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Abstract: Systems that supply medicinal gases—oxygen, nitrous oxide and medical air—serve all care
units of a hospital; for example, they feed distribution systems for operating theatres, neonatal and
pediatric units, dialysis, X-ray, casualty, special tests, outpatients, etc. Systems for the provision of
medicinal gases are therefore critical in guaranteeing hospital sustainability, since the functionality or
availability of other hospital systems depends on them. Availability of 100% in these systems would
avoid the need to reschedule patient appointments. It would also eliminate repeat testing, which
poses risk to staff and patients, and could avoid affecting people’s lives through unavailability of, for
example, operating theatres or intensive care units. All this contributes to a more rational resource
consumption and an increase in quality of care both for the hospital itself and for patients and visitors.
Although these systems are of vital importance to health care organizations, no previous work has
been found in the literature that optimizes the technical decisions on supply in these systems. This
research describes a model for these systems via continuous-time Markov chains. The results obtained
are used in a multicriteria model constructed with the measuring attractiveness by a categorical-based
evaluation technique (MACBETH) approach. In order to assess reliability when incorporating doubt
or uncertainty via the MACBETH approach, the model has been validated by means of the fuzzy
analytic hierarchy process. The aim is to obtain the best objective decision, with respect to the design
of these systems, by analyzing the use of economic resources, the risks, and the impact on hospital
activity, all with the aim of guaranteeing the best quality of care. The models constructed by means of
MACBETH and the fuzzy analytic hierarchy process give, as the most suitable alternatives, duplicate
the external supply in medical oxygen systems and maintain the original design conditions for supply
systems of nitrous oxide and medicinal air.

Keywords: medicinal gases systems; heath care organization; MACBETH approach; fuzzy analytic
hierarchy process

1. Introduction

Medicinal gases are gases or mixtures of gases with known concentrations and impurity
content intended for direct contact with humans or animal organisms. They act pharmacologically,
immunologically, or metabolically with the goal of preventing, diagnosing, treating, relieving, or curing
illnesses and ailments [1]. The most commonly used medicinal gases are oxygen (O2), nitrous oxide
(N2O), medicinal air (O2-N2 and other trace components), vacuum (the vacuum process is considered
a medicinal gas), and other gases such as helium (He), carbon dioxide (CO2), and nitrogen (N2).

Oxygen is a colorless, odorless, and tasteless gas. It cannot be detected in a hyper-oxygenated
atmosphere. It is also flammable and, thus, one of the necessary elements for combustion. When
handling oxygen or performing maintenance work in the presence of it, a flame or spark may lead to a
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fire, which may affect care and noncare staff, patients, and visitors. A breakage or malfunction may lead
to air concentrations above 25% (the normal proportion in air is 21%), at which level most materials can
burn and sometimes explode [2]. Oil, grease, and organic materials, in general, in hyper-oxygenated
atmospheres tend to burn explosively, even from a slight blow. Furthermore, oxygen can impregnate
the clothing of workers without leaving any sign, and so any source of ignition can cause it to burst into
flame. It is also stored in cryogenic form, which may cause burns if it leaks. Nitrous oxide on the other
hand has an important role in anesthesia, but is also toxic and may cause intoxication of care or noncare
staff if the ambient daily exposure level reaches 50 ppm (the limit set by the EU). Medicinal air is used
as a carrier for inhaled anesthetic substances, and some patients depend on a reliable, high-quality
supply to protect their breathing tract [3]. The distribution of medicinal gases in hospitals is usually
carried out through systems involving long sections of tubing and many supply points originating in
cryogenic tanks or bottles (which are very large and carry a risk to the staff who handle them). There
are, then, medicines circulating in large quantities through pipes, meaning that their maintenance
must be of a very high standard, as the end point is the patients. However, the age of the facilities, the
quality of its design and materials, the lack of plans, alterations/enlargements, preventive maintenance,
etc., lead to significant risks in handling and distribution. There is need to have plans to guarantee the
appropriate quality and handling of medicinal gases [4]. It is therefore recommended that staff use
suitable individual protective equipment (grease-free gloves, protective goggles, etc.) when handling
these gases.

A constant, reliable supply of medicinal gases is essential in virtually all care areas, as they feed
distribution systems for operating theatres; neonatal, pediatric, dialysis, and X-ray units; casualty;
special testing; outpatients, etc. Systems for supply of medicinal gases are thus critical to ensuring
reliability, as functionality and availability of the other hospital systems depend on them. It is therefore
necessary to optimize these systems to avoid rescheduling of patient appointments, repeating tests,
breakdowns due to failure of supply, risks to staff and patients, etc.

All this contributes to a more rational resource consumption, both for the hospital itself and for
patients and visitors (for example, by reducing hospital visits and, thus, fuel used for transport), and
it could avoid affecting people’s lives through unavailability of, for example, operating theatres or
intensive care units. That is, a fault or unavailability in the supply of medicinal gases can affect the
schedule of medical tests or treatments; for example, a fault in the supply of medicinal gases can cause
cancellation of an operation when anesthesia cannot be administered. A worsening state of health
for a patient with asthma or chronic obstructive pulmonary disease (COPD) could also occur since
medicinal air is the effective way of delivering pharmacological treatment directly to the lungs by
inhalation. This undoubtedly affects the quality of care experienced by the patient. Furthermore, an
increase in the life of equipment, and a better use of resources, may be achieved. The end goal of all of
this is to improve quality of care.

Multi-criteria decision-making (MCDM) techniques are widely applied and recognized to be
one of the best tools for making real-world decisions in the fields of the environment, agriculture
resource management, energy planning, immigration, education, transport, investment, water resource
planning and management, defense, health care, etc. [5–10].

However, there is no precedent in the literature on optimization of medicinal gas supply systems.
The single precedent related to medicinal gas analyzes the selection of an optimal maintenance policy
for oxygen, protoxide, and vacuum distribution systems with two to four gas networks [11], but this
does not address the best design for the gas supply system.

Therefore, to choose the relevant criteria to apply in this study, a decision group that was
experienced in the use of these criteria, reviewed the literature that used MCDM methods for
choosing optimum maintenance strategies [12–20]. That is, the best solution was investigated between
corrective maintenance, which is applied immediately a failure occurs in a machine when no further
planned activity may take place, and preventive maintenance, which refers to maintenance activities
programmed independently of the state of the machine. Condition-based maintenance requires
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periodically or continuously monitoring physical parameters (like vibrations, temperature, total acid
number or water content of lubricants in use, etc.) to identify when safe limits have been passed,
suggesting the need to begin maintenance activity at the most suitable time for the plant. Otherwise,
when an alarm level has been reached, the repairs will be needed as soon as possible [12]. Some more
advanced maintenance strategies are also included in the decision models, including, for example,
reliability-centered maintenance (RCM), proactive maintenance, or total productive maintenance
(TPM). The use of fuzzy MCDM techniques is increasing in the literature, for example in [21–30].

Examples of applying MCDM to health care organizations, not related to diagnosis or treatment
of disease, may be found in Danner et al. [31] or Radaelli et al. [32], which were related to health
technology assessment. Researchers in [33] included criteria such as function, age, recalls and
maintenance requirements, hazard alerts, and mission criticality (with the subcriteria: utilization
and availability of alternative devices), risk (failure frequency, detectability, and failure consequence
(including the subcriteria: operational (with downtime as a subcriterion), nonoperational (assessed by
means of cost of repair), and safety and environment)) in a hierarchy structure to calculate the risk of
a variety of failure modes of a medical device. Using the analytic hierarchy process (AHP) gives a
normalized risk for each medical device, which allows the most suitable maintenance strategy to be
associated with each mode. Carnero [34] chose the best mix of maintenance policies with the measuring
attractiveness by a categorical-based evaluation technique (MACBETH) and a model with costs, impact
on care cover, and quality of care as criteria in dialysis systems used to treat acute and chronic hepatitis
B and C patients. Marciano et al. [35] applied AHP in an Italian hospital setting in choosing an optimal
ultrasound device by using a research group and a decision. The criteria used were anthropometry,
biomechanics, cognitive ergonomics, the patient, work environment, and work management. The
study had the goal of meeting the organization’s ergonomic objectives. Additionally, other studies that
aimed at choosing medical devices through AHP can be found in Joshi et al. [36] (related to picture
archiving and communication systems), Pecchia et al. [37] (applied to computed tomography scanning),
or Ivlev et al. [38] (applied to magnetic resonance imaging systems). Additionally, Agapova et al. [39]
used the judgements of a group of radiologists and other emergency physicians to analyze the goodness
of a number of diagnostic tests for appendicitis. The multicriteria technique used was AHP, with
ultrasound, magnetic resonance imaging, and computed tomography as alternatives. Lasorsa et al. [40]
applied methodology based on the Potentially All Pairwise RanKings of all possible Alternatives
(PAPRIKA) method to assess alternatives in the sterilization service such as doing it totally in-house,
out-sourcing it, or having the technology in-house but subcontracting the service. This supposed
different panels of experts: international professionals to select the assessment criteria relevant to the
target service and a local panel that knew the requirements and characteristics of the hospital.

Literature on MCDM in the healthcare environment generally applies deterministic methods,
that is, uncertainty or ambiguity are rarely included in these decision-making problems. Among the
contributions managing the fuzzy environment, we can highlight Houria et al. [41] who applied a
fuzzy analytic hierarchy process (FAHP) to find weightings for the criteria of age, class of equipment,
degree of complexity, and the importance of maintenance, function, recalls and user errors, and risk,
which allowed a measure for criticality to be attributed to the devices. Using the fuzzy technique for
order preference by similarity to ideal situation (FTOPSIS), the most suitable maintenance strategy
was chosen for medical devices depending on the previously determined criticality. Öztürk and
Tozan [42] applied AHP, analytic network process (ANP), FAHP, and fuzzy analytic network process
(FANP) to choose the most suitable dialyzer flux. Researchers in [43] calculated a risk priority index
for each medical device through the use of fuzzy failure mode and effect analysis. To be able to
include other aspects beyond those assessed in the risk priority index calculation, such as severity,
occurrence, and detection, a number of dimensions are included to assess the medical devices: age, use,
maintenance requirements, number of similar devices, recalls, hazards caused by use of the device, and
function. Finally, a simple additive weighting model is used to choose the best maintenance strategy
for each device among the alternatives: corrective maintenance, time-based preventive maintenance,
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condition-based maintenance, and predictive maintenance. Ozsahin et al. [44] used fuzzy preference
ranking organization method for enrichment evaluations (PROMETHEE) to make comparisons between
nuclear medicine devices including PET, SPECT, PET-CT, SPECT-CT, and PET-MRI, which took into
account criteria such as price, sensitivity, spatial and energy resolution, radiation dose, specificity,
and scan time. Cagri [45] applied an interval type-2 fuzzy set to look at financial options, known as
a real option analysis, to assess the viability of purchasing a linear accelerator or of outsourcing the
radiotherapy service.

To date, no previous work was found in the literature that used MCDM models to optimize
supply systems of medicinal gases in the hospital environment (this literature review was carried out
with the terms “medicinal gas MCDM” and “medicinal gas MCDA” in the bibliographic databases of
Scopus and PUBMED). It should be observed that these systems, despite their criticality, do not interact
directly with patients, but they do affect the availability of most hospital services, which will ultimately
influence the sustainable management of resources and quality of care. Optimization of these systems
will, therefore, have an impact on the medicinal gases used in neonatology or pediatrics, Accident and
Emergency (A and E), nuclear medicine, operating theatres, dialysis systems, laboratories, and other
areas of care. Thus, optimization of these systems will have an impact on people’s lives [46].

Innovative contributions of this research are:

(1) Modelling supply systems for medicinal gases with continuous-time Markov chains, looking at
different improvement alternatives over the original design of the systems.

(2) Optimizing consumption of resources via objective decision making, which can be opened to
public opinion. The result of this optimization is to guarantee clinical sustainability and avoid
some consumption of hospital resources and of staff, both medical and nonmedical, patients,
and visitors.

(3) Developing multicriteria models using the MACBETH approach and FAHP to optimize the
supply systems for medicinal gases.

(4) Comparing the results obtained via the MACBETH approach and FAHP to assess the capacity of
MACBETH to handle ambiguous, imprecise, or inadequate information, or the impossibility of
giving precise values.

(5) Considering the Buckley method as a means of applying FAHP to guarantee the accuracy of the
priorities obtained and to avoid losing information in the results. This avoids certain problems
arising from the use of Chang’s extent analysis method.

(6) Applying the multicriteria models, specifically for intake and supply systems, for medicinal gases
in health care organizations. These systems have high criticality as many other hospital systems
and medical devices rely on them in order to operate. Furthermore, these dependent systems
interact directly with patients and can, therefore, affect proper care and treatment.

(7) Analysing the implications for quality of care of maintaining the original design and of introducing
the alternative suggested by the multicriteria models.

(8) Applying a model using real systems and data in a Spanish hospital.

The structure of the paper is as follows. Section 2 describes the multicriteria techniques used
in producing the model: the MACBETH approach and FAHP. Then, using continuous-time Markov
chains, different alternatives are modelled for the optimization of supply systems for medicinal gases
in a Spanish hospital. Next, Section 4 sets out the multicriteria models, including the structuring
and weighting phases. Then follow the results, the sensitivity analysis, and the real implications
that alternatives proposed by the models would have on quality of care. Finally, Section 6 includes
the conclusions.

2. Multicriteria Technique Methodologies

MCDM methods are held to be excellent decision-making tools [47] for performing optimization.
They facilitate the justification of decisions [48] to the community at large, or to company management,
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by using objective models, which are easy to understand, and decision making is also participative [49].
That is, the decision-making process may involve one or more decision groups made up of different
stakeholders, some of whom may be responsible for introducing the solution found. This means it
can be introduced more efficiently, or it may have judgements from people involved with a variety of
viewpoints, leading to a decision that includes more information and in which no criterion is ignored.
Thus, the final aggregate judgements are more representative of the overall opinion. This study used a
decision group comprising those in charge of a number of hospital departments and services, and it
was coordinated by the head of the maintenance, safety, and environmental service of the hospital.

2.1. The Measuring Attractiveness by a Categorical-Based Evaluation Technique (MACBETH) Approach

The MACBETH approach is a complete multicriteria methodology, requiring only the qualitative
judgements provided by a decision maker or decision group to make a quantitative assessment of
the alternatives. Bana e Costa et al. [50–52] set out the theoretical foundations of MACBETH along
with examples of real-world applications. Researchers in [53] described the decision support software
M-MACBETH, which helped in building MACBETH models (the user guide can be downloaded at
http://m-macbeth.com/demo/).

M-MACBETH introduces the reference levels neutral and good. These levels should be associated
with two different scale levels for each attribute or fundamental point of view (FPV) [50]:

• Neutral level (N): an impact level that the decision maker considers neither to be attractive nor
unattractive and is assigned the arbitrary score 0.

• Good level (G): the decision maker considers this impact level attractive, and MACBETH assigns
it the arbitrary score 100.

The binary relations P and I are defined on a finite set A:

• P =
{
(a, b) ∈ A × A : a is more attractive than b}. This relation is asymmetric.

• I =
{
(a, b) ∈ A× A : a is not more attractive than b and b is not more attractive than a}. This

relation is reflexive and symmetric.

Ordinal information is obtained when the elements of A are ranked by decreasing attractiveness.
Thus, for each element a ∈ A, it is possible to associate a number v(a) that satisfies the two ordinal
measurement conditions:

∀ a, b ∈ A, a has better performance than b ⇔ v(a) > v(b).
∀ a, b ∈ A, a has similar performance as b⇔ v(a) = v(b).

The decision maker must establish the preference between any two levels of the descriptor
or alternatives. Thus, the decision maker is asked for a verbal judgement about the difference in
attractiveness between a and b for each (a, b) in A×A with aPb. The question/answer procedure uses a
partition of

{
(a, b) ∈ A×AaPb

}
in the following six semantic categories:

• C1 =
{
(a, b) ∈ A×A aPb where the variation in performance between a and b is negligible or

very weak} (encoded as VW in the pairwise judgement matrices included in Section 4).
• C2 =

{
(a, b) ∈ A×A aPb where the variation in performance between a and b is weak} (in the

pairwise judgement matrices this judgement is encoded as W).
• C3 =

{
(a, b) ∈ A×A aPb where the variation in performance between a and b is moderate}

(encoded as M when this judgement appears in the pairwise matrices).
• C4 =

{
(a, b) ∈ A×A aPb when the variation in performance between a and b is strong} (encoded

as S in the pairwise judgement matrices included in Section 4).
• C5 =

{
(a, b) ∈ A×A aPb where the variation in performance between a and b is very strong}

(encoded as VS).

http://m-macbeth.com/demo/
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• C6 =
{
(a, b) ∈ A×A aPb where the variation in performance between a and b is extreme}

(encoded as E).

C2, C4, and C6 are considered basic categories, and C1, C3, and C5 are classified as intermediate
categories. In addition, where there is no difference in attractiveness between a and b, the judgement
“No” is encoded as N in the MACBETH judgement matrices.

The MACBETH approach procedure is as follows (see flowchart in Figure 1):

(1) Define the decision problem. The background of the problem must be analyzed, including the
assumptions and the perspective under which the decisions are taken. Different scenarios or
stakeholder groups might be necessary to analyze the problem thoroughly.

(2) Select areas of concern and FPV. Each criterion or FPV is some characteristic or property in a
specific context that the decision maker or group considers relevant to provide a solution to the
problem [50]. The FPVs must have the following characteristics: coherent with the decision,
represented on the same scale, measurable, independent of each other, and not unrelated to
the alternatives.

(3) Construct the hierarchy. To structure the problem, a value tree must be created, including a goal
at the higher level, which gives rise to criteria or areas of concern, attributes or FPVs, and the
lower level of the hierarchy incorporates the alternatives [51]. The structuring process starts with
the identification of a set of areas of concern, and each comprises one or more FPV’s, which are
attributes that allow the alternatives to be assessed.

(4) Define descriptors. For each FPV, a descriptor must be defined and is made up of a performance
scale in which the reference levels of neutral and good must be identified. This avoids the
problem that, on assessing the FPV in the alternatives, results will not be imprecisely or
ambiguously interpreted. The descriptors can measure (qualitatively, quantitatively, or a mix
of the two) the degree of performance of an alternative with respect to each FPV. Different
types of descriptors are possible: one-dimensional qualitative scales, pictorial descriptors, and
multidimensional descriptors.

(5) Construct value functions. Ordinal scales must be transformed into cardinal scales or value
functions. A value function is representative of the decision maker’s judgement [52] and are
calculated by M-MACBETH applying linear programming [53]. The decision maker or group
must give judgements using one of the MACBETH semantic categories: N, VW, V, M, S, VS,
and E. When there is uncertainty or disagreement within the decision group about assigning a
value, MACBETH allows a range of two or more consecutive semantic categories to be included.
The category positive (P) can be used when the information available on comparing two scale
levels is very limited. M-MACBETH assigns scores of 0 and 100 in the value function to the scale
levels of the descriptors identified as neutral and good, respectively. M-MACBETH assesses the
consistency of the pairwise judgement matrix every time a judgement is added, generating a
value function only if all the judgements given in the matrix are consistent. If the judgement
matrix is inconsistent, M-MACBETH suggests revising the inconsistent judgements [54].

(6) Weighting the FPVs. A new alternative is defined with all the FPVs at the neutral level. The
decision group uses the MACBETH semantic categories to give judgements about the rise in
overall performance, provided by a swing from the neutral level to the good level, in each of the
FPVs. This allows the final column of the MACBETH judgement matrix to be completed, and
the FPVs end up ordered from greater to lesser attractiveness. A judgement is then given, again
through the MACBETH semantic categories, about how much better the change is from a neutral
to a good level in the most important FPV compared with the second-placed FPV in the matrix.
The process goes on to compare the change from the first FPV, with respect to the third-placed
FPV, and then the fourth, the fifth, etc.
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(7) Define alternatives. This consists of defining, as accurately as possible, the solutions to a problem.
The proposed alternatives should be: available, comparable, real (not ideal), and practical
or feasible.

(8) Evaluate alternatives in each FPV. The values that each alternative would have for each criterion
or subcriterion should be specified by choosing one of the scale levels of the descriptor.

(9) Rank alternatives. MACBETH uses an additive aggregation method (see Equation (1)) to assess
each alternative.

v(x) =
n∑

i=1

wivi(x)
n∑

i=1

wi = 1; wi > 0, (1)

where x is the alternative assessed; v(x) is the global value of alternative x calculated from the
summation of the n FPVs included in the model; vi(x) is the value of the impact of alternative x on
FPV i, considering vi (most desirable impact level on i) = 100, vi(mostattractiveimpactleveloni) = 100
and vi (most undesirable impact level on i) = 0; and wi is the weight of FPV i.

(10) Sensitivity analysis. The sensitivity analysis assesses the stability of the model, by making logical
changes in the weighting of an FPV while keeping the proportionality of the weightings of the
other FPVs, to analyze the resulting changes in the ranking of alternatives. M-MACBETH has
graphing tools to perform sensitivity and robustness analyses [53].
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(MACBETH) approach.

2.2. Fuzzy Analytic Hierarchy Process Methodology

Zadeh introduced fuzzy theory in 1965 [55] to deal with uncertainty due to imprecision or
vagueness, which frequently results from human judgements like “rather probable” or “weak
probability”. A fuzzy set is a class of objects with a continuum of degrees of membership. This fuzzy
set is defined by a membership function, which assigns to each object a degree of membership ranging
between zero and one [56]. Trapezoidal and triangular fuzzy numbers are generally used to account
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for the vagueness of the judgements. The triangular number is a particular case of the trapezoidal
fuzzy number and is the most used in the literature.

A triangular fuzzy number (TFN) is identified by a tilde placed above it, and it comprises three
numbers ã = (l, m, u), where l is the smallest value, m the most probable value, and u the upper bound
of the fuzzy number. Liang [57] reviews the distribution of TFNs, and, according to this representation,
it is possible to define its membership function µ(x

∣∣∣̃a) from Equation (2) [58].

µ(x
∣∣∣̃a) =


0 x < l

(x− l)/(m− l) l ≤ x ≤ m
(u− x)/(u−m) m ≤ x ≤ u

0 x > u

. (2)

The literature contains different FAHP methodologies [57–63]. The geometric mean method suggested
by Buckley [60] is applied in this research since it is easier to apply and to understand than
other methods [64]. It also avoids the criticisms of the commonly applied Chang extent analysis
methodology [65].

The procedure for applying FAHP via the Buckley method is the following:

(1) Select the expert or group of experts who will provide the information and judgements necessary
for the decision-making process.

(2) Construct the hierarchy. Criteria and FPVs relevant to the problem are selected and structured
into a hierarchy. The objective is placed at the upper level of the hierarchal structure, the criteria
and subcriteria are placed at the intermediate levels, and the alternatives are at the lower level.

(3) Select the fuzzy scale. Saaty’s original scale, made up of the association of a judgement with an
integer from one to nine and its inverses, does not permit working with uncertainty, vagueness,
or ambiguous situations [65]; however, these characteristics are found in real decision problems.
In addition, the decision centres generally feel more confident giving their judgements in the
form of intervals rather than as a crisp number [66]. A variety of fuzzy scales are described in the
literature [66–70].

(4) Obtain fuzzy judgements between criteria or FPVs and between the levels of scale of each

descriptor. Elements of the MACBETH pairwise comparison matrix Ã (see Equation (3)) are the
fuzzy values ãi j, which express the decision centre’s judgement about the relative importance of
element i over element j at the same level of hierarchy.

Ã =


(1, 1, 1)

(l21, m21, u21)

. . .
(ln1, mn1, un1)

. . .

. . .

. . .

. . .

(
l1 j, m1 j, u1 j

)
(l21, m21, u21)

. . .
(li1, mi1, ui1)

. . .

. . .

. . .

. . .

(l1n, m1n, u1n)

(l2n, m2n, u2n)

. . .
(1, 1, 1)

, (3)

with ãi j =
(
li j, mi j, ui j

)
for i, j = 1, 2, . . . , n and i , j.

(5) Aggregate the fuzzy judgements. Buckley suggested the geometric mean method from
Equations (4) and (5) [60] for calculating the fuzzy weights of each FPV and utilities for the scale
levels of each descriptor. An example of their application can be seen in Park et al. [71].

r̃i =

 n∏
j=1

ãi j


1
n

. (4)

w̃i = r̃i ⊗ (
n∑

i=1

r̃i)

1
n

∀i = 1, 2, . . . , n (5)
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(6) Calculate the weightings of FPVs. The w̃i must be converted into a crisp number. The centroid
method can be applied to perform the defuzzification process using Equation (6) [72,73]:

wi =
li + mi + ui

3
, i = 1, 2, . . . , n (6)

(7) Evaluate the consistency of the judgements. To quantify the consistency of the judgements given,
Saaty [74] defined the consistency ratio (CR) as shown Equation (7).

CR =
CI

ICR
(7)

where CI is a consistency index calculated from Equation (8), and ICR is a random consistency index
obtained from the simulation with random matrices with dimensions equal to those assessed.

CI =
(λmax − n)
(n− 1)

(8)

According to Saaty [75], if CR is less than 0.1 for matrices of an order higher than 4 × 4, 0.08 for a
4 × 4 matrix, or 0.05 for a 3 × 3 matrix, the judgements given are considered consistent. In the case of
FAHP, the central value mi j of the fuzzy number is used for the calculations, as set out [76], taking the
same values as Saaty for matrices of different orders to guarantee consistency in the judgement matrix.

3. Markov Chains in Medicinal Gas Supply Systems

3.1. Methodology

Markov chains allow availability, reliability, and safety of systems or facilities to be evaluated,
hence their wide use in the literature.

The procedure followed, using the standard CEI IEC 61165 [77] for the use of continuous time
Markov chains in the supply systems of medicinal gases, is as follows:

(1) Investigate the device. This includes the process characteristics, resources required, technical
parameters, maintenance policies applied, etc.

(2) Identify the failure modes of the device. This requires analysis of each element of the device, its
working and failure modes, and their possible consequences.

(3) Define the possible solutions of the problem. The possible alternatives to be applied to the system
analyzed should be defined, and it should be possible to include redundancies or improvements
in the design.

(4) Determine the failure and repair rates. This is commonly done using the records of failures and
repairs for the system analyzed. The failure rate of each fault is generally referred to as λ j, while
the repair rate for each failure is called µ j.

(5) Establish the Markov graph. The Markov model assesses the probability of passing from one
state to another and then returning through failures and repairs. A Markov graph is held to have
n + 1 possible states, such that each state represents breakage of components or a level of wear.
If k is the maximum number of failed states permitted such that the system can keep working,
each level of wear can be identified by the number of failed elements. The following states can be
defined [78]:

• State 0. The device is in the perfect state.
• State 1. One of the elements of the device is broken, or the system is in the first possible state

of wear.
• State 2. Two subsystems or elements of the device are not functioning, or the device is at the

second possible state of wear.
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• State n − 1. n − 1 components or subsystems are broken, or the device is at level n − 1 of wear.
• State n. Each element of the system is broken, or the device is in catastrophic breakdown.

Figure 2 shows an example of a Markov graph with n + 1 states where pn−1,n indicates the
likelihood of shifting from state n − 1 to state n, whereas pn,n−1 indicates the probability that repair of
the device would mean moving from state n to state n − 1.
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(6) Compute the transition matrix. To construct the transition matrix A (see Equation (9)) it is
first necessary to design the Markov graph. In each row i, corresponding to the columns j, the
corresponding rates are placed for the links which leave state i for each of the states j in the
graph. To calculate the main diagonal, each row i contains the sum, with the sign changed, of
the transition rates for each row. The last column of the matrix is included to guarantee that
summing all the probabilities gives the value 1.

A =



−

m∑
j=1

λ0 j λ01 · · · λ0k · · · 1

µ10 −

 m∑
j=1

λ0 j + µ10

 · · · λ1k · · · 1

...
... · · ·

... · · ·
...

µk0 µk1 · · · −

 m∑
j=k+1

λkj +
k−1∑
j=0

µkj

 · · · 1

...
... · · ·

... · · ·
...

µm0 µm1 · · · µmk · · · 1



. (9)

(7) Resolve the system of equations. The mathematical process followed to obtain the final system of
equations (see Equation (10)) to resolve into continuous Markov chains for repairable systems
can be seen in Kaufman [79], Hillier and Lieberman [80], and Haigh [81].

(p0, p1, . . . , pn−1, pn)



−

m∑
j=1

λ0 j λ01 · · · λ0k · · · 1

µ10 −

 m∑
j=1

λ0 j + µ10

 · · · λ1k · · · 1

...
... · · ·

... · · ·
...

µk0 µk1 · · · −

 m∑
j=k+1

λkj +
k−1∑
j=0

µkj

 · · · 1

...
... · · ·

... · · ·
...

µm0 µm1 · · · µmk · · · 1



= (0, 0, . . . , 0, . . . , 1), (10)
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with p = (p0, p1, . . . , pk, . . . , pn) the vector of probabilities in the stationary state [82]. Equation
(10) can be reformulated in matrix form as follows:

p×A = 1. (11)

Thus, the vector p can be calculated from Equation (12).

p = B×A−1. (12)

(8) Calculate the availability of the device. Solving Equation (12) gives the mean availability Dm, but
Equation (13) will be applied if the device has a Markov graph with n− 1 stable working states.

Dm = p0 + p1 + . . .+ pn−1. (13)

where pi is the coefficient obtained from solving the above system of equations.

During the period studied for the medicinal gas distribution devices, the failure and repair rates are
constant within the life cycle, and so the distribution of failures and repairs is exponential.

3.2. Markov Chain for the Medicinal Gas Supply Systems

Systems related to supply of medicinal gases are critical in guaranteeing activity in the hospital.
The intention, then, was to create a decision model guaranteeing maximum average availability. The
options considered were to include sequential redundancies, whose commutation mechanisms had a
reliability of 1 and are reserved in a perfect working state, or to increase storage capacity so as to have
sufficient autonomy until the main supply was restored.

Descriptions follow on the working of the supply systems of medicinal oxygen (MOSS), medicinal
nitrous oxide (MPNSS), and medicinal air (MASS), which served all the care units at the hospital.
Descriptions of the optimization alternatives and of the modelling by Markov chains were also
considered. This modelling was common to the three systems.

The MOSS system provided medicinal oxygen to all care units at the hospital. Medicinal oxygen
was made from an accumulation tank of liquid oxygen and an evaporator. Operation of this process
was telemonitored. If there was a failure in the tank–evaporator system, the internal emergency system
was activated automatically. This consisted of an automatic, pneumatic switching module with two
sets of bottles of 60 m3 each; an alternate staggered working sequence with automatic, pneumatic
control; and also a warning to the control center.

The MPNSS system provided medicinal nitrous oxide to surgical areas. Carbon dioxide and
nitrous oxide were provided to the hospital by two racks of three bottles each. There was an automatic,
pneumatic switching device that changed the rack when the first was exhausted, which sounded an
alarm in the control center.

The MASS system provided medicinal air to all the care areas of the hospital. Medicinal air was
manufactured in the hospital by mixing oxygen and nitrogen; this process was telemonitored. If there
was a failure in the mixing system, the pneumatic switching device would bring online an alternative
source of bottled air with a capacity of 262 m3 and sounded an alarm in the control center, which led to
manual switching to another backup source of a further 262 m3. If the backup source was exhausted,
the internal emergency system was activated; this comprised a pneumatic, automatic switching module
with two sets of bottles of 60 m3 each, connected in parallel, and an alternate staggered operating
sequence worked by a pneumatic, automatic system. As in the previous cases, a warning was sent to
the control center.

The alternatives considered for the three systems were similar:

• Retaining the original conditions designed for the hospital (Alternative A (ALT A)) with a single
external supply.



Sustainability 2019, 11, 2952 12 of 31

• Duplicating the external supply (Alternative B (ALT B)). This would involve producing twice the
amount of the original hospital design. Although the process took place in the hospital, it was
carried out by an authorized company with its own production process.

• Increasing storage of gas to provide a higher level of autonomous operation than the maximum
shortage of supply (Alternative C (ALT C)).

Let D1A, D1B, and D1C be the mean availabilities obtained for these systems when applying
alternatives A, B, and C, respectively.

In the initial design conditions, it was considered that the MOSS system failed because available
coverage was (in this case) insufficient, with only eight hours of self-sufficiency using the emergency
racks, although they could be replaced manually until the fault in the production system was fixed.

In the initial design conditions, the MPNSS was considered to have failed when the mixer–regulator
device failed; the emergency racks provided three days of self-sufficiency, although they could also be
replaced manually until the fault in the production system was fixed.

In the initial design conditions, the MASS system was held to fail when the mixer failed, and the
emergency racks provided one day of independent operation. Nonetheless, they could be replaced by
hand until the fault in the production system was fixed.

Let λ01 and µ10 be the failure and repair rates of the tank–evaporator set for the MOSS system, of
the mixer–regulator in the MPNSS system, and of the mixer in the MASS system. These failure and
repair rates had very similar results in the three systems after analyzing the fault history of the hospital
via the computerized maintenance management system. For the initial design, the Markov graph is
shown in Figure 3 with a description of the feasible states of the system. A Markov graph is a series of
nodes (states) and links. A link joins two nodes, showing that there is a relation between them. This
is usually represented by a circle, indicating each node (or state of the system), and an arc or arrow
joining each pair of nodes. An arrow from state 0 to state 1 indicates the existence of a possibility of
transition from 0 to 1, which in this case was quantified by λ01.
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From state 1, the system can reach state 0, quantified by µ10. The resulting transition matrix is
presented in Equation (14). (

−λ01 1
µ10 1

)
. (14)

Considering the general expression for availability D(t) = (µ/(λ+ µ)) + (λ/(λ+ µ)) e−(λ+µ)t (Creus,
2005), the solution to the previous equation has a transitory part and a steady state. Taking time as
infinite, the second term on the right of the previous equation tends to 0, which gives as a result the Dm

shown in Equation (15).

Dm = lim
t→∞

D(t) = µ/(λ+ µ). (15)

Mean availability for the three supply systems of medicinal gases, when the system is functioning with
a single power source, D1m(MCP) =

µ1
λ1+µ1

is, thus, shown in Equation (16).

D1A = µ10/(λ01 + µ10) = 0.1/(0.0003425 + 0.1) = 0.9966. (16)

The Markov graph for the production systems of medicinal gases when the service is duplicated
is shown in Figure 4. The resulting transition matrix is set out in Equation (17).
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. (17)

The operating log of the hospital showed λ12 = 0.000799 failures/h and µ21 = 3 repairs/h. The device
ran in states 0 and 1, and, therefore, the mean availability was D1B = p0 + p1 = 1. The resulting mean
availability was 1 using a recursive approach designed in MATLAB®.

If gas storage increased, the Markov graph in Figure 5 was displayed. The transition matrix can be
checked in Equation (18), where λ13 is the failure rate and µ31 the repair rate of the extra storage device.
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The device ran states 0 and 1; therefore, D1C = p0 + p1. Mean availability was calculated with a
recursive approach developed in MATLAB® using the failure and repair data over the working time
of the hospital, that is: λ01 = 0.0003425 failures/h, λ13 = 0.0003425 failures/h, µ10 = 0.1 repairs/h, and
µ31 = 0.1 repairs/h. The resulting mean availability was 1.

4. Multicriteria Model for Optimization of Decision Making in Medicinal Gas Supply Systems

An expert group was put together by the management of different areas of the hospital. The
group was coordinated by the maintenance manager at the hospital, who acted as facilitator, and had
knowledge of a variety of multicriteria techniques, in particular the MACBETH approach and AHP.

The MACBETH approach was selected from among the MCDM methods for the following reasons:

• If the decision group had any doubt or uncertainty when giving judgements, they may assign a
range of MACBETH semantic categories.

• M-MACBETH was a helpful software since it facilitated the construction of value functions and
the validation of the results obtained. Also, every time a judgement was included in a judgement
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matrix, its consistency was checked. Additionally, it allowed sensitivity and robustness analyses
to be carried out.

• Validation of the results was an important aspect of the MACBETH approach and ensured a
greater reliability of the results.

• The use of the reference levels in each descriptor minimized inconsistency and produced more
reliable, accurate, and objective results.

• MACBETH was a complete methodology with a complete definition of each step that ensured
objective decision making. Other MCDM methods lacked exhaustive and detailed procedures.

FAHP was chosen to include doubtful, uncertain, or ambiguous situations in the judgements given
by the decision makers in real decision making. It is the most popular means of dealing with fuzziness
and uncertainty. FAHP divided a complicated decision, which may involve many criteria (some of
which may be in conflict), scenarios, stakeholders, etc., into a hierarchical structure, facilitating decision
making. It allowed consistency of the given judgements to be evaluated, and it was a technique that
could be easily understood by managers and those ultimately responsible for accepting a decision.

4.1. Structuring

The decision group analyzed the existing literature on MCDM as applied to technical decisions
about optimization of systems. As a result, they saw that cost was the most important criterion,
assessing cost from different perspectives such as investment costs, maintenance costs, and training
costs. Cost savings was another criterion that frequently appeared in the literature. Here, issues such
as reduction in energy consumption, in insurance policies, and in human resources were considered.
Availability and safety were the next most commonly used criteria in the literature. Availability was
generally assessed through mean time between failures (MTBF) or maintainability through mean time
to repair (MTTR). These paremeters are the inverse, respectively, to the failure and repair rates used in
this study. With regard to safety, both risk to and safety of, workers, equipment, and facilities were
analyzed. Other criteria, in order of the frequency with which they appeared in the literature, were the
sustainability of proposed improvements or strategies, quality (product quality, process quality, damage
to image, customer satisfaction, etc.), competitiveness, social aspects (like acceptance by workers,
motivation, labor effects, etc.), diagnostic features, environmental issues such as environmental damage
and zero pollution, resource requirements, and technical questions [49].

The decision group considered that criteria of cost, availability, and safety were key in a health
care organization, but given that most of the literature was applied to manufacturing companies, the
group adapted these criteria to the specific characteristics of a hospital.

The decision group established areas of concern and FPVs, and they defined descriptors associated
with each FPV and the associated performance levels.

The FPVs determined by the decision group were:

• Cost. This included all annual costs, whether direct or indirect, produced by each alternative.
It included both operating costs and investment costs:

• Operating costs (OPC). This criterion considered the extra annual human resource costs
corresponding to the technical maintenance staff. The following scale levels were defined
for each descriptor, from lowest to highest level of achievement:

- S11. Up to €60,000.
- S12. Up to €45,000.
- S13. (Neutral) Up to €30,000.
- S14. Up to €15,000.
- S15. (Good) €0.
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• Investment costs (INC). This included all costs, both of setting up and starting the operation,
produced by each action. The estimated value was considered as a percentage of the cost of the
existing facilities. The scale levels are shown below, in order of greater to lesser attractiveness:

- S21. Increase greater than 100% over the estimated value of the original facility.
- S22. (Neutral) Increase between 75% and 100% over the estimated value of the

original facility.
- S23. Increase between 50% and 75% over the estimated value of the original facility.
- S24. (Good) Increase between 25% and 50% over the estimated value of the original facility.
- S25. Increase of up to 25% over the estimated value of the original facility.

• Risk to workers (RIWs). This FPV assessed the risk to which maintenance workers, and any
other hospital or outside workers who interacted with the system, were exposed. The descriptor
defined was the existence of a level of risk and the need to take safety precautions. The scale levels
of this descriptor in increasing order of relative achievement are:

- S31. There was a definite risk, requiring basic, specific, and emergency precautions to carry
out the operational or maintenance activities on the system.

- S32. There was a definite risk, requiring basic precautions plus some specific precautions
to carry out activity on the system.

- S33. (Neutral) There was a definite risk, leading to the need to take basic precautions to
carry out activity on the system.

- S34. There was a specific potential risk, leading to the need to take certain basic precautions
when carrying out activity on the system.

- S35. (Good) No risk to workers was identified at any time, and there was no need to take
any safety precautions.

• Impact of unavailability of the supply devices of medicinal gases on hospital activity (IUA).
This measured the effect that unavailability of an intake system and supply of medicinal gases
would have on dependent systems. The descriptor associated with this criterion is defined in
Equation (19).

Weighted level of dependence of other systems == [(nc × 4) + (ni × 2) + (nn × 1)] × (1−Dm) × 100, (19)

where nc is the number of critical systems which depend on the gas supply system studied, ni
is the number of important systems, and nn is the number of dependent systems considered to
be of normal criticality. These parameters were multiplied by four, two, or one depending on
whether the dependent system was critical, important, or normal, respectively. (1 − Dm) was the
mean unavailability of the system assessed. The scale levels of this descriptor were established
as the upper and lower bounds, which were derived from a prior study on the 522 systems that
carried out technical activity in the hospital. The most unfavourable scale level was found in the
water-cooling system, which comprised four cooling towers. It had 15 critical dependent systems,
nine important, and one with normal criticality. Furthermore, it had a mean unavailability of
0.0320. The most unfavourable resulting value was, therefore, 377.60. The most favourable value
appeared when there were no dependent systems or the mean unavailability was 0; in both cases,
the resulting value was 0. The scale levels of the descriptor Weighted level of dependence of other
systems, from lowest to highest level of achievement, were

- S41. (200, 377.60].
- S42. (100, 200].
- S43. (10, 100].
- S44. (Neutral). (0, 10].
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- S45. (Good). 0.

The structuring process with criteria and descriptors defined was applied to both the model
constructed by means of the MACBETH approach and elaborated with FAHP.

4.2. The MACBETH Approach Model

The MACBETH value tree of the supply systems for medicinal gases can be observed in Figure 6.
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Figure 6. MACBETH hierarchy.

The decision group used the MACBETH semantic categories: no difference (N), C1, C2, C3, C4,
C5, and C6 to give judgements that allowed ordinal scales to be transformed into cardinal scales or
value functions.

Figure 7 shows the MACBETH pairwise comparison matrix between the scale levels of the
descriptor OPC and the value function obtained by means of M-MACBETH by linear programming.
The judgement matrix for the operating costs criterion provided by the decision group was consistent.
Since this FPV used a descriptor with quantitative performance levels, M-MACBETH gave two value
functions—on the left of Figure 7b, the vertical axis has a numerical scale, which allocated the level
good to the descriptor (€0) with a value 100, while the neutral level, with a value of €30,000 has the
value 0. The right of the Figure 7b shows a piecewise linear value function graph. The horizontal
axis reflects the scale levels of the descriptor, and the vertical axis the scores. The linear segments
allowed the score to be calculated for any alternative whose performance in an FPV was between two
consecutive performance levels. A numerical scale with three slightly different slopes was obtained: 0
to 15,000; 15,000 to 45,000; and 45,000 to 60,000.Sustainability 2019, 11, x FOR PEER REVIEW 16 of 30 
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Figure 8a shows the MACBETH pairwise comparison matrix, and Figure 8b shows the value
function for the FPV INC. Here, the descriptor defined used qualitative scale levels, giving a linear,
continuous numerical scale. In this case, the value function assigned the reference level good (S22) to
the score 100, and the reference level neutral (S24) was assigned the score 0.
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Figure 8. Investment costs: (a) MACBETH judgement matrix with a qualitative scale; (b) value function.

Figure 9a displays the pairwise comparison judgement matrix, and Figure 9b displays the value
function for the FPV RIW. The judgement matrix of the FPV risk to workers was consistent. As with
the previous FPV, the descriptor used qualitative scale levels, giving a continuous, linear numerical
scale, which assigned reference levels to the scores 100 and 0.

Figure 10 shows the pairwise comparison judgement matrix and the value function for the FPV
IUA. The resulting judgement matrix was consistent. This FPV used a descriptor with quantitative
performance levels, giving a value function with four different segments: 0 to 10, 10 to 100, 100 to
200, and 200 to 377.60. The slopes for values of the descriptor Weighted level of dependence of other
systems was higher between 0 and 10 than on of the other segments; this was because the systems
with the most dependent systems were also those with the highest availability in the hospital. The
judgement matrix was consistent.

All value functions were checked and validated by the group to guarantee that they satisfactorily
represented the relative magnitude of the judgements [54].

The weighting process for the FPVs initially defined an alternative that included all the FPVs
at the neutral level. The moderator asked the decision group to judge qualitatively, by means of the
semantic categories, the increase in overall attractiveness provided by a swing from the neutral level to
the most attractive impact level in each of the FPVs. If a very accurate judgement could not be given,
it was possible to use “positive”, which meant choosing all the M-MACBETH semantic categories
except “no”. For example, how much would a swing from neutral to good in risk to workers affect



Sustainability 2019, 11, 2952 18 of 31

its overall attractiveness? The decision group could not accurately quantify this judgement with a
specific semantic category, and so answered “positive”. The group was then asked how much would a
swing from neutral to good in operating cost increase its overall attractiveness? The answer of the
decision group was VS. In the case of investment cost and impact of unavailability of supply devices
for medicinal gases on hospital activity, the answer was also “positive”. In this way, the last column of
the judgement matrix in Equation (20) was filled in, allowing the FPVs in the matrix to be ordered
from greater to lesser importance.
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The group then compared how much more preferable the change from the neutral to the good
level was in the FPV’s impact on unavailability of the supply devices of medicinal gases on hospital
activity, as opposed to the same change in the Investment cost. The group answered W. The group
was then asked how much more attractive a swing from neutral to good would be in impact on
unavailability of the supply devices of medicinal gases on hospital activity than in operating costs?
The answer was M. The group was asked how much more attractive a swing from neutral to good
would be in impact on unavailability of the supply devices of medicinal gases on hospital activity than
in risk to workers? In this case, the group had some doubts and gave M-S as a judgement, which was
two consecutive categories. This completed the first row of the judgement matrix of Figure 11. Next,
they were asked how much more attractive a swing from neutral to good would be in investment cost
than in operating costs; the experts gave the judgement W. When asked the same question comparing
investment costs with risk to workers, the category M was chosen. This process was completed by
repeating the question for operating cost and risk to workers, which gave W [54].Sustainability 2019, 11, x FOR PEER REVIEW 19 of 30 
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Figure 12. The weightings obtained for the fundamental point of views (FPVs): (a) MACBETH
judgement matrix, IUA = impact of unavailability, INC = investment costs, OPC = operating costs, and
RIW = risk to workers; (b) bar chart.

It was next necessary for the decision group to validate the results. This was done by asking the
group whether they held the weightings obtained to be right or if some change was needed. However,
the group of experts agreed with the weightings obtained.

M-MACBETH software can check the consistency of each judgement given by the group of experts.
In all cases, the judgements were confirmed to be consistent.
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4.3. The Fuzzy Analytic Hierarchy Process Model

Although a number of fuzzy scales have been described, the fuzzy scale that best corresponded
to the original AHP preference scale [67] was that shown in Table 1. Thus, this was the one used in
our study.

Table 1. Fuzzy conversion scale.

Linguistic Scale Fuzzy Scale Fuzzy Reciprocal Scale

EI: Equally important 1̃ = (1, 1, 1) (1, 1, 1)
EI-MI: Between equally and
moderately more important 2̃ = (1, 2, 3) (1/3, 1/2, 1)

MI: Moderately more important 3̃ = (2, 3, 4) (1/4, 1/3, 1/2)
MI-SI: Between moderately and

strongly more important 4̃ = (3, 4, 5) (1/5, 1/4, 1/3)

SI: Strongly more important 5̃ = (4, 5, 6) (1/6, 1/5, 1/4)
SI-VSI: Between strongly and very

strongly more important 6̃ = (5, 6, 7) (1/7, 1/6, 1/5)

VSI: Very strongly more important 7̃ = (6, 7, 8) (1/8, 1/7, 1/6)
VSI-EMI: Between very strongly
and extremely more important 8̃ = (7, 8, 9) (1/9, 1/8, 1/7)

EMI: Extremely more important 9̃ = (8, 9, 9) (1/9, 1/9, 1/8)

The hierarchy structure of the supply systems for medicinal gases to which FAHP was applied is
shown in Figure 13. The value tree applied in MACBETH was slightly modified to consider a similar
concept to this technique, where all the criteria were assessed at a similar level in the hierarchy.
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Figure 13. Hierarchy structure to which the fuzzy analytic hierarchy process (FAHP) is applied.

The weightings of the FPVs were calculated from the fuzzy judgement matrix Ã of Equation (4).
A similar decision group as in the application of the MACBETH approach was asked to perform the
judgements of Ã. The fuzzy scale of Table 1 was used. The pairwise comparison matrix of FPVs
obtained by consensus is set out in Table 2.

Table 2. The fuzzy pairwise comparison matrix of criteria.

IUA INC OPC RIW
lij mij uij lij mij uij lij mij uij lij mij uij

IUA 1 1 1 1 2 3 2 3 4 3 4.500 6
INC 0.333 0.500 1.000 1 1 1 1 2 3 2 3 4
OPC 0.250 0.333 0.500 0.333 0.500 1 1 1 1 1 2 3
RIW 0.167 0.222 0.333 0.250 0.333 0.500 0.333 0.500 1 1 1 1
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Equations (4) and (5) were applied to the fuzzy pairwise comparison matrix of the experts’
aggregated judgements, giving the following fuzzy weights for the FPVs:

r̃OPC =
(
[0.250⊗ 0.333⊗ 1⊗ 1]

1
4 , [0.333⊗ 0.500⊗ 1⊗ 2]

1
4 , [0.500⊗ 1⊗ 1⊗ 3]

1
4

)
=(0.537, 0.760, 1.107) ;

r̃INC = (0.904, 1.316, 1.861) ;

r̃RIW = (0.343, 0.439, 0.639) ;

r̃IUA = (1.565, 2.280, 2.913) ;

w̃OPC =
(0.537

6.520
,

0.760
4.794

,
1.107
3.349

)
= (0.082, 0.158, 0.330);

w̃INC = (0.139, 0.275, 0.556);

w̃RIW = (0.053, 0.092, 0.191);

w̃IUA = (0.240, 0.475, 0.870);

Applying Equation (6), the weightings were obtained as a crisp number for the criteria, and after
normalization, the weights were: wIUA = 0.458, wINC = 0.280, wOPC = 0.165, and wRIW = 0.097.

The CR, calculated from Equation (7), was 0.08.
The same computation was used for each descriptor, taking into account its scale levels. As an

example, Table 3 collected the pairwise comparison matrix of the group of experts for the descriptor of
OPC. The resultant nonfuzzy weighting vectors for all the descriptors are shown in Table 4.

Table 3. Fuzzy matrix of levels of scale of descriptor of OPC.

S15 S14 S13 S12 S11
lij mij uij lij mij uij lij mij uij lij mij uij lij mij uij

S15 1 1 1 1 2 3 2 4 6 4 5 6 4 6.5 9
S14 0.333 0.500 1 1 1 1 2 4 4 4 5 6 6 7 8
S13 0.167 0.250 0.500 0.167 0.250 0.500 1 1 1 2 3 4 2 4 6
S12 0.167 0.200 0.250 0.167 0.200 0.250 0.250 0.333 0.500 1 1 1 4 5 6
S11 0.111 0.154 0.250 0.125 0.143 0.167 0.167 0.250 0.500 0.167 0.200 0.250 1 1 1

Table 4. Weightings of descriptor scale levels.

Criteria Scale Levels ~
ri

Weights after
Defuzzification and

Normalization
Consistency Ratio (CR)

Extra annual human resource costs corresponding to the technical maintenance staff

OPC

S15
S14
S13
S12
S11

r̃1 =
(2.000, 3.041, 3.959)

r̃2 =
(1.741, 2.339, 3.104)

r̃3 =
(0.644, 0.944, 1.431)

r̃4 =
(0.488, 0.582, 0.715)

r̃5 =
(0.208, 0.256, 0.349)

w1 = 0.414
w2 = 0.328
w3 = 0.141
w4 = 0.080
w5 = 0.037

0.091
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Table 4. Cont.

Criteria Scale Levels ~
ri

Weights after
Defuzzification and

Normalization
Consistency Ratio (CR)

Costs of setting up and starting the operation as a percentage of the cost of the existing facilities

INC

S25
S24
S23
S22
S21

r̃1 =
(3.288, 3.936, 4.441)

r̃2 =
(1.644, 2.112, 2.639)

r̃3 =
(0.803, 1.000, 1.246)

r̃4 =
(0.379, 0.474, 0.608)

r̃5 =
(0.225, 0.254, 0.304)

w1 = 0.497
w2 = 0.275
w3 = 0.131
w4 = 0.063
w5 = 0.033

0.053

Existence of a level of risk and the need to take safety precautions

RIW

S35
S34
S33
S32
S31

r̃1 =
(3.388, 3.936, 4.441)

r̃2 =
(1.741, 2.141, 2.551)

r̃3 =
(0.803, 1.000, 1.246)

r̃4 =
(0.401, 0.491, 0.608)

r̃5 =
(0.220, 0.242, 0.287)

w1 = 0.497
w2 = 0.276
w3 = 0.131
w4 = 0.064
w5 = 0.032

0.052

Weighted dependence level of other systems on the system analyzed

IUA

S45
S44
S43
S42
S41

r̃1 =
(3.288, 3.936, 4.441)

r̃2 =
(1.888, 2.290, 2.702)

r̃3 =
(1.149, 1.332, 1.552)

r̃4 =
(0.379, 0.429, 0.488)

r̃5 =
(0.187, 0.194, 0.218)

w1 = 0.476
w2 = 0.282
w3 = 0.165
w4 = 0.053
w5 = 0.024

0.097

5. Results and Discussion

5.1. Global Scores

The rankings of alternatives in each device were obtained by assigning the impact of each FPV on
each alternative. In the case of impact on unavailability of the supply devices of medicinal gases on
hospital activity, the mean availabilities derived from modelling via continuous-time Markov chains in
each system must be used. These values are summarized in Table 5. Each device investigated had the
number of critical, important, and normal systems dependent on them, which are shown in Table 6.

Table 5. Mean availability of devices for each alternative.

Device
Alternatives

ALT A ALT B ALT C

MOSS 0.9966 1 1
MPNSS 0.9966 1 1
MASS 0.9966 1 1
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Table 6. Number of dependent systems as a function of the class of criticality (critical, important and
normal) on the supply system of medicinal oxygen (MOSS) and medicinal nitrous oxide (MPNSS) and
medicinal air (MASS) systems.

Number of Dependent Systems as a Function of the Class of
Criticality for the Hospital MOSS MPNSS MASS

Critical systems 9 14 14
Important systems 23 0 0

Normal systems 0 0 0∑
ni ×wni 82 56 56

Table 7 has information about the performance of PFVs in each of the alternatives of the supply
devices for medicinal oxygen (MOSS), medicinal nitrous oxide (MPNSS), and medicinal air (MASS).

Table 7. Performance table for alternatives of the supply devices of medicinal oxygen (MOSS), medicinal
nitrous oxide (MPNSS), and medicinal air (MASS).

Alternatives OPC (€) INC RIW IUA

Supply device of medicinal oxygen
ALT A 0 L1 L3 82 × (1 − 0.9966) × 100 = 27.88
ALT B 10,000 L4 L3 82 × (1 − 1) × 100 = 0
ALT C 20,000 L4 L4 82 × (1 − 1) × 100 = 0

Supply device of medicinal nitrous oxide and medicinal air
ALT A 0 L1 L3 56 × (1 − 0.9966) × 100 = 19.04
ALT B 10,000 L5 L3 56 × (1 − 1) × 100 = 0
ALT C 20,000 L4 L4 56 × (1 − 1) × 100 = 0

The global scores for each alternative and system using the MACBETH approach were obtained
from Equation (2), and the results are shown in Figure 14. The run time for the M-MACBETH model
was less than five milliseconds.Sustainability 2019, 11, x FOR PEER REVIEW 25 of 30 
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The MACBETH model returned, as the most appropriate alternative, ALT B (duplicate the external
supply) in the supply systems of medicinal oxygen. For nitrous oxide and medicinal air supply systems,
ALT A was recommended as optimal. All systems analyzed in the hospital were currently using
alternative ALT A. That is, they had a single supply line.

The global scores for each alternative obtained by applying FAHP are shown in Figure 15.
The FAHP model gave the same results as the model built with the MACBETH approach. In this
case, the final weightings obtained in Table 4 for the scale levels of each descriptor were turned
into utilities. Their values were recalculated so that they were between 0 (Si1) and 1 (Si5). In the
case of the descriptor of OPC, the utilities (U) associated to its scale levels were the following:
US11 = 1.000, US12 = 0.7719, US13 = 0.2759, US14 = 0.1141, and US15 = 0.000.
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In this case, there was no software to facilitate the application of FAHP, and so the calculations
were done manually.

When the models suggested a change in the design, a comparison of the alternative currently
applied in the hospital with that given by the models is shown in Table 8.

Table 8. Characteristics of the alternative applied in the hospital (left) and alternative proposed by the
model (right) in the supply device of medicinal oxygen (MOSS).

Device Alternative Cost Consequences for
Hospital Activity

Mean
Availability Alternative Cost

Consequences
for Hospital

Activity

Mean
Availability

MOSS ALT A €0

May involve severe
consequences for the

functioning of
medical services over
an acceptable period

of time. Although,
there are emergency
racks with sufficient
autonomy to address
the requirements over

a certain period of
time.

0.9966 ALT B €150,000

Guarantees the
normal working
of care services

at all times.

1

From the results obtained by the model, the hospital developed a strategic introduction plan,
assigning a priority to each of the optimization alternatives obtained, which involved a change with
respect to the alternative currently used. The medicinal oxygen supply device was given a priority of
1 (the highest possible), since it had direct consequences for the functionality of the systems and of
their dependent systems, with a profound effect on quality of care. A run time for introducing the



Sustainability 2019, 11, 2952 25 of 31

optimization alternatives of one month was programmed. It was necessary to carry out an additional,
specific project for their introduction.

There were some limitations to this study. Firstly, the FPVs or criteria used might differ with
a different decision-making group. However, the criteria proposed could be a reference that could
be used in other hospitals or supply systems as energy or water. This would help with designing
objective models for decision making in hospitals. In any case, the criteria could be adapted to the
final aims of each organization. Secondly, the current results were based on a specific economic and
political situation in the organization and region. Changes in these areas could modify the judgements,
leading to a need to update the models when these changes are detected. This would guarantee that the
alternatives used were still ideal, and it would include the possibility of introducing new alternatives
into the models that did not previously exist or had not previously been feasible.

5.2. Sensitivity Analysis

A sensitivity analysis was carried out for each of the devices analyzed to guarantee the robustness
of the model. In order to do this, the weightings of the FPV’s were modified one by one up to the
limit values considered viable by the group of experts. The weightings of the remaining FPVs were
simultaneously adjusted so that the sum of the weightings was 1 (or 100%). The results of the sensitivity
analysis for medicinal nitrous oxide (MPNSS) and medicinal air (MASS) are shown in Figure 16. Firstly,
the weighting of OPC was modified. The current weighting of OPC (18.75%) can be viewed at the top
of Figure 16a. ALT A was the alternative chosen for any weightings of OPC, and so variation in the
ranking of alternatives was not possible for any change in the weighting of the OPC. Next, possible
modification in the position of alternatives on changing the weight of INC, set by the decision group at
31.25%, was analyzed. The intersection point between alternatives ALT A and ALT C was marked by
pink lines. A switch in the ranking of alternatives ALT A and ALT C took place for weightings lower
than 24.70%. This would mean a decrease higher than 20.96% in the weighting of the criterion. The
decision group considered this decrease too high, and so a switch in the ranking was not feasible. In the
case of the criterion RIW, which had a current weighting of 6.25%, it can be reviewed in Figure 16c that
the classification of alternatives never switched. The weight of the criterion impact of the unavailability
of the supply devices of medicinal gases on hospital activity was 43.75%, and the intersection point
between ALT A and ALT B occurred when the weighting was 49.70% (see Figure 16d). Although this
weighting was compatible with the judgements provided by the group of experts, they considered that
because of the criticality of these systems, an increase of more than 13.60%, which would be necessary
for a switch in the ranking of alternatives, would not be feasible.

Thus, the decision group considered that variation in the ranking from ALT A to another alternative
was not possible; therefore, the model was considered robust. Another analysis was performed on the
supply device of medicinal oxygen and reached the same conclusion.

In the case of the sensitivity analysis of the FAHP model carried out on the medicinal oxygen
supply device, the conclusion was that no increase in the weightings of IUA led to an alteration in the
results. However, when the weighting of IUA decreased 3.90%, the alternative selected would be ALT
A. Although this decrease was small, it was not considered as a possible value by the expert group.
When INC increased by 7.14%, a similar exchange occurred in the classification of alternatives. This
increase was, however, considered too large and, therefore, not feasible by the decision group. For
the criterion OPC, an increase of 45.45% in the weighting of this criterion could change the result and
make ALT A the selected alternative, but this increase was so high that it was not held to be possible;
in no case could a decrease in the weighting of this criterion lead to a change in the classification. Any
kind of increase or decrease in the weight of RIW could not lead to any alteration in the ordering of
alternatives. Therefore, the model was considered robust by the decision group.
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6. Conclusions

Medicinal gas supply devices have high criticality, as they provide resources used by other systems
in direct contact with patients, for example, in operating theatres, neonatology, pediatric services,
dialysis, radiology, casualty, etc.

Despite this high criticality, there was no previous research that analyzed optimization of these
noncare systems. Such optimization would guarantee sustainability of care, minimize consumption of
resources, and ensure a greater quality of care.

This study, therefore, described multicriteria models, built with the MACBETH approach and
FAHP, and included a number of improvement alternatives based on modelling by continuous-time
Markov chains. The models proposed combined continuous-time Markov chains and considered
different improvement alternatives over the original design of the devices.

The result was a full ranking analysis of the alternatives considered for each system. The results
from the MACBETH approach model for the medicinal oxygen supply system showed that it would be
best to duplicate the external supply, with a global score of 57.50, while that of retaining a single source
was close, with a score of 56.93. The cost of installing a second supply line would be €150,000, but
the availability would improve to a maximum value of 1. The ability to avoid serious consequences
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that might result from having only one such connection for a considerable period of time, despite the
emergency racks, confirmed the need to introduce the alternative suggested by the multicriteria model.

For the nitrous oxide and medicinal air supply systems, it is recommended, by means of the
MACBETH approach model, that they continue as they currently are with a single supply line, with an
overall score of 61.23 as opposed to 41.88 with duplication of the supply. Although the availability of
these systems would reach the value 1 if a second supply line was installed, the impact of these systems
on quality of care was less than for the other systems analyzed; therefore, no further improvement
action need be taken. Nonetheless, the study guarantees suitability of the decisions taken up to now
for these systems.

Similar results were obtained from the FAHP-based model, which included doubts, uncertainties,
and hesitations in the judgements provided by the group. The Buckley method was used in the
application of FAHP to guarantee the accuracy of the priorities obtained and to avoid losing information
in the results.

This research is aimed at improving, as its end goal, the quality of care in devices not devoted
directly to care. Therefore, the implications for quality of care of maintaining the original design, and
of introducing the alternative suggested by the multicriteria models, are compared. It should also be
noted that the study was carried out on real working devices in a Spanish hospital; this real case study
can ensure viability of the methodology used and the ease with which suitable results may be obtained
and particularized for any kind and size of health care organizations. The models, criteria, descriptors,
or alternatives included, then, should be useful for other hospitals with similar aims.

In future research it will be necessary to review the criteria used in the model and consider
introducing new criteria. It will also be necessary to update the judgements of the decision group
because of changes in personnel in certain positions as well as changes in the hospital environment
regarding costs and care requirements. It would, likewise, be interesting to include new feasible
alternatives from the hospital maintenance service such as outsourcing the service.
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