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EVALUATING THE LEVEL OF INTERNATIONALIZATION
OF SCIENTIFIC INSTITUTIONS IN THE PRESENCE OF MISSING DATA

The article is devoted to a detailed analysis and solution of the problem of evaluating the level of
internationalization of scientific institutions in situations where primary statistical data are incomplete or
partially unavailable, which significantly complicates the construction of objective and correct ratings.

The level of internationalization is defined as a complex multidimensional, composite indicator formed
by hierarchical aggregation of numerous indicators, the calculation of which in conditions where data is
incomplete should remain logical and motivated. The authors propose a clear distinction between two types
of unknown information: missing data, when the indicator can be determined in principle, and unavailable,
when due to the specifics of the activity, the object is not comparable with others by a certain indicator (one
or more). A formalized apparatus for describing the data structure is introduced using special notations for
complete indicators, indicators with missing values, with unavailable values, and mixed cases. A system of
requirements in the form of predicates has been formulated that guarantee the correctness of the restoration
of omissions, the exclusion of the possibility of a rating shift, and the preservation or improvement of the
positions of non-comparable institutions after taking into account indicators — sources of incomparability.
Analysis of possible cases of incompleteness of the source data allowed us to identify nine patterns relevant to
the rating task, which became the basis for the classification of tasks and methods for constructing a rating,
covering both cases of complete data (“Trivial”) and situations with missing data (“Multiple Regression”,
“Multiple Imputation”), with non-comparable objects (“Ordinal Statistics”, “Merge Partial Ratings”), as
well as generalized methods of step-by-step reduction of the task to simpler ones (“Inc-Reduction”, “MixI-
Reduction”, “Mix-Reduction”, “Gen-Reduction”). As a result, a conclusion is made about the sufficiency
of the developed conceptual apparatus for formalizing the rating task in conditions of incomplete data, the
features of data recovery procedures when solving rating tasks and their difference from similar tasks when
studying the general population are determined, clear requirements for methods in the form of predicates are
formulated, and a systematic classification of methods is provided.

Key words: internationalization of scientific institutions, evaluation of the level of internationalization,
data pattern, missing and unavailable data, composite indicators, architecture of the software system, software
engineering.

Formulation of the problem. Evaluating the
level of internationalization of scientific institutions
is a well-known problem [1, 2] due to the complexity
and comprehensiveness of the concept of internation-
alization, which makes it difficult and ambiguous to
choose a system of indicators. The large number of
indicators needed to calculate the final evaluation of
the level of internationalization causes the construc-
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tion of a hierarchical structure. That is, the level of
internationalization is calculated as a composite indi-
cator by aggregating, most often as a weighted sum,
dimensions (categories, policies). Each of the dimen-
sions is also calculated as a weighted sum of either
lower-level dimensions (subcategories), or directly
primary indicators, which, in turn, are obtained on the
basis of normalized primary (raw) data [3].
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Analysis of recent research and publications.
The practice of performing statistical research is
faced with the standard problem of missing data — the
absence of values of some variables (factors, indi-
cators). Typification by the reason for missing data,
presented in [4] and described in detail, in particular,
in [5], involves missing at random (MAR), missing
completely at random (MCAR) and missing not at
random (MNAR). The specified mechanisms of miss-
ing data describe the relationships between the meas-
ured variables and the probability of missing data and
function as assumptions for the analysis of missing
data. In particular, MNAR also involves intentional
missing data, well known from the tasks of designing
fractional factorial experiments. However, all of the
listed types of missing data assume that missing data,
although not actually known, could, in principle, be
measured. Or, in other words, all objects in the sam-
ple are comparable.

However, there are known precedents when a
ranking is built on the basis of composite indicators
when evaluating scientific institutions, despite the
incomparability of some of them with the rest. Per-
haps the most famous example is the incomparability
of universities such as the London School of Eco-
nomics with the rest of universities according to the
N&S indicator of the Shanghai University Ranking,
where missing values (Nothing/NA) are interpreted
as a value of 0, and the weight of the indicator is dis-
tributed between the weights of other primary indi-
cators [6].

So, not many works have been devoted to the anal-
ysis and solution of the problem of assessing the level
of internationalization of scientific institutions in sit-
uations where primary statistical data are incomplete
or partially unavailable [7, 8]. And even fewer works
[9, 10] have been devoted to solving the problems of
developing effective software for assessing the level
of internationalization of scientific institutions in sit-
uations where primary statistical data are incomplete
or partially unavailable.

Task statement. The purpose of this article is to
define a set of concepts necessary for the formal rep-
resentation and classification of tasks for constructing
a rating by composite indicators in the presence of
unknown data, that is, in the presence of missing and/
or unavailable data.

Outline of the main material of the study. To
achieve the goals, first of all, a specialized notation
was developed and proposed. Then, with its help,
the task of constructing ratings was formalized. This
allowed us to formulate the principles of constructing
and aggregating composite indicators. The final stage

was the creation of a classification of ranking meth-
ods based on data patterns.

Used notation. Unknown data we will classified
as either missing or unavailable.

Let the desired composite indicator of the i-th
institution U, be calculated as the sum of the values
x,; for n indicators of the previous level:

I, = lei, J (1)

Without loss of genejrality, we will consider x; ; as
already weighted values. Then the required data can
be represented as a matrix X = (X;,X,,...,X,), where
X, is a vector of (weighted) values of the j-#/ indica-
tor of the previous level.

To represent data formed by some of the vectors —
components of the matrix X , we will use the notation
XV For example, X*¥, X" mean matrices
(X,,X;) and (X, X,,X;,X,), respectively. All vec-
tors of the matrix X, except for < j,,j,,...>, will be
denoted as X "/ The number of matrix compo-
nents will be denoted by vertical bars, then |X|=n,
‘x<1,3>‘ =2, ‘x(l—3,6>‘:4 '

Since some data may be unknown, in the future we
will distinguish between missing and unavailable data,
indicated in Figure 1, respectively, missing — with the
symbol ‘?’, unavailable — with the symbol “*’.

Missing data are those x, ;, k € {i;,iz,...} Whose
values are unknown, but it is known that institutions
U, perform (can perform) the activity assessed by the
Jj-th indicator. Denote the j-th indicator, some of the
values of which are missing, by X" .

Unavailable data are those x,;, k€ {iyiz...}
whose values are unknown, but it is known that insti-
tutions U, , due to their specificity, cannot perform
the activity assessed by the j -tk indicator. Then such
institutions are incomparable among themselves and
with other institutions by the j-t4 indicator. The set
of such institutions is denoted by U™, and the j -th
indicator, some of the values of which are unavail-
able, by X ™. The set of incomparable institutions
is denoted by U™, and comparable institutions by
e

Some indicators may contain unknown data, some
of which are missing data, and some are unavailable.
We will denote such indicators with the superscript
mix-X ™.

We will denote each j-th indicator for which all
data are known as X ;" and call it complete.

Figure 1 shows the general data pattern for n
indicators, among which two are complete X,“" and
X, one with missing data X,"*, one with unavail-
able data X, ;" and one, X,”, in which some of the
data is unknown, some is unavailable. In the general

ISSN 2663-5941 (Print), ISSN 2663-595X (Online)

285



Bueni sanucku THY imeni B.1. Bepnaacbkoro. Cepis: Texniuni Hayku

case |Xj“'m| >0, iji” >0, |in"" >0, Xj'"ix >0, ie.
the number of complete indicators, indicators with
missing and unavailable data, and indicators with
missing and unavailable data can be arbitrary.

We will also say that the data X form
the set My = My UM,™SyM™, where
M, M M, M ™ are subsets for the observed,
missing, unavailable and imputed (recovered) data.
The set of data that is unknown for any reason will be
denoted M, (unobserved) with the obvious equal-
ity Mot = M, UM, e, Let M, be the set
of data by which the institutions are comparable, i.e.

excludir y 2 oy x Xn‘) in xX,™.
X7 X X3 e X X

-

? o
*

?

* ?
.

? H
? ?

Fig. 1. Data pattern

The task of constructing a rating for N institu-
tions means ordering them according to a certain rule,
that is, assigning an integer number (ranking place)
to each institution U, for all n indicators, taking into
account the conventional principles and assumptions:

Rank : ((xl-,l,xi_z ..... xi,n),P) -{1,2,..., m}, 2)
where P={p,,p,,...p,} 1s a set of conventional princi-
ples in the form of predicates.

Note that in the case where all data are known,
M=o (le. M/ =0, M/ =0 and M, =0),
the value of the top-level composite indicator /; is
trivially calculated by (1), and the ranking:

Rank : ((xm,xiyz ..... xl-,n), P) = Rank: (I, ) - {1,2,..., m}s (3)
is reduced to ordering m real numbers in descend-
ing order by the usual comparison relation > (or >)
of real numbers with the assignment of a rating of /
to the largest value of /;. The use of the underscore
symbol instead of P is due to the unnecessary need
for a set of predicates in this case.

We will call such a method (rule) of calculating
the rating trivial, since its application does not require
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either data imputation or the use of any specific con-
ventions.

Used principles to construct a rating by aggregat-
ing composite indicators. Let a given sample of m
institutions U, , i €[1,m] whose activity is represented
by a vector random variable X = (X,,X,,...,X,) with a
distribution density f(6) = (fi(61), f2(62),..., fn(6n)). If
U™ # @, then indicators with indices, for example,
k = {j,,j,} according to which there are incomparable
institutions in the sample, will be considered random
variables with a conditional density £, (6,) of the dis-
tribution of only comparable institutions.

To build a rating, in general, there is no need to
determine the nature of the distribution and find an
unbiased and effective estimate 4 = (4,,...,d,), since
the task of studying the general population of institu-
tions is not set.

Instead, to build a rating, the following tasks are
solved:

1) restoring M"" using the statistical model M*”
built on observed data:

Vo €My i x;; = o(Mx°",B,P), 4

where ¢ — statistical model, B = (g.,8,....8,) —

parameters of the statistical model, P — set of pre-
dicates;

2) determining the rating itself based on (2).

Further consideration will be carried out on the
basis of the principles, which we will present in the
form of a set of predicates P={p,,p,,ps, P4, Ps} :

p,: vectors X, are numerical, i.e. each value x, ;
is a real number;

p,: data M,*” satisfy the requirements necessary
for the application of statistical data recovery proce-
dures, see e.g. [4, 5];

D, : data recovery is a deterministic process. That is,

if for any two institutions U, and U, the observed data

coincide, then the recaveraed data wnll q]an,{‘nin"ide:
k: Xy € My'™ & xg) € My'™

VT X € My%" & xg) € My, 10

Xrw = Xsg = Xr gk = Xsk
p,: the weighted sum of each of the incompara-
ble institutions U, should not deteriorate due to the
evaluation by the indicators X, and X, :

VUEUM V) & (X; # XM& X; # X™iX)
=(0< Rank([ximp<j>]) — Rank(Xinp) < €)

where £>0, [X ,.mp“q is a matrix with vectors by
which all institutions are comparable;

ps: the set of incomparable institutions does not
contain subsets with respect to comparability. In other
words, all incomparable institutions are incomparable

by the same list of indicators:



IndpopmaTuKa, 06uKCII0BaIbHA TEXHiKA Ta aBTOMAaTH3aLlis

VU EUM v : X=XV =X = U =U"

The first two predicates p, and p, are non-spe-
cific and provide the usual requirements for statistical
procedures.

Predicate p, — is specific for rating construction,
since it makes it impossible for two institutions with
identical sets of observed data to receive a higher ra-
ting than the other. That is, its purpose is to prevent
rating bias. Since the rating is built on composite indi-
cators with data recovery, the predicate is formulated
in terms of the imputation process.

The purpose of the specific predicate p, — is to
compensate for losses in the assessment of incompa-
rable institutions due to the use of indicators X, and
X", which causes incomparability.

Predicate ps provides a rational application of p,,
because if (Uinc = pincl y Uincz) & (Uincl +* Uincz)’
then compensation for losses ceases to be obvious
and justified, or even possible.

Classification of ranking methods based on
data patterns. As noted above, determining the ra-
ting involves restoration (imputation), the determina-
tion of the rating involves restoring (imputation) the
M, data by (4) and calculating the rating accor-
ding to (2). Since the restoration (imputation) of the
data depends significantly on the data patterns, the
methods for calculating the rating can also be clas-
sified according to the pattern corresponding to the
data X .

Table 1 lists the data templates and names of me-
thods that are proposed and suitable for use.

As already mentioned, in the case where all insti-
tutions are comparable (M, =0, M, =©) and
there is no missing data (M," =), the values of
the top-level composite indicator /; are trivially cal-

i

culated by (1), and the ranking by (3). Therefore, we
call this method “Trivial”, see No. 1 in Table 1. Its
application does not require either data imputation or
the use of specific conventions P3,P4+ and Ps.

In the case when all institutions are comparable,
but there is missing data, the “Multiple Regression”
or “Multiple Imputation” methods are used, see me-
thods No. 2 and No. 3 in Table 1, depending on the
number of indicators with missing data.

Building a rating by method No. 2 and all sub-
sequent ones, since they involve restoration, requires
checking the truth of the predicate p, .

If there are incomparable institutions among the
institutions, but there is no missing data, then me-
thods No. 4-6 are used, depending on the number of indi-
cators X" and the accepted value in the predicate p, .

If the number of indicators for which there are
incomparable institutions is more than one, then
requirement p; must be met.

The “Ordinal Statistics” method guarantees,
according to the predicate p,, that the rating of
non-comparable institutions can remain unchanged,
or increase after taking into account the indica-
tor X" . In contrast, the “Merge Partial Ratings”
method guarantees that taking into account the indi-
cator X" will not change the rating of non-compa-
rable institutions.

The name of the “Inc-Reduction” method is used if
the number of indicators X, is more than one and indi-
cates that it can be reduced to methods No. 4 or No. 5.

Similarly, the “Mixl-Reduction” and “Mix-
Reduction” methods are used if all missing and una-
vailable data are in the indicators X, . As the name
implies, they can be reduced to the previously men-
tioned methods.

Table 1

Classification of rating methods

No Data pattern Method
1 M =@ Trivial
2 . . , X [=1 Multiple Regression
MmISS ¢ @ MIYIC — @MW!DC — @ .
3 ‘X > Multiple Imputation
4 _ 20 Ordinal Statistics
. . . ;7[> O ——
5 |M™s= =@ M =@M =@ e=0 Merging Partial Ratings
6 X [>1 Inc-Reduction
7 ‘ | | |x =1 Mix-Reduction
Mml.\'s — @ MInC — @M”IL’C ¢ @ )
8 X [>1 Mix-Reduction
9 M"™ 20 M™ 20M™ 0 Gen-Reduction
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Finally, the “Gen-Reduction” method provides
for the construction of a rating in the most general
case by sequential reduction to the already mentioned
methods.

Conclusions. The article is devoted to a detailed
analysis and solution of the problem of assessing the
level of internationalization of scientific institutions
in situations where primary statistical data are incom-
plete or partially unavailable.

The proposed set of concepts is sufficient for a
formal representation of the problem of constructing
a rating by component indicators in the presence of
unknown data.

Differences in solving data recovery problems are
identified for the cases of: a) constructing a rating;
b) studying the general population using sample data.

Requirements for rating construction methods in
the form of predicates are formulated.

A classification of rating construction methods
based on a data template is carried out.

The results obtained in total will allow creating
an effective software architecture that will help solve
the problem of assessing the level of international-
ization of scientific institutions in situations where
primary statistical data are incomplete or partially
unavailable.
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Crarneka 0.1, Henamkiebkuii O.J1., Minmzions Y. OIITHKA PIBHS IHTEPHAIIIOHAJIIBAIII
HAYKOBHUX YCTAHOB 3A HAABHOCTI BIACYTHIX JAHUX
CmammsanpucesdenaoemaibHOMy AHANIZY MA BUPIULEHHIO NPODIeMU OYIHIOBAHHAPIGHAIHMEPHAYIOHANI3aAYiT
HAYKOBUX YCIMAHO8 Y CUMYAYisiX, KOIU NePEUHHI CIAmMUCMUyHi OaHi € HeNOBHUMU AOO HACMKOB0 HeOOCHYNHUMU,
WO Cymmeso YCKIAOHIOE N0OY008Y 00 EKMUBHUX [ KOpeKmuux petmuneie. Pieens inmepuayionanizayii
BUBHAYAEMbCA K CKAAOHUL 6A2amoSUMIPHUL, KOMNOUMHUL, NOKA3HUK, WO (DOPMYEMbCA 3d 0ONOMO20H
iepapxiunoi azpezayii uucieHHUX IHOUKamopie, 00UUCIeHHAAKO20 8 YMOBAX, KOJIU OAHI He NOBHI, MAE 3ANULUATNUCS
JLO2IYHUM | BMOMUBOBAHUM. ABMOPU NPONOHYIOMb YiNKe PO3MENCYBAHHA 080X MUNIE He8i0oMOI iHpopmayii:
8i0cymHi OaHi (missing), Koau NOKA3HUK Modice Oymu 8usHayeHull y npuHyuni, ma nedocmynui (unavailable),
Konu uepe3 cneyu)ixy OisLIbHOCMI 00 ’€Km He Nioaseac NOPIGHAHHIO 3 THUWUMU 3a NeBHUM [HOUKAMOPOM
(00HuM uu Oinvute). 3anposaddiceHo Gopmanizosanull anapam onucy CMpYKmypu OAHUX 3 UKOPUCHIAHHAM
CneyianbHUX No3Hauensb 0jis NOGHUX [HOUKAMOPI8, IHOUKAMOPI6 3 BIOCYMHIMU 3HAYEHHAMY, 3 HEOOCTYRHUMU
3HaueHHAMU ma smiwanux eunaoxie. Chopmynvosano cucmemy umoe y hopmi npeouxamis, wo 2apaHmyoms
KOPEKMHICMb GIOHOB/IEHHS NPONYCKIB, SUKIHOYEHHS MONCIUBOCTI 3MIUeHHs pelimunzy ma 30epedceHus: abo
NOKpAujeHHs: NO3UYill HeNOPIBHIOBAHUX YCHAHO8 NICISl 8PAXYBAHHA NOKA3HUKIE — Odcepell HeNnOpPIGHAHHOCHII.
AHaniz MO#CIUBUX BUNAOKIE HENOBHOMU BUXIOHUX (Source) OaHUX 0036801U8 BUABUMU 0€8 SAMb PeleBAHMHUX
3A680AHHIO PeliMUHZYBAHHSA NAMEPHI8, AKI CMaiu OCHO80W Kiacugixayii 3a60anb ma memooie nodyoosu
pelmuney, wo oxonue aK sunaoku noswux oanux (“Trivial”), max i cumyayii 3 nponywenumu (“Multiple
Regression”, “Multiple Imputation”), 3 nenopisurosanumu 06 exkmamu (“‘Ordinal Statistics”, “Merge Partial
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Ratings”), a makooic y3aeanvheni memoou noemannozo 36edenns sadaui 0o npocmiwux (“Inc-Reduction”,
“Mix1-Reduction”, “Mix-Reduction”, “Gen-Reduction”). ¥ niocymxy 3pobieno 6ucHo8ok npo 00CmamHicms
PO3pobreHo20 nouAmiluHo2o0 anapamy Ois opmanizayii 3a0aui petmuHey8anus 6 YMO8ax HenoGHOMU
OaHUX, BUSHAYEHO 0CODIUBOCMI NPOYEOVD GIOHOGIEHHS OAHUX NPU BUPIUEHHT 3a60alb PeUmuney8anHs ma ix
BIOMIHHICIDb 810 AHANOLTYHUX 3A60AHb NPU GUEUEHH] 2eHEPATIbHOI CYKYNHOCMI, COPMYIbOBAHO YImKi GUMO2U
00 Memodig y (opmi npeduxamis i Ha8eOeHO CUCMEMHY KI1ACUpiKayio memoois.

Kniouoei cnosa: inmepnayionanizayis HayKo8ux yCmaHnos, OyiHKa pieHs iHmepHayionanizayii, cmpykmypa
Oanux, 6IOCYmHI ma HeOOCMYNHi OAaHi, KOMNO3UMHI NOKA3HUKY, apPXIMeKmypd HNpOSPAMHOI cucmemu,
NpOCPaMHa IHJICEHEPIA.
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