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Abstract

In a world in permanent (r)evolution that revolves around money, seeking new ways to contain costs,
better allocate resources, and, overall, improve performance is a constant across all the fields. Hence,
the usage of computational methods based on operational research and statistical science is crucial for
achieving an appropriate combination of efficiency and effectiveness, especially in domains where the
decision-making process is a complex task. This is where Data Envelopment Analysis (DEA) comes in.
However, as a non-parametric and, usually, purely objective technique, DEA makes up for in flexibility
and adaptability what it lacks in incorporating preference information, which is particularly important in
areas where the judgment of decision-makers is crucial. This work proposes a cutting-edge and original
approach to fill in this knowledge gap by linking DEA and multi-criteria decision-making with an additive
DEA model that takes into consideration criteria interactivity, by using an inference methodology to deter-
mine their weights, and decision-makers’ preference information incorporation, by taking advantage of
the Choquet multi-criteria preference aggregation model. Thus, PRICDEA (PReference information In-
corporation using the Choquet integral in a DEA model) was born, generating credible weights stemmed
from the decision-maker’s judgments, and yielding acceptable and valid results in a tailor-made case
study of performance assessment of Portuguese National Healthcare Service secondary healthcare

providers across robustness-testing scenarios.

Keywords: Multi-criteria decision-making, Decision analysis, Data Envelopment Analysis, Cho-

quet integral, Interactive criteria, Preference information incorporation






Resumo

Num mundo em permanente (r)evolugao que gira a volta de dinheiro, a procura por novas formas de con-
ter custos, melhor alocar recursos, e, sobretudo, melhorar o desempenho € uma constante transversal a
todos os campos. Por conseguinte, a utilizacdo de métodos computacionais baseados em investigacao
operacional e ciéncia estatistica é crucial para alcangar uma combinacdo apropriada de eficiéncia e
eficacia, especialmente em dominios onde o processo de tomada de decisdo é uma tarefa complexa.
E aqui que entra a Data Envelopment Analysis (DEA). Contudo, como uma técnica ndo-paramétrica
e, usualmente, puramente objetiva, a DEA compensa em flexibilidade e adaptabilidade o que carece
em incorporar a informacao de preferéncias, particularmente importante em areas onde o julgamento
de decisores é crucial. Este trabalho propée uma abordagem pioneira e original para preencher esta
lacuna de conhecimento através da ligacao entre a DEA e a tomada de decisao multicritério com um
modelo aditivo de DEA que tem em consideragao a interatividade de critérios, usando uma metodolo-
gia de inferéncia para determinar os seus pesos, e a incorporagao da informagao das preferéncias
de decisores, tirando partido do modelo agregador de preferéncias multicritério de Choquet. Assim,
nasceu o PRICDEA (PReference information Incorporation using the Choquet integral in a DEA model),
gerando pesos crediveis a partir dos julgamentos de um decisor, e produzindo resultados aceitaveis e
validos num caso de estudo feito a medida sobre avaliagdo de desempenho dos prestadores de cuida-
dos de saude secundarios do Servico Nacional de Saude portugués por meio de cenarios testadores

de robustez.

Palavras-chave: Tomada de decisdo multicritério, Analise de decisdo, Data Envelopment

Analysis, Integral de Choquet, Critérios interativos, Incorporagao da informagao de preferéncias
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DEA model for multi-criteria decision-making
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Chapter 1

Introduction

1.1 Motivation

In life, nothing that has value, real value, has no cost. When Dean Kamen, one of the world’s most
prolific inventors of healthcare technologies (best-known for his invention of the Segway), said this in an
interview to an acclaimed science and technology magazine, Popular Mechanics, back in 2009, he was
referring, inter alia, to healthcare (Meigs & Beilinson, 2009). The American engineer also stated that
putting money into the economy, even at a time of crisis, should target areas where problems would be
solved, diseases would be cured, and technologies would be created, in order to improve the well-being
of the population. In fact, the founder of DEKA Research & Development Corporation is on the right path
with his ideas and he is not alone, at least not in his own country, inasmuch that the United States of
America’s total healthcare spending exceeded 3.2$ trillion in 2015 (National Center for Health Statistics,
2017). Nevertheless, notwithstanding the fact that the “land of opportunity” is one of the largest countries
in the world, its healthcare system is somewhat of a trump card in the sense that, when compared to
countries with more established legislation regarding this topic, the American case stands on the side of

such nations, among which Portugal is an exquisite example.

Portugal, in spite of being a medium-sized country and having always been of minor significance in
most circumstances in the European Union frame of reference, has one of the oldest healthcare systems
in the world (it dates back to the late 1970s in the era following the revolution that dethroned the Estado
Novo corporatist authoritarian regime). Nowadays, in line with the previous reasoning, its total health-
care spending reached over 16€ billion in 2015 (Instituto Nacional de Estatistica, 2015). Effectively,
according to Portugal’s National Statistics’ Institute, 8.9% of Portugal’s gross domestic product (GDP) is
devoted to healthcare, placing the westernmost country in mainland Europe among the top healthcare
spenders as a percentage of GDP in the European Union, which weakens Portuguese-based business’
global competitiveness. As almost 10% of GDP is spent on healthcare year after year, the National
Health Service (SNS, from the Portuguese abbreviation of Servigco Nacional de Saude) is being pushed
to a limit where the stress of high costs forces policy-makers and healthcare managers to seek new ways

to improve efficiency, contain costs, and maintain quality of care. To that end, one can claim that improv-



ing the efficiency of healthcare is one of the most important management challenges of the twenty-first
century (Ozcan, 2008).

In this context, this dissertation places emphasis on the application of a well-known performance
measurement technique, sc. data envelopment analysis (DEA), that, alongside the Choquet integral as
an aggregation tool that takes into account interaction phenomena among criteria, develops into a state-
of-the-art methodology acknowledging preference information incorporation that infers the weights of the
preceding interactive criteria from a reference set via a mathematical programming linear optimisation
for decision-making in a context of performance assessment of SNS secondary healthcare providers in

Portugal.

1.2 Obijectives

This dissertation addresses a long-lasting optimisation problem in the Portuguese SNS, specifically in
what concerns secondary healthcare providers, and proposes an avant-garde approach for including in-
teractive variables and incorporating stakeholders’ preferences in order to infer personalised weights that
allow the improvement of institutional performance using an overhauled DEA model. On that account, a

miscellany of sequentially arranged objectives to be accomplished can be itemised, viz.:

e Have a grasp on the circumstances of health in Portugal in a political, economical, and social

sense;

e Recognise DEA’s advantages and disadvantages as a non-parametric technique, whose contem-
poraneity and suitability for performance measurement is utterly useful, particularly in the health-

care context;

¢ |dentify the Choquet multiple criteria preference aggregation model as a convenient and fitting
tool for incorporating the information of decision-makers’ preferences and dealing with interactive

criteria;

e Conceive an innovative Choquet integral-based DEA method for performance evaluation that in-
fers the criteria weights and takes into account interactive variables and preference information

incorporation for decision-making in healthcare;

e Apply the envisaged model to a case study in the healthcare sector and, after comparing the results
obtained with the aforementioned weights and the weights computed using solely the decision-
maker’s judgments, withdraw applicable recommendations for healthcare managers and policy-

makers.

These goals can be rearranged in a more perceptible manner towards the ultimate purpose of this
dissertation, as Figure 1.1 demonstrates.

The accomplishment of these aspirations will be addressed in Section 6.1.
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Figure 1.1: Dissertation objectives.

1.3 Research methodology

In pursuance of the aspirations listed in Section 1.2, the stages schematised in Figure 1.2 were consid-

ered as a procedural plan to take on this monumental undertaking.

Problem Model Data Final
identification creation collection verdicts

Problem Literature Model Results’
characterisation review operationalisation discussion

Figure 1.2: Research methodological steps.

More explicitly:

1. The first node consists on the recognition and establishment of the quandary at hand by digging

into the background of health in Portugal;

2. The problem is then described and detailed in the next step, being given a fitting framework and



mise en scéne;

3. Once the dilemma is authenticated, a literature review phase is required in the interest of erecting

a solid theoretical basis in healthcare performance evaluation;

4. With such reliable foundations concerning the previous stage, creating a model that suits the iden-

tified problem (inasmuch as there is no other model cut out for the predicament) is in order;

5. Logically, the following block of the diagram is concerned with populating the devised model with

bona fide data;

6. By the time all data is collected, the next step of operationalisation is in place for sound and

coherent results to be obtained;

7. On that occasion, discussing those results according to a series of parametres is the penultimate

phase;

8. In the end, withdrawing applicable conclusions is the ultimate resolution of this research.

1.4 Outline

The present dissertation is composed of six chapters aligned with the objectives and methodology de-
tailed above. In this first chapter, an introduction to the already stated dissertation is presented with a
focus on the motivation that led to it, its purpose, and the methodological steps that should be followed
to achieve it. The second chapter comprises a robust description of the problem at hand by aiming
attention at the global health environment before particularising the Portuguese situation. Then, the
foundations are laid for a setting analysis regarding the context and the ambience of the case study
at hand. A literature review is the third and rational chapter before developing the cherished model.
For the sake of demonstrating the logic behind the reasoning of developing this model, a progressively
more in-depth literature review is conducted, beginning with performance evaluation in healthcare and
moving towards efficiency and effectiveness models, before ending with the desired performance mea-
surement method - DEA. Now that the fundamentals are settled, a methodology chapter is essential
in furtherance of describing the methods in which the soon-to-be-named PRICDEA is based on: the
‘two-phase method’ built on the additive (ADD) DEA model, the Choquet multiple criteria preference
aggregation model, and the linear program for inferring the weights of interacting criteria from a refer-
ence set. Additionally, the implementation of this choice and the procedures that lead to its application
are also devoted some effort to, namely: the creation of the database, the construction of the utilities’
interval scale, and the attribution of utility value to the numerical scale levels using a linear interpolation.
Moreover, since the PRICDEA model is a neoteric approach, analogous Mdébius coefficients relying on
the decision-maker’s discernment were also computed for comparison purposes. Next, the fifth chapter
enraptures the case study per se, where an overview of the situation and an apercgu of the stakeholders

are engaged in, followed by a description of data, sample, and variables. Results and their discussion



are the last sections of this chapter, where the PRICDEA model is tested in three different scenarios
discussed with the decision-maker. The achievements and limitations of this dissertation, together with

some future prospects, are presented in the last chapter.






Chapter 2

Problem description

The healthcare sector is a delicate one. Everything needs to be in the right place and in the right time
so that the maintenance of a flying level of care remains uninterrupted. Consequently, there is a need to
reduce costs without compromising quality, which translates into an opportunity to implement operational
research-based methods in this field (Florez, Aguirre, Amaya, & Velasco, 2008). The problem described
in this chapter is an optimisation headache that represents the reality of the Portuguese SNS secondary

healthcare providers.

2.1 Background

New challenges present themselves to the healthcare industry on a daily basis and require a proficient
management of the entirety of its dedicated GDP resources. Furthermore, new regulations, new tech-
nologies, and new organisations are being continuously created as a result of public policies. Hence,
healthcare managers need to overcome these obstacles by mastering performance evaluation and
decision-making skills.

In truth, the case of healthcare is not an isolated one - management across all types of industries is
moving towards a more objective performance evaluation and decision-making (Ozcan, 2008). However,
this particular industry is struggling to keep up the pace with other industries in this respect, although, to
be more accurate, healthcare has always historically trailed behind major innovations. Such an example
can be found in the enactment of the prospective payment system in the United States of America
in 1983, where the healthcare industry strived to meet the needs of their clients due to a decrease
in Medicare reimbursements (Guterman & Dobson, 1986). Obviously, the immediate reaction of the
administrators was to cut costs and avoid high-risk cases, but it did not take long until they realised
that the only way to maintain their institutions’ financial viability was to improve their performance. Ergo,
benchmarking was (re)born. Woefully, the existing benchmarks were built on ancient analytical schemes
based on multiple ratios, which resulted in several quandaries. Thus, creating performance evaluation
tools based on optimisation techniques and their normative structure not only creates benchmarks, but

also provides information for lagging organisations and illustrates how to improve their performance



(Ozcan, 2008). It is precisely this that the healthcare industry is desperate for nowadays, especially

nation-wide institutions as, e.g., Portugal’'s SNS.

2.2 Setting

An everyday trait of the Portuguese common man/woman is to complain. During one’s life, he/she moans
about a panoply of subjects, many of which related to health. However, health in Portugal is not as bad
as the average citizen bewails. In fact, the Portuguese population enjoys good health and increasing
life expectancy, still at lower levels than other western European countries (Barros, Machado, & Simdes,
2011).

After the 25" of April Carnation Revolution in 1974, Portugal underwent an authentic turmoil (espe-
cially at political, social, and economic levels) that impacted on all strata of the country, both in breadth
and in depth, and the healthcare sector was no exception. It was not until 1979 that Portugal had re-
united the conditions to create a constitutionalised SNS, rendering the country as one of the first among
its peers with such a service (Cortes, 2016).

However, on the verge of its fortieth year of existence, the SNS has withstood several blows due
to internal factors (e.g., political shifts) and external factors (e.g., global economic crises). Moreover,
the consequences of those aspects on the daily lives of the Portuguese citizens turned Portugal into
the country with the highest level of poverty in the European Union in 1994, and, although the scenario
has changed in the last twenty years - people in Portugal have never been so healthy -, the access to
healthcare and the health status are still important issues on the Portuguese political agenda (Santana,
2002). Nevertheless, according to the World Health Organization, Portugal’s SNS is ranked as the 9™"
best healthcare system in Europe and the 12" best in the world, which proves that not only that policy-
makers, despite their political orientations, achieved good results in several health indices, but also
that the Portuguese society made a tremendous effort in pursuance of a better life (and, consequently,
health status) since 1979 (Sakellarides, Castelo-Branco, Barbosa, & Azevedo, 2014). The preceding

world ranking top 10 countries including Portugal with regard to health systems is displayed in Table 2.1.

Table 2.1: World’s health systems ranking.
Position Country
1 France
Italy
San Marino
Andorra
Malta
Singapore
Spain
Oman
Austria
10 Japan

(...) (...)
12 Portugal
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Figure 2.1: Health entities’ hierarchy in Portugal.

Interestingly, one would expect that highly developed countries such as the United States of America, the
United Kingdom, Germany, or other members of the G20 international forum were ranked in Table 2.1,
although, apart from minor exceptions like France and Japan, it is the countries with a relatively minor
political and economical impact that make this list. This fact has a multitude of explanations that exceed
the scope of this dissertation, but the key evidence to retain is the fact that Portugal is in this top 15 and
yet it has numerous performance issues.

Nonetheless, nowadays, health in Portugal is regulated by the Ministry of Health with the assistance
of the State Secretary and the Portuguese Health Regulatory Entity. Both public and private healthcare
providers are under the sphere of influence of such entities, being the former administrated directly,
indirectly, and corporately by assorted institutions. Figure 2.1 depicts this hierarchy. In particular, the
SNS comprehends several components of Figure 2.1, both vertical- and horizontally. In line with this
reasoning, the schematisation of the institutions comprised by the SNS and their governing entities are
clarified in Figure 2.2 (IPO is the Portuguese abbreviation for Instituto Portugués de Oncologia.).

All things considered, evaluating the performance of the corporate public sector institutions of the
SNS seems to be an imperative assessment, vital for the sake of the Portuguese health system. Besides,
the lack of data or their availability in the other types of SNS institutions’ administration entities are
hindrances that hamper a more thorough and all-inclusive analysis. Further details on the issue at hand

will be disclosed in Chapter 5.

2.3 Summary

In this chapter, the background of the global healthcare sector was characterised and the outline of the
case study at hand was focused on. It is clear that the usage of performance measurement techniques

is vital for the well-functioning of systems and organisations, which is also unsurprisingly valid for the
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case of Portugal’'s SNS. By delivering a comprehensive historical and political view of it, the practical
foundations were laid, with regard to applying in Chapter 5 the ingenious model described in Chapter 4

after an extensive literature review conducted in the following chapter.
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Chapter 3

Literature review

This dissertation proposes an innovative performance measurement model applied to a case study in
the healthcare sector. Therefore, in Section 3.1, general concepts on performance measurement in
healthcare are provided, as well as some typically employed methods for doing so. Section 3.2 provides
a guide throughout the pieces that assemble the puzzle of efficiency and effectiveness models. In
Section 3.3, performance measurement using DEA is addressed at last, focusing on its components

and theories, and finalising with the knowledge gap that justifies the creation of the proposed model.

3.1 Performance evaluation in healthcare

The first section of this literature review is concerned with going through the fundamentals of perfor-
mance measurement and make advances towards introducing techniques that are popularly applied in

the aforestated framework.

3.1.1 Performance measurement

In 1925, Ronald Fisher, one of the most important figures in twentieth-century statistics, created the
foundations of modern statistical science with his work on parametric statistics (Fisher, 1925). Para-
metric statistics assume that data comes from a population that follows a probability distribution based
on a set of fixed parametres; in other words, data must meet certain assumptions, otherwise paramet-
ric statistics cannot be calculated. On the contrary, non-parametric statistics is not based solely on
parametrised families of probability distributions; in fact, the parameter set can increase or decrease in
the face of new information, yielding more flexible, but less robust, statistical tests. Both parametric and
non-parametric methods have been applied to performance measurement and analysis of healthcare
over the past few decades.

Given all the challenges healthcare is confronted with and discussed in Chapter 2, it is imperative
healthcare managers readjust their practice to integrate such methods in order to capitalise the re-

sources at their disposal and achieve a higher performance, i.e., a more appropriate combination of
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efficiency and effectiveness. Nonetheless, these terms are often used with an ill-defined and dubious

meaning in this context, therefore it is imperious to distinguish them unequivocally.

Definition 3.1 (Efficiency, Ozcan, 2008). Efficiency refers to using the minimum number of inputs for a

given number of outputs.

This means that an efficient healthcare facility produces a certain level of care that meets a stipu-
lated quality standard, using the minimum combination of resources. However, in performance literature,
the concepts of efficiency and productivity are conversely used in a recurrent way. In spite of produc-
tivity typically connoting a broader meaning than efficiency, both concepts are constituents of a more

comprehensive notion - performance - as conceptualised in Figure 3.1.

{ Performance }

L Efficiency }—{ Effectiveness }

Figure 3.1: Performance components (adapted from Ozcan, 2008).

Definition 3.2 (Effectiveness, Ozcan, 2008). Effectiveness regards the extent of medical care outcomes
and may influence or be influenced by efficiency, on top of having a repercussion in healthcare perfor-

mance.

As a matter of fact, effectiveness concerns the utilisation of the necessary amounts of inputs for
the sake of producing the most superlative outcomes. Indeed, a deeper distinction could be introduced
between effectiveness and efficacy in what concerns the pragmatism and idealism of each concept,
respectively (Kim, 2013), but this matter will be slightly simplified by referring to effectiveness whenever
necessary.

Nevertheless, one detail is clear: an healthcare facility can be simultaneously efficient and ineffective,
or inefficient and effective. The goal is to be both efficient and effective, evidently; this way, performance
will certainly be enhanced as suggested in Figure 3.1. Thorny obstacles and fierce competition will keep
on haunting the dreams of healthcare managers, but improving performance within their institutions is
the key to their survival. There might not be a magical formula for doing so - each healthcare organisation
must be individually examined -, but it is up to healthcare managers to determine the appropriate input
and output mix (Ozcan, 2008).

Literature shows that the relationship between efficiency and quality of care is heterogeneous, since
some authors found that increasing efficiency results in a quality care (Helling, Nelson, Ramirez, &
Humphries, 2006) and other researchers established that the contrary is not always achieved (Singaroyan,
Seed, & Egdell, 2006). Yet, Mobley and Magnussen (2002) concluded that poor quality outcomes are
associated with an inferior efficiency and Ferrando et al. (2005) indicated that healthcare organisations

can increase efficiency without impacting the quality of care. For this reason, performance needs to be
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evaluated and compared across healthcare organisations for reasons that comprehend, according to
Ozcan (2008):

¢ Detecting changes from one period to another;
¢ Determining how organisations are functioning in relation to others in a given competitive market;
¢ Investigating deviations from strategic planning scenarios.

This means that performance in the healthcare context is a rather relative phenomenon across health-
care organisations, i.e., a rara avis that can be compared at one or multiple points in time within the
same organisation or between organisations. The interrogation remains on determining the values that

yield efficiency and effectiveness scores, which will be addressed in Subsection 3.1.2.

3.1.2 Performance evaluation methods

In agreement with Ozcan (2008), a comparative performance analysis can be undertaken among various

parametric and non-parametric methods, viz.:
e Ratio analysis;
o LSR;
e TFP;
e SFA;

o DEA.

3.1.2.1 Ratio analysis

One of the simplest and oldest performance calculation methods found in literature is the ratio anal-
ysis. Mainly used for efficiency (productivity), it associates one input and one output, and produces

information defined as the number of output units per unit of input:

Output
Input

Efficiency (Productivity) = (3.1)

Given the number of performance dimensions that have to be round up among compatible units or
within one unit over different time periods, several ratios have to be computed, which is particularly
valid in the context of healthcare. To that end, comparative benchmark and performance statistics are
provided by organisations such as Medicare Hospital Compare and Healthcare Effectiveness Data and
Information Set (Paddock, 2014).

Anyhow, the gargantuan amount of ratios frequently produces mixed results that disorient more than
they aid healthcare managers in comparative performance analysis. This epitomises the weakness of
using a ratio analysis in a framework as complex as healthcare, in light of the difficulties healthcare
managers have in identifying a consistent benchmark that incorporates all inputs and outputs of an

healthcare organisation (Ozcan, 2008).
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3.1.2.2 Least-squares regression (LSR)

By harmonising multiple inputs and outputs, as well as taking noise into consideration, the LSR is one
of the most popular parametric methods in performance evaluation. Customarily, the LSR is formulated
as

y = Bo+ B171 + Paz2 + ... + BnTn te, (3.2)

where y has a normal distribution for any fixed value of x (being the y values independent of one another),
the mean value of y is a straight-line function of = that includes the error term e, the variance of y is the
same for any z, and, for any fixed value of z, y is a random variable (y|z) = By + B1.

This method has benefits when a technical change of a time-series data is required and when one
is investigating scale economies. However, not everything is rosy, on the grounds that the employed
central tendency measures are not necessarily efficient relationships, the LSR does not identify indi-
vidual inefficient units nor the best performances, and it demands a pre-specified production function
due to its parametric formulation (Ozcan, 2008). Ergo, more suitable methodologies that are capable
of conveying a more robust performance evaluation in the healthcare context will be addressed in the

following paragraphs.

3.1.2.3 Total factor productivity (TFP)

In Subsection 3.1.2.1, the limitations of ratio analysis in incorporating multiple inputs and/or outputs into a
single performance ratio were exposed. Thus, TFP overcomes this weakness due to its index numbering
measurement usage. As a matter of fact, index numbers may be used to measure price and quantity
changes over time, which makes them able to measure differences across healthcare organisations. A

general formulation of TFP is usually defined as

N
Z PivQib

TFP, = —, (3.3)

N

Zpiaqm
=1

where the TFP,, index measures the change in the value of selected quantities ¢ of N outputs from a
period a to b, considering the prices p of those outputs.

The most bourgeois indices found in literature include the Laspeyres index, the Pasche index, the
Fisher index, the Tdrnqvist index, and the Malmquist index (Ozcan, 2008). The first four are non-
parametric methods that can be used with cross-sectional data to measure the performance of two
healthcare organisations in one time period or the performance of one healthcare organisation in two
time periods. Be that as it may, the comparison of more than two healthcare organisations at the same
time or over time is impractical. Hence, the Malmquist index rises among the TFP measures as the most
frequently used method in healthcare, since it gets around some of the deficiencies of the other indices.
This index can be computed by way of applying frontier techniques (e.g., SFA or DEA) using either an

input-oriented approach or an output-oriented approach. An interesting feature of the Malmquist index is
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that it decomposes overall efficiency into two mutually exclusive components: one that measures change
in technical efficiency and the other that measures change in technology (Tone, 2004). Nevertheless, the

Malmquist index will not be focused on in this dissertation, but it would certainly be a thrilling prospect.

3.1.2.4 Stochastic frontier analysis (SFA)

Another parametric technique is SFA. When compared with previously described performance evalua-
tion methods, SFA assumes that deviations from the efficient frontier are due to a noise factor. A generic

SFA model is ordinarily formulated as
TC=TCY,W)+V +U, (3.4)

where TC stands for total cost, Y represents outputs, W connotes input prices, V' depicts the random
error (assumed to be normally distributed with zero mean and zero variance), and U acts as the ineffi-
ciency residual.

All things considered, SFA is ideal for hypotheses’ testing and to measure not only technical and
allocative efficiencies, but also scale economies, for instance (Ozcan, 2008). Nonetheless, SFA’s draw-
backs are centred on specifying functional form and distributional form for U. Additionally, the use of both
price information and quantity information may induce measurement errors in the results, culminating in

inefficiency of technical and/or allocative origin (Kooreman, 1994).

3.1.2.5 Data envelopment analysis (DEA)

The only non-parametric technique in Subsection 3.1.2 is DEA. In opposition to SFA, DEA assumes that
not all units are efficient and allows the usage of multiple inputs and outputs in a linear programming
model, which will then compute a single efficiency score per observation. Such efficiency measures may
comprise various types, which will be described in Subsection 3.3.1.1. The computations behind such
efficiency types will not be addressed thoroughly in this dissertation.

Still, DEA does not incorporate noise as SFA due to its deterministic nature, otherwise units would
become inefficient due to deviations from the efficient frontier, in spite of researchers being currently
developing stochastic variants of DEA models that account for a random error component, such as
Tsionas (2003). Forasmuch as DEA is thought-out to be the main performance evaluation methodology,

its application in the healthcare context embellishes the work developed throughout this dissertation.

3.2 Efficiency and effectiveness models

Section 3.2 intends to particularise performance measurement models into efficiency and effectiveness

ones, arranging information by measure and respective essential components.
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3.2.1 Efficiency measures

In Subsection 3.1.2.1 elementary efficiency was presented as being measured as an output/input ratio.
Thus, to improve efficiency, one has to either: increase the outputs, decrease the inputs, assess if the
rate of increase for outputs is greater than the rate of increase for inputs whenever both outputs and
inputs increase, or assess if the rate of decrease for outputs is lower than the rate of decrease for inputs
whenever both outputs and inputs decrease. Higher efficiency may also be attained by introducing tech-
nological changes or re-engineering service processes (Ozcan, 2005, 2008), but these transformations
exceed the scope of this dissertation.

Constructed on linear programming foundations, DEA’s optimisation methodology stands up to the
aforementioned methods since it pinpoints the optimal ways of performance rather than mere averages,
which is particularly compelling in a world where no one wants to be average. Therefore, the identifi-
cation of superlative performances normatively points the way towards benchmarking to the delight of
healthcare managers, forasmuch as they become able not only to identify top performers, but also to
conceive alternative ways to navigate their organisations through the stormy healthcare seas.

A myriad of DEA research initiatives has been played around with since the original work of Charnes,
Cooper, & Rhodes (1978). Be that as it may, DEA has not yet been adopted as a canonical tool for bench-
marking and decision-making in healthcare and its use has been limited to academia, peculiarly because

experts fall short of bridging the theory-practice gap, although DEA’s formulation is quite intricate.

3.2.2 Efficiency model components

When engaging in an empirical efficiency analysis in healthcare, one will certainly encounter copious
theoretical and practical issues that call for illumination.

It has been established throughout this dissertation that the efficiency of an healthcare organisation
corresponds to the ratio of outputs it generates to the value of inputs it depletes and it is precisely this
outlook that is encapsulated in Figure 3.2.

The schematised organisation consumes M physical resources valued as X by society and produces S
outputs aggregated as Y by society. The transformation process is not relevant at this stage. The ratio
Y/ X is the essential efficiency measure that could be referred to as cost-effectiveness.

Healthcare efficiency models typically contemplate multiple inputs and/or outputs. Consequently,
the relative weights V,,, and U, attached to each input m and output s, respectively, are pivotal to the
calculation of X and Y (weighting vectors V and U indicate the relative importance of an additional unit
of input or output). These weights allows one to compute the valuation of inputs X = fof:l Vi Ximo
and the valuation of outputs Y = Zle U,Yso for an hypothetical healthcare organisation named 0. In
competitive markets, both V and U might be already available, since they are able of being considered
as prices, which propitiates the immediate calculation of the efficiency measure. Otherwise, in complex
contexts like healthcare, this is rarely the case, particularly on the output side, and that is where analytic
techniques such as DEA can be deployed to provide akin information.

Despite the fact that this framework is misleadingly simple, several complex problems quickly arise
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Figure 3.2: Naive model of organisational performance (adapted from Jacobs, Smith, & Street, 2006).

when one intends to use it in the development of organisational efficiency operational models in health-
care. Indeed, the complexity involved in such an endeavour merely reflects the complexity of the pro-
duction process. Rather than a production line, most healthcare is perfectly fitted to the needs of the
individual recipient (Harris, 1977). This means that heterogeneity and lack of clarity regarding the pro-
duction process are abundant. Additionally, multiple stakeholders are involved over a legion of time
periods and in different settings (Jacobs, Smith, & Street, 2006). Therefore, prior to addressing DEA
itself, a few model-building principles must first have a go at.

3.2.2.1 Unit under investigation

A legitimate efficiency analysis should have a clear idea of the entity it is examining, but should also
acknowledge that its performance might be influenced by other entities or by factors beyond its control.

On that account, three criteria should guide the choice of units (Jacobs et al., 2006):

1. They should capture the entire production process of interest;

2. They should be DMUs, i.e., their function should be to convert inputs to outputs and to be discrete

about the technological conversion process that takes place;

3. They should be comparable, especially in the sense that they are seeking to produce the same set

of outputs.
This brings about the generic definition of DMU.

Definition 3.3 (Decision-making unit). A DMU is an organisation subject to evaluation in the light of
DEA literature. Hospitals, clinics, primary care centres, and other entities are examples of facilities
whose performance is adequate for DEA.
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Moreover, the interoperationality between all of these criteria is not necessarily elementary. Even
by themselves, one criterion is a handful (e.g., almost every organisation claims to be “unique”, so
comparing the same set of healthcare outputs is difficult to achieve). An example of an interoperability
friction is the conflict between the first and the second criteria, which is most seemingly to happen where
the production process is characterised by varying degrees of vertical integration. Nevertheless, under
some circumstances, organisations may vertically integrate and assume control of the entire production
process; under others, they may prefer to buy in inputs from organisations further down the process or
sell on to those further up the chain.

Bottom line, minimising transaction costs as a factor in determining what range of production process
might be under control of a single organisation was found to be desirable (Coase, 1937; Williamson,
1973).

However, guaranteeing that the analytical DMU fully circumscribes jointness in production is partic-
ularly important in contexts where there is variation in how relative contributions to joint production are
defined, which raises the question of where the boundaries of the production process should be drawn.
On one hand, the DMU could be thought of as the entire health system. As loose as this definition might
be, it is also infeasible and often unhelpful - defining the system and identifying its fundamental decision-
makers and inputs is not entirely clear. On the other hand, taking interest in single actions or individuals
is much more preferable in comparison to a whole-system approach, because their activities are more
limited, the inputs can be more easily identified, and assigning personal responsibility for performance
is more likely to be higher. For all that, there are handicaps to this approach, since outputs are generally
produced by teams and entities might be inherently linked with each other.

In essence, a larger collection of individuals is more appropriate for analytical purposes, when out-

puts result from joint production decisions (Jacobs et al., 2006).

3.2.2.2 Healthcare inputs

The less puzzling side among what goes in and out of an healthcare organisation, as presented on
Figure 3.2, is, effectively, what enters that system, i.e., inputs. Inputs’ physical nature allows a more
rigorous measurement than outputs, as will be seen in Subsection 3.2.2.3, especially since they can be
summarised as costs, notwithstanding genuine conceptual and practical dilemmas that input specifica-
tion institutes on efficiency analysis.

One indispensable resolution that must be regarded is the level of disaggregation of inputs to be
specified (viewed as a long-term perspective). The use of a single measure of costs essentially trans-
forms the efficiency model into a cost function and it will be directly reflected in price efficiency. Another
crucial decision is to acknowledge that a specific number of aspects of the input mix is outside the sphere
of influence of the organisation (viewed as a short-term perspective). Consequently, disaggregating the
inputs to some extent is likewise required, for the sake of capturing the contrasting inherited input mixes
by healthcare organisations. For these reasons, two input categories come into sight, in consonance
with Jacobs et al. (2006):
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e Labour inputs
Labour inputs can be measured by skill level disaggregation. Aggregating labour types into a
single measure of labour input and weighing the various labour inputs by relative wages is an ap-
propriate approach, except for when there is a distinct interest in the deployment of different types.
Nevertheless, if such evidence does not exist, disaggregating labour inputs is not praiseworthy.
There are models that might be willing to consider skill mix disaggregation, producing a valuable

recommendation for policy-making.

Additionally, labour inputs are commonly measured in either physical units or costs of labour, and
their independent use builds upon the context, resting assured that each has its advantages and
disadvantages. At an organisational level, labour inputs can be promptly measured, but headaches
occur when the efficiency analysis is focused on sub-units of healthcare organisations, since at-

tributing labour inputs becomes problematic when the unit of observation becomes smaller.

Another reflection depends on the extent to which healthcare organisations buy in certain services,
instead of directly hiring new workers. This complicates the comparison between organisations,

forcing analysts to make use of a single measure of inputs - total costs.

e Capital inputs
Integrating capital measures as inputs of an efficiency analysis is more demanding, because of the
arduousness of measuring capital stock and the issues in attributing its usage to a particular time
period, both to a certain degree. Generally, capital measures are quite vulgar and ambiguous (e.g.,
the number of hospital beds as a proxy for physical capital). Besides, healthcare organisations

usually invest in non-physical capital inputs, like health promotion.

All things considered, an efficiency model ordinarily uses the capital consumed in the current time
period as an input to the production process. However, capital is used across time by nature. The

diagram laid out in Figure 3.3 encapsulates the accounting struggles capital inputs give rise to.

In each time period ¢, inputs are consumed and outputs are produced by and from the healthcare
organisation, respectively. If an organisation has been blessed with the benefits of past invest-
ments in period ¢, then the output/input ratio for that time period will not be a bona fide efficiency

measurement.

In spite of all, when treating capital inputs, one must take into consideration if the desired efficiency

measurement is probing a short-term or a long-term, in favour of avoiding imprecise evaluations.

3.2.2.3 Healthcare outputs

In competitive industries, the physical output of an organisation is customarily a traded product. Natu-
rally, despite how homogeneous a market is, such products variability is tremendous on various dimen-
sions of quality (e.g., reliability, conformance, and serviceability). The quality of a product is intrinsic to
its social value, but that value can be read between lines by scrutinising people’s purchasing behaviour
(Jacobs et al., 2006).
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Figure 3.3: Dynamic nature of organisational performance (adapted from Jacobs et al., 2006).

Anyhow, in profuse sectors of the economy, not only do prices not exist, but also defining outputs is
a challenging task, particularly in the case of governmental spending on goods and services (Atkinson,
2005). The context of healthcare is no different, since valuating the concept per se and not existing
a conventional sense of market make the undertaking slightly more tortuous. Seeing that healthcare
makes a positive contribution to the health status, rather than being demanded for its own sake, health-
care outputs should be defined in terms of produced healthcare outcomes, even though organisations
do not commonly collect periodic information about their own outcomes.

Two comprehensive classes can be considered when talking about healthcare outcomes (Jacobs et

al., 2006), transforming them into quality-adjusted physical outputs:
1. Additional health conferred on the patient;
2. Broader patient satisfaction over and above that related to the health effect.

On one hand, for most patients and caregivers, health gain is the key intervention success indicator,
in that it focuses attention on the patient on behalf of the services provided by the organisation. Funda-
mentally, measuring an health outcome should point out the added value to health, due to contact with
the health system. Goldstein & Spiegelhalter (1996) successfully applied this ‘value-added’ measure-
ment in the school education sector to assess pupils’ ability at entry to each school and then comparing
their exam grades in relation to that baseline, yielding the preceding measure. However, when attempts
were made towards applying this concept in healthcare, obstacles have rapidly risen, by cause of a
much greater service users’ heterogeneity and intrinsic measurement difficulties. In essence, finding a
baseline is extraordinarily unattainable. On that account, involving comparisons of health status before
and after an intervention is acceptable for these purposes, although the aforementioned measures tend
to introduce bias into the comparative analysis (Jacobs et al., 2006). Changes in health status with and

without an intervention could also be considered, but, without treatment, health profiles are infrequently
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observable. Collecting before/after measures of treatment effects have been developed and instruments
like EQ5D and SF36 (EuroQol Group, 1990; Ware & Sherbourne, 1992) are deep-rooted nowadays,
whose limitations will not be addressed in this dissertation.

On the other hand, and in all respects aside from health gains, the concerns with “patient expe-
rience” (covering issues such as autonomy, privacy, and response times) are becoming progressively
more vocal. However, efficiency studies do not usually integrate such information (Pedraja-Chaparro,
Salinas-Jiménez, & Smith, 1999), with the exception of the World Health Organisation’s development of
the concept of responsiveness on the examination of national health systems’ efficiency (2000). Never-
theless, in spite of how useful this United Nation’s specialised agency’s report was, it was crippled by
the usage of weak measurement methods. In recent past, Ustiin, Chatterji, Mechbal, Murray, & World
Health Surveys Collaborating Groups (2003) addressed this issue in a more adequate way. In fact, sev-
eral tools have been applied to a regular extent, in spite of still being difficult to integrate an operation
efficiency analysis, and, with proper data condensation, a small number of responsiveness measures
can be obtained (Coulter & Magee, 2003).

Without regard to everything that was mentioned above, health outcomes are not the only type of
measure analysts deal with. Healthcare activities are another kind of measure, despite how crude they
are in capturing effectiveness variations of healthcare delivery. Indeed, some impracticalities concerning
healthcare outcomes lead to the emergence of healthcare activities as proxies (Jacobs et al., 2006).
However, measuring activities has its drawbacks: identifying the degree of variation in outcomes is
straightforwardly traceable to healthcare organisations’ actions. In truth, relying on them, in light of sound
research evidence, gives rise to health improvement, and measuring such activities provides a powerful
indicator of expected health outcomes, even if one inherently assumes that all organisations have the
same effectiveness when implementing a procedure. At last, the employment of activity measures is
recurrently the sole option at hand, but one must bear in mind of its limitations. Particularly, a pair of
misjudgements rely on, ceteris paribus, healthcare organisations that engage in more activities being
rated as efficient and the effectiveness of healthcare delivery not being captured by a handful of activities
(Jacobs et al., 2006).

In the end, one question emerges: how does one assess the value of different kinds of health-
care outputs? Given the intricacy of healthcare organisations and the wide judgmental variation among
stakeholders, the answer lies in attributing the decision-maker role to someone who has to decide what
is valued on behalf of society. More than healthcare managers, it is up to politicians to provide valid
political statements on the goals of health systems or their associated organisations (Jacobs et al.,
2006).

3.2.2.4 Environmental determinants of performance

Organisational capacity is influenced by a plethora of factors, but, in plentiful contexts, environmental
constraints rise as an isolated class of exogenous forces that affect an organisation’s performance be-
yond its control. These effects reflect the external environment within which it must operate, being often

greatly dependent on population characteristics. For instance, population mortality rates, surgical out-

23



comes, and emergency ambulatory services performance heavily build upon demography, community,
or geography (Jacobs et al., 2006).

There is a good deal of debates concerning the controllability of such determinants. In fact, even a
short-run and tactical analysis or a longer-run and strategic analysis require different data and are con-
strained by distinctive factors. Additionally, the performance of several healthcare organisations relies
upon inputs from external agencies, and this dependency should be recognised in efficiency modelling.
Jacobs et al. (2006) propose three wide-ranging manners of taking environmental constraints into ac-

count in efficiency analysis:

¢ Restrict the comparison to organisations with a similarly constrained environment;

¢ Model the constraints as being analogous to production process’ factors;

e Undertake risk adjustment.

The first resolution clusters organisations into comparable classes, using cluster analysis (Everitt,
Landau, Leese, & Stahl, 2011). However, the issue about what criteria should be used to create these
categories is imperative. On one hand, it is impossible to conclude if performance is correlated with
exogenous influences or efficiency variations. On the other hand, clustering reduces sample size, as an
extrapolation of performance is ruled out.

The second approach attempts to incorporate environmental performance determinants alike labour
or capital inputs. This concept solves the extrapolation problem of the previous point, by generalising
the clustering procedure.

At last, the final method adjusts organisational outputs for differences in circumstances before they
are set up in an efficiency model. This astute approach allows the analyst to fine-tune each output for
only those factors that apply specifically for that output, in lieu of the contrary, and have been cultivated
to a high level of precision (lezzoni, 2003).

Wistfully, environmental constraints were not studied in this dissertation, but would have certainly

been an even more formidable addition.

3.2.3 Effectiveness measures

In healthcare, effectiveness is measured by outcomes or quality and is of vital importance to numerous
stakeholders. Notwithstanding, measuring effectiveness is more puzzling than measuring efficiency, on
the grounds that a multiplex of angles on outcomes and quality introduce further measurement adver-
sities, despite the acquaintance of processes’ inputs and outputs. Moreover, the majority of outcomes
measures and quality measures were not systematically reported, which entangled the task of health-
care managers. Nevertheless, measuring effectiveness is not the purpose of this dissertation, the focus

remains on more compelling subjects.
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3.3 Performance measurement using data envelopment analysis
(DEA)

The last section of Chapter 3 devotes its efforts to describing DEA methodology, its usage in the health-

care context, and the specific case of preference information incorporation.

3.3.1 DEA methodology

In opposition to the parametric approach governed by economic theory, DEA is a data-driven technique.
It is data that determines the location and the shape of the efficiency frontier, constructed by observing
the highest output/input ratios and joining those observations up in the input-output space. Inefficient
units are enveloped by this efficient frontier and such inefficiency is calculated relatively to this surface
(Grosskopf & Valdmanis, 1987; Charnes, Cooper, Lewin, & Seiford, 1994; Cooper, Seiford, & Tone,
2000).

As it was seen in Definition 3.3, DEA literature conventionally uses the DMU terminology to invoke
each of the units of analysis under scrutiny (Charnes et al., 1978), which can range from entire health-
care systems (Puig-Junoy, 1998a) to health regions (Ozcan & Cotter, 1994; Gerdtham, Rehnberg, &
Tambour, 1999), from whole hospitals (Grosskopf & Valdmanis, 1987) to specific hospital services (Puig-
Junoy, 1998b; Hollingsworth & Parkin, 2001), or even reach individual physicians (Chilingerian, 1994) or
other healthcare professionals.

In this subsection, the various notions of efficiency will be reviewed within the context of DEA, as well

as all the paraphernalia involving this technique’s formulation and considerations.

3.3.1.1 Efficiency evaluations using DEA

Efficiency is one the major components of performance, as depicted in Figure 3.1, and is drawn up as a
ratio of outputs over inputs. In DEA, it is computed relatively to healthcare organisations in a particular
assessment, hence the score for benchmark healthcare organisations uniquely represents the set of
units considered in the analysis. This naturally influences the results of future evaluations, not only
because each organisation may perform differently from one time period to another, but also due to the
arrival or departure of DMUs (Ozcan, 2008).

Innumerable factors may also act upon overall efficiency in such manner that it is reasonable to define
four components, as shown in Figure 3.4, upon which efficiency classification relies on that are ad hoc
of healthcare evaluation (Othman, Mohd-Zamil, Rasid, Vakilbashi, & Mokhber, 2016).

Definition 3.4 (Technical efficiency). Also known as global efficiency, technical efficiency refers to the
physical relation between resources and health outcomes. A technically efficient position is achieved
when the maximum possible improvement in outputs is obtained with fewer inputs (Palmer & Torgerson,
1999).
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Figure 3.4: Efficiency components (adapted from Sherman & Zhu, 2006).

Definition 3.5 (Scale efficiency). Scale efficiency has been developed in different ways in the DEA
framework (Daraio & Simar, 2007). Howbeit, a general notion concerns the performance of a unit
operating in optimum scale: a unit is scale efficient when it works at the most productive scale size, i.e.,
when its input and output sets are optimal so that any modifications will render them less efficient (Eken
& Kale, 2014; Shanmugam, 2014).

Definition 3.6 (Price efficiency). Reducing input cost while maintaining quality is a fitting and concise

explanation for price efficiency (Othman et al., 2016).

Definition 3.7 (Allocative efficiency). A breviloquent interpretation of allocative efficiency appertains to
the measure of the optimal input mix in order to produce outputs (Sherman & Zhu, 2006; Othman et al.,
2016).

Some other efficiency components can be classified (e.g., X-efficiency and profit efficiency), but
these four fundamental constituents comprise a natural and common categorisation of overall produc-

tivity.

3.3.1.2 DEA formulation

Generally, the efficiency concepts discussed in the previous paragraph assume one knows the produc-
tion function of the organisation. In the real world, this is not always true. In line with Jacobs et al.

(2006), DEA assesses efficiency in two stages:

1. Identify a frontier based on either those organisations using the lowest input mix to produce their
outputs or those organisations achieving the highest output mix given their inputs, i.e., the input

orientation or the output orientation;

2. Form a piecewise linear envelope of surfaces in multidimensional space by assigning an efficiency
score to each organisation and comparing their respective output/input ratio to that of efficient

organisations.

Using the same nomenclature as in Figure 3.2, if there are M inputs and S outputs, then the production
frontier becomes a surface in (M + S) dimensional space. Consequently, the efficiency of a DMU is the
distance it lies from this surface, which is defined as the ratio of a weighted sum of outputs of a DMU

divided by a weighted sum of its inputs. Hence, technical efficiency is computed by solving, for each
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DMU, the mathematical program

s.t.

where y; is the quantity of output s for DMUy, us is the weight attached to output s (us > 0, s =
1,...,5), zs is the quantity of input m for DMU,, and v, is the weight attached to output m (v,, >

0, m=1,..,M).

This mathematical program tracks down DMU,, the set of output weights u,, and the set of input weights
vy, that maximise the efficiency of DMUy, subject to the constraint that no DMU can have efficiency
greater than 1. As for the weights, they can accept any non-negative value and, ordinarily, each DMU
has its own distinctive set of weights, fashioning u; and v,,, as a key DEA characteristic - they are chosen

to single out the higher level of efficiency for a certain DMU. Equation (3.5) can be rewritten as

/
max u/yo (3.6)
V' To

/.
Y

s.t. T S
v'x;

where v’ and v’ are output and input weight vectors, respectively. In the interest of obtaining the optimal
weights, Equation (3.6) is converted into a system of linear equations, erected in a way that a linear
objective function can be maximised while subjected to a set of linear constraints. Nevertheless, this
ratio formulation has an infinite number of solutions (Coelli, Rao, & Battese, 1998), so an additional
constraint stating that either the numerator or the denominator of the efficiency ratio has to be equal to
1 had to be enforced. Thus, the problem becomes one of two: maximise the weighted output subject to
weighted input being equal to 1 or minimise weighted input subject to weighted output being equal to 1

(Parkin & Hollingsworth, 1997). To echo this metamorphosis, Equation (3.6) can be reformulated in the
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multiplier form as

max  1'yo (3.7)

st. Vzg=1

w,v =0

which could be also expressed as the correspondent minimisation problem (Coelli et al., 1998)

min 6 (3.8)
s.t. —yYo+YA=>0

Oxg— XA 20

A=0

that has the advantage of involving fewer constraints, where z; and y; are input and output column
vectors for each of the 7-DMUs, X and Y are the input and output matrices representing the data for
all the I-DMUs, @ is a scalar, and X is a I x 1 vector of variables. The value of # corresponds to the
efficiency score for DMU, and satisfies 6 < 1.

This linear program must be solved for each individual DMU in the data set in pursuance of the value of
0 for each one (Coelli et al., 1998). Ergo, this DEA formulation yields weights that are specific to each
DMU and its objective is to scout for the minimum @ that reduces the input vector x; to 6x; while assuring
the output level y;. However, \; reflects the weights attached to DMU; in forming the efficient benchmark
for DMUy - indeed, DMUy is compared to the point on the frontier formed by creating a composite peer
DMU encompassing a linear combination of all other DMUs (Jacobs et al., 2006). Naturally, non-zero
weights will be designated only for efficient DMUs in the peer group, producing the so-called efficient
peers or DMU, comparators. Further considerations on model orientation and returns-to-scale will be
addressed shortly in Subsection 3.3.1.3 and Subsection 3.3.1.4.

3.3.1.3 Returns-to-scale

Until now, all of the vide supra formulations were envisaged under a constants returns-to-scale (CRS),
as postulated in the seminal DEA paper (Charnes et al., 1978). Curiously, the CRS model was known
as the CCR model, because of its developers surname’s initials, as would the subsequent BCC model.
Indeed, a few years later, Banker, Charnes, & Cooper (1984) broadened this concept in the interest of
integrating a more malleable scale - variable returns-to-scale (VRS) - model, which could be applied
when not all DMUs were considered to be operating at an optimal scale. In healthcare, operating at an
ineficient scale occurs on a daily basis due to countless factors, e.g., imperfect competition, financial

constraints, and regulatory constraints (Jacobs et al., 2006). Therefore, choosing between CRS and
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VRS is an important decision.
In line with Equation (3.8), the addition of a single convexity constraint turns this CRS linear program-

ming problem into a VRS one:
I
S =1 (3.9)
i=1

As a deduction, the calculation of scale inefficiency could be computed by running both CRS and VRS
DEA models on the same data and attributing any change in measured efficiency to it (Coelli, 1996;
Parkin & Hollingsworth, 1997). With a view to collect evidence of whether a DMU is operating in the
area of increasing or decreasing returns-to-scale, a non-increasing returns-to-scale (NIRS) constant

can be added to Equation (3.8), modifying Equation (3.9):

doa<i (3.10)

Scale inefficiencies can then be calculated by comparing the DMU’s technical efficiency score over the
NIRS constraint to their technical efficiency score under the NIRS constraint. As reported by Coelli,
Rao, & Battese (1998), if they are not equal, then increasing returns-to-scale exist; if they are equal,
then decreasing returns-to-scale apply.

At last, the choice between CRS or VRS depends on the context and purpose of the analysis
or whether short-run or long-run efficiency is under scrutiny (Jacobs et al., 2006). For instance, a
productivity-based perspective may be more appropriately built using a CRS model and a managerial-

based perspective may prefer a VRS model.

3.3.1.4 Model orientation

It was mentioned in Subsection 3.1.2.1 that efficiency in ratio analysis is calculated using an output over
input ratio, where input reduction is usually stressed in order to improve efficiency. In the DEA context,

this approach is named input orientation and can be properly ascertained in Definition 3.8.

Definition 3.8 (Input-oriented DEA, Ozcan, 2008). DEA’s input orientation assumes healthcare man-

agers hold the reins more over the inputs rather than outputs.

Howbeit, the contrary might also be verified, since outputs also play their part in this analysis, as

stated in Definition 3.9.

Definition 3.9 (Output-oriented DEA, Ozcan, 2008). In case healthcare managers run the show with
regards to outputs, i.e., when they can attract patients to their facilities by marketing or other means, and

increase their organisation’s efficiency given their input set, DEA has an output orientation.

To bridge the gap between this paragraph and the last one, this subject can be elaborated to some
extent. Under CRS, input-oriented or output-oriented DEA results are the same. However, the same
cannot be said when one talks about VRS. It is incorrect to think that the choice of orientation affects

which observations are identified as fully efficient (Coelli, 1996), but the distance of an ineffective DMU
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from the frontier depends on the horizontal distance in the input orientation and on the vertical distance
on the output orientation, thus varying the technical efficiency score for that DMU (Jacobs et al., 2006).

Additionally, a miscellaneous of DEA models has been developed over the years assuming either in-
put orientation or output orientation, highlighting proportional reduction of excessive inputs (input slacks)
or proportional augmentation of lacking outputs (output slacks). Nonetheless, for the sake of healthcare
managers, some models were created combining both input reduction and output augmentation simul-
taneously by decreasing input slacks and increasing output slacks. In DEA literature, such models are
designated as ADD models or non-oriented models (Ozcan, 2008).

Finally, when choosing between input orientation or output orientation, analysts view on which parame-
tres healthcare managers are able to control is crucial (Ozcan, 2008). For example, a hospital may fix the
amount of inputs in a given period for a specific service, so technical efficiency is measured by analysing
the output expansion without altering the input set. Hence, an output-oriented model is advised. Another
case is related with a hospital’s contractual arrangement in terms of the number of patients treated. By
considering the amount of inputs that could be reduced in the name of maintaining the output target, an

input-oriented model is recommended.

3.3.1.5 Basic frontier models

Taking into account everything asserted in the previous two paragraphs, a handful of DEA basic frontier
models can now be briefly presented. The use of these types of models depends, naturally, on the
conditions of the problem at hand, but they all are able to be identified based on the scale and orientation
of the model.

If one assumes that scale economies do not change with the increase in service facility size and
that all DMUs are operating at an optimum scale, then CRS-type DEA models are a convenient choice.
Otherwise, VRS models ought to be applied. Input orientation or output orientation depend on the
output or input restrictions bestowed by healthcare managers, as described in Subsection 3.3.1.4. As

promised, Figure 3.5 schematises the four essential envelopment models described above.

L Orientation }

S ] e
T e e ] [

Figure 3.5: Basic DEA model classifications (adapted from Jacobs et al., 2006).
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Note that the scheme of Figure 3.5 is a rather primitive and elementary approach on the choosing of
a DEA model. In practice, copious other factors are taken into consideration in an order that does not
necessarily follow the one depicted in the design. For instance, the model selected for this research bore

in mind the need for slacks and the usage of utilities, so a VRS ADD model was the chosen concept.

3.3.2 DEA in healthcare

Challenges such as those mentioned in Section 2.1 were overflowing healthcare organisations in the
1980s just as healthcare managers were pursuing efficiency improvements, particularly in the United
States of America. A few years later, governmental initiatives extended the fixed pricing mechanism of
diagnostic-related groupings (Fetter, Shin, Freeman, Averill, & Thompson, 1980) of the previous decade
to physicians’ services through resource-based relative schedule. In line with Ozcan (2008), albeit
suchlike pricing mechanisms influenced the control of the amounts paid to healthcare organisations and
healthcare professionals, a deeper insight into physician practice behaviour and disease treatment pro-
tocols development also took place, and it was the theoretical progress related to these advancements
that led to the DEA approach flowering outset by Charnes et al. (1978). The efficiency measurement
of DMUs using this non-parametric linear programming methodology was the primary focus of these
researchers, and the efficiency frontier development, given an optimised weighted output/input ratio of
each DMU (accounting for the fact that this ratio can be equal, but never exceed, unity for any other
DMU in the data set), was a tremendous breakthrough at the time.

In the context of healthcare, the measurement of routine nursing service efficiency (Nunamaker,
1983) was DEA’s first incursion in this domain and, from then onward, this frontier technique has become
the dominant approach to efficiency measurement in healthcare, among other areas (Hollingsworth &
Smith, 2003). De facto, assessing overall hospital efficiency was carried out forthwith with the efforts of
Sherman (1984) and, from then on, multiple other researchers followed the same path. Indeed, one of
the goals of the research conducted in this dissertation is to assess the overall performance of several

secondary healthcare providers.

3.3.3 Preference information incorporation in DEA

Originally, since Charnes et al. (1978), DEA calculations were value-free, i.e., they were purely objective
and free from criteria imposed by subjective standards. However, attempts were made in the direction
of incorporating preference information. According to Halme, Joro, Korhonen, Salo, & Wallenius (1999),

such models are broken down into two classes:
e Models that use preference information to set targets for inefficient DMUs;
¢ Models that use preference information to produce more meaningful efficiency scores.

The development of target-setting models was cultivated primarily by Golany (1988) and Thanas-

soulis & Dyson (1992), the former with a view to allow the decision-maker to select the preferred set of
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output levels given the input levels of a DMU and the latter to estimate alternative input/output target
levels in favour of rendering efficient relatively inefficient DMUs.

As for the efficiency score models, restricting weight flexibility was the conventional approach (Thompson,
Singleton, Thrall, & Smith, 1986; Dyson & Thanassoulis, 1988; Charnes, Cooper, Wei, & Huang, 1989,
1990; Thompson, Langemeier, Lee, Lee, & Thrall, 1990; Wong & Beasley, 1990). This resulted in the
reduction of the number of efficient DMUs and can be categorised into three groups (Joro & Korhonen,
2015):

e Direct and relative weight restriction methods (absolute values or weight ratios are the typical

configurations used in multiplier DEA model);
e Cone ratio DEA (seen as a generalisation of relative weight restrictions);

e Contribution restriction methods (absolute or relative restrictions are based on products of the dual

weights and the input and/or output quantities).

Nonetheless, Zhu (1996) initiated preference information incorporation in DEA to calculate efficiency
scores, in spite of Golany & Roll (1994) having created a DEA model that incorporated preference
information in the form of hypothetical DMUs a couple of years earlier.

The origins of preference information incorporation in Multi-Criteria Decision-Making (MCDM) litera-
ture are planted in the aforementioned interactive multi-objective linear programming (MOLP) procedure
by Golany (1988).

Additionally, numerous arguments can be found against using importance weights to elicit and rep-
resent the decision-maker’s preference information (Steuer, 1986; Wierzbicki, 1986; Korhonen & Walle-
nius, 1989; Korhonen, Silvennoinen, Wallenius, & Odrni, 2012), since a greater importance is not always
denoted by a larger weight. That is how Halme et al. (1999) came up with the idea of the Most Preferred
Solution (MPS) - an input/output vector on the efficient frontier that explicitly incorporates the decision-
maker’s preference information in the efficiency analysis. Theoretically, the MPS is the point at which
the decision-maker’s implicitly known value function has its maximum value and the interactive MOLP
procedure terminates. It is with the knowledge of the MPS that the value function is approximated using
tangent cones, being the efficiency of each DMU computed with respect to their respective tangent cone.
This approach yields the so-called (in)efficiency scores, due to the fact that the efficiency of each DMU
is determined by approximation.

On a slightly different topic, in the last few years, a handful of researchers have been employing a
different method to DEA in the interest of considering the interactions between inputs and outputs - the
Choquet integral. Ji, Liu, Qiu, & Lin (2015) and Xia & Chen’s (2017) work is in line with other authors
who have been paying attention to combine the Choquet integral with classical MCDM methods, such
as ELECTRE (Figueira, Greco, & Roy, 2009) and PROMETHEE (Corrente, Figueira, & Greco, 2014).
However, none of these investigators contemplated the usage of the Choquet integral method both as
a way to deal with the aforementioned interactions and, most of all, as a tool to incorporate preference

information of a body of decision-makers. It is in this knowledge gap that this dissertation dwells.
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In Chapter 4, the way the decision-maker’s preference information is incorporated in the model de-
veloped in this dissertation will be enlightened, but, suffice it to say, the Choquet integral is the tool
integrated in DEA that considers variable interaction and is involved in producing more meaningful effi-

ciency scores.

3.4 Summary

This chapter has introduced a handful of concepts of performance measurement in healthcare, including
two dimensions of performance: efficiency and effectiveness. To evaluate performance, a series of
methods were introduced alongside their strengths and weaknesses. Ultimately, the DEA technique
was likewise made acquainted with, not to mention its model orientation and returns-to-scale notions,
as well as the singular circumstances of preference information incorporation. The next chapter will be

devoted to explaining in detail how everything is assembled into the model conceived in this dissertation.
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Chapter 4

Methodology

Chapter 4 lays out the reasoning behind the construction of the model formulated in the scope of this dis-
sertation. After an extensive section (Section 4.1) describing the methodologies in which the PRICDEA
model was built on, a second section (Section 4.2) reports the implementation of its process and inherent

procedures.

4.1 Methodology choice

In healthcare, DEA is considered to be the leading performance evaluation approach, as stated in Sub-
section 3.3.2. Indeed, as a method that evaluates the relative efficiency of DMUs using multiple inputs to
produce multiple outputs, there are several types of models, vide supra, that can be used to determine
the DMUs that form the efficient frontier. Particularly, given the complexity of the underlying application
area, the choice in this work relied on a variant of the ADD model (which assumes a VRS) based on the
‘two-phase method’ developed by Gouveia, Dias, & Antunes (2008) in healthcare DEA. However, these
researchers did not consider a crucial aspect of decision-making: interaction among criteria. Thus, by
making use of a renowned multiple criteria preference aggregator - the Choquet integral (Choquet, 1954)
-, interaction between a few numbers of pairs of criteria can now be taken into account directly, based
on the work by Bottero, Ferretti, Figueira, Greco, & Roy (2018), and indirectly, adapted from the linear
program developed by Marichal & Roubens (2000). Moreover, a method for the computation of utilities
is also presented.

In this fashion, a ‘Choquet integral-modified two-phase method’ was developed, bearing in mind pref-
erence information incorporation, in order to provide a state-of-the-art non-parametric efficiency evalua-

tion of secondary healthcare providers of the Portuguese SNS.

4.1.1 The ‘two-phase method’

Quite a few authors have exploited the links between DEA and MCDM. For example, Joro, Korhonen,
& Wallenius (1998) and Halme et al. (1999) related DEA with MOLP, Doyle & Green (1993), Stewart

(1996), and Bouyssou (1999) related DEA and discrete multiple criteria problems, and Athanasopoulos
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& Podinovski (1997) have found relationships between DEA and MCDM with imprecise information.
Specifically, Gouveia et al. (2008) have linked DEA and MCDM with DMUs playing the role of decision
alternatives. These researchers developed an innovative approach on the use of the additive DEA model
in the interest of overcoming some of its flaws employing concepts from Multi-Attribute Utility Theory
(MAUT) with imprecise information. In essence, their idea was to convert input and output factors into
utilities aggregated by additive utility functions (Keeney, Raiffa, & Rajala, 1979) and then let each DMU
choose the weights associated with those functions to minimise utility difference to the best DMU. The
result was an ADD DEA model with oriented projections with a straightforward rationale for its efficiency
measures, whose reasoning will be explained thenceforth.

At heart, the main goal of the VRS ADD model is to maximise the L; distance of the DMU under
analysis (X}, Y;) to the projected point (X, Y3 ) on the efficient frontier. If and only if the optimal value of
the primal ADD model is null and the slack values are also null, the projected point and the point under
analysis coincide. In this case, the DMUy is efficient. If DMU, does not lie on the efficient frontier, it is
deemed inefficient. This process is repeated n-times, once for each DMUj, to be evaluated, partitioning
the DMU set into two subsets: the efficient ones and the inefficient ones. In the case of the dual ADD
model, a geometric interpretation is yielded. The linear programming formulations of these primal ADDp
and dual ADDp ADD models (envelopment and multiplier forms, respectively) to evaluate the efficiency
of DMU,, are

min zE = —(1s + 1e) (4.1)
s.t. Y\A—s= Yk

—X)\—e:Xk

and

max  wy = pl Yy — v X 4 wy (4.2)
s.t. utY — X + w1 <0

,uT>el, VT261.

Nevertheless, three issues can be identified regarding the ADD DEA model (Gouveia et al., 2008):

e All DEA models are projection mechanisms, and the projections of the inefficient DMUs on the

efficient frontier depend on the scales used to measure each input or output;
e The efficiency measurement is quite pessimistic, due to the L, distance maximisation;

e The efficiency measure does not have an intuitive interpretation.

On that account, Ali, Lerme, & Seiford (1995) presented a variant of the ADD model with oriented

projections, which Gouveia et al. (2008) named ‘weighted ADD model’, whose primal ADDyp and dual
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ADDyp linear programming formulations to evaluate the efficiency of DMU,, are

min  z, = —(ufs 4 v¥e) (4.3)
st. YA—s5=Y,

—XA—e=—-X;

1IA=1

A>20,e>20,s>0

(4.4)
and

min 7Y, — T Xy + wi (4.5)

s.t. utY — X + w1 <0

This alternative introduces the new parameters u* and v*. These vectors are the coefficients of the
objective function in the ADDwp formulation and are responsible for providing and determining the direc-
tions of the projection. Curiously, setting equal weights in the ADDwp (e.g., u* = 1 and u* = 1) yields
the ADDp model. Bottom line, the ‘weighted ADD model’, when compared to the ADD model, has the
upper hand of allowing the flexibility of changing the direction of the projection, possibly less pessimistic

than the one proposed by the latter.

Yet, the question arises: how are u* and v* chosen? The answer lies in the ‘two-phase method’.
Gouveia et al. (2008) begin to address this method by considering the set of DMUs as being a set of

alternatives to be evaluated according to an additive MAUT model. The utility of each DMU is

q
U(DMU;) =)~ w;u;(DMU;), (4.6)

j=1
where the scale coefficients w1, ..., w, are the weights of the utility functions. Then, let d denote the
distance between the utility difference between DMU, and the remaining alternatives for the sake of
computing the the vector w of utility function weights that minimises this distance. Accordingly, the

following program emerges:



which can be written as

min d (4.8)

q q
st Y wju;(DMU;) =Y wju;(DMUy) < d

Jj=1 J=1
1=1,...,n

q

E w; = 1

Jj=1

w; 20,Vji=1,...,q.n

If the optimal value d* of the objective function is null, then DMUy, is efficient; otherwise, it is inefficient
and d* is the minimum utility difference to the best DMU (i.e., the DMU with the highest global utility).
From now on, the two obvious phases of the ‘two-phase method’ (Gouveia et al., 2008) are in a

position to be addressed, viz.:

Phase 1 Convert inputs and outputs in utility scales, and compute the efficiency measure d of each

DMU and the vector of weights associated with this utility difference using Equation (4.7);

Phase 2 Solve the ‘weighted ADD model’ using the weighting vector resulting from Phase 1, and

determine the corresponding projected point of the DMU under evaluation.

Furthermore, since utilities are regarded as outputs, the primal formulation actually becomes

q
min z, = —ijsj (4.9)
j=1

S.t. Y)\—S:Yk
1IAN=1

A>20,s>20

Thus, (4.7) is solved in Phase 1 and the simplified ‘weighted ADD model’ is solved in Phase 2 using the

optimal weighting vector w* obtained in Phase 1.

4.1.2 The Choquet integral

The concept of measurement was initiated in the 1950s by Choquet (1954). In his seminal book chap-
ter, the French mathematician considered that non-linear relationships, especially interactions among
attributes, could use non-linear integrals as data aggregation tools. Indeed, the weighted arithmetic
mean was the most common aggregation tool used in MCDM until recently. Since not only it, but also
none of the classical aggregators incorporate interactions among criteria, Sugeno (1974, 1977) came
up with the concept of fuzzy integrals, which are defined from the concept of fuzzy measure. As a matter
of fact, the Choquet integral is an example of a fuzzy integral, that was developed as a generalisation of

the Lebesgue integral, whose fuzzy measure is known as the Choquet capacity.
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Distinctively from the usual weighted-sum, the Choquet integral uses those capacities i to compute
an overall weight u(7") of each subset T' of the criteria set G. If the overall weight is different from the
sum of weights 1(g;) of the criteria belonging to subset 7', one must infer that it is the result of some
sort of interaction among criteria. Effectively, considering a generous amount of interacting criteria in
an analysis is an ambitious choice that leads to a challenging interpretation and a significant reasoning
effort from the decision-maker, so only the interaction between a number of pairs of criteria is acknowl-
edged. In fact, according to Bottero et al. (2018), interaction between a pair of criteria g; and g; may be

categorised as:
e Having no interaction: u(gi, g;) = p(gi) + u(g;);
e Having a mutually-strengthening effect (synergy): 1(gi, g;) > 1(g:) + u(g;);
e Having a mutually-weakening effect (redundancy): p(g:, 9;) < u(gi) + p(g;)-

Theoretical and practical issues regarding interacting criteria phenomena have a solid foundation thanks
to the works of Murofushi & Soneda (1993), Grabisch (1996a), and Grabisch & Roubens (1999).
Mathematically, there are plenty of intrinsic concepts to address about the Choquet integral. Let A
denote a set containing m actions ay, ..., ag, ..., a, @and G the criteria set with n criteria, g1, ..., gi, ..., gn-
The performance of action a on criterion g, is written as g;(ay) and the utility of this performance is
drafted as u;(g;(ax)). In literature, authors often employ a simpler notation for the sake of clarity, but,
as everything in life, the concept of clarity depends on the mind needing clarification and the author of
this dissertation found this notation quite more enlightening. Moving on, the theory whirling capacities is
based on Grabisch (1996b), who considers that a capacity is a set function y : 2¢ — [0, 1] on the power

set 29, i.e., the set of all subsets of G, that satisfies the following properties:
i. Boundaries: () =0 and u(G) = 1;
ii. Monotonicity: VS CT C G : u(S) < u(T).

As a deduction from the first property, the values 1 (S) assigned by the capacity 1 to all other 2/¢! — 2
subsets S of G have to be defined.

All things considered, the Choquet integral of an action a;, € A and a capacity ;. on 2 is defined as

n

Cuular) =Y (wilgi(ar)) — wim1(gi-1(ar))) w(Ga), (4.10)
=1
where u1 (g1 (ax)), --- un(gn(ar)) are the utilities of criteria from G, reordered in such a way that vy (g1 (ax)) <
v S u(giar)) < oo < up(gn(ag)), and G; = gi, ..., gn for i =1, ..., n, with ug(go(ar)) = 0.
For a matter of clarity, a simple practical application of the Choquet integral in an apocryphal hospital
services’ scenario is delineated below, not only for providing an empirical elucidation on the concepts
inherent to this multiple criteria preference aggregator, but also for giving a taste of its actual application

further ahead.
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Example 4.1. Let

n

C[L(x) = Z (x‘r(z) - .1?7(1*,1)) U(T(i)> ...,T(n)),

=1
be the Choquet integral with = : (x4, ..., z,) — R and a certain fuzzy measure u, where 7 is a permutation
of N such that z,(1) < z;2) < ... < Tr(n-1) < T7(n) @Nd z,(g)—o Will be disclosed. Suffice it to say
that this example is entirely fictitious. Accordingly, Table 4.1 displays the performance values of three
hospital services (A, B, and C) being analysed with regard to three criteria (I, 11, and I11), so that the
performance assessment of each hospital is conducted using the aforesaid multiple criteria preference
aggregation model. Criteria I and II vary in the interval [0,20] and criterion III in [0,100]. Be that

Table 4.1: Example 4.1 performance table with incommensurate scales.
I: Occupancy [I: Readmissions II]: Waiting time before surgery

A: Cardiology 17 I 60
B: Neurology 11 ] 70
C': Rheumatology 10 I 45

as it may, commensurate scales are needed to the correct application of the Choquet integral, in such
manner that Table 4.2 presents the data of Table 4.1 with scales whose values are contained in [0, 20].
If the Choquet capacity p : 2V — [0,1] is defined by u(N) = u({I,1I}) = 1, u(0) = u({I}) = 0, and

Table 4.2: Example 4.1 performance table with commensurate scales.
I: Occupancy II: Readmissions [I]: Waiting time before surgery

A: Cardiology 17 9 12
B: Neurology 11 7 14
C': Rheumatology 10 8 9

pw({I1}) = p({I11}) = p({I1,111}) = pu({I,I11}) = 1, then the results are rather straightforward:

3
CAL(A) = Z (z'r(i) - xT(i—l)) /L(T(i)7 7T(3)) =

=(9—0) x u(N) + (12 = 9) x p({I, II1}) + (17 — 12) x p({I}) =

=10.5
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Cu(C) =D (wr(s) — Tr—n)) ul7 (i), ., 7(3)) =

— (8= 0) x ju(N) + (9 — 8) x u({I, I1T}) + (10 = 9) x u({I}) =

= 8.5

As a deduction, and in line with the MCDM relation of preference =, over N, it is possible to state that
A~, B, A=,C,and B -, C.

Moreover, it is usual in Choquet integral literature to formulate Equation (4.10) in its Mébius repre-
sentation. Hence, given a capacity ;. on 2¢, its Mdbius representation is a function m : 2¢ — R™ such
that, for all S C G,

p(S)=">_ m(T), (4.11)
TCS
thus one has that
m(S) = > (-1 (), (4.12)
TCS

and the properties stated above can be redefined as

. Boundaries: m()) =0and Y m(T) = 1;

TCG

ii”. Monotonicity: Vi € G and VR C G : m(g;) + »_ m(T Ug;) > 0;
TCR

where R is another subset of criteria that, alongside with S, implies that ©(RUS) = p(R)+u(S) whenever
RN S = 0, meaning that a fuzzy measure is additive. On that account, the Choquet integral’s Mdbius

representation m of the capacity . is expressed as

Cular) = 3 m(T) min{ui(gi(ar))}- (4.13)
TCG

Furthermore, it seems evident that a decision-maker is not able to provide information on 2™ coef-
ficients of n criteria to the extent of defining the fuzzy measure p on every subset. To overpower this
problem, Grabisch (1997) came up with the idea of a k-order fuzzy measure. A fuzzy measure’s polyno-
mial expression has a noticeable additive linear representation (e.g., f(ax) = > i, u;(g:(ax))w;, Where
w is a weighting vector). By extension, it is not unwise to think of a fuzzy measure having a polyno-
mial representation of degree 2, 3, or any fixed integer k. Ergo, a k-order fuzzy measure represents a
k-order approximation of its polynomial expression in the neighbourhood of the origin. In line with Gra-
bisch (1997) and Marichal & Roubens (2000), this approach is confined to the 2-order case, because
it allows to model criteria interaction while not increasing mathematical and computational complexity.
That being said, let O denote the set of pairs of criteria g; and g;. For all S C G, the coefficients required

to define the fuzzy measure are

w(gi) = m(gi),i € G and

w(gi, g5) = m(gs) +m(g;) +m(gi, 95), 9595 € G,
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being the other coefficients computed by

p()=> mg)+ Y. mlgg)SCNI|S| >2

gi€S 9i,9; S5 gi,9; €0

and

WG =" mlg)+ > mlg.g) =1,

9:€G 9i,9; €0

so the Choquet integral can be reformulated as

Cular) = Y mlgiui(gi(ar)) + D> mlgi,9;) min{us(gi(ar)), u;(g;(ar))}-

9:€G 9i,9; €0

At long last, in this context, the conditions to define a 2-order fuzzy measure become

m(@) =0

S omlg)+ Y. mlgigy) =1

g:€G 9i,9; CG

m(g;) = 0, Vgi € G
JEO

(4.14)

(4.15)

(4.16)

(4.17)

With this in mind, Marichal & Roubens (2000) formalised a linear program to obtain the 2-order fuzzy

measure contemplating the role of a decision-maker able to rank the criteria and the interactions between
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them. In terms of the Md&bius representation, their model is given as follows:

max z=g¢ (4.18)
s.t.  Partial semiorder with threshold 4:

o Culaq) —Culay) =0 +e¢,ifag =4 ap

o —0<Culag) —Culay) <0, ifag ~a ap

Ranking of criteria:

e m(g;) —m(g;) = e, ifgi =c g

e m(g;) = mlyg;), ifgi ~c g;

Ranking of pairs of criteria:

e m(gij) —m(gr1) = ¢, ifgij =p gri

e m(gi;) = m(gr), if gij ~p gri

Sign of some interactions:

o m(g;;) = e (resp. < —e¢), ifm(g;;) > 0(resp. <0)

e m(gi;) =0, ifm(g;;) =0

Boundary and monotonicity conditions:

o« > mlg)+ Y, mlgi,g) =1
9:€G 9i,9;CG

e m(gi) > 0,9, € G

o m(g;) + Y _mlgi,g;) > 0,¥g; € G,YO C G\ g;
jeo

Definition of C,,:
Culaa) = Y m(g:)ui(gi(aa)) + Y mlgi,g;) min{ui(g:(aa)), u;(g;(aa))}-
9:€G 9i,9; €0
where a, and a; are universal DMUs, g; and g; are common criteria, and g;; and g; are generic interac-
tions between two criteria, respectively. As for the ranks elected by the decision-maker, > 4 is the partial
preorder on the set of alternatives A, ¢ is the partial preorder on the set of criteria G, and > p is the

partial preorder on the set of pairs of interacting criteria P.

4.1.3 The PRICDEA (PReference information Incorporation using the Choquet
integral in a DEA model) model

Now that both the ‘two-phase method’ and the Choquet integral have been thoroughly detailed, the
heavy groundwork is laid so that the PRICDEA model is promptly defined at this instant. The con-
cept behind the PRICDEA model is quite transparent and has been meticulously explained in the early
chapters of this dissertation. Essentially, integrating the Choquet integral preference aggregation tool in

the non-parametric performance evaluation DEA ‘weighted ADD model’ yields a utility-apt preference-
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information-incorporated interactive-variable-equipped method. Without delay, the PRICDEA model is

implemented as follows:

Phase 1 Convert the indicators’ performances in utility scales using the preference information of the
decision-maker and infer the optimal Mébius coefficients based not only on those utilities,
but also on the criteria interactions and ranks provided by the same expert via the adapted

conjoint version of Equation (4.8) and Equation (4.18)

min d (4.19)
st.  Culag) —Culay) <d

Ranking of criteria:

e m(gi) —m(g;) > ¢, ifgi »c gj

e m(g;) =m(g;), ifgi ~c g;

Ranking of pairs of criteria:

o m(gij) —mlgn) = ¢, ifgij =P gn

o m(gi;) = m(gr), it gij ~p gui

Boundary and monotonicity conditions:

® Zm(gi)—i— Z m(gi,g;) = 1

9:€G 9:,9;CG
e m(g;) >0,Vg; € G
o m(gi)+ Y _mlgi,g;) >0,Y9: € GVOC G\ g

j€eO

forx =1,...,mand y = 1,...,m, and a preset ¢ = 0.001, and using the Choquet integral

definition declared in Equation (4.16).

Phase 2 Solve the modified rendition of the ‘weighted ADD model’ of Equation (4.9)
min z, = _ZMjsj (4.20)
j=1

S.t. in:U”)\Z — 85 = Ukj < 0
i=1
=1

)\1; 20, Sj

WV
o

using the Mobius coefficients M; and the U;; utilities’ matrix from Phase 1, and determine

the efficient frontier, the benchmarks for the inefficient DMUs, and the corresponding slacks.

The PRICDEA model can be more pleasantly presented graphically, by using a block diagram to dis-
criminate its phases and inherent steps. Figure 4.1 contains the essential information for an unequivocal
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and incontrovertible explanation.

Phase 1

Determine the indicators using a correlation statistical technique.

Convert the indicators’ performances in utility scales.

Build a family of criteria based on the selected indicators.

Discover the interactive pairs of criteria.

Rank the criteria.

Infer the optimal Mébius coefficients.

Phase 2

Use the utilities and the Mobius coefficients from Phase 1.

Solve the refitted ‘weighted ADD model'.

Compute the efficient frontier, the benchmarks, and the slacks.

Figure 4.1: PRICDEA’s graphical schematisation.

PRICDEA and built-in procedures will be exhaustively illuminated in the remainder of this chapter

and the following one.

4.2 Methodology implementation

This section discusses the methodology of PRICDEA by and of itself, starting with an uncomplicated

how-to and finishing with the methodologies behind the methodology.

4.2.1 PRICDEA how-to

Methodologically, delineating theoretical notions is essential to the understanding of the intrinsic mecha-
nisms of a certain approach, but it is only half of the way. Perceiving how the method operates constitutes
the other half. In Subsection 4.1.3, the logical and formalistic steps of PRICDEA were addressed, and,
in this subsection, its operationalisation will be in focus.

Firstly, PRICDEA’s Phase 1 is concerned with data conversion and preference information incorpo-
ration. As will be dug into in the following chapter, setting up a database is crucial for valuable results.

With that taken care of, it is time to build the interval scale for each criterion, taking into account the
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decision-maker’s preferences, and assign the utility values to the performances in-between the defined
levels, so that all of the indicators can be compared to one another on the same scope. Finally, assess-
ing the decision-maker’s propensity towards those indicators and respective exposed interactions allows
the computation of the optimal Mébius coefficients per DMU with the linear program in Equation (4.19),
which will be used in the next phase of the PRICDEA model. These procedures are duly explained in
Subsection 4.2.2.

Secondly, based on the optimal Mdbius-transformed Choquet capacities and the utility values com-
puted in the previous stage, the modified version of the ‘weighted ADD model’ is solved using the linear
program in Equation (4.20) in Phase 2. This program returns not only the efficient frontier, but also the
benchmark values for the inefficient DMUs and the slack values per indicator.

Nonetheless, since PRICDEA is a computationally demanding and experimental method, a choice
was made to corroborate the results of its Phase 1 using the procedure adopted by Bottero et al. (2018)
and described in Subsection 4.2.2.2 to compute what can be named as ‘analogous Mobius coefficients’,
thus authenticating the validity of the model wielding the decision-maker’s preference information like-
wise for increased consistency. Moreover, it is the questioning procedure described in this paragraph
that is used in the ranking step of PRICDEA’s Phase 1 to build the constraints of Equation (4.19) and
infer the optimal Md&bius coefficients, but, since it is already precised in that site, there is no need to
revisit it.

Further details on the implementation of PRICDEA per se will be thoroughly unfolded in Section 5.5,

being this subsection a clear and honest explanatory guide.

4.2.2 Procedures de rigueur
4.2.2.1 Creating the database

“Scientia potentia est” is a Latin aphorism that means “knowledge is power”. Nowadays, in a digital
world where information technologies are being developed at an astonishing level, this astute 1597
observation uttered by Sir Francis Bacon symbolises even more than back then. In fact, knowledge is
the power of information, which means that “information is power” - the predominant source of power in
modern society (Toffler, 1991).

Particularly, in the interest of evaluating the performance of Portuguese SNS secondary healthcare
providers in the methodological context of this dissertation, it is indispensable to be in possession of
the most accurate, legitimate, and well-founded data in order to generate bona fide information. Hence,
creating a more fitting database resting on the vide infra benchmarking database is essential to a sound
analysis. The results of this creation procedure will be addressed in Section 5.3.

Nonetheless, for now, the database is elementarily arranged in the way displayed in Table 4.3, with A
the set of m institutions a4, ..., ag, ..., a,, and G the set of n criteria g4, ..., g;, .., gn, following the nomen-
clature used by Bottero et al. (2018). It is not relevant to single out the identities of both the institutions
and the criteria at this moment.
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Table 4.3: Research database elementary representation.

AcCCESS PERFORMANCE ASSISTANCE SAFETY VOLUME AND USAGE PRODUCTIVITY ECONOMIC-FINANCIAL
91 92 93 () 910 911 () g6 gir () 922 923 () 926 927 () 935
GROUP A - - - (...) - - (...) - - (L) - - (..) - - (..) -
a; 96.16% 100.00% 76.09% (...) - 0.001182  (...) - 0 () 0 79971016 () 0.934539 2640 (..) 3.64%
GRoOUPB () () () () () () () ) ) Gy ) () () () () ) () ()
a9 66.24% 94.16% 83.20% (...) - 0.000000 (...) - 0 () 1 72831441 (..) 0.762694 - (...) -
ayp  96.02% 97.77%  85.16% (... 35.68% 0.001130 (..) 0.12% 0 (...) 0 86.396287  (...) 0.758759 - (...)
GRouPC (..) (..) (..) (..) (..) () () () () (..) () ()
ass  50.75%  89.41%  79.93% (...) 37.91% 0.000354 (...) 0.54% 0 (...) 0 68.346135 (...) 0.562452 2824 (...) 6.99%
azs  83.66% 80.94% 87.79% (...) 37.72% 0.000967 () 1.06% 25 (..) 540 06.453441  (..) 1.008700 2738 (..) 5.04%
GRouPD " (..) (..) (..) (..) (..) (..) () () () () () (..) () () ()
az;  54.42%  83.49% 75.11%  (..) 36.21% 0.003055 () 0.57% 1 () 550 81.311964 () 0.716776 2868 (..) 8.59%
az 95.92% 74.86% 85.11% (...) 37.62% 0.002141  (..) 0.80% 89 (..) 740 75164420 (..) 1273103 3125 (..) 0.56%
GROUPE (..) (..) () () (..) (..) () [ ) () () (..) (..) () ()
azy  67.64% 84.63% 77.36% (...) 41.47% 0.000803 () 0.12% 32 (.) 473 87.765426 () 1.264281 2861 (..) 0.56%
a  99.73% T257% 83.66% (. - 0.001666  (...) B 0 () 0 148.935462 (..) 1.709612 2249 (..) 1.01%
GRouPF (..) (..) () (..) (..) (..) () () () () () () () () (..) () () ()
ax 92.96% 66.92% 69.47% (... - 0.003124  (...) B 0 () 0 143.625186  (...) 0.971468 2500 (..) 1.88%

4.2.2.2 Determining the analogous Mobius coefficients

Ascertaining the weights of criteria within the context of outranking methods was the result of a work
conducted by Figueira & Roy (2002), where the two researchers proposed a modified version of the
Simos’ deck of cards method (Simos, 1990a, 1990b). One of the conclusions of this study asserted that
the method supra could be extended to build other ratio and interval scales. In such wise, considering
the context of this dissertation, this method was adapted to bear in mind the chosen indicators. Notwith-
standing, the dialogue between the analyst and the decision-maker took into account the procedure
ensued in Figure 4.2, based on Bottero et al.’s (2018) one.

Resting on the decision-maker’s preferences assayed in the procedure above, the next logical step
is to construct the Choquet capacities’ ratio scale. The method for determining these capacities from
a reference set of projects was adapted from Bottero et al. (2018), who established their process in
Marichal & Roubens’ (2000) extension of the swing weighting procedure (Von Winterfeldt & Edwards,
1986). In consonance with this, and assuming that the minimal and the maximal utilities of each criterion

are 0 and 1, the reference set of projects was built as follows:

¢ 1 projects denoted by p;, for all j € G, and characterised by the vector (0, ...,0,u;(p;) = 1,0,...,0),

where p; has the highest performance on criterion j and the lowest elsewhere;

¢ |O| projects denoted by p, = p;j, for k = n+ 1,...,n + |O|, and characterised by a vector with
the same form (0, ..., 0, u;(p;),0, ..., 0,u;(p;) = 1,0,...,0), for all 4, 5 € O, where p;, has the highest

utilities on criteria ¢ and j and the lowest elsewhere.

With that in mind, the method for assessing Choquet capacities 1 and their Mdbius representation m

can be bestowed as a step-by-step procedure:
1. Consider the finite set of reference projects P = p1,pa, ..., Pk, .-, D1, Where t = n + |O|;

2. Consider the ranking provided by the decision-maker in the questioning procedure and denoted by
Ry, ..., Ry, ..., R, (from the least to the most preferred projects); let v, denote a project representa-
tive of projects in the equivalence class Ry, for h = 1,...,v, and let e, denote the number of blank

cards between the equivalence classes R, and Ry, forh=1,...,v —1;

3. Attribute a value to project r1, e.g., w(r1) = [, assuming none of the projects has null utility;
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The analyst hands over to the decision-maker
a set of cards containing the name of each
criterion and another set of cards with
sufficient blank cards.

The analyst challenges the decision-maker to
inspect the criteria set of cards and
infer possible interactions among them.

The analyst asks the decision-maker to

rank the cards of the first set from the

least to the most important, opening room for tied
cards in some positions.

The analyst alerts the decision-maker to

the fact that the proximity degree between

two consecutive ranking positions might vary,
and that difference could be modeled through the
insertion of blank cards from the other set in

the gaps of those positions.

The analyst requests the decision-maker to
attribute a value that pinpoints how many times
the most appreciated criterion is more
important than the least appreciated one,

thus fixing the ratio-z value between the

value of the former and the value of the latter.

Figure 4.2: Questioning procedure for the decision-maker’s project ranking.

4. Compute the value of each unit as

where

which means that « is computed by dividing the difference between the values of the most preferred

projects and the least preferred projects;

h—1
5. Compute the values w(ry), for h =2, ..., v, using w(ry) =1 + « (Z(eh + 1)) ;

j=1
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6. Compute the value of each project w(py) = w(ry), forall pr € Ry with h =1, ..., v;

7. Compute the modified values w(py) as:

w(py)ifk=ie G
E(plc)
w(pk) —w(p;) — w(p;)ifpx = pij, fori,j e Oandk > n+1

8. Compute the Mdbius coefficients my, using

my = t@(pk)
> w(p))
j=1
and the Choquet capacities py, as
~ w(px)
He = — ’
Z@(pj)
j=1

where the coefficients m; must meet the 2-order fuzzy measure terms established by Equa-
tion (4.17).

Note that the computations of step 3 to step 6 were performed by DecSpace - a web application that
makes use of MCDM methods to support a decision process by giving a possible solution to a given

problem - using the SRF software developed by Roy & Figueira (1998).

4.2.2.3 Building the interval scale

The Choquet integral uses utility values that are the levels of a common interval scale, generally within
[0, 1], which means that decoding the original criteria scales into a single common interval scale calls for
the employment of a procedure that takes into consideration the decision-maker’s preference intensity
between consecutive intervals of the scale. In this dissertation, the procedure used by Bottero et al.
(2018) to define an interval scale based on the underlying concepts of the deck-of-cards method by
Figueira & Roy (2002) was adopted. In pursuance of building an interval scale, at least two reference
levels must be defined to anchor the computations. Hence, the various steps of the procedure are

subsequently enumerated (Bottero et al., 2018):

1. Consider a discrete scale of criterion g,

Ey =11, lp, s,

where Iy < Iy < ... <l < ... < l; (once more, in this context, “<” means “strictly less preferred
than”);

2. Define two reference levels [, and [,, and assign them two frequently used utility values «(l,) =0

and u(l,) = 1 (note that [, and [, very often coincide with {; and ;);
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3. Consider the ranking of the levels with a certain number of blank cards e, in the intervals between

every two consecutive levels [, and I, 1, with k = 1,...,¢t — 1, such that

1161...lpeplp+1€p+1...lkeklk+1...lq,1€q,11q...lt,16t711t;

4. Consider only the levels between [, and I/, and compute the unit valuation

where

q—1
h:Z€k+1;

k=p

5. Compute the utility value u(l;) for each level k, with k = 1, ..., ¢ as follows:

p—1
u(ly) — a Z€j+1 , fork=1,...,p—1
j=k

k—1
u(ly) + Zej—l—l , fork=p+1,..,q—1,...,q+1,...¢
J=p

Nevertheless, this procedure is suitable for discrete scales, which is not the case of any indicator of
this dissertation’s continuous-valued database. Ergo, to break down the intervals among 5 equidistant
discrete levels corresponding to 0%, 25%, 50%, 75%, and 100% of each indicator was opted, whether the
corresponding original value was a percentage or not (if not, it was converted to a percentage). Then,
the utilities for levels 25%, 50%, and 75% were computed using the procedure stated above, assuming
0% and 100% as the two reference levels - the preference order of the discrete scale FE of each indicator

g; varied according to the objective of minimising or maximising a given indicator.

4.2.2.4 Assigning utility values to the numerical scale levels

In line with the aforementioned procedure, computing the remaining utility values was pretty straightfor-
ward. As a matter of fact, the utility values assigned to the intermediate performances of criterion g; in
a given subinterval gé» < g; < g} are defined by a linear interpolation. Equation (4.21) was the selected
formulation to be applied.

!

g — 9

u;(g;) = ui(gh) +
J J J 7 gu gé

(us(g)) —u;(g5)) (4.21)

J

Further details on the befitting usage of the linear interpolation for assigning the utility values to the

numerical scale levels will be addressed in Subsection 5.5.2.
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4.3 Summary

This chapter addresses the basis of the PRICDEA model, its implementation, and built-in procedures.
The two phases of PRICDEA include a Mébius coefficients’ inference step and a performance evaluation

step. Chapter 5 puts this model to the test in the framework of the problem described in Chapter 2.
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Chapter 5

Case study

In the fifth chapter, the empirical application of the PRICDEA methodology is evaluated. Following the
steps of Chapter 2, Chapter 5 provides an overview of the specific issue under analysis in Section 5.1,
details the stakeholders in Section 5.2, and describes the process of data gathering and processing in
Section 5.3. After the presentation of the variables of this case study (Section 5.4), the main results and
discussion of the operationalisation of this performance assessment tool are explained in the penultimate

section (Section 5.5).

5.1 Overview

As declared in Section 2.2, the Portuguese SNS was constituted in 1979 after almost fifty years of
a dictatorial regime. By nature, it was based on the philosophy of a Beveridge system: primary and
secondary healthcare providers are public entities governed by a Central Government that taxes citizens
in exchange for funds to be distributed by different ministries (Lameire, Joffe, & Wiedemann, 1999), of
which the Ministry of Health is a part of. Another characteristic of the Portuguese SNS is its social
purpose, since it intends to provide a suitable and equitable care to the universe of beneficiaries, whether
or not they are able to afford it. Ergo, the financial sustainability of each institution is, once more, proven
to be vital to the operation of the whole system. However, recently, expenditures in health have been
ascending as a result of, essentially, demographic shifts and technological advances, so the introduction
of health reforms was imperious, not only in the name of reducing costs and waste of public funds,
but also with a view to improving the efficiency and effectiveness of healthcare providers (Ferreira &
Marques, 2017). These rehabilitation proposals included corporatisation (?, ?), vertical and horizontal
merging of public healthcare providers, and creating public-private partnerships (Cruz & Marques, 2013;
?, 7).

Nowadays, corporate public sector institutions of the SNS are annually financed by prospective bud-
gets brought to terms with the Ministry of Health taking into account the quantity and quality of provided
services. Nevertheless, regardless of the objections surrounding the success of the aforementioned

reforms, a study aimed at performance assessment in this sector is inescapable - and this is precisely
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where this dissertation emerges from.

5.2 Stakeholders and their representatives

In public policy-making, it is the actors and their behaviours that represent the heart of a model (Boerboom
& Ferretti, 2014; Dente, 2014). These individuals or organisations are the ones who influence decisional
outcomes since they go after goals regarding the problem and its possible solution (Dente, 2014). Thus,
any actor with an inalienable interest in the decision process is named a stakeholder. The first funda-
mental step of a decision-making process developed to support public policy formulation is to identify
the stakeholders and their objectives (Ferretti, 2016). In this dissertation, the stakeholders’ preference
information was incorporated in PRICDEA directly, from a participative approach developed through the
focus group technique elaborated by Bottero et al. (2018), and indirectly, using a version of Marichal &
Roubens’ (2000) linear program for determining the weights of interacting criteria from a reference set.
Under the authority of fusing the knowledge and know-how of healthcare trivia and performance
assessment, a single virtuoso Ministry of Health expert, proficient in the fields of health administra-
tion and health policy-making, was more than enough to be involved in the decision-making process.
Nonetheless, the occasional contributions of an additional adroit academia expert, skilled in the area of
performance assessment, were invaluable to counterbalance any possible ambiguity or bias and reach

a fair consensus.

5.3 Data and sample

It should be clear by now that the main goal of the case study engaged in this dissertation is to evaluate
the performance of secondary healthcare providers of the Portuguese SNS. Thus, indicators and respec-
tive values concerning the selected institutions were collected from the official benchmarking database,
maintained by the Portuguese Central Health System Administration (ACSS, from the Portuguese abbre-
viation of Administragdo Central do Sistema de Salide) at http://benchmarking.acss.min-saude.pt/
- a public institute integrated in the indirect health State administration with administrative and financial
autonomy -, to create the more applicable database mentioned in Subsection 4.2.2.1 and represented
in Table 4.3.

5.3.1 Sample reduction

In line with what was affirmed above, defining the time interval was established as the first order of busi-
ness. For that reason, a sole month could be the subject of this analysis, but why would a cross-section
of an entire year be singled out when the accumulated results for the year itself could be evaluated?
Moreover, seeing that 2017 was just a few months ago, the data validation process was yet to be com-

pleted, so 2016 was the year of choice.

54


http://benchmarking.acss.min-saude.pt/

Then, the sample (secondary healthcare providers) and respective variables (indicators) were at-
tended to. Specifically, the ACSS benchmark bundles 42 institutions in 6 groups using hierarchical
clustering (GROUP A to GROUP F) after variable standardisation and principal components analysis.
However, on one hand, data from GROUP A institutions were not available, so they were not even in-
cluded in the analysis. Moreover, in what concerns institutions: GROUP B’s Figueira da Foz District
Hospital, Corporate Public Entity (CPE) and Santa Maria Maior Hospital, CPE did not make the cut,
since they both had an incomplete data set; the three institutions of GROUP F were removed from the
sample, because IPOs have their specific technology of production (Ferreira, Nunes, & Marques, 2018);
local health units are the result of vertical integration between one hospital and various primary health-
care centres, which means that comparing them to hospitals and hospital centres would be dishonest
and biased; institutions managed as public-private partnerships have a considerable lack of data, so
they had no use for the analysis. This lead to a total of 25 institutions (5 hospitals and 20 hospital
centres) distributed across 4 groups (GROUP B to GROUP E). Yet, on another hand, the 35 indicators
were categorised into 6 individual benchmark dimensions, viz.: ACCESS, PERFORMANCE ASSISTANCE,
SAFETY, VOLUME AND USAGE, PRODUCTIVITY, and ECONOMIC-FINANCIAL. Finally, two indicators were
eliminated from the SAFETY dimension (Pressure ulcer rate and Central venous catheter-related blood-
stream infections rate), due to their values being almost null, as well as all of the VOLUME AND USAGE
dimension indicators and the last two ECONOMIC-FINANCIAL dimension indicators (Percentage of over-
time costs and supplements in total personnel costs and Percentage of costs with services in total costs
with personnel) given their lack of meaning in such an analysis, resulting in 5 dimensions containing a

sum of 25 indicators.

Be that as it may, such an amount of indicators was still considerable for a MCDM analysis, so
a statistical correlation test was performed in MATLAB in pursuance of eliminating highly correlated
variables taking advantage of the MATLAB native function [R, P] = corrcoef(M). corrcoef returns
the matrix of correlation coefficients R and the matrix of p-values P, where M is the 25 x 25 matrix with
the values obtained from the elimination steps mentioned above, to test the hypothesis that there is
no relationship between the indicators. If an off-diagonal element of P is smaller than the significance
level (the default p-value, 0.05, was considered), then the corresponding correlation in R is considered
significant. Thus, for each row of P where P; ; < 0.05, fori =1,...,25 and j = 1, ..., 25, this top-to-bottom

elimination procedure was applied and yielded 9 indicators.

Nonetheless, Costs with clinical consumption material per standard patient was removed from the
equation since they were already included in Operating costs per standard patient, and Percentage of
instrumented vaginal deliveries with 3" 4 and 4" degree lacerations was deemed as non-significant for
the analysis by the decision-maker. In addition, the decision-maker was adamant in the inclusion of the
indicator Average waiting time before surgery, due to its compelling influence in the SNS performance.
Since this indicator was one of the least correlated ones, the decision-maker’s preference information

was decided to be also incorporated in this stage.

Bottom line, the 200-entry sample is composed of 25 hospitals operating in 2016 according to 8

indicators. Note that pooling data over time assumes no technology change over the considered time
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period (?, ?; Chowdhury & Zelenyuk, 2016), but, since the time period of this case study is merely twelve
months and no significant alterations on hospital administrations occurred to the extent of producing a
relevant technology and productivity disparity, there is no margin for refutation. In brief, the database
creation procedure mentioned in Subsection 4.2.2.1 and described in the present subsection intends to

build a bullet-proof database of reduced sample size and improved results’ resolution.

5.3.2 Decision-making units (DMUs)

In Chapter 3, all the details regarding the concepts and issues related with DMUs and indicators in the
DEA framework were sweated over, as well as how they were chosen in a framework suchlike this in
Chapter 4 and Subsection 5.3.1. At this moment, in line with the previous section, it can be asserted with
certainty that twenty-five institutions among the original thirty-five were considered as the case study’s
DMUs. In particular, the twenty-five DMUs under consideration a,,, for m = 1, ..., 25, spread over four

groups are:
1. GROUP B:

1.1. Povoa de Varzim/Vila do Conde Hospital Centre, CPE, a;;

1.2. Médio Ave Hospital Centre, CPE, as;
2. GRouUP C:

2.1. Leiria Hospital Centre, CPE, as;

2.2. Cova da Beira Hospital Centre, CPE, ay;

2.3. Barreiro/Montijo Hospital Centre, CPE, as;

2.4. Setubal Hospital Centre, CPE (ag);

2.5. Senhora da Oliveira (Guimaraes) Hospital, CPE, a;
2.6. Baixo Vouga Hospital Centre, CPE, asg;

2.7. Santarém District Hospital, CPE, ay;

2.8. Médio Tejo Hospital Centre, CPE, a;

2.9. Tamega e Sousa Hospital Centre, CPE, aq1;

2.10. Entre Douro e Vouga Hospital Centre, CPE, a12;
3. GRoup D:

3.1. Garcia de Orta Hospital, CPE, a13;

3.2. Espirito Santo de Evora Hospital, CPE, a.4;

3.3. Tras-os-Montes e Alto Douro Hospital Centre, CPE, a1s;
3.4. Algarve University Hospital Centre, CPE, a¢;

3.5. Tondela-Viseu Hospital Centre, CPE, a17;
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3.6. Vila Nova de Gaia/Espinho Hospital Centre, CPE, ais;

3.7. Hospital Fernando Fonseca, CPE, ay9;
4. GROUP E:

4.1. Lisboa Central Hospital Centre, CPE, axy;
4.2. Lisboa Ocidental Hospital Centre, CPE, as1;
4.3. Sao Jodo Hospital Centre, CPE, aso;

4.4. Porto Hospital Centre, CPE, as3;

4.5. Lisboa Norte Hospital Centre, CPE, asy;

4.6. Coimbra University Hospital Centre, CPE, ass.

5.4 \Variables

Based on the ACSS retrieved and processed data, a set of indicators was defined in the next subsection,
alongside its performance table. With that in mind, a set of criteria was erected and their basic statistics

were also analysed.

5.4.1 Indicators

In consonance with the process described in Subsection 5.3.1, the eight yielded indicators g,,, for n =

1,...,8, can be enumerated as follows:
1. ACCESS:

1.1. Number of non-urgent first medical appointments performed in adequate time per 100 first

medical appointments, g1 ;
2. PERFORMANCE ASSISTANCE:

2.1. Number of outpatient surgeries per 100 potential outpatient procedures, gs;
2.2. Number of readmissions in 30 days after discharge per 100 inpatients, gs;
2.3. Number of long-stay inpatients per 100 admissions, g4;

2.4. Number of hip surgeries performed in the first 48 hours per 100 hip surgeries, gs;
3. PRODUCTIVITY:

3.1. Annual occupancy rate, gs;

3.2. Average waiting time before surgery, g7;
4. ECONOMIC-FINANCIAL:

4.1. Operating costs per standard patient, gs.

57



Summarily, Number of non-urgent first medical appointments performed in adequate time per 100
first medical appointments deals with the quantity of first medical appointments that occur in tolerable
time compared to the total number of first medical appointments, Number of outpatient surgeries per 100
potential outpatient procedures concerns the amount of outpatient surgeries within the total of outpatient
procedures, Number of readmissions in 30 days after discharge per 100 inpatients attends the ratio
between patients readmitted within 30 days after discharge and the total number of inpatient episodes,
Number of long-stay inpatients per 100 admissions handles the fraction between inpatient admissions
longer than 30 days and the total number of inpatient episodes, Number of hip surgeries performed in the
first 48 hours per 100 hip surgeries assesses the percentage of elderly patients with hip surgeries within
48 hours after fracture compared to the global set of elderly patients with hip surgeries after fracture,
Annual occupancy rate associates the number of acute admissions and the number of acute inpatient
beds over time, Average waiting time before surgery relates the number of days until a surgical episode
occurs with the total number of scheduled surgical episodes, and Operating costs per standard patient

is rather self-explanatory.

5.4.2 Criteria

To support the decision-making problem of this case study and allow the comparative assessment be-
tween the DMUs itemised in Subsection 5.3.2, a family of five criteria and respective subcriteria, opera-
tionalised by the aforementioned indicators (Ehrgott, Naujoks, Stewart, & Wallenius, 2010), was built in

line with the work of Ferreira & Marques (2017) and is specified in Table 5.1.

Table 5.1: Criteria, subcriteria, and corresponding indicators.
Criteria Subcriteria Indicators

Number of non-urgent first medical
appointments performed in adequate time per
100 first medical appointments, g,

Timeliness of medical
appointments

TIMELINESS OF SERVICES . ; : :
Number of hip surgeries performed in the first

Timeliness of surgeries 48 hours per 100 hip surgeries, gs

Waiting time before surgery Average waiting time before surgery, g,

SERVICE AVAILABILITY Occupancy Annual occupancy rate, gs

Number of outpatient surgeries per 100

Outpatient surgeries adequacy potential outpatient procedures, g-

CARE APPROPRIATENESS . ;
Number of readmissions in 30 days after

Readmissions discharge per 100 inpatients, g3

Number of long-stay inpatients per 100

Large delay of care .
9 y admissions, g,

ECONOMIC-FINANCIAL Technical efficiency Operating costs per standard patient, gs

As almost every concept in healthcare, quality is complex and non-consensual. However, Donabe-
dian (1988, 2005) categorised it into three interrelated categories: structural quality, process quality,
and outcomes. In spite of the usual criticism (Davies & Crombie, 1995; Mant & Hicks, 1995), these

definitions have been regularly applied (Ludwig, Van Merode, & Groot, 2010) and, in consonance with
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Ferreira, Marques, Nunes, & Figueira (2017), it is safe to affirm that CARE APPROPRIATENESS is a
quality-related criterion whose subcriteria correspond to a specification of process quality. Moreover,
access is also a quite bewildering concept.

Nevertheless, Gulliford et al. (2002) identified four dimensions of access: service availability, per-
sonal barriers, financial barriers, and organisational barriers. Ergo, following the previous reasoning,
TIMELINESS OF SERVICES and SERVICES AVAILABILITY criteria and associated subcriteria answer to the
service availability and organisation barriers classes, respectively.

All of the aforementioned criteria and subcriteria are considered to be outputs of traditional DEA mod-
els, but, since the model developed in this dissertation is not conventional, the ECONOMIC-FINANCIAL

criterion (typically an input) is presented and computed alongside his fellow criteria.

5.4.3 Performance table and basic statistics

On account of both the DMUs and criteria having been declared in the former subsections, the per-
formances of those DMUs according to the envisaged indicators grouped by criterion are presented in
Table 5.2.

Table 5.2: DMU performance by indicator.
TIMELINESS OF SERVICES SERVICE AVAILABILITY PERFORMANCE ASSISTANCE ECONOMIC-FINANCIAL

g1 95 gt 96 g2 g3 94 gs
GRoOUP B a;  95.13 90.98 0.55 82.97 65.39 6.78 1.17 3172
as 7443 34.21 0.74 84.57 80.84 7.29 2.84 3291
as 82.96 34.12 0.69 77.39 76.16  9.69 1.72 2753
ag 82.15 62.00 0.87 79.96 62.48 9.39 2.99 3616
as 71.69 46.30 0.93 88.69 73.88  8.02 4.95 3369
ag 7142 67.92 1.02 84.33 84.93  7.90 3.37 3635
GRoOUP C a7 63.76  53.97 0.64 112.76 76.80 8.49 3.61 2859
ag H8.80 65.27 0.49 84.66 81.76 7.76 2.78 3067
ag H7.54 36.65 1.19 100.00 92.77 11.70 3.44 3223
ajp  53.68 29.10 0.65 90.56 79.58  9.45 2.79 3447
ajp 50.84 49.28 0.88 93.35 82.55 6.74 2.83 2621
a2 50.75  38.93 0.56 83.84 79.93 6.83 2.14 2824
aj3  83.66 42.77 1.01 83.10 87.79 7.51 3.84 2738
ajy  66.93 19.19 0.49 75.72 73.02  6.28 2.33 3110
a;;  65.86  80.27 0.98 87.95 86.74 10.88 3.10 2972
GROUPD a5 65.75 18.15 1.54 87.86 79.03 T7.77 5.65 3418
aj;  64.70  34.16 1.46 87.98 91.06 8.66 3.75 2707
ag  62.12  62.50 0.84 88.19 79.02 847 3.67 2832
ajg 54.42  25.07 0.72 93.78 75.11 781 5.14 2868
azo  95.92  22.58 1.27 90.78 85.11  7.60 5.20 3125
as;  82.00 44.44 1.63 78.90 80.52  7.85 4.88 3075
GROUP E asze  76.40 63.10 1.02 87.99 72.82 5.81 3.38 2638
ass  T1.67 67.38 0.67 91.24 76.44  6.94 3.67 2880
aszy 70.04 45.80 0.92 87.26 76.31 10.60 4.55 3009
ass  67.74  43.60 1.26 75.85 77.36 9.32 4.00 2861

Furthermore, main basic statistics on the indicators are presented in Table 5.3. At first glance, it
is possible to detect that the coefficient of variation of ¢1, g2, g3, g6, and gs is below the reference
literature level (25%), which means that those indicators do not demonstrate significant heterogeneity;
however, such data homogeneity is understandable, since the physical meaning behind the preceding
indicators usually revolves around neighbouring values. Additionally, the interquartile range indicates
that, apart from g5 and g, the sample distribution variability of each indicator is not critical, so their

values are focused surrounding a certain performance. Besides, one should not dismiss the fact that
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these indicators were the result of a statistical correlation test (see Subsection 5.3.1), so there is no data

overlay.

Table 5.3: Indicators’ basic statistics.

Indicator x! o2 CV: MIN* MAX® Qi°® Q27 Q3% 1IQR°
g1 69.61 12.45 17.88 50.75 9592 62.12 67.74 76.40 14.28
g2 79.10 7.00 884 6248 92.77 76.16 79.03 8255 6.40
gs 8.22 1.46 17.81 5.81 11.70 7.29 7.85 9.32 2.03
g4 3.51 1.12 31.85 1.17 5.65 2.83 3.44 4.00 1.18
gs 47.11 19.05 40.45 18.15 90.98 34.16 44.44 62.50 28.34
g6 87.15 7.75 889 75.72 111.76 83.10 &7.86 90.56 7.46
gr 0.92 0.32 35.17 0.49 1.63 0.67 0.88 1.02 0.35
gs 3044.40 293.49 9.64 2621 3635 2832 3009 3223 391

! Arithmetic average.

2 Standard deviation.

3 Coefficient of variation (computed by dividing the standard deviation by the arithmetic
average and multiplying by 100).

4 Minimum.

5 Maximum.

6 First quartile.

7 Second quartile

8 Third quartile.

9 Interquartile range.

5.5 Results and discussion

Solving the PRICDEA model using appropriate software and discussing the results yielded by the model
in an array of settings is the purpose of this section.

5.5.1 Model solving

PRICDEA was implemented using the high performance numerical calculation software MATLAB version
2018a and the optimisation package IBM ILOG CPLEX Optimisation Studio version 12.8. Nevertheless,
in Subsection 4.2.1, a difference was established between the call for the usage of both the optimal
Mobius coefficients obtained in PRICDEA’s Phase 1 and the decision-maker’s preference-information-
incorporated Mdbius coefficients in order to legitimise the benchmarks and slacks of PRICDEA’s Phase
2. In fact, the latter used MATLAB to run the algorithm and summoned CPLEX to solve the linear
program problem (the procedure employed for doing so is delineated in Appendix A), but the former, due
to its complexity, was unable to use the aforestated CPLEX version and purely run on MATLAB. This

reasoning is made crystal clear in Table 5.4.

Table 5.4: PRICDEA model solving by software.

PRICDEA model feature MATLAB CPLEX
. vy . Phase 1 X
Optimal Mébius coefficients Phase 2 <
. - Phase 1 X
Analogous Mdbius coefficients Phase D <
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5.5.2 Findings

The PRICDEA model methodology and related procedures were applied to produce a comparative per-
formance assessment of secondary healthcare providers. On account of the decision maker’s prefer-
ence information incorporation, some circumstances that arose from the questioning procedures were
effortful and produced valuable judgments in contemplation of considering different perspectives of the
analysis. Hence, three different scenarios were envisaged not only to take into consideration all of
the decision-maker’s contributions, but also to assess the robustness of the model using different ap-

proaches, viz.:

e SCENARIO 1 emphasizes indicator gs, because operating costs are the cornerstone of the SNS

sustainability;

e SCENARIO 2 appraises the politically correct view of the SNS, thus making gs the least important

indicator;

e SCENARIO 3 disregards operating costs completely, as if gs (and, consequently, gss) had no influ-

ence in performance assessment of secondary healthcare providers.

These scenarios are displayed in the chart of Figure 5.1 in a symbolical and non-scientifical in the interest
of graphically illustrating the relative positioning of each one regarding the importance and inclusion of
indicator gg in the analysis, as explained above.

SCENARIO 2 SCENARIO 1

gs inclusion

gs importance

SCENARIO 3

Figure 5.1: Case study scenarios.

It should be evident that the three scenarios use the same utilities (even though SCENARIO 3 does not

use the utilities inherent to indicator gs), which were computed from the data organised on the created
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database. Ergo, in spite of the methodological order exhibited in Section 4.2, the utilities’ calculations
will be addressed immediately, for the reason of being common among all scenarios. Since the Mdbius
coefficients and the comparative operationalisation of PRICDEA depend on the decision-maker’s pref-
erences for each scenario, all that will be discussed in their respective paragraphs.

The construction of the utilities’ interval scales followed the procedure described in Subsection 4.2.2.3.
Creating a discrete levelled scale to accommodate the original continuous one was helpful for the
decision-maker to provide more accurate information regarding his preferences on the indicators. Nonethe-
less, according to the expert, some of the indicators possessed values that were too close to one another
and too far from some of the created discrete levels for a firm decision to be made. Henceforth, a feature
scaling method was used to standardise the range of data of indicators g3, g4, g5, g7, and gs. Besides,
g¢ is not a typical indicator, in the sense that it should be minimised or maximised - in fact, Annual
occupancy rate has a reference level between 80% and 90% according to the initial ACSS database.
Therefore, the decision-maker determined that 88% was the optimal value for this indicator and, as a
deduction, all values above it were mirrored below it before being normalised. Thereby, the particular
case for the computation of g4's utilities is presented in Table 5.5 and, in a way, serves as an example
for the course of action taken in the remaining indicators.

Table 5.5: Utility conversion procedure for indicator ge.
Modified Scaled Number of units Linear

Institutions performance’ performance? Blank cards between levels Unit valuation Interval scale interpolation Utilities

ar 64.24% 0.00% 0 0.0000

10of 43 70.18% 25.00% 0
a1 75.72% 48.31%
azs 75.85% 48.89%
ag 76.00% 49.49%

2 of 4% 76.12% 50.00% 1
ag 77.39% 55.37%
a1 78.90% 61.72%
ay 79.96% 66.19%

3of 42 82.06% 75.00% 3 0.5000
aig 82.22% 75.68% 0.5136
ary 82.65% 77.47% 0.5495
[ 82.97% 78.83% 0.5767 0.5767
a3 83.10% 79.39% 0.5878 0.5878
aiz 83.84% 82.51% 8 0.1250 0.6503 0.6503
ag 84.33% 84.54% 0.6908 0.6908
as 84.57% 85.55% 0.7110 0.7110
ag 84.66% 85.93% 0.7185 0.7185
a3 84.76% 86.37% 0.7274 0.7274
a0 85.22% 88.29% 0.7657 0.7657
aio 85.44% 89.23% 0.7846 0.7846
a4 87.26% 96.91% 0.9381 0.9381
as 87.31% 97.10% 0.9419 0.9419
aig 87.81% 99.19% 0.9838 0.9838
aie 87.86% 99.41% 0.9881 0.9881
ais 87.95% 99.77% 0.9955 0.9955
air 87.98% 99.90% 0.9980 0.9980
a2 87.99% 99.98% 0.9995

4 of 4° 88.00% 100.00%

' Performance values after mirroring.

2 Performance values after feature scaling.

3 Level corresponding to 25% of gs's overall performance.

4 Level corresponding to 50% of g¢’s overall performance.

5 Level corresponding to 75% of gs’s overall performance.

8 Level corresponding to 100% of g4's overall performance.

Table B.1 in Appendix B.1 discloses every single utility value for each DMU per indicator. In the end,

the lingering utility values were computed by simply applying the linear interpolation of Equation (4.21)
laid out in Subsection 4.2.2.4.

On top of everything, graphical representations of the utilities for g;, with ¢ = 1,...,n, as a function
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of the indicators’ values are illustrated in Appendix B.2. From Figure B.1 to Figure B.8, it is visible
not only the decision-maker’s preferences in defining the levels with the blank cards (Figure B.6 is an
explicit example), but also the monotonicity of the eight functions: Figure B.1, Figure B.2, Figure B.5, and
Figure B.6 are monotonically increasing functions; Figure B.3, Figure B.4, Figure B.7, and Figure B.8
are monotonically decreasing functions. This concept is particularly useful in asserting whether or not

an indicator should be maximised or minimised, respectively.

5.5.2.1 SCENARIO 1: the importance of operating costs

In consonance with the previous paragraph and with the phases outlined in Subsection 4.2.2.2, de-
termining the Mobius coefficients was the last step before assessing the performance of the chosen

secondary healthcare providers.

Firstly, the decision-maker pointed out three interactions among the elected criteria:

e Mutually-weakening effect between ¢, and gs, g15;

o Mutually-weakening effect between g, and g5, go5;

¢ Mutually-weakening effect between g5 and gs, gss.

In this manner, the final amount of Mobius coefficients to be determined was eleven and the Mobius-

transformed Choquet integral could be represented as

Cular) = (m(g1)ui(g1(ar)) + m(g2)uz(g2(ar)) + m(gs)us(gs(ar)) + m(ga)ua(ga(ar))+
+ m(gs)us(gs(ax)) + m(ge)us(gs(ar)) + m(gr)uz(gr(ar)) + m(gs)us(gs(ar)))+
+ (m(g1, g5) min{u1 (91 (ax)), us(gs(ax))} + m(gz, g5) min{ua(ga2(ax)), us(gs(ax)) }+

+ m(gs, gs) min{uz(gs(ax)), us(gs(ax))})

for a given DMU ay, with £ =1, ..., m.

Then, following the step-by-step procedure enunciated in Subsection 4.2.2.2, the decision-maker
ranked the finite set of reference projects P = p1, p2, p3, pa, Ps, D6, P7, Ps, P15, P25, P3s and introduced a
number of blank cards between them, not to mention revealing the value of the ratio-z. Table 5.6 reveals
the decision-maker’s choices.
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Table 5.6: Ranking of projects and blank cards for SCENARIO 1.
Ranks and blank cards

Ry D8

el 3

Ry D15, P25 D38

€9 1

R P1> P2, Ps

es 2

Ry D3, P4 D6, D7
Ratio-z 3

With these preferences in mind, both PRICDEA’s Phase 1 and DecSpace’s SRF software were
properly used to compute the desired coefficients. Wherein the former’s linear program was already
broadly described, the latter required the intermediate computation of the non-normalised (w(px)) and
normalised weights before pursuing the attainment of the modified values w(px) and, consequently, the
Mébius coefficients m; and the Choquet capacities 1. These weights, coefficients, and capacities are
unfolded in Table 5.7 and Table 5.8.

Table 5.7: Optimal Mébius coefficients for SCENARIO 1.

Indicators Mobius coefficients m;

g1 0.200000000
92 0.200000000
g3 0.100000000
g4 0.100000000
g5 0.200000000
ge 0.100000000
g7 0.100000000
gs 0.400000000
g15 —0.133333333
925 —0.133333333
938 —0.133333333
Total 1
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Table 5.8: Non-normalised, normalised, and modified values, and analogous Mobius coefficients and

Choquet capacities for SCENARIO 1.

Indicators Non-normalised value w(p;) Normalised value Modified value w(p;) Mobius coefficients m;, Choquet capacities /i

g1 1.67 9.11 1.67 0.218015666 0.218015666
92 1.67 9.11 1.67 0.218015666 0.218015666
g3 1 5.45 1 0.130548303 0.130548303
n 1 5.45 1 0.130548303 0.130548303
gs 1.67 9.11 1.67 0.218015666 0.218015666
g6 1 5.45 1 0.130548303 0.130548303
g7 1 5.45 1 0.130548303 0.130548303
g8 3 16.36 3 0.391644909 0.391644909
915 2.11 11.5 -1.23 —0.160574413 0.275456919
925 2.11 11.5 —-1.23 —0.160574413 0.275456919
938 2.11 11.51 —1.89 —0.246736292 0.275456919
Total - 100 7.66 1 1

Last, but not least, the 25 x 11 utility matrix and the 11 x 1 Mdbius coefficients’ vectors were inputted
one at a time in the PRICDEA model’s Phase 2 and a 25 x 25 matrix with the efficient frontier and the
benchmark values for the inefficient DMUs, and a 25 x 11 matrix with the slack values for the inneficient
DMUs were outputted. Subsequently, one can declare that inputting the two different Mdbius coefficients’
vectors resulted in the same efficient frontier, comprised of a1, a3, ag, as, ag, a11, a12, a3, a4, a1s, a7,
a1s, G20, G22, and ass, being as, aq4, as, a7, a0, 16, G19, 21, a24, and a5 the inefficients DMUs. The
relationship between the cited benchmarks and the DMUs below the frontier is represented in Table C.1
and Table C.2 (see Appendix C.1 in Appendix C). These results demonstrate that, regardless of the origin
of the used Mdbius coefficients’, the inefficient secondary healthcare providers aimed for a reference in
the same manifold of efficient DMUs (a1, as, as, a1z, a13, a5, a17, ais, ase, and asz), using between three
and six of them in the two situations. For instance, a5 has different benchmarks depending on the usage

of optimal or analogous Md&bius coefficients, as depicted in the excerpts Table 5.9 and Table 5.10.

Table 5.9: Excerpt of Table C.1 for as.

GRoOUP B GRouP C GRouP D GROUP E
a1 a3 as a12 A1z ais (3¢ aig a22 a23
() () ) )Y Y @) () () () ()
as 0.11969164 0 0 0 0 0 0.1914839 0.42720705 0.26161742 0
(..) (..)) ) ) GG ) (..)) (..) (..) (..)

Table 5.10: Excerpt of Table C.2 for as.

GROUP B GRoOUP C GROUP D GRoOUP E
ay ag as a2 13 ais aiy ai8 a22 a23
) () ) ) ) @) ) () ) ) )
as  0.12354058 0 0 0 0 0.32435097 0.12320636 0.24744125 0.18146084 0
() () ) ) G ) () ) ) () ()

On the contrary, each member of the set of benchmark DMUs was referred to at least once at up to
seven or ten times, depending on the aforementioned vectors, respectively. For example, Table 5.11 and

Table 5.12 illustrate this aspect regarding ass.
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Table 5.11: Excerpt of Table C.1 for ass.

() as2 ()

GROUPB a> (...) 0.03413266 (...)
ay g; 0 . E;

as (..) 0.26161742 (...

GRrOUP C — — 0 )
aio () 0 ()

a (...) 0.25095884 (...)

GROUP D — o931 ()
az;  (...) 0.16287653 (...)

GROUPE asy (...) 0.13032539 (...)
ass  (-..) 0.00516484 (...)

Table 5.12: Excerpt of Table C.2 for ass.

() a2 ()

GROUPB 4, (.) 0.03413266 (.)
” H 0 E;

as 0.18146084

GRrOUP C — "5 0 )
aio E; 0 E;

a 0.23422989

GROUPD — o eo7600 ()
an () 0 )

GROUPE “ags () 0 )
das () 0.00297375 (..

In what concerns slacks, Table C.7 and Table C.8 in Appendix C.2 array the values that the inefficient
DMUs should improve in relation to the computed indicators’ utilities. In the case of the optimal Mdbius
coefficients, on one hand, a- is the DMU with the least number of slacks to enhance and, on the opposite
side, a4, as, a19 and aig appear to be the ones with the most to improve (see Table 5.13 and then
Table 5.14).

Table 5.13: Excerpt of Table C.7 for ay.

Institutions  ui(g1(ar)) ua(ga(ar)) us(galar)) walga(ar)) us(gs(ar)) ue(ge(ar)) ur(gr(ar)) us(gs(ar)) min{ui(g:(ar)), us(gs(ar))} min{us(ga(ar)), us(gs(ax))} min{us(ga(ar)). us(gs(ar))}
- )

a1 0.0273 0.1310 0.0000 0.2218 0.1893 0.0000 0.1096 0.7518 0.1893 0.1893 0.2198
) ) ) ) ) ) ) ) @) ) ) )

Table 5.14: Excerpt of Table C.8 for a.

Institutions  ui(g1(ar)) ua(g2(ar)) uslgslar)) walgalar)) us(gs(ar)) us(gs(ar)) ur(gr(ar)) us(gs(ar)) min{ui(gi(ar)) us(gsar))} minfuz(gz(ar)), us(gs(ar))} min{us(gs(ar)), us(gs(ar))}
(.) (. () () () () () () () () ()
ag 0.0325 0.1301 0.0000 0.2321 0.2004 0.0000 0.1158 0.7419 0.2004 0.1896 0.2167
() ) [@9) ) ) ) [#9) ) [@9) )

On the other hand, it is visible that gs and g, are, by far, the indicators with the most severe slacks (in
opposition to g» and ¢,), in spite of g5 and again g, being the ones that the majority of the institutions
needs to upgrade, particularly when facing the indicators that showed the best results in this field - g,
and gs (contemplate Table 5.15 and forthwith Table 5.16). As for the case of the analogous Md&bius
coefficients, the results are similar to the optimal ones both in what concerns DMUs and indicators,
apart from a;y’s withdrawal from the set ‘DMUs with the most improvements needed’.

Bottom line, the inference of the optimal Mdbius coefficients was proved to be accurate and credible

in this scenario, by meeting PRICDEA’s results obtained using Mdbius coefficients entirely computed
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Table 5.15: Excerpt of Table C.7 for gs.

Groups Institutions (...) wus(gs(ax)) (...)
GRouP B as (...) 0.4328 (..)
ay (...)  0.7558 (...)
as (.)  0.6392 (..)
GROuP C e () 00000 ()
aio () 0.7013 ()
a6 (...) 0.7518 (...)
GRoup D o () 00633 ()
GRrour E o4 (...) 0.1487 (...)
ass (..)  0.0012 (..)

Table 5.16: Excerpt of Table C.8 for gs.

Groups Institutions (...) wus(gs(ax)) (..)
GRouP B asg (...) 0.4328 (...)
as (...) 0.7558 (...)
as (..)) 0.5843 (..)
GRroup C ar () 00000 ()
a (...) 0.7419 (...)
GRroup D o () 00000 ()
GRrour E ao4 (...) 0.0120 (...)
ass () 0.0000 ()

incorporating the decision-maker’s preference information. The yielding of similar conclusions in terms

of the efficient frontier, the benchmarks, and the slacks validate this point.

5.5.2.2 SCENARIO 2: the role of ethics

Similarly to SCENARIO 1, the decision-maker elected the same criteria interactions and ranked the mem-
bers of the criteria family in an invariable manner, apart from the aforesaid gg indicator, which is now on

the bottom of the ranking, but kept his judgment on appraising the ratio-z (see Table 5.17).

Table 5.17: Ranking of projects and blank cards for SCENARIO 2.

Ranks and blank cards

Ry D15, D255 D38

e1 1

Ry D1, P2, Ps5

€s 2

R P35 P4, P, P7

e3 3

Ry Ds
Ratio-z 3

This means that the non-normalised and normalised weights would change, as well as the Mébius
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coefficients, although not significantly in comparison to the first scenario. Table 5.18 and Table 5.19

display all these values.

Table 5.18: Optimal Mdbius coefficients for SCENARIO 2.
Indicators Mobius coefficients m;,

g1 0.300000000
g2 0.300000000
g3 0.200000000
g4 0.200000000
gs 0.300000000
g6 0.200000000
g7 0.200000000
gs 0.100000000
g15 —0.266666667
925 —0.266666667
938 —0.266666667
Total 1

Table 5.19: Non-normalised, normalised, and modified values, and optimal Md&bius coefficients and

Choquet capacities for SCENARIO 2.
Indicators Non-normalised value w(p;,) Normalised value Modified value w(p,) M®obius coefficients m;, Choquet capacities s,

g1 2.56 10.14 2.56 0.211395541 0.211395541
g2 2.56 10.14 2.56 0.211395541 0.211395541
g3 1.89 7.49 1.89 0.156069364 0.156069364
n 1.89 7.49 1.89 0.156069364 0.156069364
gs 2.56 10.14 2.56 0.211395541 0.211395541
96 1.89 7.49 1.89 0.156069364 0.156069364
g7 1.89 7.49 1.89 0.156069364 0.156069364
g3 1 3.96 1 0.082576383 0.082576383
g15 3 11.88 —2.12 —0.175061932 0.247729149
925 3 11.89 —-2.12 —0.175061932 0.247729149
938 3 11.89 0.11 0.009083402 0.247729149
Total - 100 12.11 1 1

Properly inputting these values in the PRICDEA algorithm’s Phase 2 yielded again a 25 x 25 bench-
marks’ matrix and a 25 x 11 slacks’ matrix. Once more, for both optimal and analogous Mébius coeffi-
cients’ vectors, the efficient frontier is constituted by a1, as, ag, as, ag, a11, ai2, a3, a14, ais, a7, as, azg,
a2, and aqz, being aq, ay, as, ar, aig, aie, a9, a21, 424, aNd ao5 the inefficients DMUs. Additionally, the
benchmarks for the inefficient DMUs are identical to the previous scenario, as Table C.3 and Table C.4
in Appendix C.1 demonstrate. Nonetheless, side by side, a1, as, a12, a13, a17, azz, and ass remain the
same, except for the inclusion of asy and the exclusion of a3, a;5, and a;g, and each inefficient DMU used
between one and six benchmarks in the two situations. aq4’s case is exemplified below in Table 5.20 and

Table 5.21 to make a case for the benchmark differences between the using the optimal or the analogous
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Mobius coefficients.

Table 5.20: Excerpt of Table C.3 for asy.
GROUP B GRouP C GRrRouprP D GROUP E

ai as as ai2 ai3 ais aiy aig a20 a2 a23

) ) ) ) GG ) ) ) ) G )
ass 013705826 0 0 0 0 086204174 0 0 0 0 0

) ) ) ) G ) ) ) ) ) G

Table 5.21: Excerpt of Table C.4 for asy.

GROUP B GRouprP C GRrRouprP D GROUP E
ai as a12 a13 aiy a20 a22 a23
) ) () () ) () ) () ()
a24 0 0.14390512  0.0597048 0 0.0758291 0 0.72056098 0
() () (.) () () () () () ()

Come again, each member of the DMUs’ benchmark set was referred to at least once and up to ten
times (for the optimal coefficients) or nine times (for the analogous coefficients). In this scenario, there
is the case of DMU a4 uniquely benchmarked by one secondary healthcare unit to be reported. Addi-
tionally, Table 5.22 and Table 5.23 portray the situation of a;2 benchmarking status variation depending

on the employed coefficients.

Table 5.22: Excerpt of Table C.3 for a;s.

() ai2 ()

GROUPB a> (...) 0.28634371 (...)
a4 E; 0 E;

a 0

Group C ai () 0.28955180 (...)
aio  (...) 0 (...)

I ) 0 )

GROUP D — o373 ()
an () 0 )

GROUWPE “ap; () 0 )
ass  (..) 0.01005647 (..

Table 5.23: Excerpt of Table C.4 for as.

() a2 ()

GROUPB @ (.) 028634371 (.)
» H 0 E;

a5 () 0.10088544 (..

GROUP C — > — (" mert060 ()
a0 () 0.17616989 (..

e () 0 )

GROUP D — (st ()
an () 0 )

GROUPE 24 (...) 0.0597048 (...)
a2 () 0.56246073 (...)

Lastly, the slack values for the optimal and analogous Mdbius coefficients are displayed in Table C.9
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and Table C.10 (Appendix C.2), respectively. In the first set of circumstances, a- is, yet again, the DMU
with the lowest number of slack values to improve, whereas a, needs a boost in every single indicator,

despite as5 and ao; also showing poor results (study Table 5.24 and Table 5.25).

Table 5.24: Excerpt of Table C.9 for as;.

Institutions w1 (g1(ax)) ua(ga(ar)) us(gs(ar)) wa(galar)) us(gs(ar)) uslgo(ar)) ur(gr(ar)) us(gs(ax)) min{ui(gi(ar)). us(gs(ar))} min{us(ga(ax)). us(gs(ar))} minfus(gs(ar)). us(gs(ar))}
() () () () () () () () ( () ()

)
a2 0.0137 0.1393 0.0743 0.3309 04179 0.0000 0.0058 0.0064 0.2011 0.3571 0.0558
() () () () () () () () () () () ()

Table 5.25: Excerpt of Table C.10 for as;.

Institutions  u;(g1(ar)) ua(g2(ar)) us(galar)) walga(ar)) wus(gs(ar)) ue(gelar)) ur(gr(ar)) us(gs(ar)) min{ui(gi(ar)), us(gs(ar))} min{us(ga(ar)), us(gs(ax))} min{us(ga(ar)), us(gs(ar))}

an 0.0219 0.0000 0.7856 0.2073 0.1530 0.0000 0.0000 0.2571 0.1321 0.1530 0.7776
@) ) ) ) ) ) ) ) ) ) ) )

At the level of indicators, g2 and g; are once more the ones with the lowest values, inasmuch as g4, gs,
and now g5, which exhibit the most worrying outcomes, even though ¢4 and g5 are the indicators that
most inefficient secondary healthcare providers need to raise, especially when compared to the most
encouraging ones (gs, g2, and g7). In the second outlook, approximate results were yielded, except from
the fact that g3 and g3s are now part of the group of indicators with the most serious slacks, and gs, ¢15,
and g3 are at once the indicators that most DMUs need to revamp. A closer look at Table 5.26 and

Table 5.27 demonstrate precisely this for gs.

Table 5.26: Excerpt of Table C.9 for gs.

Groups Institutions (...) wus(gs5(ax)) (..)
GRoOUP B as (..r) 0.1866 (-.r)
ay (.) 03768  (..)
a (.) 03519 (..
GROUP C = () 00111 ()
aio () 0.4657 ()
a (.) 02004 (..
GROUP D " () 01820 ()
a1 () 0.2038 ()
GRroupr E asy4 (...) 0.4179 (..)
Table 5.27: Excerpt of Table C.10 for gs.
Groups Institutions (...) wus(gs(ax)) (...)
GRouP B a9 (...) 0.1866 (...)
ay (...) 0.3768 (...)
a (-.-) 0.1653 (-.r)
GROUP C = () 0.0297 ()
a (..) 03189 (..
GRroup D o () 03316 ()
a1 (..) 01953 (..
GROUP E a24 () 0.1530 ()
azs () 0.1084 ()

The sum and substance of SCENARIO 2 indicate that the new ranking provided by the decision-maker

did not have a significant effect in the DEA analysis’ benchmarks and slacks, due to their similarity to the
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ones of SCENARIO 1. In fact, the efficient frontier was the same and most of the benchmarks and slacks
outcomes were in agreement, which might be explained due to the ratio-z = 3 and the small amount of
blank cards in-between levels in both scenarios, thus minimising the effect on the Mébius coefficients
of the rank drop of gs. However, PRICDEA was anew to infer well-founded optimal Mébius coefficients
that performed alike the analogous Mdbius coefficients, given that the results using both vectors was

identical, although there were some minor exceptions this time.

5.5.2.3 ScCENARIO 3: the renunciation on operating costs

SCENARIO 3 has quite a distinct outline when compared to the other two scenarios. Here, given the
decision-maker’s decision to remove Operating costs per standard patient from the analysis, gs and gss
are the two variables taken out of the equation. Hence, nine Mdbius coefficients were required for the

calculation of the Mébius-transformed Choquet integral represented as

Cular) = (m(g1)ui(g1(ar)) + m(ge)uz(g2(ar)) + m(gs)us(gs(ar)) + m(ga)ua(ga(ar))+
+ m(gs)us(gs(ar)) + m(ges)us(gs(ar)) + m(gr)ur(g7(ar)))+

+ (m(g1, g5) min{u1(g1(ax)), us(gs(ax))} +m(gz, g5) min{uz(g2(ar)), us(gs(ax))}

for a given DMU ay, with £ = 1,...,m. Nevertheless, the expert recycled the other indicators and
respective utilities, and ranked the former as presented in Table 5.28. This time, ratio-z was attributed a

value of 2.

Table 5.28: Ranking of projects and blank cards for SCENARIO 3.

Ranks and blank cards

Ry D15, D25

eq 1

Ry D1, P2, Ps5

€9 2

R3 P35 P4, P6, D7
Ratio-z 2

Despite the non-normalised, normalised, and modified values, the Mdbius coefficients, and the Cho-
quet capacities values changed, they did not change significantly, due to the assignment of the same
number of blank cards between the ranks and the similar value of ratio-z. Table 5.29 and Table 5.30

have these numbers arranged.

71



Table 5.29: Optimal Mébius coefficients for SCENARIO 3.
Indicators Mobius coefficients m,,

g1 0.250000000
g2 0.250000000
gs 0.150000000
g4 0.150000000
gs 0.250000000
ge 0.150000000
g7 0.150000000
J1s —0.175000000
925 —0.175000000
Total 1

Table 5.30: Non-normalised, normalised, and modified values, and analogous Mobius coefficients and

Choquet capacities for SCENARIO 3.
Indicators Non-normalised value w(p;) Normalised value Modified value w(p;) Mobius coefficients m;, Choquet capacities /i

g1 1.6 12.5 1.6 0.25 0.25
g2 1.6 12.5 1.6 0.25 0.25
g3 1 7.81 1 0.15625 0.15625
g4 1 7.81 1 0.15625 0.15625
gs 1.6 12.5 1.6 0.25 0.25
g6 1 7.81 1 0.15625 0.15625
g7 1 7.81 1 0.15625 0.15625
g15 2 15.63 —1.2 —0.1875 0.3125
925 2 15.63 —1.2 —0.1875 0.3125
Total - 100 6.4 1 1

Inserting the new utilities and Mdbius coefficients in the PRICDEA model's Phase 2, it returned a
25 x 25 matrix of benchmarks and a 25 x 9 matrix of slacks. Another time, a1, as, as, as, ag, ai1, a12,
ai3, ai4, Q15, A17, 18, G20, G22, and asy comprise the efficient frontier, being as, a4, as, az, aig, ais,
aig, @21, a24, and ass the inefficients DMUs. The benchmarks in this scenario are rather equal to the
previous scenarios (a1, as, a12, a13, a1z, and ass), apart from the set being larger at this moment (a5
was reintegrated) - the inefficient secondary healthcare providers used between one and five of these

benchmarks (regard Table 5.31 and Table 5.32 for the example of a19).

Table 5.31: Excerpt of Table C.5 for ao.

GRouP B GRouprPC GRourP D GRouP E
ai as aiz ais ais air a0 a2
(...) (...) (.. (... (...) .0 (.) (..) (...)
a9 0.63403657 0O 0 0.36596343 0 0 0 0

() ) ) () ) ) ) ) )
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Table 5.32: Excerpt of Table C.6 for a;g.

GRouP B GRoOuPC GRoOuUP D GROUP E
ai as ai2 ais ais air azo az2
(...) (...) (...) (.) (...) (..) (.) (...) (...)
a1g 0.6197795 0 0 0.27418726 0 0 0.10603325 0
(...) (...) (...) (.) (...) (..) (.) (...) (...)

As for the benchmarks themselves, they were referred to at least once and up to ten times whether using
the optimal or the analogous Mébius coefficients. Table 5.33 and Table 5.34 manifest this condition below

for aso.

Table 5.33: Excerpt of Table C.5 for as.

() a0 ()

GROUPB 4, (..) 0.30438876 (...
ay é; 0 E;

as 0

GrOUP C — — 0 )
aio  (...) 0 (...)

aig  (...) 0 (..)

GrOUP D — "7 0 )
asr (...) 0 (...)

GROUPE asy (...) 0 (...)
azs (...) 0 (-..)

Table 5.34: Excerpt of Table C.6 for as.
() a0 ()

GROUPB a; (.. 0.30438876 (...)
ay g; 0 E;

as 0

GRrOUPC — — 0 )
apg  (...) 0 (..)

a (..) 0 (...)

Group D aiz (...) 0.10603325 (...)
az1  (..) 0.18401362 (...)

GROUPE ao (...) 0 (...)
ass ( ) 0.33661917 ()

These results are displayed in Appendix C.1 (Table C.5 and Table C.6).

Table C.11 in Appendix C.2 exposes that the vast majority of the inefficient DMUs need to improve in
almost every aspect, in spite a, turns up again as the best among the worst, opposed to a4, a7, a9, and
ass, Which need to improve quite significantly in almost every single aspect (scrutinise Table 5.35 and

Table 5.36 in advance for a;g).

Table 5.35: Excerpt of Table C.11 for a;g.
Institutions i (g1(ax)) u2(g2(ar)) us(gs(ar)) walga(ar)) us(gs(ar)) us(gs(ar)) wur(gr(ar)) min{u(gi(ar)), us(gs(ax))} min{ua(ga(ar)), us(gs(ar))}
) ) ) ) ) ™) ) ) (] )
ayg 0.5084 0.0000 0.1930 0.6635 0.5169 0.0672 0.0294 0.5169 0.2357
() () () () () () () () () ()
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Table 5.36: Excerpt of Table C.12 for aq,.
Institutions w1 (g1(ax)) ua(g2(ar)) us(gs(ar)) walgalar)) us(gs(ar)) us(gs(ar)) wur(gr(ar)) min{us(gi(ar)),us(gs(ax))} min{us(ga(ar)), us(gs(ar))}
ayg 0.5279 0.0000 0.1881 0.6358 0.4911 0.0862 0.0000 0.4911 0.2162

(...) (...) (...) (...) (...) (...) (...) (...) (...) (...)

In what concerns indicators, it is clear that g4, g3, g5, and g15 are the ones with the highest slack values,
while g» remains the indicator with the lowest slack values. However, g, is the indicator that the least
DMUs need to meliorate, in contrast to virtually all of the remaining indicators short of gs and g7. In
comparison with Table C.12 (see Appendix C.2), the results with the analogous M&bius coefficients
were one and the same, save for minor numerical differences. Such similarities are brought to mind in
Table 5.37 and Table 5.38 for the predicament of g,.

Table 5.37: Excerpt of Table C.11 for g4.

Groups Institutions (...) wa(gsa(ar)) (.-)
GRouP B as (...) 0.0246 (...)
ay (..) 06567 (...
a (.) 02004  (..)
GRroup C = () 04019 ()
aio () 0.0743 ()
a (.) 02565  (..)
GRoup D ™" () 06635 ()
a921 () 0.4245 ()
GRour E (24 (--) 0.2757 (--r)
Table 5.38: Excerpt of Table C.12 for g,.
Groups Institutions (...) wa(gsa(ar)) (..)
GRouP B asg (...) 0.0246 (...)
ay (..)) 0.6567  (...)
as (...) 0.2904 (...)
GROUP C a7 () 04019 ()
a (..) 02565 (..
GRroup D o () 06358 ()
GRrour E aoy4 (...) 0.2757 (...)
ass () 0.3610 ()

Finally, PRICDEA proved de novo to be able to infer legitimate Mobius coefficients that yield positive
results when compared to the Mébius coefficients obtained with the direct guidance of the decision-
maker. In SCENARIO 3, a system quite distinct from SCENARIO 1 and SCENARIO 2, where operating
costs had no effect, was tested, but the outcomes were similar to those schemes. This might be, once
again, due to the low value of ratio-z and the small number of blank cards in-between levels judged by

the decision-maker, which has significant impacts on the optimal and analogous Md&bius coefficients.
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5.6 Summary

In this chapter, treating the data was the first and fundamental step for obtaining sturdy results, aside
from incorporating the invaluable perceptions of the decision-maker to acquire both the inferred and
the analogous Mébius coefficients. Before solving the case study using PRICDEA, a comprehensive
scrutiny of the variables was conducted and several statistics were computed. Finally, discussing the
results obtained in the three scenarios yielded a favourable image of PRICDEA’s performance not only
on inferring the Md&bius coefficients, but also on assessing the efficient frontier and the benchmarks and
slacks of the inefficient DMUs. The following chapter contains the essential conclusions of this work,

discusses its limitations, and proposes forthcoming considerations regarding the future of PRICDEA.
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Chapter 6

Conclusions and future remarks

6.1 Achievements

The central objective of this dissertation, manifested in Chapter 1, was to suggest a leading-edge tech-
nique focused on the enduring optimisation situation in Portuguese healthcare (Chapter 2) that combined
interactive variables and incorporated preference information of a decision-maker with a view to reform-
ing institutional performance using a revamped DEA model. To do so, an extensive literature review
was conducted in Chapter 3 in pursuance of a well-founded base of knowledge, so that the creation
of the so-called PRICDEA model could be materialised and based on pre-existing methodologies, viz.,
the ‘two-phase method’ envisaged by Gouveia et al. (2008), the Choquet multi-criteria preference ag-
gregation model developed by Bottero et al. (2018), and the theoretical concepts on determination of
weights of interacting criteria from a reference set matured by Marichal & Roubens (2000), as detailed
in Chapter 4. This model was applied to a case study (Chapter 5), where three different settings were
established with the cooperation of a decision-maker to the extent of assessing not only the robustness
of the PRICDEA model, but also to yield further results on the importance and flexibility of certain crite-
ria, which can be implemented in the real world scenario of the Portuguese SNS secondary healthcare
providers.

Therefore, the application of PRICDEA to the gathered and treated ACSS data sample yielded, first
of all, inferred Mobius coefficients quite similar to the strictly-decision-maker-preference-information-
computed ones in Phase 1, which attests the validity of the algorithm in returning legitimate and genuine
numbers. Thus, the computations behind this complex first linear program, with all their manifold of
underlying constraints, proved to be both accurate and sensitive to the inputted information. Secondly,
a1, as, G, as, Ay, 11, A12, 413, G14, A15, 417, G418, G20, A22, and az3 were the DMUs that constituted the
production frontier common to SCENARIO 1, SCENARIO 2, and SCENARIO 3. Moreover, the remain-
ing results of Phase 2’s linear program (benchmarks and slacks) were sound and substantiated lawful
indications on who the inefficient secondary healthcare providers should look up to in order to improve
their performance. Besides, similar results were obtained using the analogous Mdbius coefficients, ergo,

once more, PRICDEA’s robustness is vindicated. Globally, if, on one hand, these conclusions demon-
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strate the preponderance of the decision-maker’s judgment, for good or for bad, in the analysis, on the
other hand, they corroborated PRICDEA as a credible approach not only to fill in the knowledge gap in
literature, but also to provide healthcare managers and policy makers authentic data that can support
decision-making.

Bottom line, one can declare that the goals set forth at the beginning of this dissertation were entirely

reached, since:

e The Portuguese healthcare background was profusely described and related to the case study

investigated in this research;

e DEA’s features were acknowledged in the interest of this technique being applied in the healthcare

setting;

e The Choquet multiple criteria preference aggregation model was successfully employed as an
auspicious approach for incorporating the information of decision-makers’ preferences and dealing

with interactive criteria;

e PRICDEA, a breaking new performance assessment methodology for criteria weights’ inference,
interactive variable embodiment, and preference information incorporation for decision-making,

was created;

e The results of the case study in the healthcare sector were corroborated with outcomes from
Maobius coefficients uniquely computed stemming from the decision-maker’s judgment for a matter
of validity and were triumphantly positive, not only for the model itself, but also for future aiding in

health policy-making.

6.2 Recommendations

In line with the preceding section, it is safe to say that 40% of the Portuguese secondary healthcare
providers that underwent the PRICDEA methodological testing are inefficient, regardless of the purpose
of each analysed scenario. In essence, this means that, despite the current SNS position in the afore-
mentioned world ranking, there is still plenty to be accomplished in the health sector in Portugal across
diverse levels.

Particularly, institutions as, a4, as, ar, a19, a1, a19, a21, asy, and ass should panegyrise their respec-
tive benchmarks (see Appendix C.1) and mind their own slack values (in Appendix C.2) if they intend to
improve their individual performance. Above all, such healthcare providers should seek out for advice
in consulting professionals who have the social, economic, and political expertise to boost their organ-
isations. At first, an investment must be made in pursuance of prosperity, but, in the long term, that

expenditure will not seem that significant, especially because, in the end, it is all about the people.
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6.3 Limitations

The major limitations of the present work can be epitomised in a few remarks.

Firstly, PRICDEA’s optimisation inference algorithm relies on profuse constraints which affect not
only computational performance, but also potential results, since multiple optima can be obtained and
it may be the case that plenty of null outputs are generated. This last point was explained by Marichal
& Roubens (2000) by placing responsibility on the completeness and coherence of the information set,
and the possible incompatibility between that same information and the assumption of a 2-order fuzzy
measure.

Next in order, the decision-maker’s resolutions of placing multiple criteria in the same level, attributing
a small number of blank cards in-between levels, and valuing the ratio-z as a modest number on all
scenarios undoubtedly impacted the results. This is where the explanation of similar results between
scenarios lies. Naturally, if different inputs were provided, different outputs would have been generated,
but the decision-maker was firm in each decision, because of the extreme importance of all criteria in
such a delicate and intricate context.

Additionally, and according to Ozcan (2008), finding the appropriate variables and their measure-
ments is frequently difficult. However, assuming this was not the case, Jacobs et al. (2006) make a valu-
able point in indicating the environmental determinants of performance detailed in Subsection 3.2.2.4.
Such constraints were not considered in the case study of this dissertation, but it would be a rococo

envisioning, as Section 6.4 indicates.

6.4 Future work

As prospective developments, in an academia standpoint, it would not be unreasonable to consolidate
PRICDEA by including the aforementioned environmental constraints, or apply it to other depths in
healthcare or even other spheres of influence. Nonetheless, the perspective of adapting PRICDEA to
a network-type performance assessment emerges as an exceptionally interesting outlook on hospital
services, with a view to improving performance as system-by-system bottom-up approach, taking into
account each one’s internal structure. For now, a paper in an international peer-reviewed scientific
journal is being prepared for submission. In an industry point of view, evaluating the eventual real-world
execution of the results obtained in this dissertation would be an extraordinary honour, and efforts are

being made in that direction.
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Appendix A

MATLAB and CPLEX integration

Admitting that the IBM ILOG CPLEX Optimisation Studio is successfully installed on the computer, the

exploitation of its solver in the MATLAB environment required the adoption of the following steps:
1. With MATLAB open, the pathtool command must be typed;

2. After that, a window appears, and the ‘Add Folder... button must be pressed and the path C:
\Program Files\IBM\ILOG\CPLEX_Studio_Community1263\cplex\matlab\x64_win64 (for Microsoft
Windows Operating System) or Macintosh HD/Applications/CPLEX_Studio_Community128/cplex/
matlab/x86-64_osx (for Apple Macintosh Operating System) should be chosen;

3. Saving and closing are the final steps to link the IBM ILOG CPLEX Optimisation Studio solver to
MATLAB.
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Appendix B

Utilities

B.1 Values

B.1
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B.2 Plots
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Figure B.1: Utility plot for g;.
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Figure B.3: Utility plot for gs.
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Figure B.5: Utility plot for gs.
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Figure B.2: Utility plot for go.
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Figure B.6: Utility plot for gs.
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