4 § 2.2 (2008).

305 Gullberg, Estimating the measurement uncertainty in forensic breath-alcohol analysis, 11 ACCRED. QUAL. ASSUR. 562, 568 (2006).
3% ASCLD/LAB — International, Measurement Traceability Policy, 1 (2004).

37 ASCLD/LAB — International, Measurement Traceability Policy, 1 (2004).

3% ASCLD/LAB — International, Traceability Discussion, 2 (2004).
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2. CALIBRATION: The set of operations that establishes, under specified conditions, the
relationship between values indicated by a measuring instrument or measuring system or values
represented by a material, and the corresponding known values of measurement.*”

a. When required:

1. “All equipment used for tests and/or calibrations, including equipment for subsidiary
measurements (e.g. for environmental conditions) having a significance effect on the
accuracy or validity of the result of the test, calibration or sampling shall be calibrated

before being put into service.”"
ii.  “Calibration must be performed...at appropriate intervals thereafter.”"!
iii.  “It will normally be necessary to check instrument calibration after any shut down,

whether deliberate or otherwise, and following service or other substantial
maintenance. In general, calibration intervals should not be less stringent than
manufacturers’ recommendations.”'?

b. Calibration defines the valid range of measurement:

1. “The concentration of the calibrators should be such that they bracket the anticipated
concentration of the specimen(s).”"?
ii.  “The range of the calibration curve should cover the range of concentrations expected

in the samples. The calibration curve should not normally be extrapolated beyond the
lowest or highest standard solutions.”"*

3.  QUALITY ASSURANCE PROGRAM

a. “Forensic laboratories should establish routine quality assurance and quality control
procedures to ensure the accuracy of forensic analyses and the work of forensic
practitioners. Quality control procedures should be designed to identify mistakes, fraud, and
bias; confirm the continued validity and reliability of standard operating procedures and
protocols; ensure that best practices are being followed; and correct procedures and
protocols that are found to need improvement.”"

b. ACCREDITATION: “[P]rocedure by which an authoritative body gives formal recognition that
a body or person is competent to carry out specific tasks.”'°

% ASTM, Standard Terminology Relating to Forensic Science, §4 E 1732 (2005).

319 ASCLD/LAB — International, Traceability Discussion, 1 (2004).

3! ASCLD/LAB — International, Traceability Discussion, 2 (2004).

2 ILAC, Guideline for Forensic Science Laboratories, ILAC G19, § 5.6.1 (2002).

13 SOFT/AAFS, Forensic Toxicology Laboratory Guidelines, § 8.3.6 (2006).

3% Flanagan, Fundamentals of Analytical Toxicology 357 (Wiley 2007).

35 NAS, Strengthening Forensic Science in the United States: A Path Forward, 7-19 (2009); Ted Vosk, The DataMaster, Defending
DUIs in Washington Ch.13 (3™ Ed. 2008).

316 ASTM, Standard Terminology Relating to Forensic Science, E 1732 § 4.1 (2005).
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