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1.0 Introduction

RANOVA 4.0 is an Excel application to assist in estimation of uncertainty by the duplicate
method*, which is fully described in the Eurachem guide®. It is intended for use by analytical
chemists, or for anyone else who needs to measure concentrations within a bulk of material
through the analysis of a number of discrete samples.

Its primary function is to perform robust and classical analysis of variance on sets of duplicated
measurements at selected sampling targets that have been specifically acquired for the purpose
of uncertainty estimation. It achieves this by splitting the variance in a set of duplicated
measurements between three encompassing components as follows:

a) Variance in measured concentrations between the designated sampling
targets;

b) Variance in concentrations between duplicated samples (sampling
variance) acquired within these sampling targets;

c) Variance between duplicated analyses (analytical variance) that have been
conducted on some or all of the samples acquired in (b).

RANOVA is presented as an easy-to-use Excel application, which allows measurement data from
other Excel spreadsheets to be easily pasted into the program, and output to be pasted into
other documents as required.



The latest version (RANOVA V 4.0) was released in April 2024.

*Items in bold are described in more detail in Principles of operation.

2.0 Principles of Operation

2.1 Robust ANOVA

Estimation of measurement uncertainty using balanced and unbalanced designs

In an experiment to characterise concentration levels of an analyte within a bulk of material, it is
usual to designate a number of discrete locations at which measurements will be made. These
may either be made in situ, or performed ex situ on smaller portions of material that have been
physically removed from the whole. In some cases, it may only be necessary to know the average
concentration in the whole bulk. The sampling target is then the entire mass of material, and the
standard uncertainty on the mean concentration is simply estimated as:
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where s = the standard deviation of the measured concentration values, and N = the total
number of measurements taken.

In many situations, additional information about the distribution of analyte concentrations
throughout the material is also required. For example, in an investigation of contaminated land it
is often necessary to identify and delineate "hotter" areas that require some sort of remediation
process. In this case, the sampling target can be considered to be a discrete volume, mass or
area within the whole. In such an investigation, it is desirable to be able to estimate the
uncertainty on individual measurements, so that this can be taken into account in subsequent
decision making. It can also be useful to estimate the contributions to the overall uncertainty
that are made by a) the sampling process, and b) the analytical process. This information enables
the practitioner to make cost-effective decisions on where best to allocate resources in
subsequent experiments (e.g. whether to use a different analytical procedure, or whether to
adjust the sampling protocol).

The Eurachem guide Measurement Uncertainty Arising From Sampling recommends the use of
the duplicate method for the empirical estimation of measurement uncertainty®?3. This involves
taking duplicated samples at a number (usually 10%, with a minimum of eight) of randomly
assigned measurement locations, where each measurement location is intended to represent a
single sampling target. Duplicated analyses of these samples is then carried out, according to one
of two protocols. In the balanced design. both of the duplicated samples are analysed twice (Fig
1). In the unbalanced design only one of the duplicated samples undergoes duplicated analysis
(Fig 2). Application of the balanced design requires three extra measurements to be made at
each of the designated duplicate measurement locations, while application of the unbalanced
design requires only two extra measurements. So use of the unbalanced design reduces the
analytical component of the cost of uncertainty estimation by one third.
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Fig. 1 The balanced experimental design, which can be used to estimate the sampling and analytical
components of measurement uncertainty using the duplicate method. Two samples are taken at a
proportion (e.qg. 10%) of the primary sampling points, and each of these samples is chemically analysed
twice*
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Fig. 2 The unbalanced experimental design, where only one of the two samples from a duplicated primary
sample undergoes duplicate analysis. This reduces the total number of chemical analyses required*

Analysis of variance (ANOVA) is then used to separate the total variance between measurements
into components that arise from three different sources:

a) Variance in concentration between the sampling targets;
b) Variance in concentration between the duplicated samples (sampling variance, s’samp);
c¢) Variance in concentration between the duplicated analyses (analytical variance, s?anal).

The standard deviations corresponding to (b) and (c) above are then estimates of the sampling
and analytical precision (e.g. the repeatability)®. The random components of the expanded
relative uncertainties at ~95% confidence can be estimated (traditionally using a coverage factor
of 2) as:
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These can then be combined in an estimate of the total expanded measurement uncertainty as



follows:
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Equation 1

Note that the expanded relative analytical uncertainty is strictly an estimate of analytical
repeatability and does not therefore include all components of analytical uncertainty that might
be estimated by a commercial laboratory.

Robust analysis of variance (including example, see AMC Tech. Brief No. 64)

Using this method of acquiring duplicate measurements results in a table of measured
concentrations, such as those in Fig 3. This shows simulated measurements from 10
duplicate measurement locations for the balanced design (left) and the unbalanced design
(right).

BALANCED DESIGN UNBALAMCED DESIGN

Sampling target Sampling target
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51A1 51A2 5241 52A2 S1A1 5142 5241
13.7 14.6 13.8 14.5 13.7 14.6 13.8
101 g4 57 57 101 94 57
52 54 10.9 g2 5.2 54 10.9
1.7 125 104 99 1.7 12.5 104
9.5 10.0 8.3 8.2 9.5 10.0 9.3
11.8 11.0 12.0 127 11.8 11.0 12.0
8.7 8.7 13.0 12.4 8.7 8.7 13.0
134 121 14.9 158 134 121 14.9
5.3 5.3 51 54 5.3 5.3 51
126 12.9 172 18.6 126 12.9 172

Fig 3 Examples of data generated by the duplicate method using the balanced design (left) and the
unbalanced design (right). This shows simulated concentration data (units are arbitrary) drawn from a
population with mean = 10, between-target standard deviation = 2, sampling uncertainty (2s) = 40% and
analytical uncertainty (2s) = 10%

These datasets could be processed using classical ANOVA, provided by Excel and other software
packages, and the components of the total variance that arise from differences between the
measured values made from Sample 1 and Sample 2 used to estimate the random component of
uncertainty in the measurements that results from the sampling protocol used. In a similar way,



the variances that arise from differences between the measured values made from Analysis 1
and Analysis 2 could be used to estimate the random component of uncertainty due to the
analytical procedure.

In real data, a small proportion of outlying measurements (i.e. less than 10%) are often found to
existl. These can seriously distort the variances estimated by this method. An example of the
above dataset with one outlying value is shown in Fig 4.

BALANCED DESIGN UNBALAMCED DESIGN

Sampling target Sampling target
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51A1 51A2 5241 5242 51A1 S1A2 5241
13.7 14.6 13.8 14.5 137 146 13.8
10.1 9.4 5.7 57 10.1 9.4 57
5.2 5.4 10.9 9.2 . 54 10.9
1.7 12.5 104 9.9 M7 125 10.4
95 10.0 9.3 8.2 9.5 10.0 9.3
118 11.0 12.0 12.7 118 11.0 12.0

8.7 13.0 12.4 87 13.0
134 12.1 14.9 15.8 13.4 12.1 14.9
5.3 5.3 51 54 5 3 5.3 51
12.6 12.9 17.2 18.6 12.6 12.9 17.2

Fig 4 The same datasets shown in Fig 3 but with one outlying values (highlighted) in both the balanced and
the unbalanced designs

In this case, classical ANOVA estimates values of the expanded relative sampling and analytical
uncertainties (2s) that are not representative of the main population sampled (Table 1). Using
these uncertainty estimates could result in a serious error in subsequent decision making.

Original seed BALANCED UNBALANCED
distribution parameters  DESIGN DESIGN
Mean 10 11 12
Standard deviation 2 3.8 3.6
Relative sampling uncertainty [2s) 40% 30% 8%
Relative analytical uncertainty (2s) 10% 29% 36%

Table 1 Results of running classical ANOVA on the datasets shown in Fig 4. The single outlying value that is
highlighted in Fig 4 has seriously distorted the estimates of expanded relative measurement uncertainty
resulting in estimates of analytical uncertainty that exceed that of the original simulated distribution in Fig



3 by a factor of approximately 3.

One way of dealing with this would be to remove outlying values from the datasets, either by
judgment or by using statistical significant tests. Such an approach would, however, lead to an
underestimation of the variance that is characteristic of the analytical method®. An alternative
method is to use robust statistics in the ANOVA calculation. This uses an iterative approach to
accommodate rather than reject outlying values, while down-weighting their overall impact on
the final result. The RANOVA program allows robust ANOVA to be performed on both balanced
and unbalanced designs. The results of these calculations for the same data (Fig 4) are shown in
Table 2.

Original seed BALANCED UNBALAMNCED
distribution parameters  DESIGN DESIGN
Mean 10 11 11
Standard deviation 2 4 3.8
Relative sampling uncertainty [2s) 40% 37% 34%
Relative analytical uncertainty (2s) 10% 12% 12%

Table 2 Results of running robust ANOVA on the datasets shown in Fig 4. It can be seen that the estimates
of the random components of sampling and analytical uncertainty are much more representative of the
original distribution parameters than were achieved by classical ANOVA (Table 1)

Although the relative sampling and analytical uncertainties are greater than those used to create
the simulated measurements prior to adding the outlying measurements, the results of the
robust ANOVA shown in Table 2 are much better estimates of the uncertainties in the original
dataset for both the balanced and the unbalanced designs (Fig 3). Some increase in the
uncertainties would be expected, because robust ANOVA accommodates, rather than rejects, the
outlying values.

Simplified experimental design

The Eurachem guide Measurement Uncertainty Arising From Sampling (Appendix D) suggests a
simplified design that might be used if costs prohibit the use of the balanced or unbalanced
designs discussed above. ANOVA will then give an estimate of the total measurement
uncertainty only. If the analytical uncertainty can be estimated by some other means (e.g. by the
laboratory), then the sampling uncertainty can be re-calculated by removing the analytical
uncertainty using a re-arrangement of Equation 1. The simplified experimental design can be
applied by copying the measurements in the Al column to the A2 column for both S1 and S2 (Fig

5).



Sampling Target

N
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Sample 1 Sample 2
|
|
Analysis 1 Analysis 1
S1A1 S1A2 S2A1 S2A2
13.7 13.7 13.8 13.8
10.1 10.1 57 57
52 52 10.9 10.9
11.7 11.7 10.4 10.4
9.5 9.5 9.3 9.3
11.8 11.8 12 12
18.2 18.2 13 13
13.4 13.4 14.9 14.9
5.3 5.3 51 51
12.6 12.6 17.2 17.2

Fig 5 The data from Fig 3 but with only one analysis per sample. S1A2 and S2A2 are copied from S1A1 and
S2A1 respectively

RANOVA will result in the following estimate of measurement uncertainties (Table 3). The
analytical uncertainties are reported as zero. Note that although this is a correct calculation from
the data, analytical uncertainty will always exist, and it is recommended that the balanced or
unbalanced experimental designs are used whenever possible, as these provide empirical
estimates of the random components of both sampling and analytical uncertainties that are
derived from the reported measurements.

Original seed Classical Robust
distribution parameters ANOVA ANOVA
Mean 10 11 11
Standard deviation 2 4 4
Relative sampling uncertainty {2s) A0% 41% 36%
Relative analytical uncertainty [2s) 10% 0% 0%

Table 3 Results of running classical and robust ANOVA on the datasets shown in Fig 5, where S1A2 = S1A1
and S2A2 = S2A1

More examples and details of the robust ANOVA calculations can be found in Rostron et a/
(2012)%, AMC (2001)°>, AMC (1987a)® and AMC (1987b)” See References.

2.2 Uncertainty Factors

Estimation of the Uncertainty Factor



This section was added with the release of RANOVA 2.0 (September 2015)

Traditionally, measurement uncertainty has been expressed as the measured result plus/minus a
value or fraction. For example, if 10 targets were randomly selected from a sample of 100 targets
for measurement using the duplicate method?, and ANOVA was performed on the duplicate
measurements, producing the following output:

Classical ANOVA
Mean 10.953 No. Targets 10
Total Sdev 3.7994

Btn Target  Sampling Analysis Measure
Standard deviation 3.0359 1.6226 1.6082 2.2845
% of total variance 63.85 18.24 17.92 36.15
Expanded relative uncertainty (95%) 29.63 29.37 41.72

Then the value of each target, including uncertainty, could be written in the form (e.g.) 10.0
(units) +41.72%

This does not take into account that it is often found that the distribution of repeated
measurements of a target is lognormal rather than Gaussian. When the uncertainty is small, the
traditional method might be considered a reasonable approximation. However, when for
example the random component of uncertainty due to sampling is estimated in a contaminated
land investigation, then the combined measurement uncertainty might be quite large, perhaps
approaching or even exceeding 100%. In these cases there may be an advantage to expressing
the uncertainty in a way takes into account the asymmetric distribution of values that could be
attributed to the measurand.

It has been suggested® that a multiplicative factor be used in a times/over (*,/) expression that
can be calculated as

FU = exp(2 * sc)

Where FU is the Uncertainty Factor and sg is the standard deviation of the loge-transformed
distribution.

RANOVA 4.0 calculates and displays the component and combined expanded uncertainty factors
obtained by performing classical ANOVA on the loge-transformed distribution of input
measurements (see example below).

Classical ANOVA
Mean 10.953 No. Targets 10
Total Sdev 3.7994
Btn Target = Sampling  Analysis Measure

Standard deviation 3.0359 1.6226 1.6082 2.2845
% of total variance 63.85 18.24 17.92 36.15
Expanded relative uncertainty (95%) 29.63 29.37 41.72

Uncertainty Factor (95%) 1.4653 1.2894 1.5823




Using this approach the value of an individual target including uncertainty could be written in the
form 10.0(units) *,/ 1.58

2.3 Confidence Intervals

Estimation of Confidence Intervals for a Nx2x2 balanced design

This section was added with the release of RANOVA 3.0 (June 2020)

It may be useful in some situations to calculate confidence intervals for variance estimates
produced using the duplicate method. An example would be when a researcher estimates
uncertainties of measurements on the same targets by more than one method. Comparison of
confidence intervals on these uncertainties would indicate whether the uncertainty estimates
themselves were significantly different between different analytical methods®.

Confidence limits for individual variances from classical ANOVA are calculated using the
following formulae®°1°:
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Where | = the number of targets = N

J = the number of samples =2

K = the number of analyses = 2

MSsample = the mean square of the middle (sampling) level from ANOVA

Fp, v1,v2 = the inverse cumulative distribution function of the F probability distribution with degrees of
freedom v1,v2 for probability p

X2p,vis the inverse cumulative distribution function of the chi-squared distribution with degrees of
freedom v for probability p

For combined variances, if we have k mean squares S% with degrees of freedom v; fori=1,...,k
then we can estimate approximate 100(1-a)% confidence limits for @ from?2°:
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Where



X2y
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In the case of the Nx2x2 balanced design,
FOrfiens = Ofgpy + 0oy * 1 =k—1lc;=1
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The confidence limits so obtained are divided by K and JK respectively.

Confidence limits for individual and combined variances from robust ANOVA are calculated using
a bootstrapping method. A large number (2000) independent bootstrap samples are generated.
A bootstrap sample is a data set, of the same size and structure as the observed one, generated
by random sampling with replacement from the observed data set. Robust ANOVA is run for each
bootstrap sample. Confidence intervals are estimated from the empirical distributions of these
results.

A more detailed description of the bootstrapping method can be found in Rostron et al (2020)2

2.4 Improved Uncertainty

Improved uncertainty estimates for a Nx2x2 balanced design, using calculated
coverage factors

This section was added with the release of RANOVA 4.0 (April 2024)

Common practice is to derive an Expanded MU by multiplying a standard deviation by a coverage
factor k = 2 for a desired confidence level of approximately 95 %. This will be an underestimate
when the standard deviation is estimated from a limited amount of data, e.g. n << 30. Ideally we
would use Student's t-distribution to provide a value for k, but this requires an evaluation of the
degrees of freedom (df). This is not straightforward when two variances from an ANOVA
(classical or robust) need to be combined to estimate the measurement variance. RANOVA 4.0
provides an estimated coverage (k-factor) for both classical and robust ANOVA, with
corresponding improved estimates of MU. These are additions to previous versions of RANOVA,
the locations of these improved values are show in the red boxes below.



RANOVA 4.0 - Analysis of variance (ANOVA) for n targets and 2 samples, including calculated coverage factors

BALANCED DESIGN BALANCED DESIGN m
Classical ANOVA Robust ANOVA
Mean 10.953 Targets (n) 10 Mean 11 Targets (n) 10
Total SD (std dev) 3.79%4 Total SD (std dev) 4.012

BinTarget Sampling Analvsis  Measure BloTarget Samplicg  Acalysis  Measure
SD (oru) 3.0359 1.6226 1.6082 2.2845QS0 (or v) 3.3739 2.0608 0.6824 2.1709
% of total vanance 63.85 18.24 17.92 326.15]% of total vanance 70,72 26,39 2.89 29.28
U (Exp rel uncentainty k=2) 29.63 29.37 73 1wamk-,' k=2) 37.47 12.41 39.47

oot e o 2 U’ (Estimated exp rel uncenainty

” 95% conhdence (k = 2 54) 50.1]
dence (k =2.11) o TRAINY Anary st gn

U (Exp rel uncestanty) for 95% confi
Fu 5% confidence (kK =2 11

U (Uncertainty Factor) for 95% con k = coverage factor. Please refer to HELP! for more details

Methodology - Classical ANOVA

Satterthwaite!? provides a method for estimating df (v) for variances that have been derived as
linear combinations of mean-squares. Applying this method to the experimental design in Fig. 1 a
simplification can be derived for the n x 2 x 2 design, where v is an estimate of df for the MU
(derived as a linear combination of variances of sampling and analysis), / is the number of
sampling targets, MSa is the mean-square value atthe analytical level, and MSs is the mean-
square value at the sampling level!.

e JIMSa+M55)2

VM ™ M5
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This value of viy can then be used to obtain a modified k-factor from Student's t-distribution.
Methodology - Robust ANOVA

For Robust ANOVA, as described in Section 2.1, and using the algorithm described further in
references [5,6,7], a different approach is needed, because it is not possible to obtain a corrected
estimate of the k-factor mathematically. The methodology used by RANOVA 4.0 is based on a
bootstrapping approach. This is further described in Rostron, Fearn and Ramsey (2024)12.

Please note that there will be small differences in the Estimated Expanded Relative Uncertainty
between successive runs on the same data (hence the inclusion of the word 'Estimated’ in the
robust case). This is because the calculations are based on bootstrap samples derived from the
input data, which include a random component (random sampling with replacement).

3.0 Using RANOVAA4.0

3.1 Overview

The original RANOVA program was arranged on a single Excel spreadsheet, allowing ANOVA to be
performed on simple experimental designs with 2 samples per N targets, and 2 analyses per
sample (known as Nx2x2 balanced designs). It also allowed unbalanced experimental designs to
be used, where one of the samples was analysed once only.

RANOVA v2.0 was launched in 2015 with the following additional functions:

1. A new "Extended Balanced Design" sheet was included. This allows measurement



data for balanced designs with 2-8 samples each with 2-8 analyses to be input;
2. The Results area was modified to provide the following additional information:
a) The number of targets (N) input by the user;
b) The component and combined expanded uncertainty factors now displayed in
the Classical ANOVA section of the Results area (Section 2.2).

Further versions (RANOVA v3.0 and v4.0) were launched in 2020 and 2024 respectively. RANOVA
v3.0 included an option to calculate confidence limits on the Nx2x2 balanced design which is
anticipated to be the most commonly used experimental design (Section 2.3). Version 4.0 adds
an improved estimate of the measurement uncertainty (MU) for the Nx2x2 design if using values
of N that might typically be used, when the common method of applying a coverage factor of 2
for an approximate 95 % confidence interval will result in an under-estimate of the MU.

The remaining text in this section and sections 3.2 - 3.6 describe operation of the RANOVA sheet
for basic 2 sample, 1-2 analyses experimental designs (as in the original RANOVA). Section 3.7
explains how to use the Extended Balanced Design sheet for those who wish to use experimental
designs that contain more than 2 samples and/or more than 2 analyses. Section 3.8 explains the
use of the CI RANOVA button to obtain confidence limits on the standard deviations calculated
by RANOVA 3.0. Section 3.9 describes the improved estimate of MU provided in V3.1.

The contents of the RANOVA sheet are grouped into three areas:

1) A data input area (in red), into which duplicate measurement input data is entered;

2) A results area (in blue), which presents the results of ANOVA calculations, and visual
representations of the relative sizes of the three different variances that are
calculated;

3) A control area (in black) with 4 main command buttons to the left.




RANOVA 4.0

Data input area Results area

Dala ln ut area A RANOVA 4.0 - Analysis of variance (ANOVA) for n targets and 2 samples, induding calculated coverage factors
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C1-RANOVA for
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Control area

Apart from the 4 main command buttons (explained below), an additional three buttons are
available:

1) An additional button at the top right of the results area calls RANOVAHELP 4.0
(This function is not available on Excel for Mac, instead a pdf help file is
provided). If HELP is not available to the RANOVA 4.0 workbook, then clicking this
button will explain how to access HELP.

2) Two buttons to the right of the control area allow the user to copy the ANOVA
results to the clipboard. The upper of these buttons copies the numerical results
only, while the lower copies both the numerical results and the charts.

Note that the data input area extends off the bottom of the page that is visible when RANOVA
4.0 is first opened. This allows up to 1000 rows of duplicated measurement sets to be entered.
You can view or edit data in this lower area by using the usual Excel commands, e..g. scroll bar,
page up/page down keys, or the arrow keys.

When RANOVA 4.0 is first opened, the entire screen will be locked to the user with the exception
of the command buttons (and the "HELP!" button). If the sheet has been saved during a previous
run of the program (using the standard Excel save /save as commands) then any data from that
save will also be displayed.

Note that it is only possible to add or edit data in the data input area after one of the top three
buttons to the left of the control area has been pressed. Once one of them is pressed, any
existing results in the results area will be blanked out. This is done to ensure data integrity, so
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RANOVA 4.0

that is never possible to view results that do not correspond with the input measurement data.

To ensure essential macros are preserved, it is not possible to copy, delete, rename or create
new sheets in the RANOVA 4.0 workbook.

3.2 Entering Data

To manually enter, or copy and paste, measurement data into the input area
you must first pressthe Edit existing data or the Clear and edit data button.
E4 @
n &
MNOVA‘O~M1'B*-M(ANWA)MII uuctslldlww.' chudie dculated factors

. ta Input area BALANCED DESIGN
(Opt] Airads pais As e Classical ANOVA
v 4 ~

et pe g 9 it relunces pirty) 354 o B .
L o rel uncen ] 2 uncedainty, sppbes 1o Sampling Anabuis and Meanae
Ye Jcanairey F acac Mo 35 » . & w cOverape facter Pledse rafes 1o HELP! for moce Setsds

% of total variance
Bobust ANOVA

Edit existing data

Clear and edit data

RUN RANOVA
Balar

o' Un balsece

Note that the Clear and edit data button will clear out any existing measurement data in

the data input area.
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You will then be able to manually add, edit, or
paste in measurement data from other
Microsoft applications using the standard
Excel paste commands. If pasting data from

another location then the Edit or Clear The results area will be cleared to ensure
buttons must be activated before copying there is no inconsistency between the
data to the clipboard, asthese buttons will measurement data and the results.

5
empty the ca.ntents of the clipboard.

|
L}
™
y .

RAMOVA 4.0 - Anabysls of varlance [ANOVA] for o targets Inchuding calculated coverage factors
Data input area =

% Classical ANOVA _ Robust ANOVA _'“
r— Teprsln L TFean TEgesn
T | Totad S0 imd des

‘L

]
El w3 e 5T 5.7 Total S0 [5id de]
3 53 54 18] 8.3 Bon Twger Seeplng Aosbsis  Mesoss Bon Twges Seeplng  Soslbiey Mesos]
4 17 115 104 9.9 S0 )
5 35 H e 53 8.1 > o ot v
& 118 T 12 127 £F [Fapr FEF|
7 w2 &7 i 134 £ !
a 154 111 148 158 w ® Pareld Loty s 10 Sl Anubedil ot Mieasue
-] 53 5.3 51 5.4 i cowmrage fuctor. Masns rafer fo WILP for mone details
=] 'Ilil 118 w2 186 1
A w B Tirgat ’ ®in Targat
’ Sy w Harmpieg
|| + arata » Armta
. % of total varance & af total variance
u Classical ANOVA Robust ANOVA
||
|
]
n
u
|
n
L
]
]
|
||

Any formatting (e.g. borders, colours) that are pasted in
will be retained until one of the command buttons is
pressed, when all formatting will be cleared.

To set up RANOVA 4.0 for a full balanced design, four matched columns of numbers
must be entered in the dota input area for Analysis 1 and Analysis 2 of Sample 1 and

Sample 2, as shown above (the ID column is optional and does not affect the
calculations).

If you wish to run RANOWA 4.0 for both balanced and unbalanced designs on the same

data, then single columns of measurement data can be alternately removed from the
design at a later stage.

If you want to set up RANOWA 4.0 specifically for an unbalanced design only, then three
matched columns of measurement data must be entered in the appropriate columns.
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RANOVA 4.0 set up for an unbalanced design with three
columns of measurements only. It will typically be the case
that the fourth measurement column is cleared (Sample 2,
Analysis 2), however any one of the four Analysis columns
may be cleared for the unbalanced design.

RANOVA 4.0 - Anabyiis of varisnce [ANOVA] for @ targets and 2 wamples, inchading caboulat ed coverage lacton

Robust ANOWVA _
Tagesln b Fiean Tageisln b

Totad SDred deel

Benlwge Ssvchen  doelss  Heaues
Sor ar]
¥ ol total yarisnce

4 [Eigpral unoaripniy i =]} —
s -

o = plandardurcensnty, sppler to Samgling Analsis snd Meamnre
& m cérviin i dnctor Plaade rafar bs HELP e mors datwili

@ Classical ANOVA
an

F.

’ = B Targat ’ BN Tanged
u Earnping = Samping
= Aralyss & Arslsa

= of tolal varance % of 1otal variance
Classical ANOVA Robust ANOVA

O R

RUN RANOVA

[BalancedUn-halarced)

RANOVA 4.0 automatically detects an unbalanced design, but in order for this to work
one of the four measurement columns must be COMPLETELY EMPTY, i.e. no zeros or
spaces. The easiest way to ensure thisis to select the whole area of the column to be
cleared in the usual way (i.e. using the shift and arrow keys, or the mouse while holding

the left button down) and then pressing the delete key.
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3.3 Importing Data

An alternative method of getting measurement data into RANOVA 4.0 is to use the
Import new data button (Note this option is not available in Mac versions of Excel).

a
|
A &JWAID'WdudmlANOVAHwn getsand 2 les, induding caloulated age factors
Data input area ™
0 Sampe ] 5
(Opt) Analyais Analysis Analy % Classilal ANOVA Robust ANOVA _
Tiean Taegeezin} | TR Tagetz(m }
[ Totai 50 M o) Total SO (std dev)
[ Bealaoess Sazgico Acabuis  Meanss Bnlager Sacgico  Acabus  Meaoas
SO ler &) S0tee &)
% of vocal % of socal varlanoe
" ] L Lepielupranzesy 4 22) —
','I"Ihcm.fuml-;j L 1 A
: L [Exp 1ol uncenanty) bor 357 contidence = gandad uncernanty, appies 10 Samplng Analyss and Measure
710 ol &« coverage facior Plasse refar 5o MELP for more Jetally
’ w0 Target ’ » B Target
= Samging « Sampheg
» Analysis « Aralyss
% of tdilll variance % of total variance

Import new data

This command clears all data from the data input area (a warning message is displayed) and then
shows a dialog box allowing the user to navigate to the relevant folder, e.g:
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x| Please choose a file to import ety
@’\U" | « Packard Bell (C:) » Ranova Search Ranovo P
Organize v New foldesr =+ [ ©®
1 Desktop - Name £ Date moddied Type
Downlcads
» Fownf: . BalancedwithlD 09/01/2014 1501 Text Docum
v Favorites
. . BalancedwithoutiD 09/01/2014 150 Text Docum:
& Links AB A 190 A
| UnbalancedColumn2WithiD 09/01,/2014 15:00 Text Docum
I My Document: 4 A == o
UnbalancedColumn2WithoutlD 09/01/2014 15:00 Text Docum
& My Music = "
oy B . UnbalancedColumnd WithID 09/01/2014 1501 Text Docum
- It
= My ‘ e .. | UnbalancedColumnd WithoutlD 09,/01,/2014 1501 Text Docum
8 My Videos 3
® Saved Games \
¥ Searches
). Tracing I
& Computer
&L, Packard Bell (C
cx DATA (D) \
&4 DVD RW Drive |
o] CDDrive (M)E~ ¢ 8 ’
File name: - {Tm Files "t 'j
Tools ~ Open ‘v \ Cancel ]
E_3 - 4

Navigate to the fie that you want to import. This must be a tab delimited text file with a .txt
extension, e.g:

| BalancedwithID - Numpa_

| File Edit Format View Help

13.7
10.1
3.2
11.7
9.5
11.8
18.2
13.4
5.3
0 12.86

oo~ e B T

14.6
9.4
5.4
12.5
10.0
11.0
8.7
12.1
5.3
12.9

13.8
0.0

10.9
10.4
9.3

12.0
13.0
14.9
5.1

17.2

=
L

=t ROk

Hu oo o =

The following message is then displayed:

r

ID field present?

.

Does the source file have an ID field? (y/n)

Cancel |

—

Atab-delimited text fik opened
in Wind ows Notepad, containing
a balanced experimental design
and measurement IDs in the left
column.

If the first column of the tab-delimited text file contains an ID field (as shown in the
example above) then enter a "y" into this box. If no ID column exists then enter a "n".
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Press OK and data will be imported into the data input area. Note that no validation is
performed at this stage, so data will be imported as it appears in the text file.

3.4 Running RANOVAA4.0
Running RANOVA 4.0 with a balanced design in the data input area

Pressing the RUN RANOVA button willinstruct the program to attempt to perform
analysis of variance on the measurements in the dota input area. If a valid balanced
or unbalanced experimental design has not been entered, then RANOWVA 4.0 will

report an error.

IM PORTAMT! If any blank rows of measurements are embedded in the data, then
these will be removed and a warning message given. Itis important to take heed of
this warning, especially if there is the possibility that data from a previous session
could have accidentally been left further down in the Data input area, and so is not
visible without scrolling down. This could lead to results that are not consistent with
theintended dataset.

Here is an example of a full balanced design:

<

RAROVA 4.0 - Anshysis of variance [ANOVA] for n targets and 2 samples, incduding calodsted coverage factors

0 ; . BALANCED DESIGN BALANCED DESIGN
(Opu ] i e Classical ANOVA Robust ANOVA
E 3] Tegealnl & TFean
Tt SO a0 daa] Tevsd 500 [0 da] S
Semplrg  Aosbes BinTage: Sarpdog — Ansbios
SDler 2 et g SOkee v ) Iy 2OENE D8R

% of sotal varisnce mre  MBIF LEF

L g eloneanprn o) TRST__IRAT

"~ [F v ptaee] ey el et ] T omcdge CFAET
ar = pranwdd uncensnty, spples o

i u covarapa Bacior Plasse refer to MELP® for mose datsils

| fos 355 conlidence (4 = 2 10
w0 [FEFA

E\ﬂw"-lul-lr T

u B Targat
" Samping
= Al

% of 1ofal variance & of lotal variance
Classical ANOVA Robust ANOVA
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If the RUN RANOVA button is pressed again, then BANOVA 4.0 will repeat the
ANOVA calculations, but thistime the first column of measurements in the dota

input area (Sample 1, Analysis 1) will be ignored and an unbalanced design will be

L
used. . “.
& . &
& L4
¥ . ’q
!.‘ RANCVA 4.0 - Anahysis nhﬂumo\w for o targets and 2 “A‘*‘"‘ caloulated coverape lactors
Data input area i B
e ! UN-BALANCED DESIGN UN-BALANCED DESI
e Classical ANOVA Robust AMOVA
3 128 1 [Fear I Teg#Elnl & [ 7 Tagsain I
£ 7 | Toosd S0 (3nd dei] 3 Ry Toeal S0 devs) £ B
L] 3.3 EinTmget Secchey Acsbex Mesous EnTuget Sacchey  Ansbmic
2 (L} a5 Q500 ) FOTEE DR D85 L85 | 500si ] FENF  Z2ANT R TIE
e o a2 e1flx ctrcealvariares 584 T 238 2K % ohisdvaisnce FLES 3505 3
12 12T Cpreluncertasy 4 -3) e e £ (Dop el umonrinen, 4 201 Lt
13 ™ o —
145 158 qu@..tnm-uujmgsxcmm.u.r =2 1) m W .u.-.d.rdw.u..w .ppuams,mphg [P E——
£1 4 ¥ 8 T B gars F gt | | 555 e serecn | 4w 2 18 i wstwarape TRebes. Plamia cadar 1o HELF hee mare details
172 16
wEn Tergel B Targat
& Sampling w Sampiing
= Arakrai
% of tolal vanance % of tolal varance
ClAsSICal ANOVA Fipbus! ANOWVA

[ — | e e e e
M| This bt chiars all #ising doth bators puSing P e il dilh 681 mode (44 '
m This mlows T e 19 gcty @ et fia s empent Exriling dats will be cleared. m

dabn el B corstaaresd i 8 iab-delrrited bt Ne NOT AVASLAELE ON MAC -
S T o e b ! K o ek S i Bt e

Utsew thas command b UM IRARCHA, on the data comentty dagleyed in the dats inpst anss. “H-h

RUN RANOVA

{BalarcediUn balsmcad)

mesn/standard devaation

Successive presses of the RUN RANO VA button will sequentially suppress each
column of measurements. So on the third press, Sample 1 Analysis 2 will be ignored.
On the fourth press, Sample 2 Analysis 1 will be ignored, and on the fifth press
Sample 2 Analysis 4 will be ignored. Pressing the button a sixth time will revert to
the full balanced design.

Note that the improved (or calculated) k-factors for expanded relative uncertainty at 95%
confidence are not available for unbalanced experimental designs.
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Running RANOVA 4.0 with an unbalanced design in the data input area

If one of the four columns in the data input area is empty, then the program will detect that
an unbalanced design must be used. It would usually be that case that the fourth
measurement column, corresponding to Sample 2, Analysis 2 would be left empty, however
RANOWVA 4.0 allows any one of the four measurement columns to be empty.

¥
¥y
¥
.1 RANOWVA 4.0 - Ansbysis of variance [ANOVA] for n tangets and 2 samples, inchuding caloulated coverape Esctors
Data input area, .=
[} L L5
(D) A e SLE Classical ANOVA Robust ANOVA

1 r Tagealn k

H Total S0 istd dersl Tt S0 (s el

] Beonlspsr Seepdeo  Aosbsis  Beasas —_ Bnlaer Savelen — Aosbais

& L R

5 2 o voud vasianow

g L0 (Eep vl srecpmprny § w ) —

173 3

] A B rdunenmnrbor Bk conhderes . o maeedwduresnany. sppdkes o Semplng renakets snd Mesoas

] Ls F i 3 k= coseirage darvos, Plasse raler 1o HELP! for more details

i8
= 0% Targad ’ B Targat
g w Sampghng
= Al » hrilyi

%% of 1otal variance % of total variance
Clagsical ANCVA Bobus! ANOWVA

RUM RAN
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When RUN RANOVA is pressed, RANOVA 4.0 blanks out the empty column and performs
unbalanced ANOVA on the measurements.

L 4 *
o* 4
RANOVA 4,0 - Analysis of variance (ANOVA) for o targets and 2 samples, induding calculated coverage factors
0 7 7 UN-BALANCED DESIGN UN-BALANCED DESI
(Opt) A wlrais Araly e Classical ANOVA Robust ANOVA
1 ™) a0 Tagesinl 3 THean 3 Taegees [}
2 Toral SO [s0d dov) J /96T Total SO (sd dev) 41235
3 Enlaget Sacglcg Soabmis  Meanael Enlaxge: Sacolcg  Acabuls
. SOfoe ) 22934 Q805 218y Z2INEYDlxw) QS8 20735 0648
s 25 % of 1otal variance 217 750 Jrz . % ol total vanance 2N 2578 247
& 118 i X4 40 12 g | & Erpreluncecsrn 4 2} .ﬂfﬁ 1185
? 182 b OF [Uncaee ey Facton 4 +23 I‘)dg 14057 L5653 YA
s 134 O [Exp rel uncactaingy] foe W57 conlidence WA @ * standad urcen anty, apphes 10 Samoing Anslsa svd Messue
9 53 T ncec srey Factonl o0 35% corbdecce M4 &« coverage factor Please refer 1o HELP! for more details
10 126
=B Target » 0% Target
*Samphng » Sarghng
* Aralysa = Asadyss
% of total variance % of total variance
Classical ANOVA Robust ANOVA

Copy results

Chear and edit data
chpboard)

import new data Copy tesults
and charts

RUN RANOVA

BatancedUn balanced)

Change Sig figs on

mean/standard deviation

In this case, successive presses of the RUN RANOVA button will not have any effect, as there
is only one valid experimental design in the data input area.
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3.5 Copying Results
Copying RANOVA 4.0 Results to other applications

It may be desired to export the results to another application |e.g. another Excel

spreadsheet). This can be achieved by pressing either of the buttons on the right hand side
of the control area.

A RAMOWVA 4.0 - Anabysis of varlance [ANGVA] for m targets and 2 samples, inchuding caloulated coverage factors
Data input area

] - A LA [ DE! BALA [ DE
10p) A &l Classical ANOVA Robust ANOVA
i T AT Tegeetlnk & Fhean F7] Tageee e b A7
2 Totsl S0 e e - FE Tt S0 e s L
Ed 5.2 5.4 1=} Bnlags Seoplen Aosbals  Meases Bolugs Sscploo  Aoabuis
& 4.7 158 0.4 3 rEgEr 22 | S0 w) FRERR  20ERE  DEEN
5 5 w 2.3 3 R A v of el viance arr SEIF LA
& EER EH 2 - o LE mosmpre dadi  FEAT L2 4Y
7 8.2 a7 3 (E gt el e ol it o] F5H serbideces [ & 2 B KT,
& 13.4 121 143 & w ptandaed uncstsnty, spples o Semplng Anakrs sed Me s
kd 5.3 53 51 Ik m coweraps fnctor. Flanss redes to MELP? for more datails
H 1.6 12.9 172

L
% of lotal vaniance o % of total variance
Classical ANOVA Eobust ANOVA

Edit existing data

RUMN RANOVA

Pressing the top button copies the numerical results to the clipboard. They can then be

immediately pasted into another spreadsheet or application.
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K 113 34 5.7
3 52 5.4 10.9
4 117 115 e
5 2% o L]
13 118 11 12
7 B3 &y ]
L3 114 e 159
£ i3 £13 g1
ith it & 1% 1.2

RANOVA 4.0

RANOVA 4.0 - Anshys of variance (ANOVA) for n tarpets and 2 ssmiples, inchsding caloulated cowerape Bsctors
BALANCED DESIGN

ur st uresnsingy, sl & Rrakals ard Meusnss
pi fncnod. Plaasa falieds 10 HELPY fes mmave detmils

i Target

% of total vanance

*

Pressing the lower button copies the numerical results and charts to the clipboard.
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3.6 Changing Significant Figures
Changing the significant figures displayed in the Results section

It may be desirable to change the number of significant figures shown (the default is 5). This can
be acheived by pressing the button labelled "Change Sig figs on mean/standard deviation" which
is located at the bottom of the sheet.

RANOWA 4.0 - Analysis of varisnce [ANOWVA) for n targets and 2 samples, induding caloulat ed coverage factors

z BALANCED DESIGN
e Classical ANOVA
Phean i Tegainl &
&7 Tt ol SO [t o] & Fay LA

3 BT 54 109 51 Emnlmges Sangheg  Ansbaic s Bnluge Ssoplrg  Ansbaic
i 1z 115 104 S 50|50 0er e ) FONSY  LEENE rE0NE  2ANNS o - F T E
i LR ] 16 5.5 E 3|5 of totall variance £EX 85 5L ol bt wariance S P 288
& 118 11 13 137 [Eis rilarmepn e 239 Ny IEAF AP AD IRAT
' B2 7 1% 124 RIY v (g wniy Facigs £ 3] Ermaed o 1l unc 1 552 condaler: b 2.7
& R 131 LR ] 158 G [ ] o it o 95 # gtarect bl ey B 10 STl Arsberis ared M aguie
L] 53 53 5.1 Sd T 27 (L eninpet I gt et 0 & & covarnge Tactor Plascs rafar to MELPY for more details
=] 11E 119 iz 1B

% of tolal vanance % of total varnance
Classical ANOWA Bodust ANOVA

Chear and edit data

RUNM RANOVA

On pressing this button, the following input box will be displayed:

Set significant ﬁgui g1

Enter significant figures to display (3-9)

A number between 3 and 9 must be entered. The new number of significant figures will be
applied to the results section the next time the RANOVA button is pressed.

Free EPub producer
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3.7 Extended Balanced Designs

Balanced experimental design with more than 2 samples, 2 analyses

RANOVA 4.0 includes an additional sheet (Extended Balanced Design) to allow more
than 2 samples and/or analyses to be specified in a balanced experimental design.
Extended unbalanced designs are not currently allowed, although the unbalanced
functions on the RANOVA sheet for a 2 sample, 2 analyses design remain fully
operational.

In order to use the Extended Balanced Design sheet it is first necessary to specify the
number of samples per target, and the number of analyses per sample. A minimum of
two and a maximum of 8 are allowed for each, allowing for the possibility of 7 x 7 = 49
different experimental designs, including the simple 2 x 2 design already provided for on
the RANOVA sheet.

The following example explains how to set up and use this sheet with the data contained
in the sample file ExtendedwithlD.txt, which contains randomly generated simulated
measurements for a 4 sample, 2 analyses experimental design with 9 targets.
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First, check whether the number of If not, then press the Set up new
samples and number of analyses are experimental design button.
correct for your experimental design. *f
N g‘
N *
] “
4 -

Set up new
experimental
design

Clear and
edit data

Import new

RUNM
RANOVA
(Balanced
only)

Results will
De anﬂw’ll O prereeereeees e e e ey e n e
Anew Sheet,  harcicrrissrissmsa s ass s anan s sa s annrran s anrann

A message will be displayed warning that any existing measurement data will be cleared
from the sheet.
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i

Microsoft Excel @

This command will CLEAR ANY EXISTING data on this sheet. You will be
prompted for a number of samples and number of analyses per sample. The

sheet will then be re-formatted for the new design. Are you sure you want to
proceed?

If you select OK, you will then be prompted for the number of samples in the new
experimental design (defaults to the last used). Enter the number 4 and press OK.

7

Number of samples M

Enter number of samples required

Cancel |

4

4

You will then be prompted for the number of analyses in the new experimental design.
Enter the number 2 and press OK.

7

Number of analyses &

Enter number of analyses per sample

Cancel |

A

The Extended Balanced Design sheet will be set up for your chosen parameters. Note
that it is not necessary to tell the program how many targets are to be used.
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The worksheet is formatted for the new
The numbers of samples and

analyses are displayed here. experimental design. If a large number of

Note these are for info only and samples and/or analyses is chosen, then the

cannot be directly changed. formatted area may extend beyond the

visible part of the sheet. Use the slider at the

[

n bottom (not shown) to view to the right).

m ¥

[ | ¥

] ’

v __'!L RANOVA 4.0 - Data input for balanced experimental design

Samples 4 1] 51 ] 54 54
Analyse 2 (Optional) A1 A1 A2

experimental
design

RUN

RANOVA
(Balanced
only)

Regults will |~ormrrerrerqmeesemesemene AT .o covrernnrnssros nr AR ORI -t n on st s e s e n e
be shown On .--------------.-.....-"..-"..-"." -----------------------------------------------------------------------------
arnew dheél. fococicisisssseressaenana . *' ...........................................................................

These three buttons work in a similar way to the buttons on the
RANOVA sheet. See Sections 3.2 and 3.3 for full descriptions of their
functions. Note that the Import new data button requires a tab-
delimited text file in the correct format for the chosen experimental
design. If this file contains an incorrect number of columns oran

incomplete dataset then an error message will be displayed.

You may directly input or copy/paste data into the formatted area, however in this
example we will import data from the file ExtendedwithID.txt. For details of the use of the
import function refer to Section 3.3. Click the Import new data button and navigate to
the RANOVA folder that was set up during installation. Select the file ExtendedwithID.txt.
This file does contain an ID column so when the prompt "Does the source file have an ID



field? (y/n)" appears, enter a "y". If you enter "n" at this point then an error message will
appear, because the expected number of columns will not match the number of columns
in the source file.

Note that when using the Import new data function, or when copying
measurements from another source, it is essential to be sure that the correct
experimental design has been set up first. The example above uses an experimental
design with 4 samples per target and 2 analyses per sample, resulting in (4 x 2
measurements per target) + the ID field = 9 columns of data. As far as the RANOVA
program is concerned, a 9 column dataset would be equally valid for an experimental
design comprising just 2 samples per target with 4 analyses per sample (plus ID), but this
would produce different results when the ANOVA is run. The experimental design in use
can easily be checked at any time by viewing the numbers of Samples and Analyses on
the left of the grey header bar.

The measurements in the imported data file will be displayed in the formatted area. Note
there are 9 targets in this example.
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_._!L RANOVA 4.0 - Data input for balanced experimental desien

0] L 51 52 52

(Optional) A 1 A2 A1 A2
1 347,65 250,148 29c. 276 27E.779 257.745 283689 240025 2E0.196

Set up new
experimental
design

5]

Clear and
edit data

Import new
data

RUN

RANOVA
(Balanced
only)

fesults wil i-’ .....................................................................................................
be shownon - PRl R
newhest \d o R
L
*

1 Press the RBUN RANOVA button
to perform ANOVA on the

displayed measurements.

Results of the ANOVA will be displayed on a new sheet.
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A RANOVA 4.0 - Results for balanced experimental design with 4 samples and 2 analyses

e

Classical ANOVA Robust ANOVA
Mean Sl ¥y Mo Targets EJ Mean SrEEE
Toral S0 (std dev) & 825 Toral S0 (std dev) E5 507
BinTargst Samplng  Anshsis Measue BinTargst Sampling  Apslsis  Messure
SDlor o) dELEE 0975 22857 FEEF|SDlor &) E2FF FRFA  FRIFER IR HZ

¥ of total vaziance 5886 LO.ET M5 1 M | = of iaal vaiance 8 L SH.55 245 JE 88
L (i el carvcaaniaty S5 de 2278 .57 A W e ) 2 57 MNEF 2204
' {7 Uneertainty Factor 9822 £ =) I 53T T 15275 ¥ = shandard wncurinty

= Bin Target |

mBin Target
m Sampling = Sampi ng
= Analysis " Analysis

% of total variance % of total variance |

Classical ANOWVA Robust ANOWA

Copy results {to clipboard)

Copy results and charts

Change 5ig figs on mean/standard deviation

This is essentially the same information as provided by the Results area on the RANOVA
sheet, and the buttons perform the same actions as described in the sections "Running
RANOVA 4.0" and "Copying Results".

Note that this sheet is normally hidden and will only be visible when the RUN
RANOVA button is pressed on the Extended Balanced Design Sheet. It will be
hidden again once the user clicks on either of the other two sheets. This method
ensures that there can never be any discrepancy between inputs and outputs, i.e. there
can be no confusion about the source of the data displayed on the Extended RANOVA
sheet. If you return to the Extended Balanced Design sheet to view the input data, then
this sheet will temporarily disappear, but it can easily be viewed again by pressing the
RUN RANOVA button.

Viewing inputs and outputs together could be achieved by copying the inputs and the
outputs from the two sheets into another Excel sheet or other application.

3.8 Balanced design with Confidence Intervals
Confidence Intervals on Nx2x2 balanced experimental design

RANOVA 4.0 includes an option CI RANOVA to include estimates of 95% confidence
intervals on the calculated variances.
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RANOVA 4.0 - Analysis of variance (ANOVA) for n targets and 2 samples, inchuding calculated coverage factors
BALANCED DESIGN BALANCED DESIGN

Data input area A

3 Tngu:(olT
2 01 24 57 57
3 52 54 109 9.2
4 1y 128 s 29
S s 0 93 812
¢ i bh 12 127
7 82 87 13 124
3 134 1213 149 158
? 3 $3 $1 54
0 126 125 1”2 186

% of total vanance % of total variance
Classical ANOVA ‘ Robust ANOVA

Edit existing data

Clear and edit data

Import new data

4
This option is only available with a Nx2x2 balanced design in the Data
Input Area. It is not available for unbalanced or extended designs

Results of the ANOVA with confidence limits will be displayed on a new sheet. Note that
a red "Please Wait" message will be displayed beneath the pi-charts, this is due to the
lengthy bootstrapping process required to calculate confidence limits for Robust ANOVA.
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Copy resuts (10 chpbosrd) Copy results and charts

The buttons perform the same actions as described in the sections "Running RANOVA
4.0" and "Copying Results"

As with the output for extended balanced designs, this sheet is normally hidden and will
only be visible when the CI RANOVA button is pressed from the RANOVA sheet.

Easily create PDF Help documents

Disclaimer

The RANOVA 4.0 Excel workbook with its embedded macros are freely available on the
RSC AMC website and may be downloaded for personal use. It has been tested using
MS-Excel 2021 running on the Windows 10 operating system, however it is not
guaranteed to function correctly on any operating system or Excel release, and future
support will not be provided. Validation of the calculations of variances was carried out by
comparing the output of 50 simulated data sets with that produced by ROBAN. Neither
the authors nor the AMC accept liability for any loss or damage arising from the use of
this software however caused.
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