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Uncertainties for the Common User 

Abstract  

Uncertainties for the Common User is a white paper based on a short presentation and discussion on the reporting 
of measurement uncertainties by calibration laboratories. It will cover measurement uncertainties, how to apply 
them and why they are important. Realistic examples using electrical and dimensional applications will be used to 
illustrate the topics covered. 

There has been a lot of discussion in the calibration, metrology and related accreditation communities about 
“uncertainties” over the past decade. Historically, the measurement uncertainty information was a primary 
concern for metrology laboratories and calibration laboratories but, due to the globalization of manufacturing, 
the ever tightening of manufacturing tolerances and the advancement of measurement technology, 
measurement uncertainty information is reaching the shop floor and the end user by necessity. Often these 
discussions revolve around concepts described in excruciating detail and are filled with technical terminology and 
references to statistics. Admittedly, there really is no way around it; calibration and metrology are complex 
subjects. Considering that, I will attempt to distill the basic idea of measurement uncertainty within the context of 
what the common end user may see and in terms which are more familiar. 

What is Measurement Uncertainty? 

The heart of the discussion centers on this simple statement, “… the [measurement] result is complete only when 
accompanied by a quantitative statement of its uncertainty.” Applying this logic, the following measurement 
results are incomplete because “this” power supply reads 9.625 V and “that” block is 2.000 in. The following 
results are more complete. The power supply reads 9.625 V ± 0.005 V. The block is 2.000 00 in ± 0.000,026 in. 
Technically, even these statements are incomplete because they do not identify a coverage factor or a confidence 
interval, which is all part of the detail that I have purposely excluded from this paper. But for your information, 
the coverage factor and confidence interval can typically be found in the tiny print or text of a calibration 
certificate. So, what exactly are these additional plus and minus (±) numbers? We first must agree that there are 
no perfect instruments and there are no perfect measurements, so there is always something “unknown” about 
every measurement. This “unknown” is defined by calibration accredited laboratories as follows: “Measurement 
uncertainty is the quantitative evaluation of the reasonable values that are associated with a measurement 
result. It is a probabilistic expression of the doubt in a particular measurement value.” Now in plain terms this 
means these additional numbers are the calibration laboratory’s best estimation, in realistic numbers, using 
scientific and statistical methods. These “unknowns” are formally termed “measurement uncertainties”. 
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Please note I have yet to use the terms accuracy or error. Although uncertainty, accuracy and error are related 
terms, they have different meanings in this context and cannot be used interchangeably. Error is the difference 
[offset or deviation] between the measured value and the ‘true value’ of the thing being measured (also known as 
the measurand). For example, a gage block may be marked as 2.0 in, but the calibration lab test report states the 
actual size is 2.0001 in, therefore the error of this block is + 0.0001 in. Whenever possible we try to correct for any 
known errors. Accuracy describes the closeness of the degree of agreement between the measurement result and 
the “true value”. (Accuracy is a qualitative term only). For our gage block example, the manufacturer states the 
gage block has an accuracy of ± 0.0005 in, meaning the actual size of the block is expected to fall somewhere 
between 1.9995 in and 2.0005 in, and it does. The accuracy statement describes the expected quality of the block 
and helps identify the type of measurements it is suited to perform. For a complete measurement result for our 
gage block, the report must include the measurement uncertainty: 2.0001 in ± 0.000 004 1 in. We now have some 
quantitative knowledge of our gage block’s actual length. 

To understand an accredited laboratory’s Calibration and Measurement Capability (CMC) (i.e., their best 
measurement uncertainty) you should examine their published Scope of Accreditation. A typical scope of 
accreditation will look like this:  

Appendix A has an example of a Scope of Accreditation. This document quantifies the laboratory’s best or smallest 
uncertainty achievable. The ‘scope’ (as we informally call them) is published so customers can determine whether 
the laboratory can perform the calibration activity suitable for their equipment. As a side note, the uncertainty 
published on the scope of accreditation may not match the uncertainty on your calibration report for your 
measurement equipment; you may get a larger measurement uncertainty because the “best” uncertainty a lab 
can achieve is often overkill for most equipment. This does not mean you received a “bad” calibration, likely the 
lab still followed Good Metrology Practices (GMetP) and followed the infamous 4-to-1 rule (meaning their 
calibration process is 4 times better than your test equipment) which is accepted industry wide as the minimum 
target of calibration. 
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When you send in your units for calibration, what you will receive will look something like the data report excerpt 
shown in Figure 2. These are the actual uncertainty values for the specific measurement reported by the 
calibration lab. This is the information you will need when you conduct your uncertainty assessment. In this 
example the measurement taken was 5.0007 V, and the laboratory has a ± 0.000,020,5 V margin of uncertainty 
around that specific value. 

Why it is important to understand Measurement Uncertainty. 

You should be familiar with measurement uncertainties if you are performing any type of calibration on any 
devices that will in turn be used to perform other process measurements. This can be thought of as the domino 
effect: any uncorrected errors and all uncertainties in the calibration measurement process will be passed down 
to all the measurements made by the calibrated device. This is a critical component of metrological traceability. 
Another case where uncertainties can be important is during an acceptance/rejection process. If the uncertainties 
in the testing instrument and the measurement process are large enough, there can be serious economic impact 
with falsely accepting bad product or falsely rejecting good product, not to mention the potential safety impact 
this can have. These implications increase significantly as potential nonconforming parts move through the 
assembly process, into the final product and to the end customer. 
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As mentioned earlier, there are no perfect measuring instruments, which also apply to instruments used in the 
manufacturing process. Taking actual measurements is also a process in and of itself; there is more to the process 
than just the quantity to be measured and the measuring instrument. There are many sources of potential error 
which, even a quick error assessment can identify. A few sources of error to consider are the measurement device 
and its calibration, test leads, connectors, cables, leads and switches. One should also consider that the 
measurement environment: ambient temperature, pressure and humidity can all be sources of error. A few less 
obvious environmental errors can be associated with air quality, particulate contamination and lighting 
conditions, and believe it or not, altitude and gravity. Then you should consider some less obvious sources such as 
software programs and their resolution limitations, signal conditioning, signal digitization and unit of 
measurement conversion factors. And finally, consideration must be given to the operator. Some measurement 
techniques require highly skilled operators and require the operator to make interpretations, interpolations or 
judgment decisions. This is especially true with dimensional measurements where Gage R&R studies are often 
completed to quantify and hopefully compensate or correct for these potential errors. Commonly, many of these 
potential sources of error will influence your measurement process. It depends upon your process requirements, 
what you are measuring, how accurate you need to know the measurement and other factors. The bottom line is, 
get to know your measurement process! Any error whose value we do not know [the ‘unknown’] is a source of 
uncertainty. For example, we have an old 2 in gage block that was sent for calibration and the calibration data 
report states it to have an actual length of 1.978 122 in ± 0.000 008 in at 68 °F ± 1 °F. What we do not know is the 
actual length after 6 months of heavy use on your shop floor which is 75 °F ± 10 °F when sitting on a surface plate 
being used as a reference during a height transfer technique that also uses an indicator head, a gage amplifier and 
a height gage. There are at least 10 sources of potential measurement errors in that last sentence; can you 
identify them all? If you miss any, what impact will it have on your product’s safety or cost? If you are not 
currently considering any sources of error, then you might approach this another way: what are some of the 
common production problems your company is experiencing? Are any of them related to potential sources of 
error that have not been taken into consideration? 

How Measurement Uncertainty impacts your test equipment and procedures 

In the calibration lab we follow some incredibly detailed and specific procedures when conducting error analysis 
and developing uncertainty budgets, such as the Guide to Uncertainties of Measurement (GUM) and NIST 
Technical Note 1297. These analyses can be very time consuming and require an extremely high level of expertise 
in the appropriate field of knowledge. The result of these guides is what we call an Uncertainty Budget (see 
appendix A for example). I am not going to explain these in any detail; they are only presented for informational 
purposes and we offer other white papers and training that go into those details. If you are curious about further 
detail I highly recommend Stephanie Bell’s A Beginners Guide to Uncertainty of Measurement, available free on-
line through the National Physicals Laboratory (NPL) which is the United Kingdom’s equivalent of NIST. 

If you look over the sample Electrical Uncertainty Budget, there are only 3 major components: the unit’s 
specifications, the measurement uncertainty associated with the calibration of the unit, and the repeatability of 
the measurement process. There are 2 minor components covered in the note at the bottom: a minimum noise 
floor and thermal EMF due to the test leads. Overall, it is straightforward as far as the components are concerned. 
I have completely glossed over the statistics and the method of combining the components used to generate the 
final uncertainty value. Again, this is an introduction and not meant to cover those details. 
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At this point all you want to do is identify the realistic sources of potential error. I have found one of the best tools 
is to draw a picture of the measurement process and then step back and look it over for potential sources of 
error. For example, let’s say our process says to check the power supply and it must read 9.00 V ± 2.00 V, meaning 
the power supply must read between 7.00 V and 11.00 V. You are simply using a Digital Multimeter and a set of 
test leads. You list the sources of possible error in a chart and simply add up the measurement effect. 

As you can see from the chart the largest source of uncertainty is from the accuracy specification of the multi-
meter, while the calibration uncertainty is about 25 times smaller, and the test leads really have no impact at all. 
From this assessment you may conclude that the process is suitable for making the 9.00 V ± 2.00 V measurement 
since the multi-meter can reasonably read to ± 0.008 V (due to the resolution of the meter and rounding). 
However, you can also see that if your test results turn out to be 6.99, 7.00, 7.01 V (near the lower process limit) 
or 10.99 V, 11.00 V, or 11.01 V (near the upper process limit) your measurement process may not be telling you 
the correct value due to the analysis you conducted. You may be falsely accepting bad product or falsely rejecting 
good product if the meter indicates values near these limits. At this point it is a business decision as to what 
happens next. Are these questionable readings posing an acceptable business risk? How many units have readings 
in these areas of uncertainty? There are many such non-measurement related factors that should be considered 
in business risk decisions. If the business risk is unacceptable, then you may need to take the next step and learn 
how to complete an uncertainty analysis following acceptable practices or take some other process improvement 
steps to remove the unacceptable risk. 

The simple example above is far from a true uncertainty budget like the example in the appendix of this paper, 
but it does introduce the use of the Calibration Uncertainty into the context of the manufacturing process and 
provides a method to generate sound information on which to base business decisions intended to remove doubt. 

Summary  

Do not take unnecessary risks; understand the limitations posed by unknown sources of error and take action to 
remove them or reduce them to an acceptable level. Ask for help if you need to, but do not leave it alone and 
hope it goes away. 
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Appendix A 

ABC Calibrations: Laboratory Calibration and Measurement Capability (CMC) 

Parameter/Subdivision Range 
CMC 

(±) k (95.45 %) = 2 
Comments 

Dimensional 
Length – Measurement < 0.10 in (8.279·L) µin (1, 9) Federal Products 130B-24 Electronic 

Gage Block Comparator & Master Gage 
Block Set 

 0.10 in to 4.0 in (9.284·L) µin (1, 9)

Length - Generation 0.050 in to 0.10 in (8.198·L) µin (1, 9) Master Gage Blocks 

 0.10 in to 4.0 in (9.212·L) µin (1, 9)

4.0 in to 40 in (12.121·L) µin (1, 9)

Electrical
DC Voltage – 
Measurement

1 µV to 100 mV 0.001 1 % + 0.3 μV (2) Agilent 3458A 

0.1 V to 1.0 V 0.001 % + 0.3 μV (2)

1.0 V to 10.0 V 0.001 % + 0.5 μV (2)

DC Voltage - Generation 0 to 100 mV 11.632 µV (1) Agilent 3458A & Fluke 335A 
0.1 V to 1.0 V 11.896 9 µV (1)

1.0 V to 10.0 V 26.215 1 µV (1)

10.0 V to 100.0 V 471.612 µV (1)

1 kV to 10 kV ± 0.01 % (3) Fluke 80F-15, Fluke 410B, Agilent 
3458A 

Hardness
Generation Rockwell - various 0.2 RHC (2) Certified Hardness Standards 

Durometer – A & B 2.0 (2) Certified Hardness Standards 

pH 
Generation 4 – 7 – 10 pH 0.011 pH (2) Standard Reference Buffer Solutions 

1 CMC calculated by combining relevant sources of uncertainty. See relevant Uncertainty Budget.
2 CMC based on the manufacturer’s specifications of equipment shown in comments. 
3 CMC based on high voltage probe specification. Error contributed by other standard(s) is not significant. 
4 CMC equal to mass in air calibration value vs. reference density 8000 kg m3. 
5 CMC equals actual value equal to reported value of standard. 


