
the appraiser averages and = 1.41

and 1.91 (see first row of Table 3 of

part one) for two and three appraisers

respectively.

With the addition of appraiser vari-

ation, the relationship among all the

variances is changed to:

in which = new total product

measurement variation (assuming no

interaction between parts and

appraiser). 

The relationships among all the

variations can be illustrated in Figure

1 or 2. The total product measure-

ment error ( ) will respond with

one unit change when there is a unit

change in gage, appraiser or true

product variance—in other words,

σ2
m

σ2
m

σ2
m = σ2

p + σ2
e + σ2

a

d*2, a
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Appraiser Variation in Gage R&R
Measurement by Donald S. Ermer

n part one of this column,1 I said if

our data analysis is inaccurate, it

does not represent the true quality

characteristics of the part or product

being measured, even if we’re using

quality improvement tools correctly. 

Therefore, it is important to have a

valid quality measurement study

beforehand to ensure the part or prod-

uct is accurate and the power of statis-

tical process control and design of

experiments is fully used. Accuracy—

in other words, the absence of bias—is

the function of calibration, which is

performed before the precisions of the

gage and its operators are measured.

In part one, I reviewed the gage

R&R study in the Automotive

Industry Action Group (AIAG) manu-

al2 for its weakness in determining the

true capability of the different parts of

a measurement system

and used a geometrical

approach to describe the

components of total mea-

surement variance. This

showed why the standard

deviations or measure-

ment errors of the equip-

ment, appraiser and part

in the AIAG method are

not additive and cannot be

compared directly in a

ratio.

In part two, I’m pro-

viding a worksheet for

correctly executing a

measurement process

capability study (Tables

1 and 2, p. 76).

Introduction of
Appraiser Variation

Although the proper

variances in part one

indicated the capability

of the measurement

process, they are good

only when one operator

is measuring the product,

which makes appraiser

variance insignificant. In

actual situations, it is difficult to iso-

late or eliminate appraiser error in

the measurement process. Therefore,

it is necessary to include appraiser

variance. This is shown as BC in

Figure 1 (p. 77) and BE in Figure 2 (p.

77). It is calculated as

= appraiser variation

in which R0 = range of

σ̂a =
R0

d*
2, a
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I
Part two of a two-part
series on a geometrical
approach.

I. Data set A 
Operator A A WR(A) B B WR(B) C C WR(C) Part average
Trial 1 2 1 2 1 2
Part one 67 62 5 55 57 2 52 55 3 58.0
Part two 110 113 3 106 99 7 106 103 3 106.2
Part three 87 83 4 82 79 3 80 81 1 82.0
Part four 89 96 7 84 78 6 80 82 2 84.8
Part five 56 47 9 43 42 1 46 54 8 48.0

Within range average
(WR ) 5.6 3.8 3.4

Appraiser average 81.0 72.5 73.9

Overall within range 
average (WR ) 4.267

Range of part average (Rp) 58.167

Range of appraiser 
average, Xdiff (R0 ) 8.5

WR = within range R&R = repeatability and reproducibility

Note: See “Improved Gage R&R Measurement Studies,” Table 2, Quality Progress, March 2006, p. 78, for results
of studies using these data.

Raw Data for Comparison of Different R&R StudiesTABLE 1



Part number and name:
Data set A Gage name: Date:

Characteristics: Gage number: Performed by:
Specification: Gage type: Plant:

Tolerance: Gage calibration expiration
date: Gage resolution:

Number of trials (r) = 2 Number of appraisers (k) = 3 Number of parts (n) = 5

WR = 4.267 Ro = 8.5 Rp = 58.167 X = 75.8

General Information

Part Information from Data Sheet in Table 1

Gage R&R Output for New MethodTABLE 2

Measurement Unit Analysis

WREV =
d*2, e

= 4.267/1.15

= 3.71 = σe

Repeatability—equipment variation (EV)

Reproducibility—appraiser variation (AV)

Repeatablilty and reproducibility (R&R)

(EV)2

(TV)2
× 100 =

(3.710)2

(24.11)2
× 100 = 2.45%

(AV)2

(TV)2
× 100 =

(4.293)2

(24.11)2
× 100 = 3.09%

(PV)2

(TV)2
× 100 =

(23.43)2

(24.11)2
× 100 = 94.46%

(R&R)2

(TV)2
× 100 =

(5.674)2

(24.11)2
× 100 = 5.54%

  AV =
R o

d*2 , o

2

−
E.V.2

n × r

=
8.5

1.91

2
−

13 .76
10

= 4.293 = σa

Reproducibility—part or product variation (PV)

  PV =
R p

d*2 , m

2

−
EV 2

k × r

=
58.167

2.48

2
−

13 .76
6

= 23.43 = σa

R&R = EV 2 + AV 2

=

= 5.674

(3.710) 2 + (4.293) 2

Total variation (TV)

Check:

94.46% + 3.09% + 2.45% = 100%

TV = (R&R) 2 + (PV ) 2

=

= 24.11

(5.674) 2 + (23.43) 2

76 I MAY 2006 I www.asq.org

MEASURE   
FOR MEASURE

not with standard deviations.

In the AIAG study, the constants d2, e ,

d2, m and d2, o are all assumed equal to

d2 for the different sample sizes in the

subgroup. However, these three val-

ues may be equal to either d2 or d2*,

depending on the number of sub-

groups and sample size. If the num-

ber of subgroups is greater than or

equal to 25, then d2 should be used in

the calculation. Otherwise, d2* is

used.

The number of subgroups and

subgroup size depend on the num-

ber of parts, operators and trials

used in the R&R study. For d2, e , the

total number of within ranges used

to calculate the average is the num-

ber of subgroups (nxk), while the

number of trials (r) of each part will

be the sample or subgroup size. For

d2, m and d2, o , the number of sub-

groups is always equal to 1, and the

sample size is the number of parts

(n) tested or the number of operators

(k) in the measurement study.

For example, if a measurement

study used five parts, as in Table 1 

(p. 75), with each part measured twice

by each of the three operators, then d2,

e would be based on only k = 15 sub-

groups for the sample size equal to 2

(and d2, e* = 1.15 in Table 3 of part

one). The d2, m value would be based

on only one subgroup (k = 1) and a

sample size of 5 (and d2, m* = 2.48),

while d2, o would also be based on

only one subgroup (k = 1) and a sam-

ple size of 3 (and d2,o* = 1.91).

Therefore, for this example, d2, e, d2, m

and d2, o should all use d2* instead of

d2. The values of d2* (and d2) are

given in Table 3 of part one.

In addition, a more accurate esti-

mate of appraiser variance should be

obtained. Use a correction factor to

eliminate the contamination caused

by the measurement equipment vari-

ance in the data. The modified equa-

tion is:

in which is the correction fac-

tor (CF 1).

The estimation of the true product

or part variation can be improved by

also including a correction factor in

σ̂2
e

(n) (r )

σ̂2
a =

Ro

d*
2, a

2

−
σ̂2

e

(n) (r )
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its calculation, although it will not be

large. The correction factor is similar

to CF 1 but with a different denomi-

nator in the last term. The improved

estimation of the part or product

variation is:

in which is the relatively small

correction factor (CF 2).

Given these changes, the new mea-

surement study will be more accurate

and correct. Therefore, the new method

should be used for a proper measure-

ment process study, as in Table 2.

Solving Identified Problem
Areas in the Measurement

For a measurement process with a

problem in the equipment/gage varia-

tion area, there are several steps to

check to find the root cause of the

problem. The first is to check whether

the measurement system has an ade-

quate number of decimal places, mean-

ing it has a resolution good enough for

measuring the product variation.3 If a

problem of resolution occurs, consider

using a measurement unit smaller than

the gage standard division. For exam-

ple, if the measurement unit of a data

σ̂2
e

(k ) (r)

σ̂2
p =

Rp

d*
2, m

2

−
σ̂2

e

(k ) (r )

set is 0.01, then the gage standard divi-

sion must be smaller than 0.01, such as

0.001, to have a resolution good

enough for the R&R study.

Another way to improve gage accu-
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racy is to calibrate the gage regularly.

Although most measurement gage

manufacturers provide calibration ser-

vices to their customers, it is the gage

user’s responsibility to make sure the

Relationships of the Measurement Standard
Deviation in Three-Dimensional Space

FIGURE 1

Gage variation σe

Appraiser variation σo 

Total variation σm

Product variation σp

A

B

C
D

AB

BC

AC

CD

AD 

= Equipment or gage error

= Appraiser or operator error

= Measurement repeatability and reproducibility error

= Ture product or part error

= Total product measurement error σm (without interaction)



gage is calibrated before a gage R&R

study. The user also should make sure

the gage is performing at the standard

claimed by the manufacturer.

When appraiser bias effect is detect-

ed, the problem can be temporarily

solved by offsetting the amount of

bias to all the measurements made by

that appraiser. However, the long-

term solution is to understand why

that appraiser has a bias on all the

measurements. When appraiser

inconsistency is detected, the apprais-

er is usually having problems using

the equipment properly.

For example, he or she may not

align the product correctly before tak-

ing a measurement or may have a

problem reading the fine marks on

the gage. Also, the appraiser may not

have clear instructions on which part

of the product should be measured.

Many of these problems are the result

of ineffective training. Either the

appraiser needs to undergo a training

program or a new training program

needs to be developed.

Change Current Method

A graphical analysis helps in

understanding the components of the

measurement system and their rela-

tive importance. Current AIAG R&R

methods may be misleading and

should be modified according to the

methods given in this column. Also,

appropriate software could be used to

calculate the correct d2* values and

the correction factor for part variation

as a basis for a more precise variable

measurement study.

This two-part column has shown the

importance of reliable measurement

data and their analysis. I hope it will

help all quality conscious organiza-

tions further improve their products

and the productivity of their processes.
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