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Multivariate ranking problems are characterized by the need of ordering
C different items according to several different features. The multivariate
nature of these problems makes them quite challenging and flexible multi-
variate statistical techniques are therefore required. In this study we focus
on two different scenarios, where we need to rank C different populations.
Under the first scenario, preliminary knowledge about the order of the pop-
ulations is available, while under the second one no information is available.
Two solutions, based on the Nonparametric combination (NPC) technique,
are proposed to deal with these scenarios and two case studies are adopted
to facilitate the comprehension of the methods and to highlights the main
differences between the two considered multivariate ranking problems.

keywords: multivariate ranking, multivariate stochastic ordering, nonpara-
metric combination, permutation test.

1 Introduction

The term ranking problem is used to refer to a wide variety of situations characterized
by the need of ordering C' different items according to one or more features and which
are quite common in many industrial fields. For example, let us consider a new prod-
uct development process and suppose that a company is interested in launching a new
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product with four different available configurations. For the product to be successful,
they essentially need to rank the configurations according to their performances in order
to understand which configurations should be prioritized. Appropriate statistical tech-
niques need therefore to be applied in such situations, so that the first ranking position
can be assigned to the item which significantly outperforms the others, the second one
to the second best item and so on. However, the performance of a product is rarely
defined in terms of a single feature or variable. The term multivariate ranking problem
refers to such situations, in which multiple relevant features need to be considered to
determine a global ranking of the items.

Given the multivariate nature of the problem, multivariate statistical techniques are
required to solve it. Let us consider the basic scenario where we need to order N units
within a sample according to V different features. When V' = 1, a ranking can be simply
derived by computing Zi\i 1 I(X; > X;) for each unit j. When V' > 1, the task becomes
more challenging.

Several visual techniques have been proposed to deal with multivariate scenarios.
Ordination methods (Syms, 2008), which are widely adopted in ecology, have been pro-
posed to display units along a reduced number (commonly lower than 4) of dimensions
(or axes), representing the existing differences between items. The basic idea is to sum-
marize multivariate data by proposing an adequate low-dimensional ordination space
onto which data are projected. The inspection of the resulting plot allows us to study
the relative positions of units in a reduced space. Principal Component Analysis, Prin-
cipal Coordinate Analysis, and Multidimensional Scaling are some popular ordination
techniques (Gower, 1987).

According to Li and Liu (2004), the notion of data depth can also be used to introduce
a natural center-outward ordering of the units in a multivariate sample. A depth value
indeed measure the centrality or the outlyingness of an observed unit x € RY with
respect to its underlying multivariate distribution F. It is therefore possible to associate
a depth value to each sample point and order units accordingly. Data depth is also used
to construct multivariate nonparametric tests (Li and Liu, 2004; Chenouri and Small,
2012; Chenouri et al., 2020).

A different and quite challenging ranking task consists in ordering multivariate pop-
ulations. Corain et al. (2017) widely investigated the problem and identified several
different families of statistical methods proposed to deal with it and among them:

e multiple comparison procedures,
e stochastic ordering techniques,
e selection and ranking methods,
e ranking models.

In this paper we decided to focus on multiple comparison procedures and stochastic or-
dering techniques and highlight similarities and dissimilarities between these approaches.
In particular, we show how multiple comparison procedures rely on the idea of perform-
ing all the possible pair-wise comparisons between populations in order to identify their
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existing order, while stochastic ordering techniques are intended to test a specific or-
der suggested by some a-priori knowledge. In both cases however comparisons between
multivariate samples need to be performed and for this reason the adoption of the Non-
parametric combination (NPC) methodology (Pesarin and Salmaso, 2010; Corain and
Salmaso, 2013; Corain et al., 2014) represents a suitable solution as we are going to show
in this paper.

Section 2 is dedicated to the introduction of the stochastic ordering problem and
the related NPC-based solution. Then, Section 3 provides a solution to the generic
multivariate ranking problem (when no preliminary knowledge is available), based on
the conduction of multiple comparisons through the NPC methodology. Section 4 is
dedicated to a couple of case studies, where the previously introduced techniques are
adopted. Finally, Section 5 is devoted to conclusions and final remarks.

2 Stochastic ordering

Stochastic ordering refers to the specific scenario in which we are interested in evaluating
the existing order among C different populations, but prior-knowledge is available. In
other words, a specific stochastic order is considered and tested by means of appropriate
statistical techniques.

Let us consider two multivariate variables X1 and Xy with distribution function Fy
and F9 respectively. Let V' be the number of components of each multivariate variable.

X stochastically dominates Xo, written X4 g Xy, if and only if E[g(X1)] > E[g(X2)
for each increasing function g : RV — R such that the expectation E[-] exists. It follows
that X; stochastically dominates Xy if and only if Fi,(z) < Fy(z),Vz e R,bv=1,...,V
and 31 : F1,(x) < Fay(x),z € I for at least one v (Scarsini and Shaked, 1990; Corain
et al., 2017).

Let us now consider C multivariate variables X.,c¢ =1,...,C. In a stochastic ordering
problem we are interested in investigating the following system of hypotheses:
Hy:Fi=Fy=...=F_)=F
0 ! 2 (=1 ¢ and at least one strict inequality, (1)
Hi:F1<F;<...<Fc_1) <Fc

where F; < F;, means that X stochastically dominates X, for each j < k. It is worth
noting that Hy implies exchangeability of the data between groups. Under Hy the C-
level treatment yields no effects, so leaving unaffected the distributions (i.e. F. = F,c =
1,...,C), whereas under H1 it can yield non-decreasing non-negative effects.

For the univariate scenario (i.e. V = 1), several different solutions have been proposed
in the literature, such as the Jonckheere-Terpstra test (Jonckheere, 1954; Terpstra, 1952)
and Cuzick’s test (Cuzick, 1985).

The first one is a non-parametric test which involves the conduction of multiple pair-
wise comparisons using the Mann-Whitney test statistic:

nj ng

MW, =" [(Xji < Xgt) + 050(Xjs = X)), ik =1,...,C.j # k
i=1 [=1
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where I[(-) is 1 if condition - is satisfied and 0 otherwise, and n; and ny, are the sample sizes
of group j and k respectively. T7/7 = Z;i;l) chz j+1 MWy is finally used to evaluate
the stochastic ordering problem, adopting critical values provided in the literature for
small sample sizes and a normal approximation for large samples (Jonckheere, 1954).

Cuzick’s test (Cuzick, 1985) firstly assign scores w,. to the C' groups according to
their ordering: 1 to the first group, 2 to the second, and so on. The test statistic
T¢ = Zle weS¢ is then retrieved, where S. is the sum of the ranks calculated within
group c. Finally, the test statistic is commonly standardized so that the distribution of

7€ = (T — u©) /o can be approximated to a standard normal distribution.

Finally, permutation-based solutions involving the Nonparametric combination (NPC)
methodology (Pesarin and Salmaso, 2010) have been proposed in the literature. The
most appealing characteristic of these solutions is that they can be easily extended to
multivariate scenarios, introducing an appropriate decomposition of the hypotheses and
a further combination step.

Let us therefore focus directly on the comparison of multivariate populations. A two-
step decomposition must be applied, with the first split of the hypotheses which is made
in order to test each of the V' different variables marginally (see system of hypotheses 2)
and then the second split which is performed to recreate the conditions of a two-sample
problem (see system of hypotheses 3).

Hy : (Vo—y Hov = Mo—y [Fiv = Fay = Flo-1)p = Fool @)
Hy: UV Hiy = UV [Fro > Fou > - > Fia_1y, > Foul

Hyp : ﬂcC:Q Hoey = ﬂg=2[(F1v == F(c—l)v) = (Fep =+ = Few)]
Hy - UcC=2 Hiey = US:z[(Flv == F(c—l)v) > (Fey =

I
|
J’
e

For each sub-hypothesis Hy.,, the first (¢ — 1) and the last (C' — ¢ + 1) samples are
pooled into two new samples Z7, and Z§, of size N and M respectively, so that a basic
two-sample problem can be addressed:

d
new . 7c & ¢
H 1 2y, = 45,

Ocv

d
Hrew . 78 < 75,

lev

Each sub-hypothesis H{5)" is tested marginally by means of appropriate permutation
tests. It is worth noting that the NPC methodology, due to its conditioning on the whole
sample data X considered as a set of sufficient statistics for the underlying common V-

dimensional distribution F, allows us to implicitly take into account dependency between
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the V' components of the multivariate outcome, permuting rows of the matrix:
Zin Zig o - Z1c1(vf1) 2y
Zyu Zaiz e ZZCVI(V—l) Ziv
Zin  Ziap - Zfz(v_n Ziov
| Zhior Lhige - ZJC\/IQ(Vfl) Zirav
A two-step combination is then performed. Firstly, for each v =1,--- |V the p-values

related to the C' — 1 sub-problems {Hocy vs Hiey}, ¢ = 2,...,C are combined using an
appropriate combining function (). Secondly, the V' combined p-value vectors just
obtained are combined using a combining function é(-), in order to achieve a global p-
value \” which can be compared with the desired significance level o to address system

of hypotheses 1.
The main steps of this approach are summarized by the following algorithm:

1. Forec=2,...,C:

a) Pool the first (¢c—1) and the last (C'—c+1) samples. Z§ and Z§ are retrieved.

b) Apply the test statistic to the pooled sample Z¢ = {Z§,Z5}. The vector

T? = T(Z°) is retrieved.

¢) Forb=1,...,B, retrieve T = T(Z%*), where Z°* is random permutation of
Zc. T b=1,...,B is a random sampling from the permutation V-variate

distribution of T.
[3+2, (T >T9)]
(B+1) ’

d) Estimate marginal p-values as Ao, = Ly (19| Z! /Ze) =
1,...,V and simulate the permutation distributions

~ A 1 bx 7%
Ny = Lo(Ty7| 2] jz) = [zib(gi”l)ﬂ” Lv=1...v,r=1..8

2. Compute the combined second-order tests as 1)) = 1/)(5\11,, e j\cv), v=1,...
* B’

b*

and simulate their permutation distribution as Tg’; = ¢(5\1v, cel 5\1&), b=1,..

v=1,...,V.

V

3. Calculate the combined p-values as \§ = b H(Tfl’}* >T9)/B,v=1,...,V and sim-
ulate their distribution as A} = Y, I(T5* > T0*) /B, r=1,....B,v=1,...,V.

4. Achieve the third-order test as T = 9(5\11”, cee ;\1"[}) and simulate its permutation

distribution as Té’* = G(S\?w, . ,5\[‘)}/’), b=1,...,B.

5. Compute the global p-value as \? = S T > T8)/B.

When applying such a procedure, the user needs to make three fundamental choices

of:
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e the test statistics T,,(), v=1,...,V
e the first combining function v (-)
e the second combining function 6(-)

With regard to the test statistic, a popular solution is the modified Anderson-Darling
test statistic proposed in Arboretti et al. (2021) and Pesarin and Salmaso (2010). It is
important to highlight that the combining functions must have the following properties:

e be non-increasing in each argument
e attain their supremum when at least one of their arguments attains 0

e provide a critical value which is finite and strictly smaller than the aforementioned
supremum value

e have convex rejection regions (Birnbaum, 1954; Birnbaum et al., 1955)

Widely investigated combining functions satisfying all the previous conditions are in
particular Fisher’s —2 - )" log()\,) and Tippett’s maxi<,<v (1 — Ay) where A,, v =
1,...,V is the vector of p-values to be combined.

3 Ranking of multiple populations

In this section we focus on a scenario in which we are interested in ranking C' dif-
ferent multivariate populations with respect to V' marginal variables when C samples
X1, .., X¢ are drawn from C populations and no preliminary knowledge on underlying
distribution F is available. In other words, we want to estimate the relative ordering
of each population when compared among all other populations which is defined as

ri=r(X) =14 I(X; i Xk), j=1,...,C where I(-) is 1 if condition - is satisfied
and 0 otherwise. This definition (Gupta and Panchapakesan, 2002) of rank recalls the
concept of stochastic dominance and is based on the idea of pairwise counting how many
populations are stochastically larger than that a specific population. An alternative

. . . . d
definition proposed in Corain et al. (2017) is 7; = 1+ #{(C — >, ; I(X; > Xj)) >

(C =3 ey UKy i Xk), i=1,...,C, 5 #3'}, 5=1,...,C, where #{-} counts the
number of times - is true. In this case we simply pairwise count how many populations
are stochastically smaller than a given population. The same ranking is achieved inde-
pendently of the chosen definition of rank, but the first one involves moving from from
the best to the worst population in a downward fashion while the second one from worst
to best in an upward fashion. To distinguish the two different definitions, we are now
going to use er for the first one and TJU for the second one.
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Let us consider a dummy example. Let I' be the matrix in which each cell I'j; contains

d
the result of I(X; > X},) and be:

e 1 1
0O e O
0 0 e

It is immediate to see that ’I”JD are essentially found as 1 plus the column-wise sums of
T,sothat P =14+0+40,7 =1+1+0, and 7 =1+ 1+ 0 (bullets are ignored).
The downward ranking is therefore (1,2,2). On the other hand, according to Corain
et al. (2017) TJU can be estimated by subtracting the row-wise sums of I' to C, so that
'rf) =3-1-1, TQD =3—-0-0, and 7"3D =3 —0—0, and the upward ranking is again
(1,2,2).

Multivariate directional pairwise comparisons need to be performed to estimate pop-

ulation ranks and in particular to assess I(X; i Xk),j # k,j,k=1...,C. Tt is worth
noting that in this case we do not have any a priori knowledge about the real ordering
among the C' multivariate populations, differently from the typical stochastic ordering
problem.

For each pair (X, Xj), we need therefore to evaluate the following system of hypothe-
ses:

H(()j’k) : X]’ i X

(5,k) d Jk=1...,C j#k (4)
2P xS X,

To do that, the NPC methodology could again represent a useful solution. We start
by decomposing system of hypotheses 4 as follows:
ke 1% d
H(()f; ) : nv:I(XjU = Xkl))

: d
HIP Y (X > Xio)

v=1

jk=1,....C, j£k v=1,....V (5)

For each pair (X;, X},), we then apply the following algorithm:

1. Apply the test statistic to the pooled sample Z = {X;, X} and achieve the vector
T° = T(Z).

2. For b = 1,..., B, retrieve T* = T(Z*), where Z* is random permutation of Z,
so that a random sampling from the permutation V-variate distribution of T is

obtained.

3. Compute 5\U = [%+Z,()11;(If;‘zT5)]7 v = 1,...,V and simulate their permutation
distribution AT* = [%@b(gﬁ?”*)], v=1,....V,r=1,....B.

4. Combine p-values to achieve a second-order test 79 = w(jq, e ,S\V) and simulate

its permutation distribution as sz* = @ZJ(}\I{*, e 5\1"}‘), b=1,...,B.
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5. Achieve the global p-value as AUF) =3~ ]I(sz* >T3)/B.

Again, key aspects are the choices of appropriate test statistics and combining function.
A matrix of p-values A can therefore be achieved:

T . 312 j@e-) 31O T
@20 o o jec-1) 320
A= - e e
A(C-11)  j(C-12) o A(C-1,0)
J(CD) (2 I {(eXeR o

where AF) refers to the alternative hypothesis X g Xk

Given that C' x (C — 1) one-sided pairwise comparisons are performed via p-value
statistics, we need to properly control the global type I error. The multiplicity issue
indeed occurs in case of simultaneous testing when multiple statistical tests are jointly
considered. In particular, we need to apply appropriate techniques to control the family-
wise error rate, i.e. the probability of committing at least one type I error (Shaffer, 1995;
Pesarin and Salmaso, 2010). To this aim several methods have been proposed in the
literature, which are commonly grouped into single step (such as Bonferroni’s) and step-
down procedures (such as Holm’s) (Ge et al., 2003).

After applying one of these procedures, a matrix of adjusted p-values Ayq can be
achieved. Let « be the chosen significance level, then a matrix of significances € can be
computed:

T . L2 Lae-n ,010) ]
L2 . L2y 20
L(C-11)  (C-12) o (C-1.0)
L@ (C2) (C.C-1) o

where wUHk) = [(AGK) < $). This matrix synthesize results from all multivariate direc-
tional pairwise comparisons and can be used to estimate rankings.

The downward ranks r]D can indeed be estimated by f‘JD = 1+Zk0:1 whd) j=1,....C
and the upward ranks r]U by f]U =1+ #{(C - 25:1 Wk > (C - chzl WU k) gt =
1,...,C, 5 #34'}, j=1,...,C. These estimates are achieved by counting how many
times the jth population is significantly stochastically smaller (for downward ranks) or
larger (for upward ranks) than the other populations at the chosen significance level.

Although ij and f’jU lead to the same ranking under many scenarios, sometimes the
so called intransitivity issue occurs (Corain et al., 2017; Arboretti et al., 2014), with
possible inconsistencies arising from pairwise results which may pose serious problems
in the ranking estimation. This results in fJD and f]U not matching and to overcome this
issue Corain et al. (2017) suggests a revised ranking estimator 7; = 1 + #{(PJD + fy) >
(PP +7Y), k=1,...,C, j £k}, j=1,...,C, which essentially is an average rank from
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the ranks derived from the countings of the significant observed stochastic inferiorities
and superiorities.

7j can therefore be used to solve the problem of ranking C different multivariate
populations addressed in this section.

4 Explanatory case studies

A couple of case studies are considered in order to show potential applications of the
aforementioned techniques through real-world ranking problems.

4.1 Case 1

The first case refers to the analysis of customer satisfaction data. It is well known that
packaging plays a fundamental role in protecting and preserving the quality of the food
or beverage stored within it. Packages used to store wine can be made of different
materials such as glass, plastic, aluminum, and plastic covered paper. In this study we
wanted to evaluate customer satisfaction towards four types of packaging (i.e. Prodl,
Prod2, Prod3, Prod4), using a specific type of wine.

Several individuals were asked to answer an online questionnaire, with 517 of them
accepting this task. A selection-biased sample was therefore collected and the related
inferences are to be taken with some cautions. They were thereafter asked to rate a prod-
uct (randomly chosen among the four possible ones) from 1 (= bad) to 5 (= extremely
good) in terms of several key aspects. After receiving the product, the participant tested
and evaluated it and nine different key performance indicators (KPIs) were considered,
including purchase intention, overall quality, and specific evaluations of the color, the
flavor, and the taste of the wine. The company was then interested in ordering the four
types of packaging according to their global performances and this was non other than
a multivariate ranking problem.

To answer to this request, we decided to rely on the aforementioned NPC-based ap-
proach. We decided to adopt the modified Anderson-Darling test statistic to perform

d
each pair-wise comparison X, > Xp,, 5,k=1,...,C, j#k, v=...,V:

Tijyk) = Zjil[pkv(xzkv) - F}'v(XijU)]/{FU(ZiU)[l B FU(ZZU)]}%

where Z, = {:va,ka} is the pooled sampleA of size N = n; + ng, n; and ny are
sample sizes, Fj,(t) = Y00 I(Xij0 < t)/nj, Frp(t) = S0 1(Xigw < t)/ng, Fy(t) =
sz\i I(Ziy <t)/N, and t € R!. Fisher’s combining function was used, the Bonferroni-
Holm-Shaffer method (Shaffer, 1986) was adopted for multiplicity adjustment and the
number of permutations B was set to 2000.

The descriptive analysis showed that Prod1 appears to be substantially outperformed
by the others (see Figure 1). Additionally, Prod2 appears to have slightly better perfor-
mances than the remaining ones.

The adoption of the NPC-based ranking procedure provided us with the p-values re-
ported in Table 1 and the adoption of the Bonferroni-Holm-Shaffer adjustment produced
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the adjusted p-values in Table 2. We can see that Prod2 significantly outperforms all the
other products, while Prod3 and Prod4 perform better than Prodl. Estimating rankings
according to the aforementioned three different approaches (see Table 3), we can see that
they all agree and assign the first position to Prod2, the second position to Prod3 and
Prod4, and the last position to Prodl. In other words, the adoption of the multivariate
ranking procedure introduced in Section 3 allowed us to order the four types of packaging
according to their overall performances from best to worst. The company was therefore
able to choose the best innovative packaging to be launched into the marked.

Cad bl

14 e e o [ ] o e ® e o

Xjs Xis
5.
* Product
4
Prod1
. B3 Po
;3“ 3 ° - Prod2
Prod3
2 o o e o ° '
- Prod4
1 e o ° °
Xis X
5.
4- F”
3.
2 e o o e o o
[

Figure 1: Box-plots: case 1.

Supposing then that the order X p;.oq1 % X Prod3 % X pProda % X prog2 (with at least one
strict inequality) was known a-priori, we applied the NPC-based procedure for stochastic
ordering problems.

To this purpose, we used again the aforementioned Anderson-Darling test statistic
and a number of permutation equal to 2000. The achieved p-value was smaller than
0.001 and therefore much smaller than the chosen significance level 0.05. Evidence was
found in favor of the proposed stochastic order.

It is worth noting that in this case we know that at least a strict inequality (i.e.

d
X; < X;) holds, but we cannot exactly state which of the inequalities are strict. The
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Table 1: P-values table: case 1.

Prodl Prod2 Prod3 Prod4

Prod1l

. 1.000 1.000  1.000

Prod2 | < 0.001 ° 0.001  0.005
Prod3 | < 0.001 0.996 ° 0.457
Prod4 | < 0.001 0.996 0.588 .

Table 2

: Adjusted p-values table: case 1.

Prodl Prod2 Prod3 Prod4

Prod1l
Prod2
Prod3
Prod4

. 1.000 1.000 1.000
0.003 ° 0.006 0.015
0.001  0.996 ° 1.000

0.001  1.000 1.000 .

Table 3: Estimated ranking: case 1.

Prodl Prod2 Prod3 Prod4

ij 4 1 2 2
@D 4 1 2 2
i 4 1 2 2

333
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ranking procedure by Arboretti et al. (2014) on the other hand allowed us to describe
the existing relationships between samples in a more detailed way, showing which types
of packages were perceived in a similar way (i.e. Prod3 and Prod4) and which not.

4.2 Case 2

The second case study refers to the analysis of laboratory data. Four different formu-
lations of a pharmaceutical product were evaluated through multiple laboratory experi-
ments in terms of six different KPIs: three measures of its effectiveness on a scale from 1
(= totally ineffective) to 10 (= completely effective) and three measures of the severity
of three possible side effects on a scale from 10 (= low) to 1 (= critical) were considered.
The final data set contained twenty observations per formulation. The four formula-
tions were characterized by an increasing amount of a specific active ingredient which
was expected to have a positive impact on the global performances of the product, i.e.

Xy % Xs % X3 % X4 (with at least a strict inequality) was expected. In other words,
we had a typical stochastic ordering problem and we needed to confirm the expectations
of the company (i.e. we had a-priori knowledge about the ordering).

To test the hypothesis of interest, we decided to rely on the aforementioned NPC-based
procedure for multivariate stochastic ordering problems. Again, a modified Anderson-
Darling test statistic was adopted, so that for each of the C — 1 iterations in the first
step of the algorithm presented in Section 2 we used:

T =3 U (Z,) — B0 AFS(Z5)[1 — FS(Z5))),
where ¢ = 2,...,C, Z5 = {Z5,, Z5,} is the pooled sample of size N + M, N and M
are sample sizes, F{,(t) = SN 1(Z5, < t)/N, 5 (t) = M 1(Z5, < t)/M, F(t) =
ZZ]\Q{M I(ZE <t)/N + M, and t € R. Fisher’s combining function was used as 6(-) and
Tippett’s as ¢(-). The number of permutations B was set to 2000. In this case we decided
to report also the partial p-values (i.e. indications about the stochastic ordering are
provided for each single KPI) and for this reason we had to address the multiplicity issue
by applying the MinP Bonferroni-Holms adjustment described in Pesarin and Salmaso
(2010).

Figure 2 appears to confirm the expected order, with Form4 (i.e. the one with the
highest amount of the active ingredient) outperforming the others. The only exception
is X5 for which an odd behavior can be seen.

The application of the NPC-based technique provided the partial (adjusted) and global
p-values reported in Table 4. It is possible to see that the only non-significant p-value is
5\?’(1 4> confirming the different order observed for X5, j =1,...,5. Overall, it appears

that data support the expected X; % X % X3 % X4 (with at least a strict inequality)
and the positive impact of the active ingredient of interest.

Supposing then that we had no information about the expected order, we applied
the NPC-based multivariate ranking procedure. To this purpose, we used again the
aforementioned Anderson-Darling test statistic and a number of permutation equal to
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Xi2
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°
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-
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Figure 2: Box-plots: case 2.
Table 4: P-values table: case 2 - stochastic ordering.
G G NG G XJ 30
)\1 adj )\2,adj /\3,adj )\4 adj )\S,adj A
< 0.001 | <0.001 | <0.001 | <0.001 | 0.241 | < 0.001
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Table 5: Adjusted p-values table: case 2 - multiple comparisons.

Forml Form2 Form3 Form4
Form1 ° 1.000 0.998  1.000
Form?2 | 0.154 ) 1.000 1.000
Form3 | 0.003  0.015 ° 0.831
Form4 | 0.001  0.001  0.099 °

Table 6: Estimated ranking: case 2.

Forml Form2 Form3 Form4
I 3 1 1
P 3 3 1 1
T 3 3 1 1

2000. Bonferroni-Holm-Shaffer adjustment was adopted to deal with the multiplicity
issue.

Adjusted p-values related to the performed multiple comparisons are reported in Table
5. The results of the estimation of rankings according to the presented three different
approaches are displayed in Table 6. It appears that the pair of formulations with
the highest concentration of the active ingredient (i.e. Form3 and Form4) significantly
outperformed the remaining formulations, while no significant differences were detected
between Form1l and Form2 and between Form3 and Form4.

Again, the NPC-based solution to the multivariate stochastic ordering problem al-
lowed us to confirm the supposed order, but the ranking procedure allowed us to better
appreciate pair-wise differences between formulations.

5 Conclusions

Multivariate ranking refers to problems where the main interest is to assess the existing
order among C' different items in terms of multiple features. This is a quite common
task which is relevant in a wide variety of fields. Multivariate ranking however is a
generic term which includes many different scenarios and in this paper we decided to
consider two of them in which populations need to be ranked, highlighting differences
and similarities.

Under the first scenario we suppose to have preliminary knowledge about the ranking
of the populations and to be interested in testing this specific stochastic order. This
is called a stochastic ordering problem and a solution based on the NPC methodology
(Pesarin and Salmaso, 2010) was proposed.

The second considered problem was characterized by the absence of a-priori informa-
tion, so that the conduction of multiple pair-wise comparisons was required. To solve this
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challenge, we suggested the adoption of the NPC-based solution proposed by Arboretti
et al. (2014) and widely described in Corain et al. (2017).

The differences between these two multivariate ranking problems were then highlighted
by means of two different case studies. The analysis of real-world data allowed us to
better illustrate the proposed procedures and show how the use of the NPC methodology
should be considered to deal with such multivariate problems.
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