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ABSTRACT

A case study of ordinal data from human organoleptic examination (sensory analysis) of drinking water obtained in an interlaboratory com-

parison of 49 ecological laboratories is described. The recently developed two-way ordinal analysis of variation (ORDANOVA) is applied for the

first time for the treatment of responses on the intensity of chlorine and sulfurous odor of water at 20 and 60 °C, which is classified into the

six categories from ‘imperceptible’ to ‘very strong’. The one-way ORDANOVA is used for the analysis of the ‘salty taste’ intensity of the water.

A decomposition of the total variation of the ordinal data and simulation of the multinomial distribution of the data-relative frequencies in

different categories allowed the determination of the statistical significance of the difference between laboratories in classifying chlorine

or sulfurous odor intensity by categories, while the effect of temperature was not significant. No statistical difference was found between

laboratories on salty taste intensity. The capabilities of experts to identify different categories of the intensity of the odor and taste are

also evaluated. A comparison of the results obtained with ORDANOVA and ANOVA showed that ORDANOVA is a more useful and reliable

tool for understanding categorical data such as the intensity of drinking water odor and taste.

Key words: drinking water, interlaboratory comparison, odor intensity, ORDANOVA, ordinal data, taste intensity

HIGHLIGHTS

• An interlaboratory comparison of human responses to water odor and taste is reported.

• The two-way ORDANOVA is applied for the study of responses to water odor intensity.

• Interlaboratory data on water taste intensity are studied with the one-way ORDANOVA.

• The significance of some factors’ influence on a laboratory result is evaluated.

• The applicability of ORDANOVA and ANOVA for ordinal data analysis is discussed.
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redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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GRAPHICAL ABSTRACT
INTRODUCTION

The examination of drinking water intensity of odor and taste is important as a foreign odor or taste may indicate water pol-
lution or insufficient purification, besides influencing the aesthetic feelings of a consumer, even if the water is harmless

(Burlingame et al. 2017). It is equally important to compare the examination responses of experts from different laboratories,
i.e., to evaluate how similar or different they are.

Interlaboratory comparisons of quantitative property values (such as a component concentration or content in a substance
or material) are widely used for the quality assurance of chemical analytical laboratories including proficiency testing (ISO

17043 2010), validation of analytical methods (Magnusson & Ornemark 2014), and for other purposes (ISO 17025 2017).
The standardized statistical techniques for corresponding experiment design and treatment of quantitative continuous data
are mostly based on the analysis of variance (ANOVA). At the same time, statistical techniques for interlaboratory compari-

sons of qualitative (nominal) and semi-quantitative (ordinal) properties of a substance, material, or object are less studied and
not harmonized (Tiikkainen et al. 2022).

A nominal property of a substance, material, or object is described by a word or alphanumerical code identifying the

instance of the property, where the property has existence but no magnitude, e.g., water odor or taste according to human
sense (da Silva & Ellison 2021; Hibbert et al. 2021). Nominal properties are coded by exhaustive and disjointed classes or
categories with no natural ordering. Therefore, nominal data are related to categorical data (Agresti 2012), for which the

only legitimate operations are equality or nonequality.
An ordinal property is described by data for which a total ordering relation can be established, according to magnitude,

with other quantities of the same kind but for which no algebraic operations exist among those quantities (Hibbert et al.
2021). These data are also categorical. Their legitimate operations can be ‘equal/unequal’ and ‘greater/less than’. Examples

of such relations are the intensity of an odor and taste. Note that in contrast to kinds/categories of odor (aromatic, marsh,
woody, etc.) and taste (bitter, salty, sweet, etc.) having no order, their intensity levels/categories (weak, noticeable, strong,
etc.) are ordered.

As the addition of categorical data is not a legitimate operation by definition, whereas one of the ANOVA assumptions is
that the factor effects are additive (Scheffé 1999), statistical techniques based on ANOVA cannot be applied directly to nom-
inal and ordinal data.
om http://iwaponline.com/jwh/article-pdf/20/6/1005/1066842/jwh0201005.pdf
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Possibly, the first statistical technique for the treatment of nominal data, similar to the one-way ANOVA for quantitative

continuous data, was developed in the last century (Light & Margolin 1971) and was called ‘categorical ANOVA’ or
CATANOVA. The idea of this technique was to calculate the number of examination responses for the property related to
the same category and then to analyze their relative frequency as a fraction of the total number of examination responses

for all categories.
Statistical analysis of data obtained in an interlaboratory comparison for a binary nominal and ordinal property (with the

number of categories K¼ 2) using the one-way ordinal analysis of variation (ORDANOVA) was proposed by Bashkansky
et al. (2012), Gadrich & Bashkansky (2012), and Gadrich et al. (2013).

The two-way CATANOVA for two variables and K� 2 categories was developed recently and demonstrated with an inter-
laboratory comparison of nominal data of macroscopic examinations of weld imperfections (Gadrich et al. 2020). The two-
way ORDANOVA (Gadrich & Marmor 2021), which was developed simultaneously, is applied in the present paper for the

first time to an interlaboratory comparison of ordinal data from a human organoleptic examination of the intensity of odor
and taste of drinking water – a kind of sensory data (Hibbert 2020).

Note that odor and taste are important properties of water quality, increasingly attracting the attention of researchers (Lin

et al. 2019). A search within the Journal of Water and Health shows 36 published articles on the topic. The special issue
‘Water taste and odor: challenges, gaps, and solutions’ was recently announced (Kaloudis et al. 2021) in the Elsevier journal
‘Chemical Engineering Journal Advances’. The methodology of examination of water odor and taste is a subject of standard-

ization (ISO 20612 2007; GOST 57164 2016; Baird et al. 2018). However, we can find no paper or report on an
interlaboratory comparison of sensory responses to the intensity of drinking water odor and taste.

The case study analyzed in the present paper was organized in 2020 by the Ural Research Institute for Metrology (UNIIM)
– Affiliated Branch of D.I. Mendeleev Institute for Metrology, Russia. Forty-nine Russian ecological laboratories participated

in the comparison. Examinations of the intensity of odor and taste of drinking water test items were performed according to
the standard (GOST 57164 2016), setting K¼ 6 intensity categories for both the water properties: (a) imperceptible, (b) very
weak, (c) weak – does not cause a disapproving response about the water, (d) noticeable – causes a disapproving response, (e)

distinct – a tester wishes not to drink, and (f) very strong – the water is not potable. To each category, the standard assigns the
respective numeric value (score): 0, 1, 2, 3, 4, and 5. The technical specifications (ISO 20612 2007) for interlaboratory com-
parisons in the field of water quality, as well as the general guidelines for sensory analysis (ISO 8586 2014), recommend the

use of these scores as quantitative responses applying ANOVA or another known statistical technique.
The aim of the present paper is to provide a case study of the intensity of drinking water odor and taste using the ORDA-

NOVA implementation for interlaboratory comparisons of ordinal properties.
THEORY – PRINCIPLES OF ORDANOVA

Layouts

A random phenomenon Y, e.g., an expert response, showing instances on an ordinal scale with K ordered categories/classes/

levels is characterized by a probability vector p ¼ ( p1, p2, . . . , pK), where pk at k¼ 1, 2, . . . ,K denotes the theoretical prob-

ability of responses related to the kth category
PK
k¼1

pk ¼ 1

 !
. Let Fk denote the cumulative theoretical probability up to the

kth category, Fk ¼Pk
l¼1 pl and FK ¼ 1. The probability P of receiving a set of responses (n1, n2, . . . , nK), where

nk (k ¼ 1, 2, . . . , K) denotes the number of responses related to the kth category, and
PK

k¼1 nk ¼ N is calculated based on
the multinomial distribution of parameters (N, p) as the probability mass function (NIST/SEMATECH 2021):

P(n1, n2, . . . , nK) ¼ N!

n1! � n2! � . . . � nK!
pn1
1 � pn2

2 � . . . � pnK
K (1)

where
PK
k¼1

pk ¼ 1.

In the general context, the phenomenon of variability (i.e., variability in the responses of the ordinal variable Y) is taken as
explained by two independent factors (random variables) and their possible interaction. In the present work, a particular case
is studied where no interaction between the two factors can be analyzed, since only one expert response at the specified levels
://iwaponline.com/jwh/article-pdf/20/6/1005/1066842/jwh0201005.pdf
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of the factors (e.g., at each cell in the cross-balanced design) is examined from each laboratory as required in laboratory pro-

ficiency testing (ISO 17043 2010). The first factor, the random variable X1, has I levels (for example, I laboratories are
discussed), and the second factor, the random variable X2, has J levels (e.g., responses are to be received at J different temp-
eratures). There are N responses in total, each of them falling into one of the K categories of the responses of variable Y. On

the other hand, each of the N responses falls into one of the I levels of the first factor X1 and into one of the J levels of the
second factor X2. In a cross-balanced design, it is assumed that each of the I � J cells contains n replicated responses distrib-
uted between the K categories. One expert response from a laboratory means n¼ 1, i.e., a cross-balanced design without
replication. The frequency nijk denotes the number of responses in cell (i, j) classified to the kth category

PK
k¼1 nijk ¼ n

� �
,

and in total, there are I � J � n ¼ N responses. When n¼ 1, the total number of responses is I·J¼N.
TreatingN responses as a statistical sample, and nijk as a random variable, then, p̂ijk ¼ nijk=n and F̂ijk ¼Pk

l¼1 p̂ijl denote the
sample relative frequency of responses belonging to the kth category and the sample cumulative relative frequency of

responses up to the kth category in cell (i, j), respectively. The sample total cumulative relative frequency of all responses
belonging to the kth category is denoted by

F̂::k ¼ 1
IJ

XI
i¼1

XJ
j¼1

F̂ijk (k ¼ 1, 2, . . . , K), (2)

where F̂i:k ¼ 1=J
XJ

j¼1
F̂ijk (i ¼ 1, 2, . . . , I; k ¼ 1, 2, . . . , K); and F̂:jk ¼ 1=I

XI

i¼1
F̂ijk (j ¼ 1, 2, . . . , J; k ¼ 1, 2, . . . , K) denote

the sample total cumulative relative frequency of responses up to the kth category at level i of factor X1 and at level j of factor
X2, respectively.
Decomposition of total variation

The total sample variation of the response variable Y, normalized to the [0, 1] interval, is defined in the two-way ORDANOVA
model (Gadrich & Marmor 2021) as

V̂T ¼ 1
(K � 1)=4

XK�1

k¼1

F̂::k(1� F̂::k): (3)

In the model without replication, the total sample variation V̂T is partitioned into the between (inter) covariation com-
ponent ĈB and the within (intra) residual variation V̂W. For example, in an interlaboratory comparison, the variation ĈB

characterizes the between-laboratory variation of the responses, while the variation V̂W is the within-laboratory variation.
That is

V̂T ¼ ĈB þ V̂W, (4)

where

ĈB ¼ 1
(K � 1)=4

XK�1

k¼1

1
I

XI
i¼1

(F̂i:k � F̂::k)
2 þ 1

J

XJ
j¼1

(F̂:jk � F̂::k)
2

24 35 (5)

and

V̂W ¼ 1
(K � 1)=4

XK�1

k¼1

1
IJ

XI
i¼1

XJ
j¼1

(F̂i:k þ F̂:jk � F̂::k)(1� [F̂i:k þ F̂:jk � F̂::k]): (6)

The individual effects of factors X1 and X2 can be evaluated using the following decomposition of the variation ĈB:

ĈB ¼ ĈB
X1 þ ĈB

X2, (7)
om http://iwaponline.com/jwh/article-pdf/20/6/1005/1066842/jwh0201005.pdf
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where

ĈB
X1 ¼ 1

(K � 1)=4

XK�1

k¼1

1
I

XI
i¼1

(F̂i:k � F̂::k)
2

and ĈB
X2 ¼ 1

(K � 1)=4

XK�1

k¼1

1
J

XJ
j¼1

(F̂:jk � F̂::k)
2
: (8)

Another ĈB decomposition, helpful for comparing the capability of the participating laboratories (as a group) to identify
different categories, consists of evaluating the following kth parts of ĈB:

ĈB(k) ¼ 1
I

XI
i¼1

(F̂i:k � F̂::k)
2 þ 1

J

XJ
j¼1

(F̂:jk � F̂::k)
2
: (9)

Larger values of ĈB(k) indicate a weaker capability to identify category k. Note that the capability, characterizing dispersion
of the responses related up to category k, is analogous to the measurement reproducibility (Hibbert et al. 2021). When the
cumulative relative frequencies achieve 1, the variation by Equation (9) is 0.

The fraction R̂2
B of the total sample variation V̂T reflecting the between-laboratory effect on the response Y is defined as

R̂2
0B ¼ ĈB

V̂T
(0 � R̂2

B � 1): (10)

Similar fractions of the total sample variation reflecting effects of the two factors are:

R̂2
X1 ¼ ĈB

X1

V̂T
; R̂2

X2 ¼ ĈB
X2

V̂T
: (11)

The calculations of frequencies, relative frequencies, and variation components can be easily performed using a Microsoft
Excel spreadsheet.
Criteria for testing hypotheses on the significance of effects

The null hypothesis of homogeneity of the responses states that the probability of classifying the responses as belonging to the
kth category does not depend on the levels of the first factor (levels i) nor on those of the second factor (levels j), i.e., pijk ¼ pk
for all i ¼ 1, 2, . . . , I and j ¼ 1, 2, . . . , J. Under this hypothesis, the following relations are applicable:

E(V̂T)
dfT

¼ E(V̂W)
dfw

¼ E(ĈB
X1)

dfX1
¼ E(ĈB

X2)
dfX2

¼

1
(K � 1)=4

XK�1

k¼1

Fk(1� Fk)

N
, (12)

where E is the expected value; dfX1 ¼ I � 1, dfX2 ¼ J � 1, dfW ¼ (I � 1)(J � 1), dfT ¼ N � 1 are the degrees of freedom.
The numerator of the last term in Equation (12) is equal to the population total ordinal variation corresponding to the prob-
ability vector p ¼ ( p1, p2, . . . , pK).

To check the statistical significance of both the factor effects, the following significance indices (test statistics) have been
defined:

bSIX1 ¼ ĈB
X1=dfX1

V̂T=dfT
; bSIX2 ¼ ĈB

X2=dfX2

V̂T=dfT
: (13)

Testing the null hypothesis H0 on the effect significance requires the knowledge of at least the asymptotical distribution of

the index bSI for the calculation of the critical values of the indices at a given level of confidence (1� a) � 100%.
A calculator tool for this purpose was proposed for the two-way ORDANOVA in Gadrich & Marmor (2021). The tool cal-

culates from the empirical data the sample vector of relative frequencies p̂ ¼ ( p̂::1, p̂::2, . . . , p̂::K), as well as the variation
://iwaponline.com/jwh/article-pdf/20/6/1005/1066842/jwh0201005.pdf
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components (ĈB
X1, Ĉ

B
X2, V̂W, V̂T), and the empirical significance indices ( bSIX1, bSIX2). The critical values SIcrit for the indices in

Equation (13) are recovered through a Monte Carlo simulation based on at least 10,000 trials. At each iteration, the calculator
performs n random draws from the multinomial distribution with K categories and the vector of relative frequencies
p̂ ¼ ( p̂::1, p̂::2, . . . , p̂::K). Calculated significance indices are stored at each realization. Finally, for each significance index,

an empirical cumulative distribution function (CDF) is constructed and a relative frequency (%) plot of the simulated bSI
values (empirical distribution of bSI) is displayed. The critical value SIcrit of the significance index bSI is determined as the
point where (1� a) � 100 % level of confidence of the empirical CDF is achieved. This corresponds to the bSI value on the
plot of the relative frequency at which (1� a) � 100% of the area under the curve is cumulated. The null hypothesis H0 is

rejected when the significance index bSI exceeds the critical value SIcrit at the (1� a) � 100 % level of confidence, concluding
that a statistically significant effect on the response variable Y is detected.

The calculator developed using Visual Basic for Applications in a Microsoft Excel spreadsheet is freely available on the link

(Marmor & Gadrich 2019).

One-way ORDANOVA

The one-way ORDANOVA can be considered as a simplification of the two-way ORDANOVAwhen the second factor X2 has
only one level (J¼ 1). The variability of the responses of the ordinal variable Y is hence explained by a laboratory effect only.

The laboratory factor X1 has I levels, i.e., I laboratories participate in an interlaboratory comparison.
Assume there are N responses in total, each of them falling into one of the K categories of the variable Y. On the other

hand, each of the N responses relates to one of the I laboratories. In the balanced design, n responses from each laboratory

(n replicates) are distributed among K categories. The frequency nik denotes the number of responses from the ith laboratory
classified as related to the kth category

PK
k¼1 nik ¼ n

� �
. Hence, the total number is I � n ¼ N. In case, n ¼ 1, the within (intra)

laboratory variation cannot be estimated.

Again, treating N responses as a statistical sample, and nik as a random variable, then p̂ik ¼ nik=n and F̂ik ¼Pk
l¼1 p̂il denote

the sample relative frequency of responses belonging to the kth category and the sample cumulative relative frequency up to
the kth category, respectively, in ith laboratory. The sample cumulative relative frequency of responses belonging to the kth
category is denoted by F̂:k ¼ 1=I

XI

i¼1
F̂ik (k ¼ 1, 2, . . . , K).

Decomposition of the total variation and testing the null hypothesis H0 of significance of the laboratory effect can also be
simplified from a two-way to a one-way ORDANOVA.

EXPERIMENTAL

Preparation of test items

Two test items, 1 and 2, were prepared at UNIIM for the examination of the intensity of chlorine and sulfurous odor, respectively.
The components of these items were purchased bottled drinking water (from the same producer and batch), 330 cm3 in a plastic
container for each test item, and the initial solutions of the pure reagents in glass vials: 3 cm3 of sodiumhypochlorite, 0.544 g/dm3,

for test item 1 providing chlorine odor, and 3 cm3 of sodium sulfide, 0.167 g/dm3, for test item 2 providing sulfurous odor.
The solution of sodium hypochlorite was mixed with the drinking water before use by each participating laboratory to

obtain the final concentration of sodium hypochlorite in test item 1 equal to 4.9 mg/dm3. This concentration of sodium hypo-

chlorite corresponds to intensity level 2 of chlorine odor, interpolated between levels 1 and 3 described in the standard
(GOST 57164 2016).

The final concentration of sodium sulfide in test item 2 equal to 1.5 mg/dm3 was obtained by mixing its initial solution with

the drinking water before use by each participating laboratory. This concentration of sodium sulfide corresponds to intensity
level 4 of sulfurous odor, interpolated between levels 3 and 5 by GOST 57164 (2016).

Test item 3 for the examination of intensity of ‘salty taste’was prepared at UNIIM as 330 cm3 of sodium chloride solution in
the drinking water in a plastic container (0.73 g/dm3) corresponding to intensity level 2 of salty taste, interpolated between

levels 1 and 3 set in GOST 57164 (2016).
The assigned categories of the intensity of odor and taste in the prepared items were set according to the preparation pro-

cedure (ISO 17043 2010). The influence of any lack of homogeneity of the initial solutions on the assigned categories was

negligible. The solutions of sodium hypochlorite and sodium sulfide were stable for 3 weeks when kept in tightly closed glass-
ware between temperatures from 4 to 20 °C. The stability of the test items 1 and 2 was not relevant, as they were prepared
immediately before use. The assigned category of the salty taste intensity was stable for 3 weeks when item 3 was kept in
om http://iwaponline.com/jwh/article-pdf/20/6/1005/1066842/jwh0201005.pdf
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tightly closed glassware between temperatures from 4 to 20 °C. Within-laboratory variability of 12 replicates studied at

UNIIM did not exceed a deviation of one intensity level from the assigned category for chlorine or sulfurous odor at 20
and 60 °C, or salty taste.

The components of items 1 and 2, as well as item 3, were distributed to the 49 laboratories that participated in the com-

parison in random order. The laboratories received and examined the items within 5–10 days from the preparation of the
solutions at UNIIM.

Methods of examination

Testers (technicians) having symptoms such as runny nose, allergic reactions, or headache were excluded from the test. The
examination of the items was performed at a participating laboratory immediately after the preparation of the final solutions

in the same conditions as for routine water samples. The methods of examination (GOST 57164 2016) are summarized below.

Examination of odor and its intensity at 20 and 60 °C

The temperature of a test item was measured and adjusted to 20+2 °C by keeping it at room temperature in tightly closed
glassware. About 100 cm3 of the item was transferred into a glass-stoppered flask of 250–350 cm3 and homogenized with
rotating movements. Then, the flask was opened, and the odor and its intensity were examined.

To adjust a test item’s temperature to 60+5 °C, about 100 cm3 of the item were transferred into a flask of 250–350 cm3

closed by a watch glass. The flask was immersed in a water bath for heating. When the target temperature was achieved,
the water was homogenized with rotating movements, the watch glass was removed, and the odor and its intensity were

quickly examined.

Examination of taste and its intensity

About 30 cm3 of the test item were taken into the oral cavity in small portions (about 15 cm3), without swallowing, hold for
3–5 s and spat out. The time between the examination of two samples was not less than 30 s.

Examination responses

Each laboratory provided one result, i.e., one set of the expert examination responses presented in the Electronic Supplemen-

tary Material to this paper (RawData_Interlab_comp.pdf file).
Laboratory 3 did not report on the odor intensity at 60 °C; laboratory 18 did not report on the kind of odor; laboratories 38

and 39 did not report on the odor at all. Therefore, the responses of the remaining 45 laboratories were taken into account for

analysis of the odor intensity.
Similar situations happened when examining the taste intensity. Laboratory 10 reported on the kind of taste mistakenly;

laboratories 18, 19, and 37 did not report on the taste at all. Thus, the responses of the remaining 45 from 49 laboratories

were taken into account for analysis of the taste intensity.

RESULTS AND DISCUSSION

Odor intensity

For the ORDANOVA model, there are: factor X1 – laboratory with I¼ 45 levels; factor X2 – temperature with J¼ 2
levels; K¼ 6 categories/levels of chlorine and sulfurous odor intensity; n ¼ 1 – one examination response from each labora-

tory; N¼ 90 responses in total. The frequencies of the responses from the RawData_Interlab_comp.pdf file are shown
in Table 1 by categories and temperatures.

Two-way ORDANOVA without replication

The vectors of statistical sample relative frequencies of the responses by categories in Table 1 for chlorine and sulfurous odor
intensity at the two temperatures are p̂ ¼(4=90, 38=90, 29=90, 19=90, 0, 0) and p̂ ¼ (0, 0, 0, 22=90, 28=90, 40=90), respectively.

The sample cumulative relative frequency vectors for chlorine and sulfurous odor intensity are F̂ ¼ (4=90, 42=90, 71=90, 1, 1, 1)
and F̂ ¼ (0, 0, 0, 22=90, 50=90, 1), respectively. The total sample variation of the responses for the intensity of chlorine odor is
V̂T ¼ 0:366, and for sulfurous odor it is V̂T ¼ 0:345 with dfT ¼ 89 by Equation (3). The between-laboratory variation for the

intensity of chlorine odor is ĈB ¼ 0:256, and for sulfurous odor it is ĈB ¼ 0:250 with dfB ¼ 45 by Equation (5). The residual
variation for the intensity of chlorine odor is V̂W ¼ 0:110, while for sulfurous odor it is V̂W ¼ 0:096 with dfW ¼ 44 by Equation
(6). The fraction of the total variation reflecting the between-laboratory effect on the response for the intensity of chlorine odor is
://iwaponline.com/jwh/article-pdf/20/6/1005/1066842/jwh0201005.pdf



Table 1 | Frequencies of the responses of chlorine and sulfurous odor intensity

Category

Frequency

Chlorine Sulfurous

20 °C 60 °C 20 °C 60 °C

0 2 2 0 0

1 24 14 0 0

2 10 19 0 0

3 9 10 10 12

4 0 0 17 11

5 0 0 18 22
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R̂2
B ¼ 0:700, and for sulfurous odor it is R̂2

B ¼ 0:725 by Equation (10). This indicates that there is a joint influence of a laboratory
and temperature on the variability of chlorine and sulfurous odor intensity responses by categories. However, the fractions
R̂2

X1 ¼ 0:670 and R̂2
X2 ¼ 0:030 for chlorine intensity, and similarly, R̂2

X1 ¼ 0:717 and R̂2
X2 ¼ 0:006 for sulfurous odor intensity

by Equation (11) show that a laboratory is a good predictor of odor intensity, whereas temperature impacts the responses
much less.

Table 2 details the decomposition of the total sample variation by laboratory (factor X1) and temperature (factor X2), the

significance indices bSI by Equation (13), and the critical values SIcrit, evaluated using the calculator tool at 95 % level of con-
fidence and 10,000 Monte Carlo trials.

The significance index of the laboratory factor bSIX1 ¼ 1:360 for chlorine odor intensity exceeds its critical value of 1.185 at

95% level of confidence; similarly for sulfurous odor intensity bSIX1 ¼ 1:454 exceeds its critical value of 1.202. At the same
time, the significance index of the temperature factor does not exceed its critical value at 95% level of confidence for both
chlorine odor intensity ( bSIX2 ¼ 2:423 , 3:010) and sulfurous odor intensity ( bSIX2 ¼ 0:511 , 3:248). That means rejecting
the null hypothesis concerning the (zero) difference between laboratories in classifying chlorine or sulfurous odor intensity

by categories/levels: this difference is statistically significant. The effect of temperature in classifying chlorine or sulfurous
odor intensity by categories is not significant as the null hypothesis is not rejected. Similar insignificance of temperature was
reported in the thesis of Whelton (2001) for isobutanal in drinking water, while the perception of some other odorants was

affected by temperature changes from 25 to 45 °C. Note that this effect might depend on the odorant concentration in water.
The simulated distributions of the two significance indices are presented in Figure 1. The critical values SIcrit for 95 % level

of confidence in Table 2 correspond to bSI values in Figure 1 when 95 % of the area under the curve of relative frequency is

achieved.
Decomposition of the between-laboratory variation component by Equation (9) according to the categories of the

obtained chlorine odor intensity responses k¼ 0, 1, 2, 3, 4, and 5 leads to ĈB(0) ¼ 0:020, ĈB(1) ¼ 0:172,

ĈB(2) ¼ 0:128, ĈB(3) ¼ 0, ĈB(4) ¼ 0, and ĈB(5) ¼ 0. This means that capabilities of the laboratories to identify chlorine
odor intensity are better (dispersions of the responses are smaller) for categories k¼ 0, 3, 4, and 5 than for categories k¼
1 and 2. It seems strange that the capabilities to identify the odor intensity of categories k¼ 3, 4, and 5 are assessed as perfect,
while no response fell into these categories. However, this is due to the fact that the testers of all the laboratories found cor-

rectly that the item odor intensity does not belonging to those categories. Therefore, also the cumulative frequency achieved 1
at k¼ 3.
Table 2 | Results of the two-way ORDANOVA without replicates for the chlorine and sulfurous odor intensity responses

Odor Factor Variation component R̂2 bSI df SIcrit

Chlorine Laboratory (X1) 0.246 0.670 1.360 44 1.185
Temperature (X2) 0.010 0.030 2.423 1 3.010

Sulfurous Laboratory (X1) 0.248 0.717 1.454 44 1.202
Temperature (X2) 0.002 0.006 0.511 1 3.248
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Figure 1 | Empirical distribution functions of bSIX1 (solid black line) and bSIX2 (dashed blue line) for chlorine (a) and sulfurous (b) odor intensity.
The significance index of the factor interaction bSIX1�X2 (dashed red line) is not applicable and hence equal to zero in the plot. Please refer to
the online version of this paper to see this figure in colour: http://dx.doi.org/10.2166/wh.2022.060.
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Similarly, for sulfurous odor intensity, ĈB(0) ¼ 0, ĈB(1) ¼ 0, ĈB(2) ¼ 0 and ĈB(3) ¼ 0:141, ĈB(4) ¼ 0:171, ĈB(5) ¼ 0. Thus,

capabilities of the laboratories to identify sulfurous odor intensity are better for categories k¼ 0, 1, 2 than for categories
k¼ 3 and 4 as no response fell into categories k¼ 0, 1, 2. The discussed variation for category k¼ 5 equals zero by definition
of Equation (9).

Note that the consensus (ISO 17043 2010) of the laboratories for the chlorine odor intensity, being defined here as the most
frequent response level/category at both 20 and 60 °C, is k ¼ 1 ( p̂::1 ¼ 38=90), whereas the assigned level was
k ¼ 2 ( p̂::2 ¼ 29=90). The consensus of the laboratories for the sulfurous odor intensity is k ¼ 5 ( p̂::5 ¼ 40=90), whereas the

assigned level was k ¼ 4 ( p̂::4 ¼ 28=90). Detecting the odor intensity levels for those categories that are far from the assigned
category is simple, e.g., for chlorine intensity there was no response related to categories k¼ 4 and 5 as the assigned category
was 2. For sulfurous intensity, there was no response in categories k¼ 0, 1, and 2 as the assigned category was 4. In both

cases, the responses were mostly around +1 of the assigned category.
The UNIIM decision was to accept a deviation of a laboratory response from the assigned category for one level as satisfac-

tory. However, in general, deviation of the consensus of the 45 laboratories from the assigned category requires an additional
analysis of the inconsistency, training of the technicians (testers), and a repetition of the interlaboratory comparison.

Comparison with the two-way ANOVA without replication

The data in the RawData_Interlab_comp.pdf file for chlorine and sulfurous odor intensity were analyzed with Excel using the

two-way ANOVA, treating the intensity response as a continuous variable. The results of the analysis are given in Table 3,
Table 3 | Results of two-way ANOVA without replicates for the chlorine and sulfurous odor intensity responses

Odor Source of variation SS df MS F P-value Fcrit

Chlorine Laboratories 48.400 44 1.100 3.194 0.000 1.651
Temperatures 1.344 1 1.344 3.903 0.054 4.062
Error 15.156 44 0.344
Total 64.900 89

Sulfurous Laboratories 42.289 44 0.961 2.730 0.001 1.651
Temperatures 0.011 1 0.011 0.032 0.860 4.062
Error 15.489 44 0.352
Total 57.789 89

://iwaponline.com/jwh/article-pdf/20/6/1005/1066842/jwh0201005.pdf
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where SS is the sum of squares of deviations of responses from the average value; df is the number of degrees of freedom;

MS ¼ SS=df is the mean deviation square; F is the empirical value of the Fisher criterion; P-value is the minimal probability
of rejecting the null hypothesis on homogeneity when it is correct; and Fcrit is the critical value of F at 95 % confidence level.

From Table 3, it follows that rejecting the null hypothesis about the homogeneity of the laboratory responses at 95% level of

confidence, i.e., the differences between the responses of the laboratories are significant. The null hypothesis about a (zero)
difference between responses obtained at 20 and 60 °C is not rejected at 95% level of confidence – there is not a significant
difference between the two levels of temperature. Thus, the results of the testing significance of the effects based on the
ORDANOVA and ANOVA models in this experiment are in agreement.

Intensity of salty taste

There is one factor – laboratory with I¼ 45 levels; K¼ 6 categories/levels of taste intensity; n ¼ 1 – one examination response
from each laboratory; and N¼ 45 responses in total. Frequencies of the responses from the RawData_Interlab_comp.pdf file

by the categories discussed below.

One-way ORDANOVA

The vector of sample relative frequencies is p̂ ¼ (0, 14=45, 16=45, 15=45, 0, 0), and the vector of sample cumulative relative

frequencies is F̂ ¼ (0, 14=45, 30=45, 1, 1, 1). The total sample variation of the responses is V̂T ¼ 0:349 with dfT ¼ 44 by the
formula derived from Equation (3) for one response from each laboratory, whereas the within-laboratory component is
V̂W ¼ 0. The between-laboratory variation is ĈB ¼ 0:349 with dfB ¼ 44 by the decomposition theorem. As between-laboratory

variation and the total variation coincide in this case, R̂2
B ¼ 1 by Equation (10) indicates a perfect predictability of a laboratory

response on taste intensity by categories. Moreover, the significance index is bSI ¼ 1 by Equation (13); hence, the null hypoth-
esis of homogeneity between laboratories is not rejected, i.e., the responses of the laboratories on the salty taste intensity are

not statistically different.
Decomposition of the between-variation component by categories by Equation (9) leads to the following: ĈB(0) ¼ 0,

ĈB(1) ¼ 0:214, ĈB(2) ¼ 0:222, ĈB(3) ¼ 0, ĈB(4) ¼ 0, and ĈB(5) ¼ 0. This means that capabilities of the laboratories to identify
salty taste intensity are better for categories k¼ 0, 3, 4, and 5 than for categories k¼ 1 and 2 (no response fell into categories

k¼ 0, 4 and 5, and the cumulative frequencies achieved 1 at k¼ 3).
The consensus of the laboratories is the salty taste intensity category k ¼ 2 ( p̂:2 ¼ 16=45), coinciding with the assigned

level.

Comparison with the one-way ANOVA

The data in the RawData_Interlab_comp.pdf file for salty taste intensity were analyzed with Excel using the one-way ANOVA,
treating the salty taste intensity as a continuous variable. The total sum of squares SST ¼ 28:978 with dfT ¼ 44 (for one

response from each laboratory) is equal to the between-laboratory sum SSB ¼ 28:978 with dfB ¼ 44, and the mean square
is MSB ¼ 0:659. As the within-laboratory variation is not evaluated in the absence of replicates, the Fisher criterion is not
formally applicable here.

However, using the UNIIM maximum within-laboratory deviation of 12 replicate responses from the assigned category for
1 level/category as an approximation, the maximum within-laboratory sum of squares can be assumed equal to SSW ¼ 1 with
dfW ¼ 11. Hence, the mean square MSW ¼ 0:091, and the minimum empirical value of the Fisher criterion can be simulated
as F ¼ MSB=MSW ¼ 7:242. As the critical value for dfB ¼ 44 and dfW ¼ 11 is Fcrit ¼ 2:520 at 95% level of confidence, and the

P-value is 0.001, the null hypothesis of homogeneity of the responses is rejected. Thus, the responses of the laboratories on the
salty taste intensity differed statistically, even assuming the extremely large approximation of the variation MSW.

Note that, in contrast to the case of examination of the odor intensity, the results of analysis of the taste intensity responses

with the two methods, ANOVA and ORDANOVA, are in contradiction. In such a case, it is clear that ORDANOVA results
are reliable, while ANOVA, performed with the violation of its basic assumptions, may lead to mistaken results.

CONCLUSIONS

The two-way ORDANOVAwithout replication was applied for the first time to an interlaboratory comparison of ordinal data

from a human organoleptic examination of the intensity of odor of drinking water, which is performed at 49 ecological lab-
oratories. Using a decomposition of the total variation of the ordinal data and simulation of the multinomial distribution of
the relative frequencies of the data in different categories, the statistical significance of the interlaboratory variation of the
om http://iwaponline.com/jwh/article-pdf/20/6/1005/1066842/jwh0201005.pdf
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laboratories’ responses for both chlorine and sulfurous odor intensity was shown. No influence of the temperature (20 and

60 °C) of test items on the responses was detected. This effect may depend on the chemical properties of the odorants and
their concentrations in water. The statistical decomposition also allowed evaluation of the capability of the laboratories to
identify different categories of odor intensity. It is noted that the consensus (the most frequent) response of the laboratories

differed from the assigned category by only one level on the ordinal scale.
The one-way ORDANOVAwas used for the analysis of salty taste intensity, where the interlaboratory variability was found

to be statistically insignificant. The capability of the laboratories to identify different categories was also evaluated. The con-
sensus response of the laboratories for the taste intensity coincided with the assigned category.

A comparison of ORDANOVA and ANOVA results showed that ORDANOVA provides a more useful tool for ordinal
data. Concerning the statistical significance of the effects, the results of both the methods may, in general, be the same or
different. However, when ANOVA is applied for categorical data, its basic assumption of additivity of variables is violated,

and so the results obtained cannot be trusted.
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