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Introduction 
In recent years, considerable interest has developed over issues concerning measurement 
uncertainty and traceability.  The motivations for this are many.  The globalization of the 
economy allows industry to outsource workpiece production and inspection on a worldwide 
scale.  Hence component interchangeability (not only between components produced by one 
supplier but also between the same nominal component produced by several different suppliers) 
can only be assured only if all suppliers employ metrology to a common set of units (typically 
the SI units).  Similarly, inspection services are frequently outsourced and the magnitude of the 
measurement uncertainty is taken as a measure of the quality and reliability of the measurement 
result; so measurement uncertainty is becoming a currency of metrology.  Concomitantly, 
various national and international quality standards and laboratory accreditation programs are 
being revised to include language addressing measurement uncertainty and traceability.  Finally, 
as workpiece tolerances steadily decrease, the cost of inspection usually increases, thus the 
ability to easily achieve a 10:1 ratio of the tolerance interval to measurement uncertainty interval 
is increasingly difficult or impossible.  Measurement uncertainty is affecting the economics of 
production both through the cost of expensive equipment and facilities to perform metrology and 
in the cost of imperfect decisions, e.g., rejecting conforming workpieces or accepting 
nonconforming ones.  Hence optimizing measurement uncertainty in an economic sense is now 
becoming an important issue in industry.  In response to all of these factors the ASME B89.7 
committee was formed to provide some standards and guidance on these topics.  This paper 
discusses some of the current and future work of this and other standards committees.   
 
Ten years ago the “Guide to the Expression of Uncertainty in 
Measurement” (GUM) [1] was published by the ISO.  It is now the 
definitive document on evaluating measurement uncertainty.  It is 
remarkably self-consistent and complete and has been adopted by 
National Measurement Institutes (NMIs), including NIST in the 
United States.  In 1997 the GUM was adopted as a national (ANSI) 
standard in the US and is designated NCSL Z540-2-1997.  Today the 
application of measurement uncertainty is going well beyond the 
domain of NMIs and is reaching the shop floor of industrial 
manufacturing enterprises.  This new realm of applications is 
requiring both extensions of the GUM to industrial metrology 
situations and new documents to provide guidance and standardized 
practices.  This paper discusses some of the recent and potential future 
developments on this topic.   
 



Resources for Evaluating Measurement Uncertainty  
In an effort to increase the available knowledge base and provide standardized techniques for 
uncertainty evaluations, numerous national and international standards are under development.  
In the US the ASME B89.7 committee was formed to provide some guidance on these topics, 
with emphasis on industrial (shop floor) metrology issues.  The remainder of this paper discusses 
some of the current and future work of this and other standards committees.   
 
B89.7.2 (1999) 
The B89.7.2 Standard “Dimensional Measurement Planning” [2] is the 
first published document from the B89.7 series.  As the name implies, 
this standard is an overview of the entire measurement process.  The 
formal part of the standard is just a brief three pages long, essentially a 
list of factors to consider when developing measurement plans.  The 
bulk of the document consists of appendices that include a worked 
example and supporting information.  B89.7.2 is a high level document.  
It starts by asking what measurements need to be performed, why they 
are being performed (e.g. process control), and what fraction (lot 
sampling) of the workpieces needs to be measured.  Consideration is 
then given to selection of the measuring equipment, development of the 
measurement strategy, and calculation of the measurement uncertainty.  Issues such as the 
probability of rejecting a workpiece that is within specifications or accepting one that is out of 
specification are also presented.  Additional factors such as operator skill, the location of the 
measurements, measurement cycle time, and some documentary requirements are also discussed.  
Do not expect this standard to provide detailed information on how to make measurements or 
how to calculate measurement uncertainty; these are left for other more specific documents.  
B89.7.2 is a unique standard from the perspective of addressing the entire dimensional 
measurement process yielding a concise list of requirements for measurement planning.    
 
B89.7.3.1 (2001) & ISO 14253-1 (1998) 
Published in the March of 2002, the B89.7.3.1 [3] document “Guidelines 
for Decision Rules: Considering Measurement Uncertainty in 
Determining Conformance to Specifications” specifically addresses the 
issue of applying measurement uncertainty in industrial settings.  A 
decision rule is a prescription for the acceptance or rejection of products 
based on the measurement result of a characteristic of the product, the 
permissible variation associated with that characteristic, and the 
uncertainty of the measurement result.  For workpieces the permissible 
variation is commonly called the tolerance; for instruments it is often 
given by the specification limits or a maximum permissible error (MPE).  
We will adopt the terminology of ISO 14253-1 and refer to the permitted 
variation of a product’s characteristic as the specification zone.     
 
Some measurements, particularly at NMIs, state a description of the measurement, its result, and 
its uncertainty; decision rules are not involved since there are no product specifications.  
However, most industrial measurements are performed to determine if a product is in accordance 
with some specification, e.g., if a workpiece is within its specified tolerance.  In this situation, 
the measurement value is usually used in a binary decision that the product is acceptable or not 



acceptable. This general class of problems, determining if a measurement result yields an 
acceptable product when clouded by measurement uncertainty, is not addressed by the GUM and 
represents an important economic (and potentially conflict prone) application of measurement 
uncertainty.   
 
The concept of a decision rule has a long history and over the years it has developed many 
variations including “gauge maker’s rule,” “test accuracy ratio” (TAR), “test uncertainty ratio” 
(TUR), “four-to-one rule,” “gauging ratio,” “guard bands,” “gauging limit,” and many more.  
Most of these terms were defined before the development of the GUM and hence concepts such 
as “accuracy” or “uncertainty” were nebulously defined.   
 
The goals of the B89.7.3.1 document are to establish a set of requirements for a decision rule, 
define a terminology that allows unambiguous communication of what decision rule is being 
used, and provide some well-documented decision rules that can be referenced.   
 
Briefly stated, a decision rule must meet four conditions: (1) A decision rule must have a well-
documented method of determining the location of the acceptance, rejection, and any transition 
zones (transition zones are optionally defined regions between acceptance or rejection; see 
Figure 4). (2) Each zone of a decision rule must correspond to a documented decision that will be 
implemented should the result of a measurement lie in that zone.  While this is implicit for the 
acceptance and rejection zones by definition, any transition zones must have their corresponding 
decision outcomes documented.  (3) A decision rule must state the procedure for addressing 
repeated measurements of the same characteristic on the same workpiece or instrument.  (4) A 
decision rule must state the procedure regarding data rejection, that is, rejection of “outliers.” 
 
The most common form of acceptance and rejection used in industry is the descendant of the 
“four-to-one rule” given in MIL-STD 45662A.  In the new terminology this is called simple 4:1 
acceptance.  This requires that the magnitude of the expanded (k = 2) measurement uncertainty 
interval (± U) is no larger than the 1/4 of the specification zone (hence the expanded uncertainty, 
U, is to be no larger than 1/8 of the specification zone), and that product is accepted if the 
measurement result lies in the specification zone and rejected otherwise (see Figure 1).   
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Figure 1.  An example of a simple 4:1 acceptance decision rule.  The measurement uncertainty interval is of width 2
U, where U is the expanded uncertainty, and the uncertainty interval is no larger than one-fourth the product’s
specification zone.  The measurement value shown results in product acceptance.



The simple acceptance decision rule, while straightforward, has difficulties near the specification 
zone limits.  Due to measurement uncertainty, a product with a measurement result just inside 
the specification limit may actually be nonconforming.  If accepting nonconforming parts has a 
large negative economic impact, then implementing guard banding is preferred.  Guard banding 
is a technique that can produce a stringent acceptance zone that is smaller than the specification 
zone due to the guard bands (see Figure 2).   
 
The size of the guard band, g, is expressed as a percentage of the expanded uncertainty, e.g. a 
100 % guard band has a magnitude equal to the expanded uncertainty.  Establishing the 
magnitude of a guard band is a business decision and is based on economics, whereas evaluating 
the measurement uncertainty, U, is a technical activity that depends on the measurement process.    
 
Descriptors such as “stringent” and “relaxed,” used in describing conformance and non-
conformance, have been carefully chosen.  For example, stringent acceptance implies both a 
decrease in the acceptance zone width and an increase in confidence that a measurement result 
in this zone is associated with an in-specification product.  Similarly stringent rejection results in 
a decreased size of the rejection zone while increasing the confidence that a measurement result 
in this zone is associated with an out-of-specification product.  The converse situation applies to 
relaxed acceptance and rejection.   
 

 
If the product costs are very high, and the cost of accepting a nonconforming product is low, then 
relaxed acceptance may be preferred, see Figure 3.  Relaxed acceptance allows an acceptance 
zone that is larger than the specification zone.  This is a useful rule when a design requirement 
has resulted in a specification zone comparable to the state-of-the-art measurement uncertainty 
and hence even simple acceptance will result in a large number of conforming products being 
rejected.     
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Figure 2.  Stringent acceptance and relaxed rejection using symmetric two-sided guard banding.  Products are 
accepted if the measurement result is within the acceptance zone.   



 
 
 
 
 
 
 
 
 
 
 

 
 
 
Other decision rules are also possible.  Figure 4 shows a situation with stringent acceptance, 
simple rejection, and a transition zone where the product is likely to be in conformance but the 
confidence of this statement is lower than that for measurement results in the stringent 
acceptance zone.  The outcome of a measurement result in the transition zone could be, for 
example, selling the product at a reduced price.  Ultimately the selection of a particular decision 
rule is a business decision that is economically driven; some of the factors to be considered are 
outlined in appendices of the B89.7.3.1 document. 
 
The B89.7.3.1 document is similar to the ISO standard 14253-1 [4].  The ISO 14253-1 document 
focuses on the case of using stringent acceptance with a 100 % guard band for the supplier of a 
product and stringent rejection with a 100 % guard band for a customer seeking to reject a 
product.  The B89.7.3 working group believes that the selection of a decision rule is a business 
decision, and the flexibility of having a continuum of rules ranging from stringent to relaxed 
acceptance or rejection is needed in order to satisfy a broad range of industries.  (In B89.7.3.1, 
guard bands can have any percentage of the expanded uncertainty appropriate for the economics 
of that measurement, and it provides the terminology to communicate the type of decision rule.)   
Additionally, The B89.7.3.1 document establishes the requirements of a decision rule such as 
repeated measurements, data rejection, and documented decision outcomes, all of which are not 
addressed in the ISO standard.    
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Figure 4.  Stringent acceptance, simple rejection and a transition zone example using symmetric two-sided guard 
banding. Products are accepted if the measurement result is within the acceptance zone, rejected if in the rejection
zone, and subject to a different rule in the transition zone. 

Figure 3: Relaxed acceptance and stringent rejection using symmetric two-sided guard banding.  Products are 
accepted if the measurement result is within the acceptance zone.   



 
ISO 14253-2 (1999) 
The “Guide to the Estimation of Uncertainty in GPS Measurement in Calibration of Measuring 
Equipment and in Product Verification” [5] is a technical report about evaluating measurement 
uncertainty.  The strengths of this document include a list of sources of uncertainty common to 
dimensional measurements and some information on evaluating these uncertainty sources.   
 
Additionally the report describes the “Procedure for Uncertainty MAnagement” (PUMA) method 
of approaching uncertainty budgets.  This method suggests that the first iteration of an 
uncertainty budget should be a rough estimate that overestimates the uncertainty by assigning 
relatively large values to the uncertainty contributors and lumping many uncertainty sources 
together as a single contributor (i.e. input quantity).  The resulting uncertainty is compared 
against the required application.  If the evaluated uncertainty is too large, e.g. the corresponding 
decision rule rejects too many products, then a second iteration of the uncertainty budget is 
performed.  The second iteration may involve both a reduction in the magnitude of various 
uncertainty contributors, e.g. by more careful investigation into the measurement system, and 
perhaps a more detailed uncertainty budget.  The process is repeated until the evaluated 
uncertainty is sufficient for the application or the uncertainty does not decrease with additional 
iterations, indicating another measurement method is required.    
 
Unfortunately, 14253-2 is also filled with quite a lot of jargon and unnecessary terminology such 
as “true uncertainty,” “conventional true uncertainty,” “approximated uncertainty,” and the 
GUM advises against using such terms.  There are also philosophical differences between the 
GUM and the PUMA method as the GUM clearly cautions against knowingly overestimating the 
measurement uncertainty; nevertheless, the PUMA method is useful for industrial settings where 
the uncertainty of a workpiece is unlikely to be propagated into another measurement system.   
 
B89.7.3.3 (2002) & ISO 14253-3 (2002) 
B89.7.3.3 “Guidelines For Assessing the Reliability of Dimensional Measurement Uncertainty 
Statements” [6] is a report designed to allow parties avoid potential, or resolve actual, 
disagreements over the magnitude of a stated measurement uncertainty, particularly when that 
uncertainty is part of determining the conformance of a product to dimensional specification.  
With significant economic interests at stake, it is not surprising that customers and suppliers 
might disagree over the magnitude of the measurement uncertainty statement.  Applying these 
guidelines can assist businesses in avoiding disagreements about measurement uncertainty 
statements between customers and suppliers and in resolving such disagreements should they 
occur.  Disagreements over uncertainty statements involving a single measurement system and 
multiple measurement systems (each having its own uncertainty statement) are considered.  
Guidance is provided for examining uncertainty budgets as the primary method of assessing their 
reliability.  Additionally, resolution by direct measurement of the measurand is also discussed.  
While the document was initially designed for resolving disagreements over measurement 
uncertainty, the report discusses many factors of formulating uncertainty budgets that will be 
useful to anyone responsible for this task.      
 
The ISO 14253-3 [7] document, like the B89.7.3, is concerned with resolving disagreements 
between two parties over a dispute of a measurement uncertainty statement.  The ISO document 



tends toward a more formal flowchart approach than its US counterpart, which is more tutorial in 
focus.  The main goal of ISO 14253-3 is achieving agreement between the parties whereas 
B89.7.3 emphasizes the metrological issues seeking to achieve agreement through education.   
 
Future B89.7 documents 
The B89.7 committee has several ongoing work items.  The B89.7.4 working group has 
completed a draft of a report that addresses the quantitative risk assessment of decision rules.  
This document provides mathematical guidance for determining the fraction of conforming parts 
rejected and nonconforming parts accepted for various decision rules under various assumptions 
of the production and measurement uncertainty probability distributions.  This report is 
anticipated to be available in 2004. 
 
Also under development is B89.7.3.2, which examines a simplified GUM approach to 
measurement uncertainty.  Finally, the B89.7.8 working group is considering issues associated 
with measurement traceability and how to achieve it.  This document will discuss the differences 
between traceability and measurement uncertainty and the steps needed to provide the required 
documentation.    
 
Other Recent Documents Available On Line 
Fortunately, several documents on measurement uncertainty are available for free and can be 
downloaded from the Internet.  A brief description of each document is presented and a URL 
address given. 
 
NIST “Technical Note 1297” [8] is sometimes called a summary of the GUM; it contains the 
basic definitions and method.  While the GUM is highly recommended, TN 1297 is available at 
no cost and hence could be freely distributed within an organization.  
URL:    http://physics.nist.gov/Document/tn1297.pdf 
 
An online introduction to the GUM and the SI system of units is available on NIST’s web site. 
URL:  http://physics.nist.gov/cuu/Uncertainty/index.html 
 
“A Careful Consideration of the Calibration Concept” [9] is primarily focused on uncertainty 
issues related to calibrations, i.e. measurements that result in the issuing of certificates describing 
the accuracy of the measurement.  The paper does contain an introduction useful for all 
metrologists in defining the measurement under consideration, i.e. the measurand.  This often-
overlooked factor can result in protracted arguments between suppliers and customers, for 
example a supplier might measure the diameter of a bore as acceptable using a plug gauge while 
the customer rejects this feature using a least-squares fit on a coordinate measuring machine.  No 
amount of improvement in the accuracy of these measuring methods will resolve this 
discrepancy as two fundamentally different measurands are under inspection.  The document 
also has an extensive appendix that is a tutorial on basic issues of uncertainty such as the 
distinction between measurement uncertainty and error.  
URL:   http://nvl.nist.gov/pub/nistpubs/jres/106/2/j62phi.pdf 
 
“Uncertainty and Dimensional Calibrations” [10] provides an excellent discussion of sources of 
uncertainty relevant to the calibration of dimensional artifacts and gauges.  A generic uncertainty 



budget is presented and nine examples, including gauge blocks, ring gauges, optical flats, and 
sieves are worked out in detail.  While the intended audience is gauge calibration laboratories, all 
metrologists will benefit from the clear presentation and application of the GUM to several 
different measurement situations.   
URL:    http://nvl.nist.gov/pub/nistpubs/jres/102/6/j26doi.pdf 
 
For the advanced measurement uncertainty expert the following papers may be of interest.   
 
“The Calculation of Measurement Uncertainty using Prior Information” [11] discusses a 
Bayesian inference approach to including prior information about the value of the measurand in 
the calculation of measurement uncertainty; 
URL:  http://nvl.nist.gov/pub/nistpubs/jres/103/6/j36phi.pdf 
 
“Guidelines for Expressing the Uncertainty of Measurement Results Containing Uncorrected 
Bias” extends the GUM to the case of including uncorrected systematic errors in an expanded 
measurement uncertainty statement. 
URL:  http://nvl.nist.gov/pub/nistpubs/jres/102/5/j25phi.pdf 
 
“A Distribution-Independent Bound of the Level of Confidence in the Result of a Measurement” 
[12] discusses the relationship between the coverage factor in the expanded uncertainty and the 
corresponding level of confidence.   
URL:   http://nvl.nist.gov/pub/nistpubs/jres/102/5/j25est.pdf 
 
Finally, a good source of additional publications on measurement uncertainty can be found at the 
Bureau International des Poids et Measures (BIPM) website of the Joint Committees for Guides 
in Metrology.   
URL:  http://www.bipm.org/CC/documents/JCGM/bibliography_on_uncertainty.html 
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