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Abstract
In this paper, regional efficiency of Croatian counties is measured in three-year period (2005-2007)
using Data Envelopment Analysis (DEA). The set of inputs and outputs consists of seven socioeconomic indicators. Analysis is carried out using models with assumption of variable returns-to-scale.
DEA identifies efficient counties as benchmark members and inefficient counties that are analyzed in
detail to determine the sources and the amounts of their inefficiency in each source. To enable proper
monitoring of development dynamics, window analysis is applied. Based on the results, guidelines for
implementing necessary improvements to achieve efficiency are given. Analysis reveals great
disparities among counties.
In order to alleviate naturally, historically and politically conditioned unequal county positions over
which economic policy makers do not have total control, categorical approach is introduced as an
extension to the basic DEA models. This approach, combined with window analysis, changes relations
among efficiency scores in favor of continental counties.
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1. INTRODUCTION
Regional efficiency and possibilities of its improvement have become one of the leading imperatives
of all world economies. This paper is the result of a research related to multicriterial evaluation of the
achieved regional development level in Croatia.
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The purpose of this paper is to present the results of the analysis of regional efficiency in Croatia using
Data Envelopment Analysis (DEA) investigating the possibility of application of different extensions
to DEA models in the treatment of the same problem.
DEA is a non-parametric productive efficiency measurement method for operations with multiple
inputs and multiple outputs. This approach first establishes an efficient frontier formed by a set of
decision making units (DMUs) that exhibit best practices and then assigns the efficiency level to other
non-frontier units according to their distances to the efficient frontier. In this way the method
combines and transforms multiple inputs and outputs into a single efficiency index.
The study of Liu et al. (2013) surveys the DEA literature by applying a citation-based approach and
rates Charnes, Cooper and Rhodes (1978, 1981), Banker, Charnes and Cooper (1984) and Charnes et
al. (1985) as four most influential papers in DEA development. The same study identifies five major
branches of DEA literature, or in other words, five active DEA subareas: “two-stage contextual factor
evaluation framework”, “extending models”, “handling special data”, “examining the internal
structure” and “measuring environmental performance”. While the papers in the first four subareas are
mostly studies of theoretical orientation, the papers in the last subarea are basically application works
that, among others, include the applications of DEA on regional performance evaluation.
An interesting and often cited example in the international literature is evaluation of the relative
achievement of regional development in 23 administrative regions of Taiwan in 1990, in which the use
of DEA was extended by merging with the Malmquist productivity approach to determine whether the
relative change of their regional development moved forwards or backwards between 1983 and 1990
(Chang, Hwang and Cheng, 1995).
DEA is relatively rarely used in the measurement of regional efficiency in Croatia. Among the first to
address this issue were Babić and Grčić (1999) who evaluated relative regional development level for
Croatian counties and macroregions in 1991 comparatively using two multicriterial analysis methods –
PROMETHEE and DEA.
Although the DEA method itself is present in the literature concerning the assessment of regional
efficiency, the combination of categorical approach and window analysis is original as well as the use
of unique combination of inputs and outputs. The results of the study underline the importance of
combining categorical approach and window analysis for future research.
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2. DATA AND MODEL SETUP
Croatian counties represent 21 entities whose relative socio-economic efficiency is evaluated in this
paper. The choice of indicators for the purposes of this study followed the subsequent line of thought:
capturing human and material components and living standards as three outstanding criteria for
determining the degree of socio-economic development; exact measurability of indicators; availability
and accessibility of data on indicators. In addition, in any DEA application, it is suggested as rule of
thumb that the number of entities should be at least three times the number of indicators (Banker et al.,
1989).
Accordingly, seven socio-economic indicators 1 are included into analysis. The inputs are represented
by registered unemployment rate and number of support allowance users. The outputs are share of the
secondary sector in gross value added (GVA), gross fixed capital formation in fixed assets (by
headquarter of investor), level of import coverage by export 2, number of graduated students (by
residence) and gross domestic product (GDP). Data for these indicators are relating to the period 20052007 and were taken from the Croatian Employment Service, the Croatian Bureau of Statistics and the
Ministry of Health and Social Welfare of the Republic of Croatia3.
Basic DEA models commonly used in applications are CCR (Charnes, Cooper and Rhodes, 1978) and
BCC (Banker, Charnes and Cooper, 1984). CCR model is built on the assumption of constant and
BCC model on the assumption of variable (either increasing or decreasing) returns to scale activities.
In addition, the DEA model can be adjusted to the strategy chosen by management and therefore
oriented on input reduction (input-oriented model) or on output augmentation (output-oriented model).
Let us consider the set of n DMUs. Each of them (DMUj, j = 1, 2, ..., n) produces s outputs and for
their production uses m inputs. Let us denote x j = {xij , i = 1,2,..., m} the vector of inputs and

y j = {yrj , r = 1,2,..., s} the vector of outputs for the DMUj. Then the data set is given by two matrices –
the

matrix

of

inputs:

X = (xij , i = 1,2,..., m, j = 1,2,..., n )

and

the

matrix

of

outputs:

Y = ( yrj , r = 1,2,..., s, j = 1,2,..., n ) .
The basic principle of DEA models in evaluation of efficiency of the DMUo, o ∈ {1, 2, ..., n} 4 consists
in looking for a virtual DMU with inputs and outputs defined as the linear combination of inputs and
1

The variables for which smaller amounts are preferable will be considered inputs, while those for which larger
amounts are preferable will be considered outputs.
2
level of import coverage by export = (total exports / total imports) *100
3
The data were adjusted as follows: numbers of support allowance users and graduated students were taken per
100,000 inhabitants while capital formation and GDP were taken per capita at constant prices of the year 2005.
4
The following procedure is based on Cooper, Seiford and Tone, 2006, pp. 87-89.
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outputs of the other DMUs in the decision set, i.e. Xλ and Yλ, where λ = ( λ1 , λ2 ,..., λn ) , λ > 0 is the
vector of weights (coefficients of linear combination) of the DMUs. The virtual DMU should be better
(or at least not worse) than the analysed DMUo. The problem of looking for a virtual DMU can
generally be formulated as standard linear programming problem:
Input-oriented model

Output-oriented model

(BCC – Io) min θB

(BCC – Oo) max ηB

subject to

Xλ ≤ xo

(1)

Yλ ≥ yo

ηB yo − Yλ ≤ 0

(2)

eλ = 1

eλ = 1

(3)

λ≥ 0

λ≥ 0

(4)

θB xo − Xλ ≥ 0

subject to

where e is a row vector with all elements equal to 1. Conditions (1) consist of m, conditions (2) of s,
and conditions (4) of n constraints. In our case, n = 21, m = 2, s = 5. Vector λ shows the proportions
contributed by efficient DMUs to the projection of DMUo onto efficient frontier. The optimal objective
value θB* ( 0 < θB* ≤ 1 ) in the input-oriented model is the efficiency result, and for inefficient DMUo
also the input reduction rate. In the output-oriented model, the optimal objective value ηB* ( ηB* ≥ 1 ) is
the reciprocal of the efficiency result, and for inefficient DMUo also the output enlargement rate. This
makes the most important difference between input-oriented and output-oriented BCC models.
It is obvious from constraints (1) and (2) that in the input-oriented model

(θ x , y ) when
∗

B o

o

( Xλ, Yλ)

outperforms

θB* < 1 . With regard to this property, the input excesses s − ∈ R m and the output

shortfalls s + ∈ R s are defined and identified as „slack“ vectors by

s − = θB xo − Xλ ,

s + = Yλ − yo ,

with s − ≥ 0 , s + ≥ 0 for any feasible solution (θB , λ) of (BCC – Io).
To discover the possible input excesses and output shortfalls, a two-phase procedure is used. In the
first phase, θB is minimized and, in the second phase, the sum of the input excesses and output
shortfalls is maximized keeping θB = θB* (the optimal objective value obtained in the first phase).
Definition 1 (BCC-Efficiency):
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(

)

If an optimal solution θB∗ , λ∗ , s −∗ , s + ∗ obtained in this two-phase process satisfies θB* = 1 and has no
slack ( s −∗ = 0 , s + ∗ = 0 ), then the DMUo is called BCC-efficient, otherwise it is BCC-inefficient.
Definition 2 (Reference Set):
For a BCC-inefficient DMUo, its reference set Eo is defined based on an optimal solution λ∗ by

{

Eo = j λ∗j > 0

} ( j ∈ {1, 2, ..., n }) .

An optimal solution can be expressed as

θ B* x o =
yo =

∑ x j λ ∗j + s −∗ ,

j∈Eo

∑ y j λ ∗j − s +∗ .

j∈Eo

These relations suggest that the efficiency of ( xo , yo ) for DMUo can be improved if the input values
are reduced radially by the ratio θB* (thus removing technical inefficiency) and the input excesses
recorded in s −∗ are eliminated, and if the output values are augmented by the output shortfalls in s + ∗
(thus removing mix inefficiency). Described improvement can be expressed by the following formula
known as the BCC-projection:

xˆ o = θ B* xo − s − ∗ ,
yˆ o = y o + s + ∗ .
Using an analogous procedure, the slack

(t

−

,t+

)

of the output-oriented model is defined by

t − = xo − Xλ and t + = Yλ − ηyo , while the projection is expressed by:
xˆ o = xo − t −∗ ,
yˆ o = η B∗ y o + t +∗ .
Based on the foregoing, it is evident that efficiency scores, reference sets and projections of inefficient
DMUs depend on model orientation, while the efficient frontier does not.
The need for the monitoring of regional development dynamics, which is extremely important for
economic policy makers, leads to the use of window analysis as one of the extensions to DEA models.
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In that case, data for several periods for each DMU are included into analysis, and each DMU is
regarded as if it were a different DMU in each of the reporting periods.
Another issue in evaluating the relative efficiency is dealing with situations when DMUs operate
under different conditions over which they do not have total control. In such cases, the evaluation of
all DMUs on equal footing would be unfair to those in worse position. The solution is proposed with
the use of categorical approach that provides appropriate comparisons by dividing DMUs into L
categories. Thus, DMUs in category 1 are in the most disadvantageous condition and will be compared
only among themselves. DMUs in category 2 are in a better position than those in category 1, and will
be compared with reference to DMUs in categories 1 and 2 and so on. In conclusion, DMUs in
category L will be compared with reference to all DMUs. This way, evaluating the efficiency by
comparing DMUs in worst position with those in better position is avoided.

3. MODEL APPLICATION AND EMPIRICAL RESULTS
Knowledge of the production frontier characteristics for the process to be analyzed is crucial for model
type selection. Since that could not be determined with certainty in the case of regional performance,
the analysis was carried out under both (constant and variable returns-to-scale) assumptions. It
appeared that differences between the results obtained by CCR and BCC model were significant. They
may be attributed to the return effect with respect to the range of activities thus making the BCC
model more suitable for describing the analyzed socio-economic activity.
Since economic growth is aimed at decreasing all here selected inputs and increasing all here selected
outputs at the same time, both orientations are utilized and the obtained results are compared.
The assessment of Croatian counties’ relative efficiency is performed in two steps, based on empirical
data on seven socio-economic indicators, and computed by program package DEA-Solver-Pro 7.0F
(Saitech, Inc.). Due to the nature of selected indicators, comparisons of the counties were made on a
yearly basis.
The first step of this research was carried out using window analysis. Since a three-year period 20052007 is chosen, the window (i.e. the period within which the comparisons are performed) ranges from
one to three years. For the purposes of this study, one window which includes all three years is used.
The relative efficiency results are listed in Table 1. Among 63 observed entities, 15 turned out to be
efficient. The highest efficiency results were achieved in 2007 toward both orientations. None of the
21 counties were efficient during the entire period. The worst efficiency results according to the
number of efficient counties were achieved in 2006, while the lowest average efficiency was achieved
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in 2005. Average efficiency scores for all three periods are greater in output orientation than in input
orientation. The differences related to orientation are extreme in certain aspects, for instance, in
minimum efficiency scores. However, it does not mean that the efficiency is easier to achieve toward
output-orientation because that depends on the specific situation in which particular county operates.
Large differences between the average and worst efficiency results give evidence of great regional
disparities in Croatia.
Table 1: Window analysis results – one window (2005-2006-2007)

Source: Author’s calculations

Sources and amounts of relative inefficiency and proposed improvements are extremely valuable
information on which authorities can set goals and make decisions that will lead to them. The
importance of reference set should also be emphasized because it provides information on the role
models for each inefficient county. Since window analysis, unlike basic DEA models, does not bring
these results, a new model will be constructed as follows. Three data sets on seven selected indicators,
one for each of the observed years, are included into a basic BCC model for each county. In this way,

82

Croatian Operational Research Review (CRORR), Vol. 4, 2013

each of 63 of them is treated as separate entity. Such model construction is justified because it does
not affect relative efficiency scores identified by window analysis using one three-year window5 and
yet calculates additional crucial results.
County that was rated efficient usually appears in the reference sets of inefficient counties. The
frequency of its occurrence in those sets can be considered as an indication of whether it is a role
model to other counties. Table 2 displays these frequencies for every efficient county.
Table 2: The reference set frequency according to window analysis – one window (2005-2006-2007)

Source: Author’s calculations

Istria-2007 sets a good example for the input-oriented case (32) and City of Zagreb-2007 leads in the
output-oriented case (39). While the City of Zagreb stands out due to the performances in 2007, the
County of Istria excels in two years (2006 and 2007) and it makes it relatively most successful county.
The average differences per inefficient county between empirical and projected values in every input
and output are displayed in Table 3. Gross fixed capital formation in fixed assets has far the strongest
influence on inefficiency during the whole period and toward both orientations. On the other hand,
mostly the number of graduated students least affects relative efficiency.
Another issue in evaluating the performance of Croatian counties is their great disparities caused by
reasons over which economic policy makers do not have complete control. In that context, the
evaluation carried out in the first step of this research seems unfair to continental counties and too
indulgent to coastal counties and particularly to the City of Zagreb. Therefore, it appears most
5

For example, the County of Istria is represented by three entities which, due to the need of mutual
distinguishing, are marked as Istria-2005, Istria-2006 and Istria-2007. Thus the efficiency score in the row
relating to the County of Istria and in the column relating to the year 2006 is in fact the efficiency score of the
entity named Istria-2006.

83

Croatian Operational Research Review (CRORR), Vol. 4, 2013

appropriate to classify Croatian counties into three categories. Hence, the City of Zagreb is placed in
category 3 (good), all 7 counties of Adriatic Croatia in category 2 (average) and the rest of 13 counties
in category 1 (poor).
Table 3: Sources and average amounts of inefficiency according to window analysis – one window (2005-20062007)

Source: Author’s calculations

The second step of this research was therefore carried out using a categorical approach. The role of
categorical models in measuring regional efficiency in Croatia is to alleviate the impact of naturally,
historically and politically conditioned unequal position of its counties. At the same time, the primary
role of window analysis models is to monitor the dynamics of achieving socio-economic efficiency of
the counties. Those extensions to basic DEA models solve two independent problems but there is the
question of model choice in the case of their simultaneous resolution. A satisfactory solution is
provided by the combination of categorical model and window analysis.
Since no existing model meets these requirements, the new model is constructed based on the previous
window analysis model by assigning corresponding categories to all of 63 entities. This means that the
category of a particular county is assigned to each of three entities that represent the county. So
designed model will be hereafter referred to as the combined BCC model. Its results are identical to
the results of window analysis using one three-year window with the categorical approach. This opens
the possibility of their comparison with the results of afore described window analysis model (with no
categorical variables).
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Table 4: Combined BCC model results – one window (2005-2006-2007) and three categories

Source: Author’s calculations

Application of the combined BCC model using both orientations led to the results shown in Table 4.
Comparisons of the results listed in Tables 1 and 4 show their significant differences, with the
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exclusion of City of Zagreb and Istria 6. With the categorical approach, among 63 observed entities, 19
turned out to be efficient, which were four more than according to the previous model.
Similar to the previous model, the best results of average efficiency according to all criteria were
achieved in the year 2007. The worst results according to the efficiency score were achieved in 2006,
while the number of counties that were efficient in 2005 and 2006 was the same.
Most of the reference set frequencies generated by this model (Table 4) are significantly different
compared to the previous model, mainly at the expense of Istria and City of Zagreb. That happened
mostly because those two counties now cannot be members of reference sets of inefficient counties in
the most numerous category 1.
Table 5: Sources and average amounts of inefficiency according to the combined BCC model – one window
(2005-2006-2007) and three categories

Source: Author’s calculations

Average differences per inefficient county between empirical and projected values in every input and
output are displayed in Table 5. Similar to the previous model, gross fixed capital formation in fixed
assets has the strongest influence on inefficiency. On the other side, this influence is not nearly as
strong as in the previous model. That is because capital formation in continental counties is generally
considerably low compared with the rest of Croatia, thus raising the amount of average inefficiency in
that output. Since the comparison of category 1 with the other two categories is here bypassed, the
inefficiency related to capital formation is significantly reduced.

6

The reasons of keeping the efficiency unchanged differ for these two counties. The City of Zagreb is in both
models compared to the same set of counties and therefore nothing changes. Istria is relatively the best
performing county, so the comparison with City of Zagreb does not threaten its efficiency score.
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4. CONCLUSION
Assessment of relative efficiency of Croatian counties according to window analysis and to the
combined model was based on their two common features. Specifically, the counties were compared
to one another at the level of one three-year period and based on the same set of indicators. In the
window analysis model, which enabled monitoring of development dynamics, each county was
compared to all other counties. Besides the development dynamics, specifically constructed combined
model took into account unequal position of counties by comparing each of them only to the counties
from the same or lower categories. Therefore, relative efficiency scores according to this model were
not lower than according to the previous one. After classification of counties, a significant number of
them improved the efficiency. Some even became efficient. Therefore, the total average relative
efficiency increased, advancing forward the categorical approach for most counties as preferred.

REFERENCES
Babić, Z. and Grčić, B. (1999), „Evaluation of relative development level for Croatian counties“, in:
Aganović, I., Hunjak, T. and Scitovski, R. (editors), Proceedings of the 7th International Conference
on Operational Research KOI’98, Rovinj, Croatia, September 30 – October 2, 1998, Croatian
Operational Research Society, Osijek, pp. 39–48.
Banker, R.D., Charnes, A. and Cooper, W.W. (1984), „Some Models for Estimating Technical and
Scale Inefficiencies in Data Envelopment Analysis“, Management Science, Vol. 30, pp. 1078–92.
Banker, R.D., Charnes, A., Cooper, W.W., Swarts, J. and Thomas, D. (1989), „An introduction to data
envelopment analysis with some models and their uses”, Research in Governmental and Non-Profit
Accounting, Vol. 5, pp. 125–63.
Chang, P., Hwang, S. and Cheng, W. (1995), „Using data envelopment analysis to measure the
achievement and change of regional development in Taiwan“, Journal of Environmental Management,
Vol. 43, pp. 49–66.
Charnes, A., Cooper, W.W., Golany, B., Seiford, L.M. and Stutz, J. (1985), „Foundations of data
envelopment analysis for Pareto-Koopmans efficient empirical production functions“, Journal of
Econometrics, Vol. 30, pp. 91–107.
Charnes, A., Cooper, W.W. and Rhodes, E. (1981), „Evaluating program and managerial efficiency –
an application of data envelopment analysis to Program Follow Through“, Management Science, Vol.
27, pp. 668–97.
Charnes, A., Cooper, W.W. and Rhodes, E. (1978), „Measuring the Efficiency of Decision Making
Units“, European Journal of Operational Research, Vol. 2, pp. 429–44.
Cooper, W.W., Seiford, L.M. and Tone, K. (2006), Introduction to Data Envelopment Analysis and Its
Uses: With DEA-Solver Software and References, Springer, New York.
Croatian Bureau of Statistics, Statistical Yearbook of the Republic of Croatia, various issues, Zagreb.
Croatian Employment Service, Yearbook, various issues, Zagreb.

87

Croatian Operational Research Review (CRORR), Vol. 4, 2013

Liu, J.S., Lu, L.Y., Lu, W.-M. and Lin, B.J. (2013), „Data envelopment analysis 1978–2010: A
citation-based literature survey“, Omega, Vol. 41, pp. 3–15.
Ministry of Health and Social Welfare of the Republic of Croatia, Annual statistical report on applied
social welfare rights, legal protection of children, the youth, marriage, family and persons deprived of
business capacity, and the protection of persons with physical or mental disabilities in the Republic of
Croatia, various issues, Zagreb.

88

