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1. Introduction: round robin test

1.1. Definition and use
Round robin test (RRT), also interlaboratory comparison (ILC) or proficiency testing (PT), is a testing
approach with a certain, pre-defined purpose, focusing on one or more samples and one or more
measurement or testing methods, with the involvement of multiple labs and one organizing and
coordinating institution. The purposes for which RRT are conducted can generally be categorized into
purposes addressing a) lab performance and b) method performance. The coordinating institution
organizes an RRT by i) inviting to an RRT, stating the purpose of the RRT and the benefit for participating
labs, ii) sending out samples and rules/regulations for participation, including data requirements and
deadline, iii) processing and assessing the submitted RRT data, and iv) informing the participating labs
about the overall and the lab-specific result. (DIN EN ISO/IEC 17043, 2010; Prichard and Barwick, 2007)

1.2. Overview norms
This section describes international norms, effective in the EU, regulating good laboratory practice in
general and RRT in particular.

DIN EN ISO/IEC 17025 ‘General requirements for the competence of testing and calibration
laboratories’ (17025, 2018) sets requirements for labs in general. Compliance with this norm can be
understood as equal to good laboratory practice.

DIN EN ISO/IEC 17000 ‘Conformity assessment - Vocabulary and general principles’ (17000, 2020) sets
terms and definitions for all steps of an RRT.

DIN EN ISO/IEC 17011 ‘Conformity assessment - Requirements for accreditation bodies accrediting
conformity assessment bodies’ (2018) defines the requirements for institutions, which accredit
laboratories. Both norms are mainly important on a regulatory and organisational level.

The two most important norms for the design, planning, execution, and evaluation of RRT are DIN EN
ISO/IEC 17043 and DIN EN ISO/IEC 13528.

DIN EN ISO/IEC 17043 ‘Conformity assessment - General requirements for proficiency testing’ (DIN EN
ISO/IEC 17043, 2010) is the international norm describing the use and application of RRT. It gives an
overview over the types of RRT and proficiency testing, the design, necessary terms, definitions, and
statistical parameters as well as technical and management requirements to conduct a well-designed
and sucessful RRT.

DIN EN ISO/IEC 13528 ‘Statistical methods for use in proficiency testing by interlaboratory comparison’
(DIN 1SO 13528, 2020) complements DIN EN ISO/IEC 17043 with a detailed description of statistical
methods for RRT, guidelines for the design of RRT, determination of the reference/assigned value,
determination of criteria for performance evaluation as well as calculation and graphical methods of
performance parameters.

The norms DIN ISO 5725-1 to 5725-6 define principles of trueness and precision of measurement
methods and hence set the standard how to assess the accuracy of an analysis. (5725-3, 2003; 5725-
4,2003; 5725-2, 2002; 5725-5, 2002; 5725-6, 2002; 5725-1, 1997)
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2. Methodology systematic literature review

Figure 1 shows the flow chart for the systematic literature review applied in (Korf et al., 2022), based
on (Liberati et al., 2009). It shows the four steps of the review, 1) identification of publications, 2)
screening of the publications for eligibility, 3) extraction of pre-defined relevant information from the
publications, and 4) assessment of the extracted information.
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Figure 1: Flow chart methodology for systematic literature review, based on the PRISMA guidelines (Liberati et al., 2009)
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3. Description performance parameters

3.1. Levels and cells: categorization of lab data

In the context of an RRT there is a multitude of data on different levels. For a better overview and a
correct addressing of the data, we use the terms ‘level’ and ‘cell’ (Mandel, 1991). ‘Level’ describes the
results for one element in one sample over all labs, e.g. results of four labs (mean or single values) for
copper (Cu) in printed circuit boards (PCB). ‘Cell’ describes the results for the data of one lab in a level,
e.g. results of lab 3 for Cu in PCB. Figure 2 shows the hierarchical relation between level and cell. The
total number of elements is given with n, the related index is the chemical symbol (e.g. Cu). The total
number of labs is indicated with p, the related index is j. For replicates, the number of the replicate is
used as index (1, 2, 3...); the total number of replicates is m. Hence, the mass fraction of the second
replicate for Cu in PCB of lab 3 is xcu 3. For mean values or standard deviations, no replicate index is
necessary. This nomenclature is used for all equations throughout this document.
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Figure 2: Schematic description of level and cell in the context of RRT data. Level describes the results for one element in
one sample over all labs. Cell describes the results for the data of one lab in a level. The element index is k, the total
number of elements n; the lab index is j, the total number of labs is p; the replicate index is i, the total number of
replicates in one cell is m.
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3.2. Accuracy: trueness and precision
DIN ISO 5725 describes accuracy of an analysis result using two parameters, ‘trueness’ and ‘precision’.
The trueness of a measurement/analysis result refers to the extent of the deviation from the ‘true
value’ or accepted reference value (i.e. “the closeness of agreement between the arithmetic mean of
a large number of test results and the true or accepted reference value”). The precision describes the
variation within one data set (i.e. “the closeness of agreement between the arithmetic mean of a large
number of test results and the true or accepted reference value”). (5725-1, 1997)

The trueness is affected by e.g. selection of an unsuitable analysis method or inaccurate execution of
an analysis. Analytical effects leading to a bias, i.e. deviation from the ‘true value’, can be categorized
in systematic effects and random effects (JCGM 100:2008, 2008).

The precision is affected e.g. by the reliability of an analysis method and/or the homogeneity/
heterogeneity of the sample material (JCGM 100:2008, 2008).

3.3. Performance parameters for quality control of lab data
In general, performance parameters to determine the accuracy of chemical analysis results can be
categorised with regard to two perspectives, i) the scope of the quality control measures (internal or
external) and ii) the type of performance parameter (trueness or precision).

All trueness performance parameters (TPP) identified in (Korf et al., 2022) describe the (absolute or
relative) deviation of the lab result to a pre-defined value (e.g. reference, assigned, or consensus
value). This deviation is accompanied by different denominators, such as a mean value or a standard
deviation. Precision performance parameters (PPP) describe the variability of a data set, which is
oftentimes expressed as a (version of the) standard deviation.

Table 2 in (Korf et al., 2022) gives an overview over the most common performance parameters within
these categories.

The following boxes 1 to 4 give an overview over general descriptive statistics (box 1) and all PP
identified in (Korf et al., 2022), categorized in TPP (PP assessing the deviation of a value in box 2;
significance tests in box 3) and PPP (parameters of variation and uncertainty in box 4).
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Box 1: Descriptive statistics

Equations
All descriptive statistics are extracted from [Wilcox, 2009 and Wilcox, 2010].
Location parameters:

e arithmetic mean

_ 1
X ==l (1)
e median

if data set has odd number n of values:
X = X(n+1)/2 (2)
if data set has even number n of values:

— Xzt Xmin 2
= 5 (3)

=N

Parameters of variation:
e range

range = max — min (4)

e relative range

rel.range = %- 100% (5)

e standard deviation
S: = L n (x,_f)z (6)

t n—1 <=1\

e relative standard deviation
Si

RSD == (7)
e MAD

MAD = median(x; — %) (8)

Parameter descriptions

Parameter Description

number of values in a data set

single value in a data set
largest value in a data set

smallest value in a data set
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Box 2: Parameters assessing the deviation of a value

Equations

e absolute deviation
(DIN ISO 13528, 2020)

D = (fj,k - Xk) (9)

e relative deviation

(DIN ISO 13528, 2020)
L
RD = ("f’;{—k") -100% (10)

e standardized bias

(Johnston and Daniel, 1982)
i—X
e = —L—— ; (11)

R
SUZ p

® Zscore

(DIN ISO 13528, 2020)
z =k (12)
SRRT

e robust z score

(Da Silva Dias et al., 2015)
_ ¥ xi—median(¥i,

x;)
_ 1
Zrobust IQN(TT, x;) 13)

e 7'score

(DIN SO 13528, 2020)
7' = T (14)

,/S}%RT"'“Z (k)

® Zyscore
(DIN 38402-45, 2014)

ki-z,forz<0

1

ZU=
i-z,forzZO

k>

(15)

[ ] zeta score
(DIN I1SO 13528, 2020)
Xjk—Xk

2 2
N ’ Utest tURRT

e E,score
(DIN I1SO 13528, 2020)
E = fj,k_Xk
n =

1’Utzest+U}2?RT
e Mandel'sh

(Mandel, 1991)

_ %ik—Ck
hi’j - (sLk (18)

(16)

(17)

Parameter descriptions

Parameter Description

number of replicates in a cell
number of replicates for lab j
number of replicates for reference lab

mean value of all replicates for element
kinlab j,

_ T~
Xjg = —Di=1Xijr  (19)

J, m; i J»
assigned/reference value; if produced
from reference lab analyses:

_ 1
X = Xpef= ng; Xijr (20)

number of laboratories

pooled standard deviation of the
within-laboratory replicates adjusted
for the number of replicates m and the
number of labs p

. =

standard deviation used in RRT; is
selected depending on required
informative value, e.g. SD of assigned
value, between-lab SD, or as in equation
(37)

normalized interquartile range,

IQN = 0.7313-IQR  (21)

interquartile range, difference between
3. quartile and 1. quartile

participant’s own estimate of the
standard uncertainty of its result x;,
see par. descr. in box 4

standard uncertainty of the assigned
value Xy, see par. descr. in box 4
expanded uncertainty of a participant’s
result x;, see equation (39)

expanded uncertainty of the assigned
value X, see equation (39)

(o +2)- ol (4 2) o) (22,
(1 -0 (—i))_1 (D(k) - D(—ky)) =1 —a (23)

average for one element in one level,
i.e. over all laps

_1op _
Cr = ;Zi=1 Xk (24)
standard deviation between cell mean
and level mean for one element,

ks
k>

%)
=
=

_ 2
P (®jk—Cr)

IS (25)

Sk =
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Box 3: Significance tests

Equations
t test (Rand R. Wilcox, 2009):

e test hypothesis: x;  is equal to Xj
e tstatistic:
o for equal number of replicates m and

homoscedasticity:
Xjr—Xk

sp (54—
mi Myef

o for unequal number of replicates m and
heteroscedasticity:

W =

(26)

Xjk—Xk

2 2
Sj,k+ Sref
mip Mref

e tei, Wis defined by m;and a
e test hypothesis is rejected for t, W > tit

(27)

u test (Shakhashiro and Toervenyi, 2010):

e test hypothesis: X;  is equal to Xj
e U statistic:

y =Lk (28)

’ 2 2
Utest tUtest

® Xj is not significantly different, if U < 2.58
ANOVA (Rand R. Wilcox, 2009):

e test hypothesis: more than two means are

equal to each other (X; = X, = - = X,)
— Z?=1(xi—f)2 2
o MS = = = S
e test statistic:
F = Msbetween—group (29)

Mswithin—group
e means differ significantly for F > F_,;;

Tukey's Honestly Significant Difference test (Tukey,
1977):

e test hypothesis: two or more than two
means are equal to each other (X; = X, =
= %)

e test statistic:

MS

e honestly significant difference is shown,
when the pairwise difference between two
means is larger than HSD.

Parameter descriptions

.
e

<
o
=

my.q¢

Parameter Description

mean standard deviation,

52, +s2
Sp = ’—"kzref (31)

variance of lab data in one cell
and one level, i.e. for one lab and
one element,

T (i je — ’zj,k)2 (32)

2 _
sj'k a mj—l

Standard deviation of lab data in
one cell and one level, i.e. for one
lab and one element,

_ ez
Sik = |Sjk

1 2
= \/m]._lz?;1(xi,j,k — %) (33)

variance of reference lab data for
one element,

2
Sref
1

_ 2
Z?;l(xi,ref - xref) (34)

= mref—l
number of replicates for lab j

number of replicates for
reference lab

probability of type | error, i.e.
probability of a false positive

mean square

value of F distribution, for
defined degrees of freedom from
samples

degrees of freedom

value from studentized range
distribution table for m and a
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Box 4: Parameters of variation and uncertainty

Equations

e Range: see box 1, equation (4)

e Relative range: see box 1, equation (5)

e Standard deviation: see box 1, equation (6)

e Relative standard deviation: see box 1, equation (7)

e MAD: see box 1, equation (8)

e Between-lab standard deviation for element k (Mandel, 1991)

Z{'7=1(71'.k_ck)2
p—1

Sy = (35)

e Repeatability standard deviation for element k (Mandel, 1991)

P 2
Zj:l Sik

p

(36)

Sy =

e Reproducibility standard deviation for element k (Horwitz and Albert, 2006)

Sg =+/SE +s? (37)

e Standard deviation for round robin test (DIN ISO 13528, 2020)

1
SRRT = \/51% —sf (1 - ;) (38)
e Mandel's k for element k in lab j (Mandel, 1991)
.
e (combined, expanded) uncertainty (GUM)
2
2 _ VN J3 2
Uc (xk) = 2i=1 (5xi,j,k) u (xi,j,k) (40)

Parameter descriptions

Parameter Description

standard uncertainty, determined by method A or method B, specified in (JCGM
100:2008, 2008)

Supporting information for || 9
Korf et al. (2022): Round robin tests of secondary raw materials: a systematic review of
performance parameters




4. Detailed results literature review

The following tables present the detailed results of the systematic literature review in (Korf et al.,
2022). Tables 1 to 4 show the identified TPP and PPP in peer-reviewed articles as well as reports,
conference proceedings, and papers. Tables 5 and 6 summarize the identified purposes, sample
materials, and analysis types.

4.1. Performance parameters assessing the trueness TPP)

Table 1: Extracted information for trueness performance parameters in RRT in peer-reviewed articles

reference deviation from value significance tests

internal+external external internal+external

standardized bias

z score

robust z score
score

zy score

zeta score

En score

Mandel’ sh

t test

U test

Tukey’ s H.S.D.

test

ANOVA

labsolute deviation
relative deviation
7

(Dreesen et al., 1979)

(Domalski and Abramowitz, 1983)

(Nair et al., 1984)

(Steger et al., 1985)

(LaFleur and Dodo, 1989) °

(Blankenhorn et al., 1992)

(Desaules et al., 1992)

(Crosland et al., 1993)

(Kimbrough and Wakakuwa, 1994)

(Groot and Hoede, 1994)

(Quevauviller et al., 1994)

(Argyraki et al., 1995) °

(Quevauviller et al., 1996)

(Bogershausen et al., 1997)

(Beck et al., 1997)

(Kucera et al., 1997)

(Cook et al., 1997)

(Hinners et al., 1998) ° )

(Maaskant et al., 1998)

(Kucera et al., 1998)

(Quevauviller, 1998)

(Nejedly et al., 1998) °

(Butler and Howe, 1999)

(Ottner et al., 2000)

(Balaram, 2000) °

(Kleinman et al., 2001) °

(Becker et al., 2002)

(Hall and Oates, 2003)

(Cools et al., 2004) )
(Tahir et al., 2005) ° °
(Kreij and Wever, 2005) ° ()

(Davidson et al., 2006)

(Tirez et al., 2007)

(Kalbe et al., 2008)

(Balzamo et al., 2009) °

(Gerboles et al., 2011) ° ) °

(Wragg et al., 2011)

(lkonomou et al., 2012) ° o

(Buczko et al., 2012) °

(Burger et al., 2014)

(Harrington et al., 2014) °
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(Vittori Antisari et al., 2014)

(Da Silva Dias et al., 2015)

(Nudi et al., 2015)

(Reis et al., 2015)

(Bachmann et al., 2016)

(Geurts et al., 2016)

(Yatkin et al., 2016)

(Gartiser et al., 2017)

(Santoro et al., 2017)

(Jagustyn et al., 2017)

(Qiao et al., 2017)

(Raven and Self, 2017)

(Qiao et al., 2018)

(Isobe et al., 2019)

(Kalbe et al., 2019)

(Anca-Couce et al., 2020)

(Hafner et al., 2020)

(Pellikka and Kajolinna, 2020)

(Yatkin et al., 2020)

(Damastuti et al., 2020)

(Delvigne et al., 2021)

Table 2: Extracted information for trueness performance parameters in RRT in reports, conference proceedings, and

papers

reference

deviation from value

significance tests

internal+external

external

internal+external

absolute deviation
relative deviation
standardized bias

Z score

robust z score

score
2y score

zeta score
En score
Mandel’ sh

2

t test

U test

Tukey’ s H.S.D.
test

ANOVA

reports

(Johnston and Daniel, 1982)

(Kennedy et al., 1983)

(Cools et al., 2003)

(Shakhashiro et al., 2006)

(Cools et al., 2007)

(Ingham et al., 2007)

(Mékinen et al., 2008)

(Leivuori et al., 2009)

(Shakhashiro and Toervenyi, 2010)

(Leivuori et al., 2011a)

(Leivuori et al., 2011b)

(Bjorkjof et al., 2013)

(Korhonen-Yloénen et al., 2013a)

(Korhonen-Ylénen et al., 2013b)

(Leivuori et al., 2013)

(Koivikko et al., 2016)

(Koivikko et al., 2017)

(Leivuori et al., 2017)

(Maunuksela et al., 2018)

(Koivikko et al., 2018)

(Koivikko et al., 2019)

(Oosterlaken-Buijs, 2019)

(Koivikko et al.)

conference proceedings

(van der Sloot et al.)

(Saric and Grzunov)

papers

(Hesbach et al., 2014)
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4.2. Performance parameters to assess the precision
Table 3: Extracted information for precision performance parameters in RRT in peer-reviewed articles

reference

parameters of variation

uncer-
tainty

internal+external

external

int.+ext.

relative range

standard deviation

relative standard deviation

median absolute deviation

relative calculation error
repeatability standard deviation

confidence interval

precision

reproducibility standard deviation

sk

Mandel’

(expanded, combined) uncertainty

(Dreesen et al., 1979)

(Domalski and Abramowitz, 1983)

(Nair et al., 1984)

(Steger et al., 1985)

(LaFleur and Dodo, 1989)

(Blankenhorn et al., 1992)

(Desaules et al., 1992)

(Crosland et al., 1993)

(Kimbrough and Wakakuwa, 1994)

(Groot and Hoede, 1994)

(Quevauviller et al., 1994)

(Argyraki et al., 1995)

(Quevauviller et al., 1996)

(Bogershausen et al., 1997)

(Beck et al., 1997)

(Kucera et al., 1997)

(Cook et al., 1997)

(Hinners et al., 1998)

(Maaskant et al., 1998)

(Kucera et al., 1998)

(Quevauviller, 1998)

(Nejedly et al., 1998)

(Butler and Howe, 1999)

(Ottner et al., 2000)

(Balaram, 2000)

(Kleinman et al., 2001)

(Becker et al., 2002)

(Hall and Oates, 2003)

(Cools et al., 2004)

(Tahir et al., 2005)

(Kreij and Wever, 2005)

(Davidson et al., 2006)

(Tirez et al., 2007)

(Kalbe et al., 2008)

(Balzamo et al., 2009)

(Gerboles et al., 2011)

(Wragg et al., 2011)

(lkonomou et al., 2012)

(Buczko et al., 2012)

(Burger et al., 2014)

(Harrington et al., 2014)

(Vittori Antisari et al., 2014)

(Da Silva Dias et al., 2015)

(Nudi et al., 2015)

(Reis et al., 2015)

(Bachmann et al., 2016)
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(Geurts et al., 2016) ° ° )

(Yatkin et al., 2016) ° °

(Gartiser et al., 2017) ° ° )

(Santoro et al., 2017) ° °

(Jagustyn et al., 2017) ° ° )

(Qiao et al., 2017) °

(Raven and Self, 2017)

(Qiao et al., 2018) °

(Isobe et al., 2019) °

(Kalbe et al., 2019)

(Anca-Couce et al., 2020) °

(Hafner et al., 2020) ° ° ° °

(Pellikka and Kajolinna, 2020) °

(Yatkin et al., 2020) ° °

(Damastuti et al., 2020)

(Delvigne et al., 2021) ° °

Table 4: Extracted information for precision performance parameters in RRT in reports, conference proceedings, and
papers

reference parameters of variation uncer-
tainty

internal+external external int.+ext.

relative standard deviation
median absolute deviation
relative calculation error
repeatability standard deviation
reproducibility standard

sk

deviation
(expanded, combined)

relative range
standard deviation
precision
confidence interval
Mandel’
uncertainty

reports

(Johnston and Daniel, 1982) ° ° °

(Kennedy et al., 1983) )

(Cools et al., 2003)

(Shakhashiro et al., 2006) ) °

(Cools et al., 2007)

(Ingham et al., 2007)

(Mékinen et al., 2008)

(Leivuori et al., 2009)

(Shakhashiro and Toervenyi, 2010)

(Leivuori et al., 2011a)

(Leivuori et al., 2011b)

(Bjorkjof et al., 2013)

(Korhonen-Yloénen et al., 2013a)

(Korhonen-Ylénen et al., 2013b)

(Leivuori et al., 2013)

(Koivikko et al., 2016)

(Koivikko et al., 2017)

(Leivuori et al., 2017)

(Maunuksela et al., 2018)

(Koivikko et al., 2018)

(Koivikko et al., 2019)

(Oosterlaken-Buijs, 2019) ° °

(Koivikko et al.)

conference proceedings

(van der Sloot et al.) ° ° ° )

(Saric and Grzunov) ° ° °

papers

(Hesbach et al., 2014)
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4.3. RRT purpose, sample material, and analysis type
Table 5: Extracted information regarding RRT purpose, sample material, and analysis type in peer-reviewed articles

reference

(Dreesen et al., 1979)
(Domalski and Abramowitz, 1983)
(Nair et al., 1984)

(Steger et al., 1985)
(LaFleur and Dodo, 1989)
(Blankenhorn et al., 1992)
(Desaules et al., 1992)
(Crosland et al., 1993)
(Kimbrough and Wakakuwa, 1994)
(Groot and Hoede, 1994)
(Quevauviller et al., 1994)
(Argyraki et al., 1995)
(Quevauviller et al., 1996)
(Bogershausen et al., 1997)
(Beck et al., 1997)
(Kucera et al., 1997)
(Cook et al., 1997)
(Hinners et al., 1998)
(Maaskant et al., 1998)
(Kucera et al., 1998)
(Quevauviller, 1998)
(Nejedly et al., 1998)
(Butler and Howe, 1999)
(Ottner et al., 2000)
(Balaram, 2000)
(Kleinman et al., 2001)
(Becker et al., 2002)

(Hall and Oates, 2003)
(Cools et al., 2004)

(Tahir et al., 2005)

(Kreij and Wever, 2005)
(Davidson et al., 2006)
(Tirez et al., 2007)

(Kalbe et al., 2008)
(Balzamo et al., 2009)
(Gerboles et al., 2011)
(Wragg et al., 2011)
(lkonomou et al., 2012)
(Buczko et al., 2012)
(Burger et al., 2014)
(Harrington et al., 2014)
(Vittori Antisari et al., 2014)
(Da Silva Dias et al., 2015)
(Nudi et al., 2015)

(Reis et al., 2015)
(Bachmann et al., 2016)
(Geurts et al., 2016)
(Yatkin et al., 2016)
(Gartiser et al., 2017)
(Santoro et al., 2017)
(Jagustyn et al., 2017)
(Qiao et al., 2017)
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(Raven and Self, 2017)

(Qiao et al., 2018)

(Isobe et al., 2019)

(Kalbe et al., 2019)
(Anca-Couce et al., 2020)
(Hafner et al., 2020)

(Pellikka and Kajolinna, 2020)
(Yatkin et al., 2020)
(Damastuti et al., 2020)
(Delvigne et al., 2021)

Table 6: Extracted information regarding RRT purpose, sample material, and analysis type in reports, conference

proceedings, and papers

reference

reports

(Johnston and Daniel, 1982)
(Kennedy et al., 1983)

(Cools et al., 2003)
(Shakhashiro et al., 2006)
(Cools et al., 2007)

(Ingham et al., 2007)

(Ma&kinen et al., 2008)

(Leivuori et al., 2009)
(Shakhashiro and Toervenyi, 2010)
(Leivuori et al., 2011a)

(Leivuori et al., 2011b)
(Bjorkjof et al., 2013)
(Korhonen-Ylénen et al., 2013a)
(Korhonen-Yl6nen et al., 2013b)
(Leivuori et al., 2013)

(Koivikko et al., 2016)

(Koivikko et al., 2017)

(Leivuori et al., 2017)
(Maunuksela et al., 2018)
(Koivikko et al., 2018)

(Koivikko et al., 2019)
(Oosterlaken-Buijs, 2019)
(Koivikko et al.)

conference proceedings

(van der Sloot et al.)
(Saric and Grzunov)
paper

(Hesbach et al., 2014)
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