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remains today the predominant model in portfolio selection. Having endured many criticisms
over this period, the one that has perhaps been the most persistent is the fact that mainstream
mean-variance theory is unable to accommodate additional criteria beyond expected return
and variance. With investment decision-making having become more complex, this is a real
problem as many problems with additional criteria exist and are only increasing in number and
importance. In this paper, we review the papers that have been published that apply methods
and procedures in an exact (as opposed to evolutionary) sense to address problems in portfolio
selection with criteria beyond mean and variance. We also analyse the methodologies that allow
the solution of the problem in a multiple criteria context, thus extending the features of the
mean-variance approach that have caused portfolio theory to have such impact.

1. Introduction basket”, there was no agreement about what exactly con-
stituted diversification or ways to measure it. Moreover,
the terms efficient portfolio and optimal portfolio had not
become common terms yet. Consequently, at the time,
finance had not yet entered the analytical age.

Finance’s status as a decision science only dates back to
the 1950s with the publication of the paper on portfolio
selection by Harry Markowitz (1952). This paper totally
transformed the field of finance. Portfolio selection is
concerned with the construction of investment portfo-
lios containing many securities. In portfolio selection, 2. Emergence of mathematical programming
uncertainty is automatically assumed. Otherwise, if there
were certainty, one would just select the investment with
the highest return and put everything into it. Areas
today inextricably tied to the topic of portfolio selec-
tion include the mutual fund industry, the insurance
industry, pension funds, sovereign funds, endowments,
foundations, and so forth. With the stocks of the world
carrying a marketcap in excess of $60 trillion, it would be
hard to understate the importance of the topic to finance,
economics, people’s lives, and the world’s economy.

To understand the transformational effect that
Markowitz had on finance, one needs to understand a
little about the situation in finance prior to 1952. There
was essentially no theory of risk. This was even though
the concepts of means, variances and covariances were
not unknown at the time. Diversification was another
area of frustration. Although people were aware about
the dangers of putting “all of one’s eggs in the same

This, however, all changed with Markowitz’s 1952 paper
in which he was able to take means, variances and covar-
iances and tie them in to the newly emerging field of
mathematical programming. Looking at the paper
today, one is probably struck by its simplicity, perhaps
causing one to ask: “How come no one thought of this
before?” The answer probably lies in the tendency of
people to think only in terms of the tools that they have
at their disposal. In other words, from Maslow (1968),
“if the only tool you have is a hammer, you tend to treat
everything as if it were a nail”. But with the arrival of
mathematical programming, which was new at the time
of Markowitz (1952), it was now possible to see the prob-
lem of portfolio selection adeptly expressed in the form
of a mathematical programme, which has turned out
to be quite productive. That was why it took until then,
with Markowitz’s basic model being
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where 7, is the random variable for the return to be
realised on security i over a future period E(r)) is the
expected value of r; o, is the variance of r; 0, is the
covariance of r; with r; x; is the proportion of capital to
be invested in security i; p is a parameter for the expected
return of a resulting portfolio.

The purpose of this formulation is to compute the
portfolio of minimum risk that has exactly p as its
expected return. Rounding out the model, (3) stipu-
lates that all capital is to be invested and (4) enforces
non-negativities on the amounts invested.

With parameter p fixed, the model is a quadratic pro-
gramme (QP). But p is not supposed to be fixed. It is to be
varied over a range to trace out continuously the efficient
frontier. With this not possible at the time, Markowitz
created in 1956 his critical line method that has the abil-
ity to compute all solutions that are QP-parametrically
optimal in such problems in one run to do exactly that.
However, the algorithm as described in Markowitz
(1956) is exceedingly difficult to understand and this has
caused users to generally opt for the repetitive optimi-
sation of (1) for different discrete values of p to achieve
the same efficient frontier but in dotted form.

Thus, out of Markowitz (1952, 1956, 1959),
Markowitz’s new theory of portfolio selection took shape
in the form of the following four steps:

Step 1: Formulate the mean-variance model and
define with appropriate data.

Step 2: Decide if any additional constraints are to be
added to the model.

Step 3: Solve for the model’s efficient frontier.

Step 4: Study the efficient frontier and select from it
one’s optimal portfolio.

In Step 2, for example, upper bounds on the amounts
invested in individual securities and sector-type con-
straints might be added as Markowitz’s critical line algo-
rithm could handle them as well in addition to (3) and
(4).

While the mathematical side of Markowitz’s
mean-variance model has received enormous praise
for its mathematical tractability, there is another aspect

of Markowitz’s above four-step approach that has prob-
ably been as equally important to its success. It is its
decision-making side. By being able to provide more
than one potentially optimal solution, a decision-maker
is able to understand better why his or her choice of an
optimal solution is optimal. Also, there is flexibility in
the four-step approach in that different decision-makers
can have different optimal solutions.

3. Expanded framework

One of the remarkable things about Markowitz’s
mean-variance framework is that, even after 65 years,
it has remained largely intact, and to many it is still
the gold standard in portfolio selection. While it has
endured many criticisms, there is one, however, that
has perhaps been the most persistent. It is that the basic
model does not allow for additional criteria. While the
criticism goes back at least to Lee and Lerro (1973), the
need for portfolio selection to be able to include criteria
beyond mean and variance has, as attested to in this
paper, only been growing. But this need not detract from
the fundamental structure of portfolio selection to which
finance has become accustomed. In most cases, it need
only be augmented.

To facilitate the many new criterion ideas that have
been introduced since 1973, it is now helpful to view
this growing area of portfolio selection, which we will
call multi-criteria portfolio selection, where “multiple”
means more than two, in terms of the five following
phases:

Phase 0: Select a subset of securities to go on an
approved list.

Phase 1: Formulate a mathematical programming
model and define with appropriate data.

Phase 2: Decide on how additional criteria are to be
modelled and whether any additional constraints are to
be added to the model.

Phase 3: Solve the model to identify candidate solu-
tions, if not the whole efficient set.

Phase 4: Study the candidate solutions and select from
them one’s most suitable portfolio.

Note that in this expanded framework, there is now a
security analysis/evaluation part (Phase 0). In this way,
the expanded framework formally recognises the inte-
gral nature of techniques such as multi-criteria sorting
and classification for the construction of lists of securities
approved for investment in the portfolio construction/
optimisation part of the framework (Phases 1 through
4). Also, in the framework, Phase 2 allows for additional
criteria to be modelled as objectives, or as constraints
(as in a goal programme). While the five-phase frame-
work is not quite as strict, it still allows the process to
remain true to the risk-return principles of the original
four-step approach.



A large number of multiple criteria methods have
already been applied in the field of portfolio selection,
in both the security analysis and optimisation parts
of the above (see Al-Shammari & Masri, 2015; Aouni,
Colapinto, & La Torre, 2014, Hallerbach & Spronk,
2002; Spronk, Steuer, & Zopounidis, 2016; Steuer & Na,
2003; Steuer, Qi, & Hirschberger, 2005; Steuer, Wimmer,
& Hirschberger, 2013; Xidonas, Mavrotas, Krintas,
Psarras, & Zopounidis, 2012; Xidonas & DPsarras,
2009; Zopounidis, 1999; Zopounidis & Doumpos,
2013; and Zopounidis, Galariotis, Doumpos, Sarri,
& Andriosopoulos, 2015). In these references, some
authors use the term MCDM (multiple criteria deci-
sion-making) and some use the term MCDA (multi-cri-
teria decision aid), terms which we consider virtually
equivalent. Henceforth, whenever there is a choice, our
preference will be to use MCDA in this paper.

Note that in this bibliographic review, we pay spe-
cial attention to the formulation and structures of the
portfolio selection model as these are more insightful
than the solution method. An approximate formulation
solved “exactly” is not evidently better than a more pre-
cise formulation solved heuristically. For example, meth-
ods in Table 1 are largely discrete choice methods which
are approximate representations of a more complicated
reality. Sometimes the inclusion of additional criteria
and constraints can make a portfolio selection problem
too complex to be solved by existing exact methods. In
such cases, multi-objective evolutionary algorithms are
often advised (see Metaxiotis & Liagkouras, 2012 for a
comprehensive literature review on multi-objective evo-
lutionary algorithms in portfolio selection). However,
while approximately accurate solutions might be fully
acceptable in other contexts, in financial portfolios,
with billions of dollars often on the line, many managers
would generally not wish to add algorithm risk to the
long line of other risks that they face if at all possible.
This is why exact methods are important and why we
focus on them in this paper.

The rest of the paper is organised as follows. In
Section 4, we classify the various MCDA techniques that
have been applied to the security analysis/evaluation and
construction/optimisation parts of portfolio selection
process since Lee and Lerro (1973). Of the studies of this
paper, Section 5 shows the distribution of these papers
by journal and subject area category. Section 6 covers the
distribution of these papers by year and country. The dif-
ferent criteria that have be utilised are shown in Section
7. Special variables and special constraint treatments are
covered in Section 8. Section 9 concludes the paper.

4, Classification of applied techniques

A total of 116 published studies on MCDA exact meth-
ods combined with portfolio selection and manage-
ment have been compiled. A search was conducted
using SCOPUS focusing only on published works in
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scientific journals. That is, books, chapters in books,
and conference proceedings articles are not included.
The search terms were “portfolio selection”, “securities”
and “MCDM/MCDA”. We have also reviewed the prin-
cipal references in each of the reviewed papers in order
to obtain more references not identified in our search
via SCOPUS.

In this section, we classify the different MCDA tech-
niques employed in the papers. In Table 1, we show the
different techniques used in the security analysis/evalu-
ation part (Phase 0) of the expanded framework. In this
table, we observe that analytic hierarchy process (AHP)-
based techniques are the most popular in the security
analysis phase at about one-third of the total. Following
this, we have ELECTRE-based approaches at about 16%,
TOPSIS approaches at about 15%, and so forth.

In Table 2, we show the different techniques used in
the portfolio construction/optimisation parts (Phases 1
through 4) of the expanded framework as they are not
always the same. When not the same, they appear in
both tables. In Table 2, we observe that the most writ-
ten about technique used in the portfolio part of the
expanded framework is goal programming at about 42%.
This is followed by compromise programming at about
19%, and e-constraint methods and fuzzy mathematical
programming tied at about 13% each, and so forth.

It is interesting to note in Table 1 that the preponder-
ance of methods used in the security/evaluation phase
are discrete alternative methods, whereas in Table 2 the
preponderance of methods used in the portfolio con-
struction/optimisation phases are mathematical pro-
gramming procedures.

5. Distribution of papers by journal and
subject area category

The distribution of studies by journal and subject area
category is shown in Table 3. With regard to the journals,
the journal with the largest number of reviewed papers
is the European Journal of Operational Research (EJOR).
With 17, this is significant because EJOR is a journal
of very high visibility. For instance, in 2016, articles in
EJOR were cited over 38,000 times according to Journal
Citation Reports available through Thomson Reuters.
This is more than any other operational research/
management science journal and more than the most
cited finance journal, which is the Journal of Finance, at
29,000. This means that when an article is published in
EJOR it has a very good chance of being seen by others,
and with 17 articles published in EJOR, this is very good
for making known the many new innovative ideas of
multiple criteria portfolio selection.

With 8 journals having 4 or more each, it is somewhat
concerning that only 12 studies have been published in
finance journals. The 12 come from three each in the
Journal of Portfolio Management and the Journal of
Banking & Finance, two each from the Journal of Finance



4 (&) ABELAIDETAL

144 [eloL
(6661) sieuez pue ‘sodwnog ‘sipiunodoz L paseq Siavin
(8002 ‘¥00T ‘€007) Sip1unodoz pue ‘siuisiesie|y ‘seieutes € dvLSsvLNn
(6661) DISMO[eUDIN pue ‘Djsmazsi|ey ‘Bor L sa1nqLNe $D01S JO SIsAleuy Jo-apes
(#007) Slulsiesie|\ pue seiewes (0107) 49ze3UO| puE Lieybuesey 14 swa1sAs 1adx3 eudLdnINW Azzng
(0007) " 32 sodwnog L poyisw uoneulwLdsIq [edlydaesaiH dnoibinpy
(e¥107) "2 19 0]|]2qRD (¥007) S3480S pue e150) 3 eueg [4 H138OVYW
(6007) |2 3 ‘slunoysy ‘seuopix ‘(6007) (£007) 12 33 ysipe|9-zaind ‘(8861)
Seliesd pue ‘seJoIne|l ‘seuoply ‘(S L0Z) IpeqoybAay pue ‘quebyse ‘elejpwzap uosabiag pue ‘Kinoyy ‘PLe ‘(€661) |8 19 KInoyy| ‘(600¢) BunH pue uay) L ERTERE]
(9107 (9107) ‘e 19 eRWE]
pia|menjeAelip pue UNWpoA ‘(S00) NiBoplelyy pue ekl (z10z) e 1d ni "(6002) BunH pue uay) ‘(107) |louY pue ‘|eye) ‘elied-seualy ‘|0ia)-oeqjig 9 SISdOL
(11027) 1239 OH L dOMIA
(107) 4ewiny| pue ewiiep (1107)"1e 39 0H [4 T41vw3aa
(1661) ‘239 [91eN ‘(1 10T) Dlqeg pue diAoseie|y (2007) "[e 39 HNog “(£007) '|© 33 IAPeqlY 14 33H1IWOYd
(9102) piajmeniedeny pue (210¢) umoig-uopion pue udaknbN ‘(110¢) 9iqeg pue Jlnoseley
unwpoA ‘(6002) NIBoIeIYY pue bekllL (Z007) 49|2)3Q pue njboeies (0861)  ‘(6007) BuenH pue ‘uaiy) ‘uens ‘Buazl ‘937 '(910) *|e 19 elewWe] (Z10g) unisn
[19d pue ‘siaboy ‘A1ees ‘(9107) ‘[e 19 0]|113d ‘(0107) ![eZ.N PUe Ysipe|9-zaidd pue suiy ‘(1102) ‘|2 32 OH ‘(9102) *|e 19 U9JaN-eI2IeD ‘(6002) 0l pue bunayd 7l dHY
S2IpN1S  S9JDIne JO JAquINN yoeoisdde paseq YOI

-aseyd uonenjend/siskjeue A11undas ul pardde sanbiuydsy yadw °L jqgeL



JOURNAL OF THE OPERATIONAL RESEARCH SOCIETY 5

(¥L07) " 33 NA“(910T) 1eMEIY3I (Z00T) 43Y213A pue
‘WA ‘u9aT (6007) RIYS| pue ‘uibeiey ‘eaxinseH ‘(€10¢) Uibeley pue eayinseq

(0007) »ez2A160
(0007) 3ez2A160

(600) °[2 33 ‘SIUNOYSY ‘seuoplX ‘(#661) SIplunodoz pue ‘woispues
‘sojepled ‘(1 L0T) OBA PUB UOO (S661) NZNS pue ouuoy ‘(€661) ‘[e 12 ouuoy

(L007) ‘[e 33 IX ‘(£107) BU
-ewelueS-e|d pue ‘Ie|inby-zanblpoy ‘euljo-sees (£002) '|e 19 YSipe|D-za1dd
(Z107) '[e 3@ NI ‘(107) M1beIey pue eayinseH ‘(z10g) lUNOY pue eAlemsog

(£007) BuQ pue ‘buex ‘noyd N ‘(¥107) ‘e
13 0peuRlL (€£107) '[2 39 ZIWR] ‘(£007) ‘|8 33 Ysexeld ‘(866 1) Bipueydewaid pue
[13MOd ‘(S007) sodwnoq pue ‘sipiunodoz ‘pesepuad ‘(£10Z) ‘|e 12 Ipnoessaly
‘(9107) 1eme|yaN ‘(£10T) HUSB (£ 10T) ZiZe[9pqy pue Ipnowsei ‘(L00T) ‘|8

12 BuNaT‘(€/61) 04137 pue 937 ‘(086 L) 19553y pue 937 /(8/61) [ 32 Jewny

(8007) ‘(e 32 e3dND “(6007) BuenH pue uayd ‘(9107

‘5107) °[2 39 0A[eD ‘(€00T) BJIeY) pue Jewy ‘(Z10g) UiWy pue ‘yaipuez ‘iwijy

(8661) ‘219 sipiunodoz

(1107) '|e 33 seuopix

(6661) emesebep pue buiys

(z107) unisn pue

(£107) Ao\ pue ‘ouefing ‘ejaien

(#007) e 32 nobuy3g

(a¥10T "eL0T) ‘e 33 O]|9qeD

(2007) " 33 Unog
(9007) Bu pue ‘omo ‘Bueny ‘(600¢) buenH pue uayd

‘(£10T '2107) UidI7 pue ‘eLIoA] ‘OARD ‘(€10T) ‘[e 33 |0431-0.q|Ig ‘(S00T) 0433s3)|eg
(¥102)'[e
19 |043]-0Bq]|Ig ‘(99007 [IWOIUY pUE ‘YsIpe|D-Zaidd ‘|0J3]-0eq|ig ‘(29007) eHN
-Nw:m._‘__uom_ pue \m\_\_ma.mmcw:‘ ﬁm_vm_o.Nw‘_Wn_ \_o‘_m._..Omn__m Aomm _.v oJowoy pue
013153]|eg ‘(S00T ‘¥00T) elewelues-e|d 33 0191s3||eg ‘€007) eleWeIURS-2|d

pue 0133s3]|eg ‘(866 L) 0131s3]1eg ‘(L L0T) @ 32 MIWY ‘(£00T) '|e I3 Zizejapqy
(6£61) soreddijiyd pue sewny
"(5107) unjsay pue 1|6epedoy ‘(£107) ‘[e 39 exdno ‘(£107) yefeN pue [ueselyeys
‘(6007) N7 pue ‘1ey ‘sineq ‘(£661) 1ysokans pue ‘seja 12doo) ‘(686 L) uAnig o
pue uos|o) ‘(£661) Ysexeld pue ‘piwey ‘luedepueq ‘epuiydequnyd ‘(€107) ‘[
19 d9llg AO_.ONV nageulag-ejdien) pue dIMEmH:mm.m_n_ ~O>Em An_m L0C _mo 10¢
‘7102) "[e 13 |043]-0eq|Ig “(79007) ZoNBPOY pue ‘Ysipe|D-zaIad ‘Zauswif
‘elied-seualy ‘|019]1-0eq|ig ‘(¢10Z) ‘|e 19 0431s3]|eg ‘(6007) |0431-0eq|Ig pue ‘el
-1ed-SeURIY ‘YSIpe|D-Za19d ‘049153||eg ‘(Z LOT) Nageulag-e1dien pue 0ia1sa||eg
‘(1007) 043353](g ‘(LOOT) *[B 19 BAIRd-SRUDIY ‘(586L) YIUSAY puB IdpUEXD]Y

‘(6007) OrY pue ‘ypake |3 ‘Z1ze|apqy ‘(7L07) IPnOWSe|y pue zize|opqy

<
(e}

—n - N == =

—
—

9l

13

jelo

buiwweiboid jednewsayie Azzn4

SIv13avy

SISSdI

SPOYIaW dA[}ORIAU|

2inpadoid JaydAgayd] USALIP [9A3] UOIIRAIISDY
yoeosdde bunybiap

1NYW

POUIS|A JUI0d 9DUIRRY

AJFFHLIWNOYd

poy1aW julelISU0)-3

buiwwelboid asiwoidwor)

Bujwwelibold |eon

sa1pMs

S3[D11e JO JaqUINN

yoeoisdde paseq YADIW

‘saseyd uonesiwndo/uononiisuod oljoyiiod ul parjdde sanbiuydal yadw ‘z @1qelL



6 (&) ABELAIDETAL

Table 3. Distribution of papers by journal and subject area.

Journal MP variety Subject Area Category Number of papers Year
Advances in Operations Research Management Science and Operations Research 1 2016
Annals of Operations Research Management Science and Operations Research; 8 1993, 2000, 2016, 2017
Decision Sciences
Applied Economics Economics and Econometrics 1 2005
Applied Mathematical Finance Economics, Econometrics and Finance; 1 2005
Mathematics
Applied Mathematics and Compu- Applied Mathematics; Computation 5 2005, 2006, 2014
tation
Automatica Control and Systems Engineering 1 2015
Chaos, Solitions & Fractals Mathematics 1 2003
Computational Economics Economics, Econometrics and Finance; Computer 2 1994, 1998
Science
Computers & Industrial Engineering Computer Science; Engineering 1 2014
Computers & Operations Research Management Science and Operations Re- 2 2009, 2011
search;Computer Science;Mathematics
Decision Science Letters Decision Sciences 1 2015
Decision Sciences Business, Management and Accounting; Decision 2 1979, 1999
Sciences
Economic Modelling Economics, Econometrics and Finance 1 2013
European Journal of Finance Economics, Econometrics and Finance 1 2004
European Journal of Operational Management Science and Operations Research; 17 1997, 1998, 2001, 2002, 2004, 2005,
Research Information Systems and Management; 2007, 2008, 2011,2012, 2013, 2014
Mathematics
Expert Systems with Applications Computer Science; Engineering 6 2006, 2009, 2011, 2015
Financial Analysts Journal Economics, Econometrics and Finance; Business, 2 2002
Management and Accounting
Fuzzy Economic Review Economics, Econometrics and Finance 1 2004
Fuzzy Optimization and Deci- Computer Science; Mathematics 1 2013
sion-Making
Fuzzy Sets and Systems Computer Science; Mathematics 1 2009
IEEE Transactions on Fuzzy Systems Computer Science; Engineering; Mathematics 1 2012
INFOR: Information Systems and Computer Science 5 2009, 2012, 2014
Operational Research
Information Sciences Computer Science; Decision Sciences; Mathemat- 4 2008, 2009, 2012, 2016
ics; Engineering
International Journal of Industrial Engineering 1 2012
Engineering Computations
International Journal of Multicriteria Management Science and Operations Research; 1 2010
Decision Making Business, Management and Accounting;
International Journal of Production Management Science and Operations Research; 2 1999, 2011
Economics Business, Management and Accounting;
Economics, Econometrics and Finance; Engi-
neering
International Review of Financial Economics, Econometrics and Finance 1 2015
Analysis
International Transactions in Opera- Management Science and Operations Research; 2 2003,2014
tional Research Business, Management and Accounting;
Computer Science
Journal of Applied Mathematics Mathematics 1 2012
Journal of Applied Mathematics and Decision Sciences; Mathematics 1 2009
Decision Sciences
Journal of Banking & Finance Economics, Econometrics and Finance 3 1985, 1997, 2003
Journal of Business Economics and Business, Management and Accounting; Econom- 1 2013
Management ics and Econometrics
Journal of Business Ethics Business, Management and Accounting; Econom- 1 2013
ics and Econometrics; Social Sciences
Journal of Decision Systems Business, Management and Accounting; Comput- 1 2009
er Sciences
Journal of Derivatives and Hedge Economics, Econometrics and Finance 1 2009
Funds
Journal of Finance Business, Management and Accounting; Econom- 2 1973,1978
ics, Econometrics and Finance
Journal of Financial and Quantitative Business, Management and Accounting; Econom- 1 1973
Analysis ics, Econometrics and Finance
Journal of Investment Management Business, Management and Accounting; Econom- 1 2003
ics, Econometrics and Finance
Journal of Multi-Criteria Decision Business, Management and Accounting; Decision 3 1999, 2002, 2010
Analysis Sciences
Journal of Portfolio Management Business, Management and Accounting; Econom- 3 1980, 1980, 2007
ics, Econometrics and Finance
Journal of the Operational Research Management Science and Operations Research; 7 1988, 1996, 1998, 2006, 2016, 2017
Society Business, Management and Accounting
Journal of the Operations Research Management Science and Operations Research; 1 1995
Society of Japan Business, Management and Accounting
L'Actualité Economique, Revue d’Ana-  Business, Management and Accounting 2 1991, 1993
lyse Economique
Mathematical and Computer Computer Science; Mathematics 1 1989

Modelling

(Continued)
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Journal MP variety Subject Area Category Number of papers Year
Mathematical Problems in Engineer- Mathematics; Engineering 1 2014
ing
OMEGA Management Science and Operations Research; 3 2004, 2007, 2014
Business, Management and Accounting
Operational Research: An Internation-  Management Science and Operations Research 4 2003, 2004, 2009, 2017
al Journal
Optimization Mathematics

Mathematics
Computer Science
Engineering

Optimization Letters

Parallel Algorithms and Applications

Procedia Engineering

Research in International Business and
Finance

Total

ics, Econometrics and Finance

Business, Management and Accounting;Econom-

2013
2000
2012
2016

[N NN

116

and the Financial Analysts Journal, and one each from
the Journal of Financial and Quantitative Analysis and
the Journal of Investing. None, however, have been pub-
lished in the Journal of Financial Economics, the Review
of Financial Studies, and the Journal of Money, Credit and
Banking, other top journals in finance.

But there is an explanation for this. Since 1952,
finance can be viewed as existing in two eras. The first,
for about 30 years, takes us to the early 1980s. The second
is from then until now. The first can be characterised as
having a high operational research/mathematical pro-
gramming (OR/MP) methodological content. The sec-
ond has had only an exclusively empirical content (i.e., in
which econometrics is the primary tool). The transition
occurred in the early 1980s when the methodological
side appeared to be running out of ideas and the empir-
ical side quickly moved in to close the gap. Moreover, at
this time, most US and US-emulated PhD programmes
in finance dropped what little they had in OR/MP from
their curricula. By today, this has led to a depletion in
the ability of the finance journals to referee papers in
which OR/MP is a tool. With essentially all of the MCDA
tools used in multiple criteria portfolio selection being
of the OR/MP variety, and the top financial journals
being in the mode of only today publishing articles of
the empirical variety, one can see the challenge. This is
the reason why so few MCDA portfolio papers (while
12 in total, but only four since 1997) have been able to
find publication in these journals.

In addition, in their paper, Spronk et al. (2016) high-
lighted the growth of empirical finance over the years
and they question the extent to which insights gained
from descriptive finance can be used as guidelines for
practical financial decisions. To illustrate their position,
they referred to the preface of Fama and Miller’s book,
The Theory of Finance, where they report on how to apply
financial theory to real-world decision problems:

(...) areflection of our belief that the potential contri-

bution of the theory of finance to the decision-making

process, although substantial, is still essentially indirect.

The theory can often help expose the inconsistencies in

existing procedures; it can help keep the really critical

questions from getting lost in the inevitable maze of
technical detail; and it can help prevent the too easy,

unthinking acceptance of either the old clichés or new
fads. But the theory of finance has not yet been brought,
and perhaps never will be, to the cookbook stage. (Fama
& Miller, 1972, p;. viii, taken in turn from Spronk
etal., 2016)

Of all the financial journals, the one, in our opinion,
appearing today to be the most receptive to MCDA port-
folio papers is the Journal of Portfolio Management in
that they appear willing to publish interesting articles no
matter what the tool. Hopefully, competition will cause
the others to become more open, too.

6. Distributions of papers by year and country

Since the paper by Lee and Lerro in 1973, and also by the
paper by Stone (1973) later that year, papers on MCDA
in security analysis and portfolio optimisation were only
published on average at about one per year until the late
1990s. Then after 2000, the number of published papers
addressing portfolio selection problems with MCDA
approaches took a sharp increase with the trend contin-
uing today. This is almost certainly the result of a greater
awareness of the topic and of the fact that investments
have certainly not gotten less complex. Figure 1 shows
the publication of the 116 papers by year. However, note
that the dot for 2017 in only a lower bound for that year
due to the mid-2017 writing of this survey.

Table 4 displays authorship counts by country. In our
counting by country, we have not taken into account
the number of authors of a paper, just the number of
different author countries of each publication. Spain has
an authorship count of 36, the USA is in second place

Number of articles

1970 1980 1990 2000 2010
Year of publication

Figure 1. Distribution of papers by year.
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Table 4. Authorship counts by country.

Country Number Country Number Country  Number
Spain 36 France 3 Dubai 1
USA 19 UK 3 Egypt 1
Greece 1 Belgium 2 Germany 1
Taiwan 8 Kingdom 2 Italy 1
of
Bahrain
Japan 8 New 2 Korea 1
Zealand
Canada 7 Poland 2 Kuwait 1
Iran 6 Thailand 2 Portugal 1
Tunisia 5 Austria 1 Qatar 1
Turkey 5 Australia 1 Sweden 1
India 4 Croatia 1
China 4 Denmark 1

with 19, and Greece is in third with 11. After this, 28
other countries follow. With multiple criteria in portfo-
lio selection being a difficult area and with 31 countries
represented, this provides an excellent environment for
the cross-fertilisation of ideas from different cultures and
underscores the international recognition and impor-
tance of this growing area.

7. Criteria included

In this section, we analyse the criteria used in the secu-
rity analysis/evaluation and portfolio construction/
optimisation parts of the portfolio selection process.
Moreover, we have performed our analysis distinguish-
ing between mutual funds and stocks. As mutual funds
are investment vehicles made up of sets of securities
which can include stocks, bonds, and other assets, the
criteria used in the evaluation of mutual funds can differ
from those used in the evaluation of individual securi-
ties. Table 5 summarises the most popular criteria that
have been used in securities’ evaluation and Table 6 pre-
sents similar criterion information but at the portfolio
construction/optimisation level.

Regarding securities’ screening criteria (Table 5), it
is evident that additional performance indicators have
been used beyond risk and return. This is indicative
of the complexity of the securities’ screening process,
as analysts and investors take into consideration vari-
ous factors that can affect the prospects of the availa-
ble investment options. For mutual funds, the review
of the literature highlights that typical selection crite-
ria (apart from risk and return) may well involve risk
adjusted performance, expense ratios, and fund manager
experience (see for example, Martel, Khoury, & M’Zalj,
1991 and Saraoglu & Detzler, 2002). In the case of stock
analysis criteria, the tendency is the same, formulation
of the problem involves not only traditional risk and
return criteria but also attributes about corporate fun-
damentals, including both financial and stock market
criteria. Financial criteria include profitability, liquid-
ity and operating performance ratios such as return on
investment, debt/equity, sales growth, etc. Stock market
criteria mostly focus on valuation ratios (price/earnings,

earnings per share, book value per share), as well as on
issues related to dividends and marketability. Risk is
considered not only through variance, but also through
measures such as skewness, and kurtosis.

Itis worth noting that beyond financial and stock mar-
ket indicators, asset screening often takes into account
non-financial attributes. It is now widely acknowledged
that not all relevant information about an investment
decision can be captured with reference to financial
criteria. Zopounidis and Doumpos (2013) and Steuer,
Qi, and Hirschberger (2007) acknowledge the growing
inclusion of non-financial criteria in recently published
security evaluation and portfolio selection models. In
this context, ethical, environmental, social, and govern-
ance issues have attracted considerable interest. Pérez-
Gladish and M’Zali (2010), Cabello, Ruiz, Pérez-Gladish,
and Méndez (2014a), Bilbao-Terol, Arenas-Parra, and
Canal (2012), Bilbao-Terol, Arenas-Parra, Canal, and
Bilbao-Terol (2013), Garcia-Melon, Pérez-Gladish,
Goémez, and Méndez (2016), Lamata, Liern, and Pérez-
Gladish (2016), and Petrillo, De Felice, Garcia-Melon,
and Pérez-Gladish (2016) are some examples of recent
studies that have considered such criteria in mutual
funds and stock evaluation. For example, the rising
popularity of ethical, environmental, social, and gov-
ernance criteria for asset selection should not be solely
attributed to the added value that they bring compared
to traditional financial and stock market indicators. In
fact, the consideration of such alternative criteria is also
related to the emergence of new types of investments
and strategies (e.g., socially responsible investments or
SRI) which focus on sustainability and social responsi-
bility principles. Evaluating securities in an SRI context
naturally requires the examination of an enriched set of
performance criteria which require complex financial/
non-financial trade-offs. The review of the literature
indicates that MCDA researchers are at the forefront
in providing the research foundation for this growing
area of interest. Ballestero, Pérez-Gladish, and Garcia-
Bernabeu (2015) provide an up-to-date review of the use
of MCDA methodologies for SRI by different authors
from different countries.

On the portfolio construction/optimisation side
(Table 6), the review of the literature regarding relevant
performance measures indicates a variety of different
perspectives. First, one can note that in addition to the
first two moments (mean and variance) of the return
distribution, several authors have considered the next
two moments (skewness and kurtosis). Examples of
studies that have investigated this are Konno, Shirakawa,
and Yamazaki (1993), Konno and Suzuki (1995), Briec,
Kerstens, and Van de Woestyne (2013), Nguyen and
Gordon-Brown (2012), Liu, Zhang, and Xu (2012),
Leung, Daouk, and Chen (2001), and Prakash, Chang,
and Pactwa (2003). Skewness and kurtosis provide an
extended view of investment risk in that they focus on
risks that arise due to asymmetric returns and heavy



JOURNAL OF THE OPERATIONAL RESEARCH SOCIETY 9

(p2nunuod)
(6661)1213 s|plunodoz

(0002)"112 sodwnog

opnel Aynbg

6661) '|2 33 sipiunodoz
6661) ‘|e1a siplunodoz
661) '|e 19 siplunodoz
661) '|e 33 sipiunodoz
661) '|e 19 siplunodoz
661) '|e 33 sipiunodoz
6661) '|2 33 sipiunodoz

(i
(i
(6
(6
(6
(6
(i

6002 “[ 12 'SIUNOYsY ‘SRUOPIX ‘(ZL0Z) Jewny pue ewiiep
(S10T) "2 32 elejawzap

(6661) ‘|e 32 siplunodoz
(9107) piajmenjekeip pue
UNWPOA ‘(S10T) ‘[e 12 BIRJWZIA ‘(T 10T) Jewny| pue eulieA ‘(8861) [e 12 [dliely
(2107) Jewny) pue ewJep
(C10T) Jewny pue ewep
(01L07) 49ze3UO puE LIeYbUESE4
(6007) '[© 12 ‘seyjoine|y ‘seuopiy
(8007) "|e 18 seewes
6002 “|e 19 ‘Slunoysy ‘seuoply ‘(Z10¢) lewny pue ewJep
(2107) Jewny) pue ewJep
(LL0Z) 91qeg pue inosele|y

(1107) dlqeg pue dinoseseiy

(L107) 91qeg pue pinoselely
(2107) 4ewiny| pue ewiep ‘(1 LOT) Diqeg pue dinoselepy
(7107) umoig-uopioo pue usAnbN ‘(L66 L ‘8861) |8 32 [S1el

(6661) '|e
19 sIplunodoz(600¢ “|e 12 ‘SIUNOYSY ‘SPUOPIX ‘600) ‘|2 12 ‘SLI0IAR| ‘Seuoply

(200?) 43|1239@ pue njboeses
‘(7107) umoig-uopioD pue uaAnbN ‘(1661 ‘8861) ‘e 33 [3HE ‘(L L0T)
2lqeg pue d1A0seIR ‘(£00T) JYDI9A PUB ‘@INBIS IU0d 0dIR| “UISIT ‘UDST

0007) |e 3@ sodwnoq
0007) ‘e 30 sodwnog
0007) |e 3@ sodwnoq
0007) ‘e 30 sodwnog
0007) |e 3@ sodwnoq
0007) ‘e 30 sodwnog
0007) |e 3@ sodwnoq

£007) '[e 19 IApeqy
07) |2 19 IApeqy
07) ‘[ 39 1Apeqy
07) |2 19 IApeqy
07) ‘[ 39 1Apeqy
07) |2 19 IApeqy
07) ‘[ 39 1Apeqy
07) |2 19 IApeqy

(1107) 91qeg
07) |2 19 IApeqy
02)
02)
02)
02)
02)
02)
02)
02)

(710T) sewnyj pue ewlep

(
(20
(L0
(20
(1107) 9iqeg pue d1noseiely ‘(20
(010¢) 19zrUO pue LieybUESE4 ‘(L0
(L0
‘(20

(0002) '|e 32 sodwnoq

pue d1noseie|y ‘(6661) [e 33 Bor ‘(0007) *|e 39 sodwinoq
‘e 39 IApeq|y
‘|e 19 Iapeq|y
‘e 39 IApeq|y
‘|e 19 Iapeq|y
‘e 39 IApeq|y
‘|e 19 Iapeq|y
‘e 39 IApeq|y
‘|e 19 Iapeq|y
(1107) 91qeg pue d1nosetey (£00T) @ 19 IApeq|y
(2107) umoig-uopion pue uaknby
(Z107) umoig-uoplon pue uaknby
(0107) 49ze3u0| pue Leybuese4 ‘(£007) ‘|2 32 IApeq|y
(€661) "2 32 Aoy
(L661) ‘e 19 [9el
(L661) e 13 [d1ey
(z007) 43]239Q pue njboeles
(z007) 43233 pue njboeies
(z007) 43]239Q pue njboeles
(7007) ‘e 19 Ug
(L007) ‘1212 OH ‘(£00T) ‘[ 33 IApeq|Y
(9107) "[e 32 ereWeT ‘(€661) |2 39 AinOYY (9007) *[e 32 Bueny

(600C “Ie
19 ‘SIUNOYSY ‘SEUOPIX ‘6007) ‘| 19 ‘SRI0IARIN ‘SRUOPIX ‘(SLOT) |e 3 elejdWZIA

(6002) "[2 33 ‘siunoyjsy ‘seuopix

‘(20
(0
(L0
(0

(8007) ‘| 13 sesewes ‘(£

‘(20

(8007) ‘|e 12 sesewes (£

(0
(L0

(5107) *[e 33 ereawizap ‘(0002) *[e 39 sodwinoq
(0007) '[e 32 sodwnog

(9107) "|e 33 e1eWeT (£661) 232

Ainoyy ‘(9007) '[e 32 bueny ‘(0007) ‘|e 39 sodwinoq ‘(6002) 0.l pue bunayd
‘(eL07) (2 39 0]|39RD ‘(7L 0T) lunoy pue ealemsog ‘(£007) '[e 33 IApeq|y

Kep 1ad anjen uonoesuel|
Kep 4ad s10] punoy

olel moj} abueydx3
ssa1boid uonisod |epueuly
Aungeyaspep

oljes uopesijeyde)

aJeys Jad anjea y00q ssoin
ol1el an|eA Jlej 03 i
1eak 1se| 3y} uiyyum buisies jeyded
32035 9Y3 JO B0} 3314
9dueLeA A1]iqe1yoid
Aupinbr

9beI1aN0d §43

olres 3noked

anjen 1yiep

(3/4) ones sbujuiea/add

ymolb sajes

yimoib uondnpoid

Jpne Jo 3nsay

uibiew jyoid

ol1eJ J3A0UIN] A10JUSAU|

0131 J9AOUIN] $13SSE |e10]

pauJes 1s2.31Ul W]

013eJ $}3SSE |210) 0] S} |e10]
onel Anba 03 1gap wial-buo
sisopny|

SSOUMIYS

aleys 1xe

$1502 uol1desuel|

91kl 9bUBYDXD dAI1IRYD |eas 3y 4o AUj1qibId s puny ay )
puny ay1 Aq papunodwod 51502 uonepinbi| 4o uonIsinboe Jo s1es wnwixew ay|
oljes adieys

aInua) s Jabeuepy

oljel asuadxy

9DUBLIBA-IWIIS J9MOT

(e319g) sty

(UOIRIASP pAEPUE]S ‘SDUBLIBA) YSIY

(VOY) S1955E U0 UINdY
(304) A1nbs uo winlay
PISI puspiaig

(SUIN331 [EDLIO}SIY URSW) UIN}RI PR}IdX]

S9Ipnis

eLRID

"uolen|eAd Sa131INJ3s Ul Pasn eLall) *G d|qel



10 (&) A.BELAIDETAL.

Table 5. (Continued).

Studies

Criteria

Zopounidis et al. (1999)

Doumpos et al. (2000)

Structure ratio

Zopounidis et al. (1999)Xidonas, Askounis, et al., 2009

Doumpos et al. (2000)Samaras et al. (2008)

Jog etal. (1999)
Jog et al. (1999)

Jog etal. (1999)

Equity/ debt ratio
Price per share

Price to cash flows ratio

Price to adjusted after-tax operating earnings ratio

P/B Ratio

Yodmun and Witayakiattilerd (2016)
Xidonas, Askounis, et al., 2009
Samaras et al. (2008)

Marasovi¢ and Babic (2011)
Marasovi¢ and Babic (2011)
Marasovi¢ and Babic (2011)

Vezmelaia et al. (2015)

Loans to deposit ratio

Net Asset Value to Enterprise Value Ratio

Economic value added

Pérez-Gladish and M'Zali (2010), Petrillo et al. (2016), Lamata et al. (2016)

Bilbao-Terol et al. (2012, 2013), Cabello et al. (2014a), Garcia-Meldn et al.

Environmental, social and governance (esg) aspects

(2016)
Albadvi et al. (2007), Ho et al. (2001), Khoury et al. (1993), Marasovi¢ and

Samaras et al. (2008), Tiryaki and Ahlatcioglu (2009), Xidonas, Mavrotas, et al.

Other criteria (industry evaluation, macroeconomic factors, efficiency of man-

(2009), Yodmun and Witayakiattilerd (2016)

Babi¢ (2011), Martel et al. (1988)

)

agement, investor’s preferences. .

tails. Other risk measures such as mean absolute devi-
ation are perhaps more appropriate for return distribu-
tions that deviate from normality (Konno et al., 1993;
Moon & Yao, 2011; Ogryczak, 2000; Tamiz, Azmi, &
Jones, 2013; Xidonas, Mavrotas, Zopounidis, & Psarras,
2011).

The review of the literature indicates that systematic
risk has been widely used in MCDA models for portfo-
lio optimisation involving both funds and stocks. Some
studies that have used systematic risk include Albadvi,
Chaharsooghi, and Esfahanipour (2007), Ho et al.
(2011), Marasovic¢ and Babic¢ (2011), Varma and Kumar
(2012), Pérez-Gladish, Jones, Tamiz, and Bilbao-Terol
(2007), Abdelaziz and Masmoudi (2014), Abdelaziz,
Aouni, and El Fayedh (2007), Ghahtarani and Najafi
(2013), Kocadagli and Keskin (2015), Masmoudi and
Abdelaziz (2017), Xidonas, Askounis, and Psarras (2009;
2011), and Amiri, Ekhtiari, and Yazdani (2011).

In addition to the above risk measures, there has
been considerable recent research into tail risk meas-
ures with value at risk (VaR) and conditional value at
risk (CVaR) being well-known examples. Interestingly,
however, our literature review shows that only a small
number of studies have considered such risk measures
(Bilbao-Terol, Arenas-Parra, Canal, & Bilbao-Terol,
2016b; Bilbao-Terol, Arenas-Parra, Canal, & Jiménez,
20164a; Bilbao-Terol et al., 2012, 2013; Messaoudi, Aouni,
& Rebai, 2017) in a MCDA portfolio construction con-
text. Thus, it appears that multi-criteria portfolio con-
struction models could further explore this area.

On the other hand, many studies have focused on
modelling additional aspects of the portfolio construc-
tion process to address realistic issues such as:

(a) transaction costs: Yu, Lee, and Chiou (2014),
Khoury, Martel, and Veilleux (1993), Xia, Wang,
and Deng (2001), and Liu et al. (2012),

(b) liquidity: Albadvi et al. (2007), Marasovi¢ and
Babi¢ (2011), Varma and Kumar (2012), Steuer et
al. (2007), Bouri, Martel, and Chabchoub (2002),
Chen and Hung (2009), Gupta, Mehlawat, and
Saxena (2008), Gupta, Mittal, and Mehlawat
(2013), Arenas-Parra, Bilbao-Terol, and
Rodriguez-Uria (2001), Mehlawat (2016), and
Lo, Petrov, and Wierzbicki (2003),

(c) dividends: Doumpos, Zopounidis, and Pardalos
(2000), Kumar, Philippatos, and Ezzell (1978),
Ehrgott, Klamroth, and Schwehm (2004), Bana
e Costa and Soares (2004), Lee and Lerro (1973),
Xidonas, Askounis, et al. (2009), Zopounidis,
Despotis, and Kamaratou (1998), Xidonas et al.
(2011), and Gupta et al. (2008).

Investors and portfolio managers typically consider
such issues as part of their investment strategies. Thus,
incorporating these issues in extended multi-criteria
portfolio construction models makes the models more
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Table 7. Special variable treatments and constraints in portfolio optimisation.

Studies

Description

Mehlawat (2016), Xidonas et al. (2011), Yu et al. (2014)

Cabello et al. (2014b), Calvo et al. (2015, 2016, 2017), Ehrgott et al. (2004), Gupta et al. (2008, 2013)

Abdelaziz and Masmoudi (2014), Abdelaziz et al. (2009), Amiri et al. (2011), Ammar and Khalifa

Cardinality constraints

Kocadagli and Keskin (2015), Kumar and Philippatos (1979), Kumar et al. (1978), Lee and Chesser

Investment threshold constraints

(1980), Lee and Lerro (1973), Ledn et al. (2002), Liu et al. (2012), Masmoudi and Abdelaziz (2017),
Masri (2017), Moon and Yao (2011), Pérez-Gladish et al. (2007), Trenado et al. (2014), Xidonas,

Askounis, et al., 2009, Xidonas et al. (2011), Zopounidis et al. (1998)

Yu et al. (2014), Zopounidis et al. (1998)

(2003), Arenas-Parra et al. (2001), Ballestero (2005), Bana e Costa and Soares (2004), Bilbao-Terol

et al. (2006b, 2006¢), Bouri et al. (2002), Cabello et al. (2014b), Colson and De Bruyn (1989), Coop-

eretal. (1997), Ehrgott et al. (2004), Ghahtarani and Najafi (2013), Gupta et al. (2008, 2013)

Calvo et al. (2015, 2016, 2017), Mehlawat (2016), Trenado et al. (2014)

Xidonas et al. (2011)

Transaction lot constraints
Dependency constraints

Other constraints

Lee and Chesser (1980), Lee and Lerro (1973), Mehlawat (2016), Pérez-Gladish et al. (2007), Powell

Amiri et al. (2011), Bana e Costa and Soares (2004), Bilbao-Terol et al. (2006a, 2012, 2006c¢), Cabello

and Premachandra (1998), Tamiz et al. (2013)Xidonas, Askounis, et al., 2009, Xidonas et al. (2011),

Zopounidis et al. (1998)

et al. (2014b), Colson and De Bruyn (1989), Ghahtarani and Najafi (2013), Kumar and Philippatos

(1979), Kumar et al. (1978)
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realistic. The inclusion of these realistic (financial) crite-
ria, among others, in the portfolio optimisation process
has been discussed in Kellerer, Mansini, and Speranza
(2000) and, most recently, in Mansini, Ogryczak, and
Speranza (2014).

Finally, as in asset screening, it is again seen that envi-
ronmental, social, and governance (ESG) criteria play
a frequent role on the portfolio construction side, too.
Some indicative studies here include those by Powell and
Premachandra (1998), Ballestero, Bravo, Pérez-Gladish,
Arenas-Parra, and Pla-Santamaria (2012), Cabello, Ruiz,
Pérez-Gladish, and Méndez (2014b), Calvo, Ivorra, and
Liern (2015, 2016), Bilbao-Terol et al. (2012, 2013,
2016a, 2016b), Trenado, Romero, Cuadrado, and
Romero (2014), and Utz, Wimmer, Hirschberger, and
Steuer (2014).

With regard to methods when more than two criteria
are involved, it is to be noted that the efficient frontier
becomes a surface, thus making models with three or
more criteria in the five-phase framework much more
difficult to solve relative to bi-criterion models in the
original four-step approach. This is because the efficient
surface, which subsumes the efficient frontier, contains
many more Pareto optimal solutions. For references on
this, see for example, Hirschberger, Steuer, Utz, Wimmer,
and Qi (2013) and Steuer et al. (2013).

8. Special variable and constraint treatments

Because Markowitz’s critical line algorithm turned out to
have more power than necessary to solve (1)-(4), addi-
tional sets of linear constraints can easily be incorporated
into portfolio models without jeopardising appropriate
efficiency results. In addition to placing upper bounds
on the amounts invested in the different securities and
industry and sectors constraints, transaction costs are
sometimes modelled as additional linear constraints.
Furthermore, integer variables are sometimes
employed, but as long as the number of integer variables
is not large, the models can often be solved exactly. This
is why we see in Table 7 cardinality, investment thresh-
old, and transaction lot constraints listed. Cardinality
constraints are used to control the number of securities
in a portfolio. Investment threshold constraints are used
so as to enforce the condition that if certain securities are
to be held in a portfolio they must be held in a least some
minimum amounts. Otherwise, if the number of integer
variables is too large, as previously mentioned, evolu-
tionary algorithms are customarily resorted to but this
consigns one to only approximately accurate solutions.

9. Concluding remarks

In this paper, we have concentrated on the contributions
of exact methods to the topic of portfolio selection pos-
sessing multiple criteria in order to provide a thorough
bibliographic overview of meaningful studies in the
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area. In doing so we have covered the two important
parts of multiple criteria portfolio selection, one being
on the analysis and evaluation (i.e., asset screening) of
specific securities for the creation of approved lists of
securities eligible for investment, and the other being
on the construction and optimization of portfolios to
meet the preferences of multiple criteria decision makers
when only considering securities from the approved list.
From the conducted literature review, we can observe
how the number of criteria considered and their variety
has increased remarkably over recent years reflecting
the necessity to enhance existing decision-making mod-
els with new approaches focused on individualism and
realism.

Research in the area of multi-criteria portfolio
management continues to be both very active and on
the upswing and from what has been accomplished
so far, future research is poised to take on a variety of
emerging issues. Among others, they include the con-
sideration of new risk measures, extensions of portfolio
optimization to extended universes of securities (e.g.,
commodities, derivatives, funds of funds, and so forth),
the development of powerful approaches for optimisa-
tion under uncertainty (robust optimisation), the role
of non-financial dimensions (such as sustainability and
social responsibility), and the validation of existing and
new models on large-scale datasets from global markets.
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