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This paper deals with Data Envelopment Analysis (DEA) in centralised settings in which the operating units
belong to the same organisation. In such a scenario, a global system-wide perspective may be adopted as regards
resource allocation and target setting. In this paper, a new Lexicographic Goal Programming (lexGP) approach is
proposed using three priority levels: the aggregated input consumption and output production goals; the input
and output goals of the individual operating units; and the technical efficiency of the computed targets. It is
assumed that the goals for the overall organisation are established by the Central Decision-Maker (CDM) and that
they are consistent with those of the individual operating units. The proposed approach has been applied to the
Spanish public university system, comprising 47 institutions. Given the CDM preferences in terms of input and
output aggregate goals and relative importance weights, specific technical efficient targets have been computed
for each university. The results show that the proposed approach is more suitable than the non-centralised DEA
approach and produces targets that are more effective than other centralised resource allocation approaches in
the sense that they are much closer to both the aggregate goals of the CDM and the specific goals of each

university.

1. Introduction

Data Envelopment Analysis (DEA) is a non-parametric methodology
generally used for the assessment of the relative efficiency of a set of
homogeneous operating units (OUs). The OUs are modelled as an input-
output process that consumes resources to produce products. The key
idea in DEA is that the observed OUs enable extrapolation of the so-
called Production Possibility Set, which contains all operating points
that are deemed feasible. The non-dominated subset of this Production
Possibility Set is called the Efficient Frontier and the corresponding
operating points are labelled technical efficient. Most DEA models
project the observed OUs onto the Efficient Frontier computing targets
and also project efficiency scores that measure the distance from the
observed OUs to their corresponding targets. This can be carried out
using different metrics and orientations (e.g., Refs. [1-3].

Before proceeding further, it should be borne in mind that we use the
term OU for the different productive units instead of the more common
term Decision-Making Unit (DMU). The reason for this is that the
autonomous decision-making capability of individual OUs does not

actually apply in the centralised settings considered in this paper, in
which the OUs belong to the same organisation and there is a Central
Decision-Maker (CDM) that is primarily interested in optimizing the
performance of the whole system (e.g., Refs. [4-7]. In such centralised
DEA (CDEA) scenarios, resource allocation and target setting are carried
out by jointly projecting all the OUs and taking into account their
aggregate input consumption and output production. As can be observed
in the literature review in the following section, one of the drawbacks of
CDEA approaches is that there are often many alternative optima, some
of which may lead to targets that are not close to the observed DMUs and
to the problems that this entails.

The purpose of this paper is to develop an approach to help the CDM
achieve overall efficient performance by computing OU targets that are
technical efficient and relatively close to the observed OUs. The pro-
posed approach is based on the Goal Programming (GP) methodology,
specifically on a lexicographic GP (lexGP) approach. GP is a well-known
operational research/management science methodology that has its
roots in the bounded rationality and satisficing concepts as opposed to
the conventional optimizing aim. The idea is that, instead of
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determining one or more objective functions to optimize, the decision
maker (the CDM in this case) establishes a set of goals. The goals can be
of different types (=, <, >) and implicitly reflect the preferences of the
CDM. The methodology tries to find a solution of the problem that sat-
isfies these goals as much as possible. This is done by minimizing a so-
called Achievement Function (AF) which corresponds to the de-
viations from the different goals. In the lex GP method, which is the one
used in this paper, the goals have a hierarchical structure so that goals of
a higher priority are considered before goals of lower priority. As
explained in Section 3, the CDM needs to establish aggregate input and
output goals as well as OU-specific input and output goals. These two
sets of goals must be consistent, with the aggregate goals having a higher
priority than those of the individual OUs. The established goals act as
beacons so that the deviations from them allow the CDM to get a clear
picture of the quality of any solution. A third priority level is also
included to remove any input and output slacks and guarantee the
technical efficiency of the computed targets. Summarising this point, the
centralized resource allocation approach proposed in this paper is
innovative in its use of lex GP to structure and address the preferences
and priorities of the CDM and find a unique solution. To the best of our
knowledge this is the first time that this elegant and powerful method-
ology is considered for this problem. In addition, the structured and
parametrized character of the approach grants the CDM a larger degree
of control of the resource-allocation and target-setting processes.

Moreover, to illustrate the usefulness of the proposed approach, its
application to the Spanish public university system is presented and
discussed. Based on the aggregate and OU specific goals and on the
importance weights of the different inputs and outputs the proposed
approach is able to allocate the available resources among the univer-
sities and determine the corresponding output targets which satisfy as
close as possible and in some cases exceed the established goals. The
proposed approach thus constitutes an effective tool for tactical plan-
ning at the organizational level, integrating achieving the overall
organizational goals with the goals of the individual OUs and all this
while guaranteeing technical efficient targets.

In summary, the proposed approach aims at using the lexGP method,
with its hierarchical goal structure, to solve the centralized resource
allocation problem. LexGP provides a solid theoretical framework that
allows both the CDM and the individual OUs to achieve their respective
goals. This harmonious integration of the interests of both sides is
missing in existing approaches and should increase the acceptability and
usefulness of the proposed approach for the concerned actors. This is
confirmed in the application carried out, in which the Ministry of Uni-
versities sets input and output goals for the whole system, goals whose
achievement is compatible, in a lexicographic sense, with the individual
universities also pursuing their own goals. In other words, the proposed
approach represents an effective way of taking into account the interests
of all parties involved in the centralised resource allocation process.

The structure of the paper is as follows. In Section 2, a review of the
relevant CDEA literature is carried out. Section 3 presents and explains
the proposed lexGP CDEA approach, which is then applied, in Section 4,
to the 47 universities that comprise the Spanish public university sys-
tem. In the last section, a summary and conclusions are presented.

2. Literature review

It should be borne in mind that there are many situations in which a
centralized perspective is appropriate, as attested by the large number of
CDEA applications spanning many different sectors. Thus, among
others, applications can be found in: Education (e.g., Refs. [7-12]; su-
permarkets and retail stores [13-15]; branches of banks and insurance
companies (e.g., Refs. [6,16,17]; regional gas companies (e.g., Ref. [18];
hotel and restaurant chains (e.g., Refs. [19-22]; project selection [23];
local and regional governments and government agencies [24-26];
emission permits and allocation of emission reduction (e.g., Refs.
[27-31]; ports and container terminals (e.g., Refs. [32,33]; shipping
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companies [34,35]; airports [36,37]; railway stations [38], and hospi-
tals (e.g., Ref. [39].

As regards CDEA models, there are the basic radial and non-radial
basic approaches (e.g., Refs. [4,5,7]. These are characterised by the
absence of side constraints (more on this topic later), although they can
consider non-discretionary variables. Incidentally, most CDEA ap-
proaches can accommodate not only non-discretionary variables but
also non-allocatable and non-transferable variables. Although the way
these variables are handled in CDEA is sometimes analogous to that of
non-discretionary variables, they remain conceptually different. Thus,
unlike non-discretionary inputs, non-allocatable/non-transferable in-
puts can be increased or decreased by the DMUs. For these inputs, it
remains impossible for reductions in one DMU to be compensated with
increases in other DMUs, that is, the released inputs cannot be trans-
ferred to other DMUs.

There are more refined CDEA approaches as well as many variants
and extensions. Thus, for example [40], proposed a generalised CDEA
approach that allows the CDM to select not only those DMUs whose
inputs can be reallocated, but also the DMUs that can be used as refer-
ence units when computing the targets. [14] proposed a step-by-step
improvement path approach where the movement from the operating
pints corresponding to the observed OUs to their final targets can be
planned in several steps, which facilitates gradually carrying out the
required input and output adjustments. More recently [41], have pro-
posed an approach to measure the individual efficiency of OUs in a
CDEA setting as an influence index to rank CDEA-efficient OUs.

One category of CDEA approaches involves DEA-based Production
Planning models. In this type of study, the aggregate output level (i.e.,
the product demand) as well as the total input (i.e., the total amount of
resources available) are often given and can increase or decrease with
respect to the current values. Several approaches (e.g. Refs. [20,21],
assume that the inputs and outputs of each OU change by the same
proportion and often impose that the changes in the inputs and outputs
of all OUs are in the same direction as the change in the corresponding
total input or output (e.g., Refs. [18,20,42]. Bounds on the input or
output changes of the individual OUs can be imposed (e.g., Refs. [21,
42]. As regards the objective function, it can be the minimisation of costs
[43,44], maximisation of the average efficiency [20], maximisation of
the production stability [42], or a lexicographic optimisation approach
with different objective functions, such the weighted aggregate output
increase, the weighted aggregate input reduction, and the sum of the
OUs efficiencies (e.g., Refs. [18,21,45].

There are also CDEA approaches that consider a network DEA
structure. Essentially, the simplest configuration is of two stages in se-
ries. To this end [34], propose a non-radial, output-oriented CDEA
model in which the OUs are shipping routes of a certain container
shipping company and these are modelled as consisting of a Production
process and a Service process, linked by intermediate products. They
consider that certain inputs (called common inputs) are shared by the
OUs and hence can be transferred/reallocated among said OUs, while
other inputs (called specific and energy inputs) are not shared. Two
Phase II variants (corresponding to a minor and a major adjustment
policy) are considered, as are two scenarios, one in which the common
inputs are shared only by the Production processes and another in which
they are shared by both processes of each route. Hossein Yadolladi and
Kazemi Matin (2021) also consider two stages in series (Education and
Research) for the modelling of the internal structure of the branches of a
private university system in Iran. These authors use a non-radial,
non-oriented approach and, like other CDEA models, such as those by
Refs. [24,46]; they consider the possibility of OU closures (so-called
downsizing).

Finally, there are multiple studies that consider restrictions on the
transfer of resources and also consider transfer costs. Thus [47], pro-
poses a CDEA model for the minimisation of the input reallocation costs
after solving both the maximum total output increase CDEA model, and
a modified CDEA model that maximises the total output increase subject
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to either the upper bounds on the input transfers allowed or on the total
transfer cost allowed. Assuming that the output unit prices are known,
another CDEA model is proposed whose objective function involves
maximising the revenue increase (within a certain planning horizon)
minus the cost of the resource transfers required. Another common way
of restricting the resource transfers is by considering groups of OUs (e.g.,
based on a geographical or administrative criterion) so that inputs can
only be transferred between OUs belonging to the same group. This
happens in the local centralised resource-allocation approach of [48];
which considers several groups of OUs, so that resource transfers are
possible within each group, and considers an additional group of OUs
between which no resource transfer is possible. Groups are also
considered in Ref. [16]; which considers two scenarios, one in which all
groups of OUs have the same DEA technology and one in which each
group has its own DEA technology. Interestingly, even when considering
different groups of OUs, they distinguish between inputs that can only be
transferred within each group (so-called regional resources) and inputs
that can be transferred among OUs of all groups (so-called common
resources). [17] assumes the existence of a flow network, with arc ca-
pacities and costs, over which the resource transfers would take place.
They propose a lexicographic two-phase approach in which the first
phase involves the maximisation of the weighted aggregated output
increase, with subject bounds on the aggregate and OU input changes,
on the OU output changes, and possibly with other types of constraints,
including equity constraints on the input allocation. This is followed by a
second phase that minimises the cost of resource flows. Another way to
strive towards reducing the resource transfers between DMUs is through
the application of the production stability concept in Ref. [42]; which,
given the aggregate output changes, minimises the weighted changes in
inputs and outputs of the different OUs. [22] employ the concept of
difficulty coefficient as a weighted measure of the input and output
changes for the various OUs. They consider two lexicographic variants
(depending on whether aggregate input reduction or aggregate output
reduction is given priority), in both of which an upper bound is imposed
on the total difficulty of the OUs in reaching the computed targets. A
different approach is proposed in Ref. [36]. While many CDEA ap-
proaches consider lexicographic optimisation in which the objective is
to maintain the targets of the OUs sufficiently close to the observed OUs
[36], propose a single-phase approach that uses an objective function
that is computed as a ratio of the average absolute relative changes in
the inputs and outputs of the OUs and where the denominator is the
average increase in the relative aggregate output.

Note that, due to the lack of space, in the above review we have not
included the extensive DEA literature on fixed cost and common revenue
(e.g., Refs. [49,50]; Lozano 2104; [51], on fixed-sum inputs and
fixed-sum outputs (e.g. Refs. [50,52-57], and on structural efficiency (e.
g., Ref. [58], which have some of the characteristics of CDEA. However,
these DEA problems usually lack a CDM, which makes them conceptu-
ally different to CDEA.

As it can be seen from the above literature review, the topic of CDEA
and, in particular, centralized resource allocation, has received a great
deal of attention in DEA with many approaches having a lexicographic
character. However, the different objective functions considered in the
existing approaches lack the simplicity and consistency of the AF of the
GP methodology. Actually, compared with the GP methodology, existing
centralized resource allocation methods look like ingenious, tailored
approaches. Hence, it is surprising that, in spite of being a proven and
effective methodology, no GP-based approach has been proposed so far.
Moreover, the hierarchical character of the lexGP method perfectly suits
the centralized resource allocation problem addressed in this paper.
Thus, as shown in the next section, the objectives of the individual OUs
and the CDM can be harmoniously integrated within the lexGP frame-
work so that any potential conflict between them are avoided. At the
same time, the multiobjective character of the problem, with multiples
inputs and outputs, is implicitly and effectively handled via the input
and output goals established by the CDM.
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3. Proposed lexicographic Goal Programming CDEA approach
Before presenting the proposed CDEA approach, and in order to

appreciate the differences, it may be interesting to first formulate the
following basic CDEA model.

Let, Data
i=1,2,..m index on inputs
k=1,2..s index on outputs
jr=12..n indices on observed OUs
Xjj amount of input i consumed by OU j
Yij amount of output k produced by OU
J
xfﬂfﬂl =>x; current aggregate consumption of
J input i
youl = Sy current aggregate production of
i output k
Parameters
vi, Wk Importance weights of input i and
output k, respectively (3_v; + > wy = 1)
i K
Decision variables
Yier Target of output k of DMU r
Xir Target of input i of DMU r

intensity variables utilised to
compute the target of DMU r
increase in aggregate output k
reduction of aggregate input i

(Ar)jeqr,2...ny

B

Non-oriented, weighted additive CDEA model

5, sF
Max Zwkyz—f;al + ZV[XT’M, 1
X T i
S.t.
jC\,‘r = Zﬂj,xij Vl, r (2)
J
Vo= Avy Yk ®3)
J
> dp=1 vr 4
J
D V= s Yk (5)
ZEW :x;mal _ Sf Vi (6)
>0 Vj,r st>0Vi s >0Vk 3,>0Vkr 7

The objective function (1) of the above non-oriented CDEA model
aims to maximise the sum of the weighted relative increase in aggregate
output and the weighted relative reduction of the aggregate inputs.
Constraints (2)—(4) compute the input and output targets of each OU as
a convex linear combination of the observed OUs. Constraints (5) and
(6) compute the aggregate inputs and output improvements. Note that
the aggregate inputs cannot increase and the aggregate outputs cannot
decrease. Although the model computes targets for the individual OUs,
the objective function only takes into account the overall aggregate
improvements. Note also that, although the aforementioned model as-
sumes a single Variable Returns to Scale (VRS) DEA technology, other
DEA technologies or even multiple (i.e., heterogeneous) technologies (as
in Refs. [43,44] can be considered.

The main issue with these types of basic CDEA approaches is that
they generally have multiple alternative optima. The targets computed
for different OUs can be arbitrarily permutated and, since the objective
function only involves the aggregated inputs and outputs, then its value
would not change. Furthermore, it can be shown that these basic CDEA
models are equivalent to a projection of the average OU (i.e., a virtual
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OU whose input consumption is the average of the input consumption of
the observed OUs and whose outputs are the average of the outputs of
the observed OUs) using a conventional DEA model. Moreover [5], have
shown how alternative optimal disaggregate targets can easily be
generated once the conventional DEA projection of the average OU has
been carried out.

The existence of alternative optima poses no problem in itself. The
problem arises when the specific optimal solution computed sets targets
that are far from the current operation point of several of the OUs. As
indicated in the introduction, the further the target of an OU is, the
harder the task becomes to make the corresponding input and output
adjustments. In certain cases, even OUs that are Technically Efficient
may be asked to modify their operating points, which may be considered
unreasonable (e.g., Ref. [5]. In practice, this problem can be mitigated if
there are non-discretionary/quasi-fixed inputs or
non-transferable/non-reallocatable inputs as occurs in Ref. [59]; Wu
et al. [9,16,30,31]; and [60]; among others. Moreover, a simple way of
precluding the targets from being sufficiently close to the observed OUs
is by imposing bounds on the changes in the inputs and outputs of the
OUs as carried out, for example, in Refs. [21,61,62]; and [63]; among
others. Another way of precluding the targets from being not too far
from the observed OUs is by means of solving a Phase II model that
minimises the changes in the inputs of the OUs. This occurs in, for
example, [32,34,38]; and [26]; among others. There are also variants of
this strategy; in Ref. [42]; the total output increases are given and the
minimisation of the input and output changes (called production sta-
bility in the paper) is not the Phase II objective function but the main
objective function. Alternatively, instead of two phases [36], propose a
single-phase slack-based approach for centralised resource reallocation.
Another way of both increasing the acceptability of the targets by each
OU and anchoring the OUs around their current operating points so that
their computed targets sufficiently close to them involves imposing
constraints that guarantee that the current output level of each DMU is
maintained (e.g., Refs. [12,27,33,37,43,44,64].

In this paper, an alternative way to allocate the resources and set the
targets of the OUs in a CDEA setting is presented. It is based on GP so that
goals on the input and output changes are established by the CDM, and
the AF consists of minimizing the deviations from such goals. Note,
however, that although the CDM sets aggregated input and output goals
for the whole system, specific goals for each individual OU are also
established. These goals have a hierarchical relationship whereby the
aggregate goals have precedence over the goals of the individual OUs.
This leads to a lexicographic GP approach that considers two basic
priority levels. In the first level, the weighted sum of the deviations from
the aggregated input and output goals is minimised, while in the second
level, the same is carried out but instead for the weighted sum of the
deviations from the OU specific input and output goals. Finally, an
additional priority level is considered in order to guarantee the effi-
ciency of the computed targets.

Additional parameters

Ay Desired minimum increase in the total amount of output k. This implies that
the aggregate goal for output k is y{@ + Ay

Ax; Desired maximum increase in the total amount of input i. This implies that the
aggregate goal for input i is 3@ + Ax;

S8yir  Desired minimum increase in the amount of output k produced by OU r. This
implies that the goal for output k of OU r is yy, + Syir

SXir Desired maximum increase in the amount of input i consumed by OU r. This
implies that the goal for input i of OU r is x; + 5x;r

Wy Importance weight of OU r 3w, = 1)

G

Note that, in order to achieve consistency between the aggregated
and the OU specific input and output goals, the corresponding param-
eters should be consistent, that is,

Z&yk, ~ Ay, Vk (€))
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> ox ~Ax; Vi ©)

Indeed, without loss of generality and in order to reduce the number
of parameters, henceforth it will be assumed that

Syir = Ay, Vk,r 10)

ox;, ~ w,Ax; Vi,r an

that is, the desired minimum output increase and the desired
maximum input increase of a OU are assumed to be proportional to the
importance weight of that OU.

Similarly, without loss of generality and in order to reduce the
number of parameters, henceforth, it will be assumed that

W, =~ v,-% + Zwk% Vr 12)
T X T Yk

that is, the importance weight of each OU is assumed to be propor-
tional to its weighted relative output level.

Therefore, the number of independent parameters of the proposed
approach can be reduced to a minimum, just the importance of each
input and output (v; and wy, respectively) and the desired total increase
for each input and output (Ax; and Ayy, respectively). Note that some-
times we are interested in resource reallocation, in which case Ax; =
0 Vi. Alternatively, one may assume a growth scenario in which the
CDM desires all the total outputs and all the total inputs to increase, that
is, Ay, > 0 Vk and Ax; > 0 Vi. Of course, other scenarios in which some
or all the outputs or some or all the inputs should be reduced can also be
considered.

Additional decision variables

D, Negative deviation from the desired minimum increase on the total amount of

output k

Df Positive deviation from the desired maximum increase on the total amount of
input i

d,  Negative deviation from the desired minimum increase on the amount of
output k produced by OU r

d; Positive deviation from the desired maximum increase on the amount of input i
consumed by OU r

Proposed lexGP CDEA model
Min Py D + i +
in Vi w,
1 - x?”’”l Ax; - k y;:;tal Ay,

d d
& (Z:ah |:wair """lsxir * ZWkYkr +" rls)/kr ) i 42

o)

/x\ir y'r
& (Zw’ [Zx[r + 6%, Zkakr +A OVir

i k

s.t.
Rp= Apxy Vir a4
J
S = Ay Yk r (15)
J
> =1 Vr (16)
J
Vir + iy = Ve + Sy Yk, 1 a7
D5+ Dp >+ Ay Yk (18)
X —df <xip+6x, Vi,r (19)
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D % —Df <X 4 Ax; Vi (20)

A >0V, dy >0 Vkr; df >0Vi,r; Dy >0Vk Df >0 Vi

(21)

Note that this model always has a feasible solution and that the first
three sets of constraints are the same as in the basic CDEA approach.
Thus, (14)-(16) compute the input and output targets of each OU as a
convex linear combination of the observed OUs. Apart from the AF (13),
the main differences lie in the goal constraints (17)—(20) and associated
deviation variables. Neither goals nor variables that measure the devi-
ation from them appear in the basic CDEA approach (nor in any non-GP
centralized resource allocation approach for that matter). Conversely,
they play an essential role in GP approaches like this. In our case, the
output goals (both aggregate and OU specific) are of > type and hence
they have associated negative deviation variables. The opposite occurs
for the input goals (both aggregate and OU specific), which are of < type
and therefore have associated positive deviations. These deviations
appear in the AF (13). Thus, the model first tries to satisfy the aggregate
input and output goals as much as possible. Once this first-priority
objective (P,) is attained, the model re-computes the targets of the
OUs in an effort to satisfy all the OU-specific goals (P,) as much as
possible. Both the aggregate and OU-specific output goals represent
minimum increases (maximum increases in the case of aggregate and
OU specific input goals), which means that, once these minimum
(respectively, maximum) amounts are satisfied, further improvements in
input and outputs are not sought by the first two priority levels of the AF
(13). Hence, in order to guarantee that the computed targets are tech-
nically efficient, it is necessary to consider an additional priority level
(P3) that exhausts any possible remaining input and output slacks in the
computed targets. This third priority level can be viewed as minimizing
the weighted sum of the deviations from an implicit utopian operation
point with zero input consumption and infinite output goals. Note that,
although the proposed approach above uses lexicographic GP, it can
easily be modified to an extended lexicographic GP approach [65].

Finally, in the formulation presented above it has been assumed that
all the inputs and outputs are discretionary. The proposed approach can
also take into account non-discretionary variables. Thus, denoting the
sets of discretionary and non-discretionary inputs as I° and I"P,
respectively, and the sets of discretionary and non-discretionary outputs
as OP and OMP, respectively, only the following adaptations need to be
made to the above formulation:

Df =Ax;=0 Viel";dl =ox, =0 Vr,iel™ (22)

Dy =4y =0 Vke 0™ dy =by, =0 Vrke O™ (23)
Min P, <ZV’ otal +Ax, + Z e y! +A}k> -

ie? i keoP
) + 24)

d T
<Zw’ |:ZV: Xir + 6x1r Z ykr ‘:53%

b keoP

)’k;
Py (Zw |:;Xu + 6xir ,\620;7 Yir + Vi

Expression (22) means that for non-discretionary inputs both the
aggregate goal and the OU specific goals coincide with the observed
values. Also, by fixing the corresponding deviations to zero, we are
preventing those inputs to exceed the observed values. The interpreta-
tion of (23) is similar, i.e. for non-discretionary outputs both the
aggregate goal and the OU specific goals coincide with the observed
values. Also, by fixing the corresponding deviations to zero, we are
preventing those output to fall below the observed values. As regards
(24), it takes into account that the deviations for the non-discretionary
inputs and outputs are fixed to zero and that, due to its non-
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discretionary character, the model should not seek reducing them (in
the case of inputs) or increase them (in the case of outputs).

4. Application

As indicated in the literature review, one of the fields where CDEA
has been applied is that of Education, especially Higher Education In-
stitutions. [8]; for instance, consider 11 branches of the Islamic Azad
University in Iran. Their study focuses on the outputs of these branches
and considers four outputs: assessment score, scientific publications,
external research funding obtained, and the number of students. They
employ a bi-objective DEA-based production planning approach using a
multiplier formulation with estimated OU allocation ratios based on the
current efficiency levels of the OUs, which are assumed to be main-
tained. [10] studies 64 Chinese universities (34 of which are funded by
the 985 Project) using five inputs (the number of R&D staff, the number
of faculty members, the number of postgraduates, the amount of
research grant from the government, and the amount of research grant
from the industry) and three inputs (the number of papers published, the
number of domestic and international patent applications submitted,
and the revenue gained from knowledge transfer to the private sector).
The study focuses on the re-allocation of government funding. An
envelopment CDEA model is utilised to maximise the weighted increase
in aggregate outputs subject to bounds on the input and output changes
for the overall system as well as for the individual OUs. The latter are
assumed to maintain their current efficiency levels. Hossein Yadolladi
and Kazemi Matin (2021) consider 20 campus branches of the Islamic
Azad University, and model them using a two-stage network DEA sys-
tem. Stage 1 (Education Department) consumes three inputs (number of
employees, number of students, and number of faculty members) and
produces two intermediate products (number of graduates and tuition
fees), which are in turn consumed by Stage 2 (Research Department) to
produce two final outputs (total university income and number of
research products). Their study considers three scenarios. In the first
two, a non-radial, non-oriented optimisation of aggregate inputs and
outputs is considered with a flexible and a fixed downsizing criterion,
respectively. In the third scenario, in Phase I, the number of OUs to keep
open is minimised subject to constraints on the minimum aggregate
outputs and on the maximum aggregate inputs, while in Phase II, for the
minimum number of OUs computed, the non-radial, non-oriented opti-
misation of aggregate inputs and outputs is carried out. In Ref. [12]; the
optimal structure of the Spanish public universities is analysed, whereby
possible splits and mergers are considered. As a final step, a
non-oriented, slack-based resource reallocation CDEA model is used
with bounds on the target outputs of the OUs to guarantee that no
decrease in these outputs occurs in any case. Of the three inputs
considered, two (labour cost and other costs) are discretionary and the
third input (number of students) is non-discretionary. The three outputs
(number of student credits passed, number of publications, and R&D
income) are all discretionary. It should be borne in mind that the bar-
gaining approach proposed in Ref. [66] has not been listed among the
existing CDEA studies: their approach leads to mathematical models that
have similarities to CDEA models but where the OU targets are
computed bottom-up instead of top-down, that is, they are computed by
the OUs voluntarily reaching a type of satisfactory, decentralised
agreement on the resource allocation (instead of the resource allocation
being decided by a CDM).

The application of the proposed approach to the Spanish public
university system is presented below. The Spanish university system
comprises a total of 84 universities, including 50 public universities and
34 private institutions. In this study, only the public institutions have
been considered, since our interest resides in the reallocation of public
resources among these institutions. On-line and special universities have
also been excluded to ensure the homogeneity of OUs. Thus, the dataset
employed herein involves 47 OUs.

The inputs and outputs considered are the same as in Ref. [66] but
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the most recent data available from the year 2019 is used. Thus, the first
input considered in the analysis measures the number of students
enrolled in each university in 2019 (labelled as Students). This input has
traditionally been considered to calibrate the size of the institutions and
is included as a non-discretionary variable. The second input considered
corresponds to the public funds received in 2019 (Public funding). The
largest source of income of Spanish public universities are the public
funds received from central and regional governments. Hence, this input
is a surrogate of the financial resources of each OU. The third input
considered is a measure of the labour costs of each university (including
both academic and administrative staff) in 2019 (Labour Cost). All this
data has been drawn from the official website of the Spanish Ministry of
Universities [67].

As regards the outputs, the first one is the total number of credits
passed by graduate and postgraduate students in year 2019 (Student
Credits), as a measure of the teaching outputs of each university
(sourced from Ref. [67]. The second and third output aims to gauge the
research outputs of the institutions. To this end, the number of publi-
cations in journals indexed on the Science and Social Sciences Citation
Indices in year 2019 (Publications) has been considered together with
the total income obtained from R&D and consulting projects in year
2018 (R&D Projects). The source of this data is the IUNE Observatory
[68]. Table 1 shows the summary of the statistics of the variables
considered in this study.

First of all, we solve a conventional non-oriented, weighted additive
non-centralised DEA model to determine the OUs technical inefficiency
scores. A weight v; = 0.25 has been assigned to each of the two discre-
tionary variables and, for the outputs, a weight of 0.1, 0.2, and 0.2 have
been assigned to Students Credits, Publications, and R&D Projects,
respectively. This weighting structure is balanced between inputs and
outputs and gives greater weight to the research outputs than to the
teaching output. Although Variable Returns to Scale (VRS) have been
assumed, the corresponding Constant Returns to Scale (CRS) model has
also been solved in order to determine both the scale inefficiency (which
can be approximately gauged by the difference between the CRS and
VRS inefficiency scores) and the returns to scale of each OU. Fig. 1 shows
all this information. As can be observed there are only seven OUs with
the Most Productive Scale Size (MPSS). These technically efficient and
scale-efficient universities include UAB, UAM, UC3M, UPF, UPO, UPV,
and URJC. Six other universities (namely UNICAN, UPCT, UNIRIOJA,
UB, UV, and UCM) are technically efficient but not scale efficient. Of
these universities, UNICAN, UPCT and UNIRIOJA exhibit Decreasing
Returns to Scale (DRS) while UB, UV, and UCM exhibit Increasing
Returns to Scale (IRS). The other 34 universities are inefficient and most
exhibit DRS, except UMA, US, UGR, UM, and EHU, which exhibit IRS.

Fig. 2 shows the normalised input and output slacks of the three
outputs and the two discretionary inputs. In order to be consistent with
(1), these slacks are normalised by the total observed inputs and outputs.
The ordering of the universities is the same as that used in Fig. 1, that is,
in increasing order of their VRS inefficiency scores. Thus, the slacks for
the first 13 technical efficient universities are all zero. For the remaining
universities, the grey level indicates the potential improvement in the
corresponding variables. Several universities, such as UGR, UM, UMA,
and US, have slacks in certain variables but not in others although most
inefficient universities can improve in all five dimensions. The most
inefficient university is EHU, with the largest normalised slacks in three
of the variables. But even that most inefficient university has a zero slack

Table 1
Summary of the statistics of input and output variables.
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for the R&D Project output. The usefulness of Fig. 2 is that the infor-
mation can be assessed row-wise or column-wise. Row-wise it shows, for
each university, the dimensions in which improvements are possible and
the magnitude of these potential improvements. Therefore, for example,
the US has margin for improvement in Labour costs, Publications, and
R&D Projects, in that order. Column-wise it is apparent which univer-
sities have more room for improvement in a specific dimension. Thus,
for example, as regards Labour costs, the universities with the most
excessive input are EHU, UPC, UGR, US, and UMA, followed by USC,
UNIOVI, UVA, and UCLM.

The left panel of Fig. 3 shows the aggregated target values computed
by the non-centralised DEA model, the centralised DEA model (1)—(7),
and by the three priority levels (labelled as P1, P2, and P3) of the pro-
posed lexGP approach. For comparative purposes, in the right panel, we
also show the results from the approaches proposed in Refs. [10,26]. In
both cases, we have adapted the models for the case study presented
here, maintaining the preference structure for the relative importance of
inputs and outputs, and including the goals for each disposal variable as
constraints of the models. That is to say, the increase (respectively,
decrease) of the aggregated outputs (respectively, inputs) should ach-
ieve at least the values fixed for the goals in our proposal. For the model
proposed in Ref. [10]; the author includes bounds for the permissible
variations of each variable of each OU. We have considered that the
increase (respectively, decrease) of each output (respectively, input) can
be up to two times the value used for the OU specific goals. For the
model proposed in Ref. [26]; the reallocation of the aggregate input and
output changes, proposed as a second phase, has been done considering,
for each OU, its current share of each output variable in the corre-
sponding aggregate output.

In all the cases, in Fig. 3, a value of 1.0 represents the total observed
inputs and outputs. Hence, a value of 0.95 for an input dimension in-
dicates that the aggregated target corresponds to 95% of the total
observed value, that is, a 5% reduction in total input consumption.
Similarly, a value of 1.2 for an output dimension corresponds to a 20%
increase in the corresponding total output (with respect to the observed
value). In order to interpret Fig. 3, let us first look at the results of the
non-centralised approach. They lead to significant reductions (of 10%-—
15%) in the total consumption of the two discretionary inputs as well as
significant increases in Publications and R&D Projects (30%-35%) and a
smaller increase (of just 5%) in the Student Credits output. The cen-
tralised approach, model (1)—(7), leads to smaller reduction (less than
10%) in the discretionary inputs, a similar increase (5%) in the Student
Credits output and larger increases (40%-50%) in Publications and R&D
Projects.

As regards the proposed lexGP approach, the CDM has first to
establish the goals on the total inputs and outputs. As indicated in Fig. 3,
these goals are reductions of 10% and 5% in Public Funding and Labour
Costs, respectively, an increase of 5% in Student Credits, and increases
of 25% and 20% in Publications and R&D Projects, respectively. Note
that the three priority levels considered in the proposed approach do not
depend on the application considered. Thus, the first priority level
corresponds to the aggregate level and minimises the deviations from
the aggregate input and output goals. The second priority level, on the
hand, corresponds to the individual OUs level and minimises the sum of
the deviations from the input and output goals of each OU. The third
priority level, finally, aims at minimizing the inputs consumed and the
outputs produced by each OU and, hence, guarantees that the computed

Students Public funding (10° euros) Labour costs (10° euros) Student Credits (10° ECTS) Publications R&D Projects (10® euros)
Min 3526.0 36,402.88 34,618.23 145.90 345.0 2211.00
Max 57,360.0 366,679.11 389,793.52 2855.91 6074.0 81,475.00
Mean 20,286.5 131,047.58 140,453.97 941.10 1685.0 24,910.47
Sum 953,463.0 6,159,236.38 6,601,336.44 44,231.61 79,195.0 1,170,792.00
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Fig. 1. Non-centralised inefficiency scores and returns to scale
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targets are technical efficient, i.e. after getting as close as possible to the
aggregate and OU specific input and output goals any remaining input

and output slacks are exhausted.

In the present application, the targets computed by the first level of
priority (P1) are such that there are no deviations from the

corresponding aggregate goals (zero value of the P1 achievement
function). For the second priority level, the input and output goals of

each university must be established. Although in principle these should

be agreed by the CDM (i.e., the Ministry of Universities) with each
university, we have derived these goals using (10)—(12). With these OU
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Fig. 2. Normalised input and output slacks
Note: Slacks normalised by total observed inputs and outputs.

specific goals, the P2 priority level recomputes the targets so that, as
indicated in Fig. 3, the total input reductions and output improvements
are similar to those of P1. From this point of view, this may not be seen
as a major step. However, the opposite is true. In fact, although the total
input and output targets hardly change from P1 to P2, the deviations of
the OU targets from their corresponding goals have been minimised (to a
P2 achievement function of 0.0518444). Since the P1 priority level has
many widely differing alternative optima, this second lexicographic step
is essential for the computation of reasonable targets that are sufficiently
close to the OU specific goals. Finally, since the P1 and P2 levels penalise
positive deviation in the input consumption goals and negative devia-
tion in the output production goals, input and output slacks may remain
in certain OUs, that is, there may be universities that could still reduce
their inputs below their stated goals and/or increase their outputs above
their stated goals. From a purely satisficing point of view, the P3 priority
level is unnecessary since both the aggregate and the OU specific goals
have already been taken into account and achieved as much as possible.
However, in the DEA, achieving technically efficient targets is also an
implicit goal. Hence, the P3 priority level strives to exhaust all
remaining input and output slacks from the targets thus leading to minor
additional reductions (of approximately 2%) in the inputs, no increase in

Socio-Economic Planning Sciences 84 (2022) 101419

the Student Credits output, and a significant additional increase (of
approximately 10%) in Publications and R&D Projects. Note that
although, in the end, the total inputs and outputs computed by the
proposed lexGP approach have a level similar to those of the non-
centralised approach, the OU specific targets are completely different.
Thus, the non-centralised approach only considers targets that dominate
the observed DMU and, by its own nature, fails to consider and control
the total input and output improvements that can be achieved. In
contrast, the proposed lexGP approach adopts a centralised, system-
wide perspective that allows the CDM to set not only aggregate but
also specific OU goals that involve increasing or decreasing each input
and output by a specific amount. The proposed projection process is
more controlled and more satisficing than both the non-centralised DEA
approach and the basic centralised DEA approach that does not use a
Phase II to choose from among the large number of alternative optima.
In the case of the [10] results, the aggregate inputs and outputs practi-
cally coincide with the aggregate goals but do not improve upon them.
The [26] aggregate results, on the other hand, achieved and improved
the established aggregate goals. Actually, except as regards Labour costs,
the improvements over the established goals are larger than those of the
proposed approach. Note in this regard that the rationale behind GP is
one of satisficing the goals. Exceeding them is permitted but not
incentivized.

Fig. 4 shows three cases that can illustrate the variety of situations
that can occur as regards the targets computed for each OU. Consider,
for example, EHU. Note that in this figure, the reference value 1.0 cor-
responds to the observed inputs and outputs. The non-centralised, the
centralised, and the P1 priority level of the proposed approach would
reduce the two discretionary inputs (by approximately 40%) and in-
crease the Publications output (by as much as 80%). The P2 priority
level, however, considers goals of a more modest nature although they
are goals that represent improvements in all the input and output di-
mensions and, as a result, lead to a solution that exceeds all those goals
and remains technically efficient and cannot be further improved by the
P3 priority level. Now consider the UMA case. The non-centralised
approach only improves (by approximately 25%) Labour Costs and
Publications. The centralised approach significantly increases both the
inputs and the outputs, (by approximately 200% in the case of Publi-
cations). The P1 priority level of the proposed approach computes target
inputs and outputs equal to the observed levels. The P2 priority level is
able to satisfy the specific targets for this university as regards Labour
Costs and Publications although there are deviations from the goals in
the other three dimensions. The P3 priority level does not seem to
improve any of the variables, which means the P2 targets were already
technically efficient. Finally, let us consider the case of URJC. This
university is technically efficient and that is why the non-centralised
approach fails to produce any improvement in any dimension. The
centralised approach assigns targets to this university that increase the
inputs and two of the outputs significantly. Such targets are unrealistic
and unlikely to be achieved in the medium term. In the P1 priority level,
the proposed approach leaves the inputs and outputs equal to their
current values. Such values do not satisfy the specific goals of this uni-
versity, which require a small reduction in the inputs and a small in-
crease in the outputs. In the end, the target computed by P2 (and P3)
priority levels is able to satisfy the Publications goal and almost satisfies
the other two output goals but at the cost of increasing the two inputs,
and hence incurs a deviation from the goals in these two dimensions.

Finally, Fig. 5 shows the boxplots of the ratio of the OU input and
output targets over their respective goals for the different universities.
The figure shows the results of the proposed lexGP approach as well as
those of [10,26]. In all cases, the value 1.0 along the vertical axis cor-
responds to the OU specific goals. Values below 1.0 for the inputs and
above 1.0 for the outputs imply that the goals are satisfied (i.e., there are
no deviations). Conversely, values above 1.0 for the inputs and below
1.0 for the outputs imply deviations from the goals. Although these
deviations are minimised in the P2 priority level (i.e., after the P1
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Fig. 3. Aggregated target values of proposed and existing approaches
Note: Value 1.0 corresponds to total observed inputs and outputs.

priority level has been solved), many universities deviate from their OU
specific goals. This has already been shown in Fig. 4. Note, however, that
the average ratio is always slightly less than unity for the inputs, slightly
above unity for the Student Credits output, and significantly above unity
for Publications and R&D Projects. The latter is in fact the variable in
which the OU specific goals are more generally exceeded. Note that the
horizontal line within each boxplot represents the median. Given that
the median is very close to unity for all variables, this means that the
cases of targets exceeding the goals are almost as frequent as the
opposite cases, that is, cases with targets that fail to reach the corre-
sponding goals. Finally, note that the results obtained of [10] present the
smallest range of variation around the OU specific goals, followed the
proposed lexGP approach and, lastly, by Ref. [26]. The large range of
variation of the latter means in some cases greatly exceeding the OU
specific goals but also, in other cases, falling short by a significant
amount.

5. Conclusions

In this paper, a parametrised approach for centralised resource
allocation and target setting is proposed. It uses lexicographic GP and
considers three priority levels. The P1 priority level refers to the goals on
the total input consumption and output production. This reflects the
centralised character of the problem and the system-wide performance
criterion adopted. It is not an optimisation approach as are the basic
radial and non-radial CDEA approaches. Indeed, it is based on a sat-
isficing criterion, which means that satisficing the established goals is
the main objective. The goals are set by the CDM according to their
preferences and objectives and, in particular, can involve increases or
decreases of total inputs and simultaneous increases or decreases of total
outputs. Once these aggregate input and output goals are maximally
achieved, it is the turn of the P2 priority level, which is based on OU
specific goals. From a mathematical modelling point of view, these goals
anchor the targets of the OUs which help to choose from among the
many alternative optima of the first priority level in an effort to deviate
minimally from the OU specific targets. From a management perspec-
tive, the specific OU goals allow the CDM to consider the specific cir-
cumstances (e.g., local competition, management quality, and local
returns to scale), adverse or otherwise, of each OU, thus adjusting its
targets to these circumstances. The third priority level P3 aims to
remove any input and output slacks that may exist and reflects the im-
plicit goal that the final targets be technically efficient. This last step
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offers the OUs incentives to reduce their input consumption below the
levels of the corresponding goals and to increase the outputs above the
levels of the corresponding goals. In other words, this step (but subject to
the two previous higher-priority levels) aims not only to satisfice the
goals but also to exceed them, whenever possible.

The lexicographic GP framework represents a solid theoretical sup-
port for the proposed approach and suits perfectly the hierarchical na-
ture of the resource allocation process, allowing a harmonious and
effective integration of the organizational goals with those of the indi-
vidual OUs. This is facilitated by the fact that the GP methodology is
based on the satisficing concept which is a more flexible and accom-
modating approach than conventional optimisation. All these features
are missing in existing centralized resource allocation methods.

In order to illustrate the working and the usefulness of the proposed
approach, it has been applied to the Spanish public university system,
comprising 47 institutions. The data used corresponds to that most
recent available (i.e., data from year 2019) and considers Number of
Students (non-discretionary), Public Funding, and Labour Costs as in-
puts, and Student Credits passed, Publications, and Income from R&D
Projects as outputs. A non-centralised efficiency assessment is first car-
ried out to identify global and technically efficient universities and to
estimate potential input and output improvements for each university
and for the system as a whole. A basic CDEA approach aimed at max-
imising the weighted improvements in total inputs and outputs is sub-
sequently applied. The problem with this type of basic CDEA approach is
that they have many alternative optima and hence require a Phase II to
choose from among them using a reasonable criterion. As an alternative,
the proposed lexicographic GP approach is used after having set
appropriate goals for the total consumption of the two discretionary
inputs and for the total production of the three outputs. After maximally
satisficing these aggregate goals, specific input and output goals for each
university are considered. Although a type of proportional method has
been assumed to consistently translate the aggregate system goals into
specific input and output goals for each university, the method allows
the CDM to establish specific goals tailored to the characteristics and
strategies of each university. The targets thus obtained minimise the
deviations from these specific university goals but may be technically
inefficient. This is corrected by the third priority level, which finally
exhausts any input and output slacks that might remain. The results
reported show the validity of the proposed approach and the higher level
of control that it provides for the CDM to allocate the resources among
the universities and to set their targets. The lexicographic character of
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Fig. 4. Target values of non-centralised, centralised, and proposed lexGP models for several OUs.
Note: Value 1.0 corresponds to the observed inputs and outputs of the corresponding OU.
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Fig. 5. Boxplots of the ratio of OU input and output targets over their respective goals for proposed and existing approaches
Note: Value 1.0 corresponds to input and output goals of the corresponding OUs.

the proposed approach suits the hierarchy of global and local objectives

associated with the Ministry and the universities, respectively, and its

orderly and transparent character facilitates the explanation of the

10

process and communication of its results.
It is interesting to point out that the case study developed here cor-
responds to the base scenario that have been studied for the Spanish



S. Lozano and I. Contreras

university system for the coming years. Specifically, this scenario, which
anticipates a looming economic and public finance crisis, considers a
small reduction of the resources consumed by the system compatible
with a moderate increase of the outputs. Note that these targets, together
with the weighing scheme assigned to the variables, represent implicitly
a preference structure fixed by the CDM. The consideration of the lexi-
cographic GP methodology provides degree of control and flexibility.
Once the models have been solved, the given preference structure can be
reconsidered by the policymakers in the light of the outcomes, so that
more emphasis on some variables at the aggregate or at the OU specific
level may be given.

As possible continuations of this research, on the practical level, it
would be very useful to build a Decision Support System based on the
proposed approach to facilitate the task of selecting input and output
weights and aggregate and specific OU goals. The idea is that the results
of the method depend on these parameters and hence a tool to assist the
CDM to set those parameters by using certain metacriteria could be of
practical use. On the theoretical level, an extension of the proposed
approach to network DEA systems as well as to scenarios with integer or
fuzzy data is also desirable. It is also desirable to apply the proposed
approach to other centralised settings not only in education (e.g., pri-
mary and secondary schools) but also in transportation (e.g., bus ser-
vices, airlines), energy (e.g., power plants), health care (e.g., medical
clinics, hospitals), and tourism (e.g., restaurant and hotel chains).
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