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Measurement System Analysis 

Gage R&R 

 
When I first got involved with quality, I learned about the "five M's" that constituted 

most root causes: man, machine, materials, methods, and measurement.  

Because I worked in a predominantly service industry, I couldn't quite grasp how 

measurement could be a cause of variation. But, if you work in manufacturing, you know 

that gages can be used in ways that are inexact and thus can be a cause of variation. If 

you’re measuring parts to ensure that they meet customer requirements, but your gage or 

your measurement process vary too much, you might pass parts that should fail, and fail 

parts that should pass. To ensure that your customer gets what they want you will want to 

make sure that your measurements are accurate. 

Measurement Systems Analysis (MSA) 

A measurement system consists of the processes, standards and gages used to measure a 

specific feature of a product—height, weight, length, weight, volume, etc. Measurement 

systems analysis helps determine if the equipment (i.e., the gage) and the measurement 

process can get the same result consistently.  

 

© MMVI KnowWare International Inc.qimacros.com 303-756-9144 



Measurement Systems Analysis 2 

Measurement System Analysis (MSA) uses many methods to evaluate consistency: 

Type of Measurement System Methods 

Variable Data Average and Range, ANOVA, Bias, Linearity 

Attribute data Signal Detection, Hypothesis testing 

Destructive testing Control Charts 

MSA is actually quite simple, but even seasoned SPC veterans don't seem to understand 

it. So I thought I'd simplify it for you. 

First, the most common mistake people make when conducting a Gage R&R study is 

forgetting that it is evaluating their measurement system and NOT their products. Gage 

R&R does not care about how good your products are. It only cares about how good you 

measure your products.  

Second, when you manufacture products, you want to monitor the output of your 

machines to make sure that they are producing products that meet the customer's 

specifications. This means that you have to measure samples coming off the line to 

determine if they are meeting your customer's requirements. 

Third, Gage R&R studies are usually performed on variable data - height, length, width, 

diameter, weight, viscosity, etc. But you can also use pass/fail gages that make for quick 

analysis, in which case, use the Attribute Gage R&R study. 

Fourth, when you measure, there are three sources of variation that come into play: 

• Part variation - PV (differences between individual pieces) should account for 

90+% of all variation.  

• Appraiser variation- AV (a.k.a., reproducibility) - Can two different people get the 

same measurement using the same gage? Hint: Different processes yield different 

results. 

• Equipment variation - EV (a.k.a., repeatability) - Can the same person get the same 

measurement using the same gage on the same part in two or more trials?  
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You want most of the variation to be caused by variation among the parts, and less than 

10% of the variation to be caused by the appraisers and equipment. Makes sense, doesn't 

it? If one appraiser can't get the same measurement twice, or two appraisers can't get the 

same measurement, then your measurement system is a key source of error.  

Conducting a Gage R&R Study 

To conduct a Gage R&R study, you will need: 

• Five to ten parts from one batch or lot (number each part) 

• two appraisers (people who measure the parts)  

• one measurement tool or gage  

• and a minimum of two measurement trials, on each part, by each appraiser  

• a Gage R&R tool like the Gage R&R template in the QI Macros.  

The following examples use the QI Macros Gage R&R template.  If you don't have the 

QI Macros you can download a 30 day evaluation copy at 

http://www.qimacros.com/freestuff.html or order a copy at 

https://www.qimacros.com/order230.html. 

Step 1. Select 5-10 DIFFERENT parts and at least two "appraisers" and one gage. 

Hint: If you don't use enough parts, part variation will be small and magnify the 

appraiser/equipment variation. 

 

© MMVI KnowWare International Inc.qimacros.com 303-756-9144 

http://www.qimacros.com/excel-spc-software.html
http://www.qimacros.com/freestuff.html
https://www.qimacros.com/order230.html


Measurement Systems Analysis 4 

Step 2. RANDOMLY, have appraisers measure each part at least twice. 

Hint: If they measure the same part two or three times in a row or see each other’s 

results, they’ll start to bend their results to get the desired outcome—consistency. 

 

Step 3. Then enter the results of each measurement in Cells C3:L7, C11:L15, C19:L23 
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Step 4. The Gage R&R template will automatically calculate all of the values based on 

your data. In this case, EV > AV, indicating the gage may be hard to read accurately. 

Note: Some people expect EV + AV + PV to equal 100%. They will not equal 100% and 

are not supposed to (AIAG MSA Third Edition, p 116). 

 

Using Spec Tolerance: If you want to evaluate your measurement system based on the 

tolerance instead of process variation, input your specification tolerance into cell B43. 

Note: the spec tolerance = USL - LSL 

 

Use the calculations in cells C 48, C50 and C52 to evaluate your measurement system:  
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Step 5. Evaluate your measurement system based on %R&R and the Average and Range 

charts. There are two types of charts Average and Range. In the QI Macros Gage R&R 

template, each is shown stacked and side by side. 

• Average Chart - Plots the average of all trials for each part for each appraiser 

and graphs them on a line. Each line shows how consistent each appraiser 

measures from part to part. When the lines for each appraiser are "stacked" on top 

of each other or displayed side by side, you can easily see if one appraiser gets 

more consistent results between parts or if one appraiser tends to measure higher 

or lower than the others.  

• Range Chart - Plots the range (Max - Min) of all trials for each part for each 

appraiser and graphs them on a line. Each line shows how consistent each 

appraiser measured each part. If the range is zero, then the appraiser measured the 

part the same in every trial.  Like the Average charts, the Range charts are 

displayed both stacked and side by side. 

Step 6. As you can see in the following Stacked Average chart, all three appraisers get 

close to the same measurement on each part. Appraiser 3 is biased to be lower than the 

other two.  

Half of the parts are above or below the control limits which means, oddly enough, that 

the measurement system should be adequate to detect part-to-part variation. Less than 

half outside may imply a lack of precision or a non-representative sample. (AIAG MSA 

Third Edition, p 102.) 
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Part by Appraiser Plot (Stacked)
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Evaluating the Results - Gage Repeatability and Reproducibility 

If repeatability (i.e., EV - Can the same person using the same gage measure the same 

thing consistently) is larger than reproducibility (EV>AV), reasons include: 

• Gage needs maintenance (gages can get corroded)  

• Gage needs to be redesigned to be used more accurately 

• Clamping of the part or gage, or where it's measured needs to be improved (imagine 

measuring a baseball bat at various places along the tapered contour; you'll get 

different results.) 

• Excessive within-part variation (imagine a steel rod that's bigger at one end than the 

other. If you measure different ends each time, you'll get widely varying results.)  

If reproducibility (i.e., AV-can two appraisers measure the same thing and get the same 

result) is larger than repeatability (AV>EV), reasons include: 

1. Operator needs to be better trained in how to use and read gage 
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2. Calibrations on gage are not clear 
(In the case of the pens, a digital readout might reduce error.) 

3. A fixture may be required to help the operator use the gage more consistently 

Gage System Acceptability 

How acceptable is your measurement system? 

%R&R<10% Gage System Okay  

(Most variation caused by parts, not people or equipment) 

%R&R<30% May be acceptable based on importance of application and cost of gage 

or repair. 

%R&R>30% Gage system needs improvement  

(people and equipment cause over 1/3 of variation) 
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Here are samples of the QI Macros Gage R&R template input sheet and results sections 

using sample data from the AIAG Measurement Systems Analysis Third Edition: 
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In this example, %R&R is 26.7% and the Anova %R&R is 28%, but is it acceptable? It 

depends. Let’s look at the charts. In the Stacked Average Chart, measurements are 

similar, but one appraiser is biased consistently lower than the other. 
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If we look at the Stacked Range Chart, we can see that the measurements are in control 

and that appraiser 1 has less variation when measuring each part than the other two. 
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What To Look For If %R&R Is Not Acceptable 

Repeatability: Percent Equipment Variation (%EV). If you simply look at the 

measurements, can each appraiser get the same result on the same part consistently, or is 

there too much variation?  

Example looking at measurements from one appraiser only: 

 

No Equipment Variation:  (Parts 1, 2, 3, 5) 

Equipment Variation:  (Part 4 : 0.317 and 0.318)  

Reproducibility: Percent Appraiser Variation (% AV-can two appraisers measure the 

same thing and get the same answer?) 

Example looking at measurements of the same part by two appraisers: 

 

No Appraiser Variation:    Appraiser Variation: 

Appraiser 1, Part 1: 0.315;    Appraiser 2, Part 1: 0.315 

Appraiser 2, Part 1: 0.315     Appraiser 3, Part 1: 0.314 

If you look at the line graph of appraiser performance, you'll be able to tell if one person 

consistently over reads or under reads the measurement.  
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Mistakes People Make 

Many people call us because they don't like the answer they get using the QI Macros 

Gage R&R template. Most of the time, it's because they didn't follow the instructions for 

conducting the study or they’re confused about what Measurement System Analysis does. 

Here are some of the common mistakes I've seen: 

• Using fake data. Most people try to test the Gage R&R by using data they’ve dreamed 

up rather than the AIAG SPC data in c:\qimacros\testdata. 

• Using only one part. If you only use one part, THERE CAN'T BE ANY PART 

VARIATION, so people and equipment will be the ONLY source of variation.  

• Using the one part measurement for all 10 parts (again, there won't be any part 

variation, so it all falls on the people and equipment).  

• Using too many trials (if you use five trials, you have more opportunity for equipment 

variation).  

• Using too many appraisers (if you use all three, you have more opportunity for 

appraiser variation). 

• Using a gage that measures in too much detail. If your part is 74mm +/- 0.05, then 

you don’t need a gage that measures to a thousandth of an inch (0.001) you only need 

one that measures to the hundredth of an inch (0.01). 

• Confusing what the study says about your measurement system with what it says 

about your products. Gage R&R evaluates your measurement system NOT your 

products.  

Challenges You Will Face 

One customer faced an unusual challenge: they were producing parts so precisely that 

there was little or no part variation even when measured down to 1/10,000th of an inch. 

Their existing gages had ceased to detect any variation from part to part. 

As your process improves and your product approaches the ideal target measurement, 

you'll have less part variation and more chance for your equipment or people to become 

the major source of variation. As your product and your process improve, your 

measurement system will need to improve as well. 
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Gage R&R Example 

In the following example, the supplier is producing sleeves that can be no larger than 

0.6710 (USL). The supplier is producing sleeves that measure 0.6705 to 0.6707 that fit 

well, but they wondered why their gage system needs improvement. 

Anytime %R&R is greater than 10%, you may need to improve the measurement system. 

When it’s greater than 30% (i.e., equipment and appraiser variation is more than 30% of 

total variation), you need to improve the measurement system: In this example, the QI 

Macros Gage R&R template gives these values for %EV, %AV, and %R&R: 

 

Here’s what most people don’t understand about Gage R&R studies: 

1. Gage R&R doesn't care how good your parts are (i.e., the parts all measured 

between .6705 and .6707 and were below the USL). 

2. All that matters is how accurately and consistently you can measure the parts 

(i.e., if a part is .6705, every appraiser that measures that part should get .6705, 

not .6704 or .6706 or .6707). 
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3. In this case, each appraiser cannot get the same answer on the same part (see 

above), which means that there is too much equipment variation (EV>75%). 

4. Since EV (75%) is greater than AV (42%), the problem is most likely that: 

a. Gage instrument needs maintenance 

b. Gage needs to be redesigned  

c. Clamping or location needs to be improved 

d. Excessive within-part variation 

5. Additionally, AV=42 % indicates the appraisers cannot get the same answer on 

the same part, which means that there is too much variation between appraisers. 
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You can see this on the Stacked Average Part by Appraiser plot.  
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6. Look at the Average Part by Appraiser plot side by side. Appraiser 2 is the most 

consistent; 1 and 3 vary wildly. Since over 50% of the averages are within the 

LCL and UCL, the measurement system is not adequate to detect part variation. 
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7. If you look at the side by side range chart of the three measurements, you’ll see 

that Appraiser 1 has less variation and five parts (1,3,4,7,and 10) measured 

exactly the same each time. 
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8. If you enter a reference value into the template, you’ll discover that Appraiser 1 is 

biased low compared to the other two appraisers. Note: The reference value is 

either the actual value of the part or the target value if you don't have the actual 

measurement. 
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9. Based on these results, figure out how to copy appraiser 1’s method to measure 

each part consistently and 2's method to achieve consistency between parts to 

reduce AV. The most common problems related to appraiser variation are: 

a. Operator needs to be better trained in how to use and read gage 

b. Calibrations on gage are not clear 

c. A fixture is required to help the operator use the gage more consistently 

I’d guess that they are not all measuring the part at the same location in the same way. 

Solve that problem and your Gage R&R results will improve. 

Bias and Linearity 

Two other factors affect the accuracy of your measurement system: Bias and Linearity. 

Bias asks: Does your gage tend to over- or under-read the same size part? (Imagine 

measuring the length or diameter of a steel rod with known dimensions.)  

Linearity: Does your gage tend to over-read or under-read across a range of different 

sized parts? (Imagine using the gage on tin cans of various diameters, from small, 6 oz. 

juice cans to 64 oz., family-sized cans.)  
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If you want to know the "bias" of your gage, simply input the "target" or "reference" 

value for the parts being measured into the Gage R&R template, and the template will 

calculate the bias of the gage (plus or minus). Reference values are determined by using a 

calibrated gage that is highly accurate. 

If you want to know the "bias and linearity" of your gage, switch to the linearity 

worksheet in the QI Macros Gage R&R template and conduct a linearity study. 

Linearity Study 

To conduct a linearity study, you will need five parts of DIFFERENT sizes that have 

been accurately measured to provide a reference value. 

1. Have each of the five parts measured 12 times in random order. 

2. Input the data into the Gage R&R template's Linearity worksheet 

3. Input the accurate measurements for each part as a reference 

4. Analyze the linearity using the line graph on the worksheet.  

Ideally, there shouldn't be any change in bias from small to large. If you look at the line 

graph, it should be a horizontal line. More often, however, a gage may over read the 

small and under read the large. If there is too much slope to the line (too much bias), you 

may want to use the gage in its optimal range and find other gages to measure where this 

gage's bias is too large. 
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 303-756-9144 

Here’s an example of a linearity study using AIAG MSA 3rd Edition data. 

 

Notice how the actual values differ from the reference values in B15:F15. Looking at the 

linearity chart, you can see that the gage tends to over-read smaller measurements (2.00) 

and under-read the larger ones (8.00 and 10.00). This gage may only be optimal for the 

4.0-to-6.0 range. 

Destructive Testing 

What can you do when each piece is destroyed when measured? What if you conduct an 

impact or other test that makes it impossible to measure repeatedly? Let's look at using an 

XmR chart. 

In this example, there were 10 testers destructively testing 10 samples each from the 

same production lot. The lower specification limit is 16.7 foot pounds/sq in. 
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If we put a blank row between each of the 10 appraisers’ data and run an XmR chart in 

the QI Macros we get an average and range that look like the following: 
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If all 10 appraisers are using the same process to measure samples from a well-known 

and established process, then we'd expect the averages to be the same and the variation 

represented by the UCL and LCL to be equal.  

If the averages or standard deviations are different from appraiser to appraiser (i.e., 

tech to tech), then the measurement system needs improvement. 

Look at the X chart. Six of the ten share roughly the same average and the last three share 

a different average. If they are all measuring samples from the same lot, then they must 

be using two different measurement processes or the production process changed. Tech 7 

is between the other two groups. Which of the two main groups are measuring correctly? 

How can you train the others to match? 

Look at the X chart and the R chart to evaluate the variation (another key factor in Gage 

R&R).  

Technician four, six, and ten have the least variation. What are they doing that produces 

more consistent results? How can you train the others to match the consistency? 

Ideally, all of the appraisers should get close to the same average and standard deviation. 

Adjust the measurement process until you get the UCL, LCL, and CL to line up more 

closely. 

Conducting a Destructive Test Gage R&R Study 

In brief, you should select your parts as follows: 

The samples for Part 1 (that will be repeated by a single operator, and those to be 

reproduced by another operator) should come from as nearly a homogeneous 

sample/batch as possible.  

The samples used as Part 2 should be from a different batch, different production 

run, or have sufficient time to allow long term variation to occur.  
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Repeat for Part 3, 4, 5, etc. (see below). 

 

The results (see below) will show some variation in equipment because of the variation in 

destructive tests. 

 

The Gage R&R template will show that 20.7% for the %R&R means that the gage system 

may be acceptable (given destructive testing has occurred and we can't use the same part 

twice). 
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Attribute Gage R&R Study 

Another form of Gage R&R study is attribute Gage R&R. Many gages are designed for 

operators to quickly assess whether the part passes or fails, not the actual dimensions of 

the part. Imagine a hunk of metal with two slots in it: one that will tolerate the part if it’s 

too big and one that will tolerate the part if it’s too small. Operators simply take the part 

and slip it into the slots. If it fits either one, it’s out of spec. 

To conduct an attribute gage study, you need at least 10 parts. Measure these accurately 

with a good gage to determine the reference value. Using the QI Macros Gage R&R 

template (see below), input the upper and lower specification limits into cells (N3:O3) 

and input the reference values for each part into cells (L2:L50). Then have appraisers 

measure the parts randomly using the pass/fail gage. Enter a “1” for pass or “0” for fail 

based on each appraiser’s evaluation (B3:J50). 

 

Do they fail good parts? Do they pass bad ones? 
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Effectiveness and Miss Rate - Evaluate the resulting analysis (cells AT5 to AB15, see 

below) to find out how your gage and appraisers function. In this case, they score an 85% 

effectiveness and a miss rate of 15% (i.e., 15% of the time they pass a part that should 

fail or fail a part that should pass).  

Comparison of Appraisers to Reference Value (0=fail and 1= pass) - If you look at 

the cross tabulations for appraisers vs. the REF value (middle tables in columns AO to 

AR), you’ll see that A, B and C all pass parts that should fail (see red cell: AP9, AP15, 

AP21), but never fail parts that should pass (cells AQ8, AQ14, AQ20). In essence, the 

pass/fail gage is passing too high a proportion of the products compared to the reference 

value.  

Comparison of Appraisers to Each Other - The cross tabulations between appraisers 

are in columns AJ to AM. For instance, cell AL14 tells you that appraiser B failed one 

part that appraiser C passed. These columns may provide interesting information but are 

not as valuable as the comparisons to the reference values in the middle columns. 
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Since, the pass/fail gage is passing too high a proportion of the products compared to the 

reference value, ask yourself: Do you need to repair, replace or upgrade the gage? Do you 

need some additional training for the appraisers? Make the changes and repeat the study 

until you get the level of quality you desire. 

Conclusion 

So, there, in a nutshell, is Gage Repeatability, Reproducibility, Bias, and Linearity. 

Your goal is to minimize the amount of variation and error introduced by measurement, 

so that you can focus on part variation. This, of course, leads you back into the other root 

causes of variation: process, machines, and materials. 

If you manufacture anything, measurement system analysis can help you improve the 

quality of your products, get more business from big customers, and baffle your 

competition. Enjoy. 

Resources 

For more detailed information on the Gage R&R, consider the AIAG Measurement 

System Analysis book.  You can find one at http://www.aiag.org. 

The QI Macros Gage R&R template uses formulas from the most recent AIAG MSA 

edition. The Gage R&R template is made up of several different templates including 

Average and Range Method, Anova method, Bias, Linearity, and Attribute Method.  

The QI Macros also draws line, pie, bar, pareto, histogram, scatter and control charts. It 

contains over 80 fill in the blank templates such as the Ishikawa diagram, QFD, DOE, 

FMEA, EMEA, and AIAG PPAP templates. You can order a copy of the QI Macros at 

http://www.qimacros.com/products.php  

http://www.aiag.org/
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