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1. Introduction the reduced competition, managerial hubris, empire-
Horizontal mergers and acquisitions remain the most  building, and excessive managerial compensation (Cum-
likely form of growth for firms and represent the major- ~ mins and Xie 2008).

ity of requests to competition authorities (Stigler 1950, In this research, we refer to horizontal mergers of

Mueller 1985). Mergers are often a much faster way to ~ geographical monopolies such as water distribution,
achieve large-scale expansion compared with internal  electricity transmission, and air traffic control provision,
investment. Furthermore, Mitchell and Mulherin (1996) ~ which are frequently government owned. Consequen-
argue that the merger route is often the quickest and tly, the potential anticompetitive effect normally caused
least-cost method to alter an industry’s structure. Yet, by horizontal mergers, which reduces quantity competi-
merger requests raise the most skepticism from regula-  tion hence increases consumer prices, is less relevant in
tory authorities, which frequently require companies to  this context. The premerger structure of the industries of
prove that the likely advantages to the firm outweigh the =~ which we are concerned consists of a number of geo-
deadweight loss because of the reduction in competition ~ graphical monopolies that, in general, are economically
(Williamson 1968). There are indeed multiple arguments  regulated through cost plus, price incentive, or yardstick
with respect to their advantages and disadvantages. As ~ competition practices (Bogetoft 1997, Vogelsang 2002,
described in Gupta and Gerchak (2002), advantages  Beesley and Littlechild 2013). As a result, the achieve-
include increased economies of scale, cost efficiencies, ment of lower costs from economies of scale, for exam-
operational and financial synergies, diversification, and  ple, is expected to lead to at least a partial reduction in
strategic realignment. Potential disadvantages include  prices and increased consumer welfare.
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1.1. Merger and Nonmerger Synergies
According to Farrell and Shapiro (2001), horizontal mer-
gers may lead to scale economies, which should be
separated from merger-specific efficiencies, known as syn-
ergies. Scale economies mean that the management over-
head and fixed costs of the combined firm are lower
than the sum of the relevant costs of each individual
firm. They further argue that scale economies can be
achieved without a merger, rather through organic
growth, hence ought to be discounted when the regula-
tory authorities analyze a merger request. In oligopolis-
tic markets, a merger that does not create synergies will
raise prices, which impacts consumer surplus nega-
tively (Farrell and Shapiro 1990). A nonsynergy merger
occurs when a firm’s outputs, prices, and total costs are
feasible before and after the merger. This means that no
substantial changes in the production process are intro-
duced. As explained in Farrell and Shapiro (1990, p.
112), “In many mergers, the insiders ... cannot recom-
bine assets to improve their joint production capabil-
ities. After the merger, the combined entity M can
perhaps better allocate outputs across facilities (ration-
alization), but M’s production possibilities are no differ-
ent from those of the insiders (jointly) before the
merger. In this case, we say that the merger generates
no synergies.” This aspect is further discussed in Verge
(2010), where it is argued that the best a nonsynergy
merger can accomplish though reallocation of output
across facilities could have equally been achieved
through the coordination of production decisions.
Separating the source of synergies, although undeni-
ably important in an oligopolistic setting, is less impera-
tive and quite confusing when it comes to horizontal
mergers of already established and regulated geograph-
ical monopolies. In this case, a cost reduction in a price-
regulated firm should lead to higher consumer surplus.
Indeed, the wording used by Farrell and Shapiro (2001)
allows for an interpretation of economies of scale as
merger-specific synergies under specific circumstances.
Moreover, in the case of network-based monopolistic
utilities, only mergers would allow for joint production.
Some of the data envelopment analysis (DEA) models
developed to date estimate the potential effects of exoge-
nously determined merger combinations on industries,
including Bogetoft and Wang (2005), Wu et al. (2011), Loz-
ano (2013), and Peyrache (2013). Bogetoft and Wang
(2005) propose a DEA model that evaluates the a priori
potential efficiency gains from exogenous mergers and
decomposes the merger’s overall efficiency gain into three
categories: (i) learning inefficiencies, (ii) harmony effects,
and (iii) scale (size) effects. The model and its decomposi-
tion have been successfully implemented in multiple
industries, including forestry (Bogetoft et al. 2003), health-
care (Bogetoft and Katona 2008, Kristensen et al. 2010),
electricity distribution (Agrell et al. 2015), fishery quota
trade (Andersen and Bogetoft 2007), and sugar bean con-
tracts (Bogetoft et al. 2007).

In this research, we propose a model that identifies an
endogenous number of mergers that maximizes the over-
all efficiency gain at industry level. The analysis thus
focuses on existing structural inefficiency (Farrell 1957,
Forsund and Hjalmarsson 1979) and potential improve-
ments from a restructuring of the industry. The model
selects and evaluates mergers endogenously based on an
adaption of the additive, variable returns-to-scale, DEA
approach. Related merger analyses of the potential effi-
ciency savings of an industry can be found in Bogetoft
et al. (2007) and Andersen and Bogetoft (2007). We fur-
ther present its application to the European air navigation
sector, marked by national providers that control the air-
space of each state. Given the current technologies, it is
not possible to realize economies of scale without merg-
ing the various national airspaces into fewer but larger
air blocks. In other words, realizing economies of scale is
only possible through mergers. In this restricted sense,
such economies could also be regarded as merger-
specific synergies, leaving learning inefficiencies as the
only relevant saving not connected to a merger scenario.
The harmony effect relates to the potential advantage of
reallocating resources, products and/or services among
the units being merged. Scale economies are regarded as
synergies for the air traffic control providers because they
cannot grow without merging air blocks.

1.2. Mergers of Air Traffic Control Organizations

Air navigation services are provided across a complex
network that protects the movement of aircrafts at and
between airports. According to Farrell and Shapiro
(2001), merger-specific synergies include input rationali-
zation, network configuration specificities, improved
interoperability, and the coordination of joint opera-
tions, all of which are relevant to the air traffic control
industry. It is argued that synergies may be obtained
both through cooperation and coordination of the enti-
ties” assets. Within the air traffic control market, input
rationalization could include a reduction in the number
of support staff and managers, which is currently dou-
ble the number of personnel employed by the Federal
Aviation Authority (FAA) operator that serves the air-
space of the United States (Gulding et al. 2010). Net-
work configuration specificities could include improved
preplanned flight paths, made possible by merging con-
tiguous air blocks such that the paths require fewer
cross-points. This, in turn, should decrease workload
and shorten excessively long flight paths, estimated at
an average excess of 42 km across Europe (Blondiau
et al. 2016). Such network improvements would directly
benefit airline customers while reducing environmental
pollution. Improved interoperability would be pot-
entially achieved through the joint purchase of air traf-
fic management technologies, which is expected to
reduce the purchase price. This was indeed one of the
outcomes of the COOPANS initiative, which created an
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alliance between five air navigation service providers
(ANSPs). The alliance’s establishment led to a 30%
reduction in the cost of technology purchases.' We note
that the adoption of new technologies will likely
increase the ANSPs's fixed costs and minimum efficient
scale. Hence, improved interoperability is of particular
importance to this industry over the next decade (Adler
et al. 2022). Furthermore, coordination of joint opera-
tions could permit a reduction in the number of air traf-
fic control centers, given that the FAA serves a busier
airspace with one third the number of centers of the
European Union (EU). Moreover, coordination may
also enable greater flexibility with respect to air traffic
controller workload, particularly at times of low service
requirements, such as overnight operations.

Economies of scale may well be available in this mar-
ket, given that the providers split the airspace according
to Member State sovereignty rather than serving airline
customers in an optimal manner. Consequently, the EU
passed the Single European Skies regulation in 2004
with the intention to reduce the number of providers by
aggregating the airspace of the 29 EU Member States at
the time into nine functional airspace blocks (FABs).
The endogenous merger DEA model developed in this
research and applied to the air traffic control market
could provide information as to which horizontal merg-
ers are likely to help create an efficient industry (Fisher
1987). We estimate the potential cost savings of the FAB
configuration, which was created through a politically
constrained decision process, and compare the result to
that of the optimal, first best outcome. We then com-
pute the learning efficiencies that each firm could
achieve alone and the additional merger-specific syner-
gies that may be achieved through agglomeration.

1.3. Contributions
The contributions of this research are fivefold. First, we
develop a model that endogenously identifies the opti-
mal number of merged firms such that the potential effi-
ciency gain at the level of an industry is maximized. The
model is based on a weighted additive nonradial DEA
model to search for the longest path to the Pareto fron-
tier. The results of the model also identify which specific
firms, or branches of a firm, should be combined.
Second, assuming that each firm operates in a spe-
cific area, we extend the DEAmerge model to consider
feasible mergers as combined sets of units that cover
a contiguous area. Network-based industry mergers
must lead to firms that provide services across a con-
tiguous network. For example, a merger between
emergency service facilities will need to serve the
entire area covered by each of the zones served by the
original set of facilities. In the case of air traffic control,
the nine FABs, which are expected to serve the air-
space of the Member States, create contiguous air blocks
across Europe. Therefore, a second contribution of this

paper is the development of a model to identify the opti-
mal number of endogenous and contiguous sets of firms
that serve a market efficiently. The contiguous DEAmerge
model is based on an adaption of Williams (2002) in
which land acquisition is possible only if it maintains spa-
tial connectivity.

Third, we propose the application of a variable returns
to scale (VRS) model, whereby the reference technology
T is spanned not only by observed decision-making units
(DMUs) but also by all potential mergers of observed
DMUs. In addition, the standard axiom of convexity of
the technology set is removed. This technology was orig-
inally published in Green and Cook (2004) and named
the Free Aggregation Hull (FAH). We develop an axio-
matic foundation for this reference technology and adapt
the DEAmerge model accordingly. The FAH technology
explicitly blocks replicability, that is, any given DMU
may be included in no more than one merger. This is an
important characteristic if the merger is aimed at cost
efficiency and does not assume that output, often set
externally by the marketplace, could be reallocated.
Alternatively, if the aim is to increase productivity, we
do not assume that the resources available necessarily
increase as a result of a merger.

Fourth, we create the decomposition of potential merger
gains into individual learning effects and merger syner-
gies within a nonradial context, in which the proposed
DEAmerge model is formulated as a directional dis-
tance function (DDF)-based model. The DDF approach
enables the decomposition of the optimal slack vectors.
To handle mergers between very different sized firms,
we use an a-harmony effect computation based on the
market share of the largest firm within each merger,
which replaces the simple average utilized to date.

Fifth, we analyze a network-based industry using the
contiguous DEAmerge approach. The technological devel-
opments in air traffic management systems in which
regulators on both sides of the Atlantic have invested
heavily are unlikely to be used without a concomitant
reduction in operating costs (Treanor 1997, Adler et al.
2022). It would seem that the simplest way to achieve
this would be to create larger firms than currently exist,
thus permitting economies of scale to be reinvested in
the new technologies. In the case study analyzed in this
research, we question whether the nine FABs would cre-
ate an optimal European air traffic management market
that maximizes merger-specific synergies, including
economies of scale. We find that the politically acceptable
FAB solution may lead to a one third reduction in costs,
but an optimal four merger solution will likely save
closer to 52% of the total costs.

The paper is organized as follows: In Section 2, we
develop the DEAmerge model, and in Section 3, we
develop a method for creating contiguous mergers. In
Section 4, we discuss potential reference technologies for
the DEAmerge production possibility set and present an
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axiomatic approach for the free aggregation hull model.
In Section 5, we use a directional distance function DEA-
merge model to decompose the results into learning
effects and merger synergies. In Section 6, we provide
details of the European air navigation service market
and the results of the analysis. Finally, in Section 7, we
draw conclusions and discuss the many potential future
directions for our modeling framework.

2. DEAmerge Model

Within the classic DEA framework, a specific decision-
making unit (DMU) is benchmarked against a best-
practice frontier defined by the DMUs themselves and
estimated from a sample of observations. In general,
having chosen a direction with nonnegative compo-
nents in input space, the longer the distance to the esti-
mated technology frontier, the more inefficient the firm
is deemed. Clearly, being inefficient represents a loss.
However, it also suggests possibilities for improvement.
Organizations may want to explore the possibility of
mergers and to what extent the production of services
could be increased for a given level of resources, or
whether the given level of production could be achieved
using fewer resources. In this section, we present the DEA-
merge model, a modification of the weighted additive
model proposed in Lovell and Pastor (1995), which maxi-
mizes potential merger gains over all possible endogenous
merger structures. By applying the DEAmerge model, it is
possible to capture potential improvements created
through joint operations of the units in the merger.
Let us assume a sample of n original firms or bran-
ches, i€l ={1, ---,n}. The ith firm consumes / nonnega-
tive inputs x;,j € [ = {1, ---, 1} to produce s nonnegative
outputs yx, k€ K= {1, ---,s}. Let the ith firm’s input and
output vector be denoted x; = (x;, - ,xﬂ)T € ]R{F and
vi=(yn, -, vs) €RS. As suggested in the exogenous
merger model of Bogetoft and Wang (2005), a merger of
units with indices in the set H C I is simply the combined
input and output vector (Zpep X, Znen Yi). We measure

potential overall gains from this merger as”

EZ xhrzyh) € T}/ (1)

EX(T) = mjn{E eR,
heH heH

where T represents the technology set. The merger H
produces savings if 0 < EF¥(T) <1, and the merger is
costly if E*(T)>1. If E*(T) <1, we then define the
merger savings from Equation (1) as 1-EH(T) € [0,1].
If EH(T)>1, we then define the merger costs from
Equation (1) as EF(T)—1€[0,00]. To implement the
definitions in Equation (1) and to measure the potential
merger gains, we also need to specify the technology
set T. Typically, the variable returns to scale (VRS) tech-
nology set T'X® is used. However, occasionally there
may be no feasible solution, in which case, it is costly to

merge, and the merger would not be advisable. Hence,
we define E(T) = co. Alternatively, we could use a
directional distance function (DDF) to measure the
potential overall gains from this merger by solving

>, th) +e(—d*,d) € T},

heH heH
2

where d* € R, and d¥ € R, are the a priori chosen direc-
tions in input and output space that we want to reduce
and/or expand, respectively. This information is of use
for the subsequent decomposition into merger and non-
merger synergies.

Through a modification of the weighted additive model
of Lovell and Pastor (1995), we capture the potential sav-
ings from mergers created through joint operations. A
radial model would not be of use in this context because
we need to sum the potential savings in inputs and/or out-
puts. Model (3) thus identifies and selects a fixed number
w’ of mergers or stand-alone units, each composed of an
endogenously determined subset of all the n units. For
fixed w’, the optimal composition of the mergers are deter-
mined by maximizing the overall potential gains over all
possible compositions of these w’ mergers. We use a €
W ={1, .-, w’} as the index for each of the merged units.
Letting w’ vary between one (the grand coalition) and 7 (all
stand-alone units), we find the optimal number of mergers
and their composition based on the highest value of the
objective function (3.1) across the 1 potential scenarios.

e)(H,T) = max{e eR;

max > (") g + > (%) (3.1)
acW acW

st D 0uXi = D X —my aeW, (3.2)
iel iel
D0y = D ugyi+mt  aeW, (3.3)
iel iel
D=1 aeWw, (3.4)
iel
Z p,; =1 aew, (3.5)
icl
Z py, =1 iel, (3.6)
aeW
u,; €1{0,1}, aeW,i€l, (3.7)
04 20, aeW,i€l, (3.8)
m, >0, aeW (3.9
m’ > 0. aeW (3.10)

(©)
Decision Variables in Model (3)

Os,ae W,iel intensity reference for merger a
with respect to unit 7,

slack on input j of merger a,
slack on output k of merger a,
equals 1 if unit 7 joins merger 4;0

otherwise,

my,a€W,je]
my,a€W,keK
pa€W,iel
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where v~ = (07, -, 07),v* = (v}, -, 0})" are predefined
weights (Lovell and Pastor 1995). For w® = n, the DEA-
merge model (3) reduces to the weighted additive,
nonoriented DEA model. The sums on the right-hand
sides of (3.2) and (3.3), Zjer i, and Xier 1L ;Yi, TESpec-
tively, simplify to x, and y,, because W={1, ---,n},
and we can ignore (3.5), (3.6), and (3.7).

Letm; = (my, -, m) ,mt = (m*, -, m%)",a € W.For
a general w’ € {1,...,n}, Model (3) considers simultane-
ously all the input and output slacks m;,j € ], my, ke
K,a€ W from the w” mergers. The objective function
(3.1) maximizes the weighted sum of all the input and
output slacks. For an input-oriented analysis, the output
slacks may be removed from the objective function, and
for an output-oriented focus, the input slacks may be
removed accordingly.

Merged units are defined in terms of Constraints
(3.2) for the inputs and Constraints (3.3) for the out-
puts. The two sets of constraints produce w’ binary
vectors, (t,, -+, yan)T,a € W. Unit i is part of merger
ag, where ag € W, if Payi = 1. The new, merged units are
created via direct pooling of the respective original
data, that is, the inputs and outputs from merger
ao equal (Xier th, ;Xi, Dier ty yi)- Consequently, vector
(Hgp1r ** s thgy), fully composed of ones, indicates that
merger 4y is the grand merger of all firms. This is only
possible if w® = 1. Equation (3.1) in combination with
Constraints (3.2) and (3.3) estimate the maximum
weighted L, distance from the merged units to the
best-practice frontier with respect to inputs and out-
puts. Constraints (3.4) approximate the technology set
T with a VRS reference technology T* based on our
sample of n DMUs. Equations (3.5) and (3.6) constrain
the merger vectors. Specifically, Constraints (3.5) ensure
that each merger consists of at least one unit. Constraints
(3.6) ensure that each unit is considered only once (i.e., a
unit cannot be part of two different mergers). Constraints
(3.7) define p,; as binary variables (i.e., the unit cannot be
split). Finally, Constraints (3.8)~3.10) define the input
and output slacks and the intensity variables 6,,i € [,a € W
as nonnegative.

3. Merging Rules

Model (3) analyzes the potential mergers across the
original n decision-making units. However, there may
be constraints on the potential merger opportunities,
including political or geographical restrictions. As an
example, a particular merger between air navigation
service providers must lead to service across a contig-
uous airspace given current technologies. Similar
examples could be drawn from the field of emergency
services such as fire stations and ambulances or
utilities such as the energy and water sectors, whose

transmission systems need to be contiguous. To im-
plement a contiguity rule limiting the merger set, we
modify the model by Williams (2002), which proposes
an integer program for land acquisition that ensures
spatial connectivity. The model is based on the idea that
a landscape is a mosaic of regions that can be repre-
sented by a planar graph with vertices (i.e., the regions)
and edges (i.e., adjacent regions). The vertices and edges
of the “primal” graph partition the plane into zones,
which then create a “dual” graph. The dual graph is con-
structed by placing a dual vertex inside each of the parti-
tioned zones and the unbounded outer area. Dual edges
connect the adjacent dual vertices by crossing every pri-
mal edge. The mathematical model searches for two
spanning trees (STs) of adjacent vertices: one in the pri-
mal graph and one in the dual graph. Constraints are
included such that only complementary STs are feasible
(all vertices in each of the two graphs are by construction
covered by the two spanning trees). A pair of primal and
dual STs is complementary if no respective pair of edges
intersects. As noted by Williams (2002), two complemen-
tary STs provide a partitioning of all pairs of intersecting
primal and dual edges from the primal and dual graphs.
The ST of the primal graph is split into a subspanning
tree (SST) of contiguous vertices, which represents a con-
tiguous region of the original landscape. The SST repre-
sents a merger in the DEAmerge model.

The method for imposing contiguity requires knowl-
edge of the planar graph, namely, the location of the
firms with respect to each other, as demonstrated in
Figure 1(a). The network is composed of # nodes, repre-
senting, for example, the catchment areas of firms or
the airspace per country, from which it is possible to
create a primal graph. Figure 1(b) consists of n = 7 pri-
mal nodes. The dual graph consists of ¥ nodes, one for
each of the partitioned zones and an additional node
for the unbounded outer region, hence, r = 6. The dual
edges connect the dual nodes, as shown in Figure 1(c).
To complete the primal graph and dual graph, we
choose one arbitrary node in the primal graph as a ter-
minus node (node (iv) in Figure 1(c)), and we choose
one node in the dual graph as a terminus node (node
(viii) in Figure 1(c)). Finally, each undirected edge arc is
substituted with two directed arcs, except for the edges
incident to each of the two terminus nodes, as shown in
Figure 1(c). By construction, the primal and dual STs
chosen by the model will always be complementary.
An example of two complementary STs is presented in
Figure 1(d). To summarize, only mergers represented
by a SST, derived from a pair of complementary primal
and dual STs, are feasible. This implies that only merg-
ers consisting of units that create a contiguous region or
network are regarded as feasible mergers.
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Figure 1. (Color online) Primal and Dual Graphs

(a) Parcels of land

(i) (ii)
(iii) (iv) (v)
(vi) (vii)

(c) Primal & dual graph with directed arcs

- —_———

g
S m———

The zero-one programming model in Williams (2002)
uses the following notation:

itel={1, - ,n} indexes of primal vertices
v,weV=A{1, - ,r} indexes of dual vertices
Dliel index sets of primal vertices
that are adjacent to vertex i
Dz, veV index sets of dual vertices

that are adjacent to vertex v.

The following notation is used for zero-one decision

variables:

P.ir€{0,1},i,t €l,ae W Pg;; =1 if the directed
arc (i,t) of the primal
graph is selected for
the primal ST and for the
primal SST, merger a;
P,i+ = 0 otherwise.

Quit €{0,1},i,t €l,ae W Qg =1 if the directed
arc (i, t) of the primal
graph is selected for the
primal ST and not
for the primal SST,
merger 4;

Qi+ = 0 otherwise

(b) Primal planar graph

Og®
Qo0

(d) Example of spanning trees

@.

-
N

Zovw €{0,1},v,weV,ae W Z,,, =1 if the
directed arc (v, w) of
the dual graph
is selected for
the dual ST, merger a;
Zsvw = 0 otherwise.

We refer to the primal terminus node (iv) as node 7, and
the dual terminus node (viii) as node r. We modify the
Williams (2002) model to ensure contiguity of the mergers
derived from the merger vectors (u,,, -+, 1,,),a € W, by
adding the following constraints to Model (3):

Z (Pajit + Qui) =1 ie{l, - ,n=-1}%aeW, (4.1)
teD!

D Zapw =1 ve{l, -, r=1}aeW, (4.2)
weD?

Pa,i,t + Qa,i,t + Pa,t,i +

Qatit+ Zapw+ Zawp=1 i,t,v,w€IPD (4.3)
Puit+ Papi < ph, itel,t<ijaeW, (4.4)
Pa,i,t+Pu,t,iS,uﬂ,t iitel,t<iacW, (45)
>0 > Pais— (Z Hoi— ) =0 aeW, (4.6)
iel tEDf iel

Pa,i,tr Qu,i,t,Z,w,w € {0, 1} l,t € I,v,w € V,ﬂ € W, (47)

“)
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where

IPD = {(i,t,v,w) eI x I X V X V | primal arc (i, )
intersects with dual arc (v, w),i,j € ,v,w € V}.

Consider a specific merger a € W. Constraints (4.1),
(4.4), and (4.5) state that for each merged unitiel=
{1, - ,n}, Ly = 1 if unit i, equivalent to vertex 7 in the
primal graph, belongs to merger a. Exactly one primal
arc (i, t) from i to an adjacent unit in this merger t €
DY, o = 1 must be selected for the primal spanning
tree, either by selecting arc (i, t) as part of both the ST
and the SST, in which case P, ;s =1, or as part of the
ST but not the SST, in which case Q, ;s = 1. Constraints
(4.2) refer to the dual graph and ensure that for the
dual vertex veV={1, ---,r}, exactly one dual arc
(v,w) from v to an adjacent dual vertex we D? is
selected, that is, one of Z,, ., w € D;’f is equal to one
and all others are zero. Constraints (4.3) force the
selection of exactly one arc from each set of intersect-
ing primal and dual arcs. These constraints imply that
only complementary pairs of primal and dual span-
ning trees are feasible. Constraints (4.4) and (4.5)
ensure that primal arc (i, ) or (¢,i) is selected for a SST
in the primal graph only if unit i and unit f are part of
merger a. Constraints (4.4) and (4.5) imply that P,;; =
P, =0 if unit i and t are not part of merger 4, that is, if
o; =, =0. In Constraints (4.6), the number of arcs
(ZierZieprPajit) in the SST related to merger a is equal to
the number of units in merger 4 minus one. Finally, Con-
straints (4.7) define the decision variables as binary. We
now define the contiguous DEAmerge model as

max >, (07) g + 35 (")

st (32),3.3),(34).(3.5),(3.6),(3.7),(3.8),(3.9),(3.10)
(4.1),(4.2),(4.3), (4.4), (4.5), (4.6), (4.7) 5)

4. Reference Technologies for the

DEAmerge Model

The DEAmerge model (3) refers to T”* as an approxi-
mation of the technology set T. We consider the follow-
ing two relevant choices to approximate the reference
technology for the endogenous merger model:

r= {(x, y)

X< D0,y = D00 € A(s)},

iel i€l
s € {ours, ndrs},

whereby”

iel

A(vrs) = {6 eRY}

Z(Sizl},

A(ndrs) = {6 eR}

Zéizl}.

iel

Bogetoft and Otto (2011) argue that one may question
the VRS assumption in a merger model because a large
entity ought to succeed at least as well as two smaller
units into which it could be decomposed. They suggest
that a nondecreasing returns to scale (NDRS) reference
technology should replace VRS in this case. Hence, it
seems that a fruitful procedure would be to either keep
the approximation of T as T*"® or introduce an approxi-
mation of T as T™". However, we note that in this
research we are not analyzing a priori merger specifica-
tions as in the extant literature. Rather, DEAmerge is
designed to search for endogenous mergers and deter-
mine the optimal number of merged units and their
composition that will provide the largest potential
merger benefits. If we introduce T the endogenous
merger structure outcome from the DEAmerge model
will always determine that the grand merger, consisting
of all DMUs s, is one of the optimal market structures.
This conclusion is highlighted in the following theorem.

Theorem 1. Let DEAmerge(NDRS) be defined as a modi-
fied model (3) where Constraints (3.4) are replaced with
SierOsi 2 1,a € W. Let us denote the optimal solution of
DEAmerge(NDRS) as a function of the prespecified num-
ber of mergers w°, O(w°). Then, we find that 6(1)>
0(2)=... =6(n).

Proof. See Appendix A. O

In general, most markets are better served under a
competitive setting with minimal regulatory interven-
tion, unless the fixed costs are such that a natural
monopoly exists. Consequently, it would be preferable
to assume a T”* rather than T""* technology. However,
if the frontier estimation reveals that there are no effi-
cient NIRS units, then a merger that consists of adding
firms to one of the CRS efficient units may be deemed
costly; that is, the harmony effect will be negative. If this
is the case, then we suggest the application of a VRS
model where T is spanned not only by observed DMUs
but also by all potential 2" —1 mergers of observed
DMUs (without the assumption of convexity of the tech-
nology set). This technology has been suggested in
Green and Cook (2004), where the authors name the
technology the free aggregation hull and the technology
set as T"H. In the following section, we define THH
adapt the Green-Cook model, provide an axiomatic
foundation, and show the relevance to merger models.

4.1. Free Aggregation Hull Model

Green and Cook (2004, p. 1062) argue that “if DMUs
A and B exist, then it is plausible to suggest that DMU
A+B, formed by (freely) aggregating A’s and B’s
activities, could exist.” Furthermore, any given DMU
performance should not only be assessed against
observed DMUs in the sample at hand, but also against
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synthetic DMUs formed by simple aggregation. The
Green-Cook approach extends the empirical production
possibility set to include aggregated DMUs formed by
merging all units in all subsets of the observed DMU .
They denote this reference technology as the free coor-
dination hull or free aggregation hull technology,
denoted T"**!. Green and Cook (2004) explicitly state
that the reference technology proposed does not rely on
a convexity axiom because there frequently exist large
areas of the production possibility set without any
observed input or output activities in many practical
applications. The authors also note that the convexity
assumption is more connected to analytic convenience
than economic reality. Removing the assumption of
convexity is notably preferable whenever there is a lack
of substitutability between variables. The downside of
removing convexity, through the use of TF¥, is the
inability of the model to sufficiently separate efficient
from inefficient units, often called the curse of dimen-
sionality. However, this may be less of a problem in the
DEAmerge model with T = TF4H because of the sub-
stantial number of potential DMUs, namely, 2" — 1 for n
DMUs. In addition, we want to avoid the duplication of
units within a merger, for example, 2A + B, because the
duplicate has not been observed and may not be possi-
ble. For example, a merger between hospitals should
not lead to more patients than those served by A + B
individually. With respect to air traffic control, it is the
airlines that produce the flights to be served. Hence, the
merger of ANSPs will not lead to higher output but
rather to potentially lower resource requirements.
Within the FAH technology, we can remove replication
such that all original DMUs either remain stand alone
or join precisely one of the mergers.

Green and Cook (2004) define the free aggregation
hull (FAH) reference technology set T"*¥ as follows™:

x> Z OkXi, Y

TFAH = {(x, y) e R, x RS
kel

kel

< >0y 6 €{0, 1}, ke 1}. (6)

Formally, let us denote the power set of I as P(I),
where [ ={1,...,n}. Power set P(I)\@ is the set of all
subsets of I, which includes the possibility of no merg-
ers and all other potential groupings up to the grand
coalition. We thus adapt the T"*" technology set to be
equivalently expressed as follows:

ASeP(DO\Q: x > Z HiXer Y

TFAH = {(x,y) eR. xRS
kes

< S iy € 10,1} ke 1}, )
keS

with 2 X (2" — 1) input and output constraints. To pro-
vide an axiomatic foundation for the technology TF4,
we augment the number of inputs from [ to [ =1, +1,
where the first [; inputs are standard volume meas-
ures’ and the last I, inputs are binary inputs, where
each component belongs to {0,1}. Let us denote this
extended version of TFAH, TB-FAH 4 follows:

(xV,xB,y") e Rl x {0, 1} x RS, |
V2 7oy (8.1)
kel
v <> oy (8.2)
kel
TBFAH _ [ xB =" §exf (8.3)
kel
[1....1]" > > 5af (8.4)
kel
[0....,0]" < > &8 (8.5)
kel
or€{0,1},kel} (8.6)
®)

Assume that observed DMUs are (xi, ),k € . We use

the following six axioms to provide a foundation for
TB_FAH_

Axiom 1 (Feasibility of Observed Data). For any
ke I/ (xk/]/k) = (x[Y/xE/y]Y) eT.

Axiom 2 (Free Volume Input Disposability). Let (x,y) =
(xV,xB,yV)eT. Consider any (%,y)=x",%%y")e
R x {01}2 xR} Let xV>%" and x? =xP. Then
(x,y)eT.

Axiom 3 (Free Volume Output Disposability). Let (x,y) =
(xV,xP,y") € T. Consider any (x,7) = (x,x%, #") e Rl x
{01} x RS Let 7V < V. Then (x,7) € T.

Axiom 4 (Binary Inputs). Let (x",x8,y")eT= xBe
{012, xB £ 0.
Axiom 5 (Conditional Additivity). Let (x",x?,y") e T, (x",
B, 5V)eT, withx? £ %8, (xB + ) € {01} = (¥ +7",
By +5)eT.
Axiom 6 (Minimal Extrapolation). The technology T is
the intersection of sets T’ ¢ R" x {0,1}* x R® that con-
tain all the observed DMUs and satisfy the stated Axi-
oms: 1,2,3,4,and 5.

As summarized in the next theorem, the six Axioms
suffice as an axiomatic foundation for T = TB-FAH,

Theorem 2. The minimal extrapolation PPS that satisfies
Axioms 1,2,3, 4, and 5 is the set TB-FAH i (8).

Proof. See Appendix A. O

In the following, let us assume that we have a data
set with n DMUs characterized by

{x,‘f, xf,y,‘f}, xp = kel 9)
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where ¢ is the kth unit vector in R”. The combination
of Axioms 4 and 5 ensures that a feasible merger of
DMUs, for example, of (xV,xf,y") and (%",%%,7"),
permits the simple addition of input and output vec-
tors between the units forming the merger, but only if
the units have different binary input vectors and the
sum of the binary vectors belongs to {0,1}".

Given (9), we know that a unit connected to a
merger is blocked from joining the same merger again
because of condition (x®+xP)e{01}"; that is, the
duplication of units is not permitted. Furthermore,
assuming (9), THH = {(x",y") | (x",x®,y") e TEFAH} s
the minimal extrapolation production possibility set.
Inserting xf = ¢,k €] into Equations (8.3) to (8.5), we
know that the following three constraints hold:

xB =[061,...,64]", (10)
[1...1]" > [61,...,0u]", (11)
[0.....0]" <[01,....64]". (12)

Constraint (11) is clearly satisfied in the definition of
TF* in Model (6). Formally, Constraint (12) would
require the addition of constraint 3¢ 6x > 1 in Model
(6). However, setting 6, = 0,k € I would not contribute
to the definition of the technology set T""’. In sum-
mation, assuming (9), the minimal technology set is
equivalent to T"*", which can be expressed as the
union of [Sges X, Skes Y] + R, x R®, VS € P(I)\0, with
sets including each observed DMU and all mergers of
existing DMUs, as shown in Model (7).

When creating the initial data set for Model (9),
each DMU owns a specific area, which is translated
into one binary input, and no pair of DMUs share the
same area. Drawing from the real world, the binary
variable with respect to public hospitals could be inter-
preted as the catchment area, with the volume of serv-
ices provided reflected by the size of the hospital and
the relevant population. The duplication of hospitals
in a merger analysis should be avoided because the
stock of patients needing medical services is typically
fixed. Another example is drawn from general practi-
tioners (GPs), who are frequently reimbursed by local
authorities for their services to citizens living within
their catchment area. For budgetary reasons, the num-
ber of GPs in any given area is typically regulated. In
general, a GP begins practicing in an area provided
he/she buys an existing practice from a retired GP,
which implies that the new GP purchases the right to
practice in that area. In a merger analysis of GPs, the
binary input in Model (9) would be the permit to prac-
tice in a given area. With regard to air traffic control,
each of the ANSPs is certified by the Member State to
service flights in a given subspace of the European
airspace. Any given merger of a group of existing ANSPs

is only feasible if the participating ANSPs are per-
mitted to service one of these subspaces. In a
merger analysis of ANSPs, the binary input in Model
(9) would be the permit to control flights in a given
airspace.

In summing up this section, let us rewrite Model (3)
in a more general form, where we specify a general
technology set T:

max > (07)'m;+> ") 'm*

aeW aeW
s.t. (Z WiXi =115, > Vi + m;) eTaeW,
iel iel
(3.5),(3.6),(3.7),(3.9),(3.10). (13)

Furthermore, Model (14) represents the contiguous
DEAmerge model that is applied with the T"* tech-
nology in the case study in Section 6:

max >, (") 'm;+ > ") 'm*

aeW acW

s.t. (Z WoiXi = 1, > i + m;) eT aew,
i€l i€l
(3.5),(3.6),(3.7), (3.9), (3.10)
(4.1),(4.2),(43), (4.4), (45), (46), 47).  (14)

5. Decomposing the DEAmerge Results

Following Bogetoft and Katona (2008), we decompose
the potential merger gains into three components: (i)
learning, (ii) harmony, and (iii) scale effects. We note
that the potential input savings for any prespecified
merger H in Equation (1) are based on a radial con-
traction of inputs, which is in contrast to the DEA-
merge model, where the potential merger gains for
any given merger a € W= {1, --,w"} are measured by
the optimal values of the input and output slack vec-
tor ((m;),(m})),ae W from Model (3). To accom-
modate a similar decomposition,® we develop the
DEAmerge model not only as a modification of the
weighted additive model of Lovell and Pastor (1995)
but also as a DDF with endogenous directions, which
are shown to be proportional to the vector of optimal
slacks from the weighted additive model. This
“double representation” of the DEAmerge model ena-
bles the decomposition of the potential merger gains
derived from a DDF version of the merger analysis.
As suggested in Bogetoft and Otto (2011), the DDF
measures the potential overall merger gains by solv-
ing Equation (2), where d* € R, and d¥ € R, are a pri-
ori chosen directions in input and output space to be
reduced or expanded, respectively. In Fare et al.
(2013), it is shown that it is possible to use a DDF for-
mulation with endogenous directions based on nor-
malized direction constraints. This approach allows
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us to translate Model (13) into an equivalent nonlin-
ear, DDF framework as follows:

max Z e, (15.1)
acW
s.t. (Z UiXi — ead?, D\ i +eady | €T ae W, (15.2)
i€l i€l
@) d + (") d) =1 aeW, (15.3)
D=1 aeW, (15.4)
icl
D=1 iel, (155)
acW
u,; €{0,1}, aeW,ie€l,
(15.6)
e; >0 aeW, (15.7)
d*eR!,d) e RS aeW, (15.8)
(15)

where v~ = (v7, -, 07),v* = (v}, -+, v})" are the a pri-

ori specified weights from Model (3). We find the optimal
endogenous directions (2, dZ),a € W used in Model (15)
by first solving Model (13). Letting ((m),(m]))=
eo(d,dy) >0 and (v7)'dX + (v*)'d) =1,a€ W, we then
rewrite the objective function in (13) as follows:
M) d + > ea(v*) dl.
acW acW
Because Yuew €a(v7) d¥ + Saew ea(0") d) = Saew €, based
on Equation (15.3), Model (13) implies Model (15).” For
inefficient units, at least one slack is strictly positive.
Hence, ((d;f)*, (dZ)) =|(m;),(m?)’]. With respect to effi-
cient units, ()", (m;)") = 0 in Model (13), that is, merger a
lies on the frontier, in which case the direction is not uniquely
determined. We assign an arbitrary (d%,d;) > 0 to ensure the
equivalence of Models (13) and (15). Focusing on merger
d € W, the optimal direction vector ((dg), (dZ)) is propor-
tional to the direction vector derived from the optimal slacks
in (13), because ((d;‘), (dg)*) = [(mz)", (mf)’]/e;. We know
that (v™)" (@) + (v*)"(d4)" = 1; hence,
e @) @) [[() @)
= e}[(v‘)T(m;)* + (v+)T(m;{)*] =e;,

which is the optimal value of both Models (13) and (15).

Focusing on an optimal solution of DEAmerge in (13)
with w® mergers, let us define H, = {iel|u,=1},ac W=
{1,...,w"}. Hence, merger a consists of DMUs with indices in
H,, where H,cI,U,H, =1,H, NH,, =0, Ya; # a,. To calcu-

late the overall excess vector for merger a, we solve (2) with
H = H,, (=d%,d%) = (=(m, )", (m;)'):

a DED yk)

es(H,, T) =maxqe e R
keH, keH,

+ (=(my), (mi) e e T},a e{1,... ,wo}, (16)

where ¢;(H,, T) is the optimal excess value, that is, the
number of times we add the improvement vector
(—=(m;)",(m})) and remain within technology set T. By
construction, the optimal excess vector is equal to one
because the optimal solutions of (13) and (15) are equal.

Let us denote the adjusted input and output vectors
after removing the pure individual learning effect of

DMU k entering merger a by
X = xp + eq({k}, T) X (-m;)", and a”
U =y +ea({k}, T) x (m})', k € Hy,a € W.

Using the direction d,, we correct for the individual
DMU specific learning effects before decomposing
further, as follows:

¢/ (H,, T)

= max{e eR|| D] [(xe yi) + ea({k}, T) x da]) + dye e T}
keH,

= max{e eR|| D] (F gk)) +dge € T},a eW. (18)
keH,

The expression e;H” (H,, T) measures the number of times
we improve H, in direction d, after having corrected for
each DMU'’s individual improvement potential in this
direction while remaining within the technology set T.
The difference is defined as egﬁ(Ha, T) = ea(H,, T) — €™ (H,, T),
which measures the impact of the individual potential
learning possibilities of all DMUs, were such savings
to be successfully implemented. Because ¢;(H,, T) = 1, we
know that egf(H, T)+ e;H“ H,, T)=1. The latter element,
e;H“ (H,, T), is disaggregated into harmony and size effects.

The harmony effect represents the gains obtained
from the reallocation of inputs and outputs between
the units composing the specific merger. We estimate
the harmony effect by projecting the average unit in the
merger in the direction d, toward the efficient frontier.
Let |[H,| = Sjer i, be the number of firms participating
in merger a. Using the direction d,, the harmony effect,
denoted egl“r(Hg, T), is estimated as follows:

el (H,, T)

= |H,| X max{h eR

IHal ™ 7 [(xe i) + ea({k}, T) x da],)

keH,

+d,heT

= |H,| X max{h €eR

H ™S (%, yk)) +dhe T}. 19)

keH,
The size effect e3(H,, T) is estimated as the residual:
e5(Ha, T) = e (H,, T) — e (H,, T),a € W. (20)

Finally, the full additive decomposition for merger a
is expressed as

es(Ha, T) = ¢ (H,, T) + et (H,, T) + €5(H,, T)
=1, if es(H,, T) >0, a€W. 1)
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5.1. Profitable or Costly Harmony Effect

A DDF approach to measure the effect of harmonizing
the learning-adjusted inputs needs an a priori chosen
direction in input-output space, which in (19) is
denoted d, = (d%,d4). In this section, we focus on the
input space, that is, d, = 0. The gain from the harmon-
ized inputs is measured as the maximal number of
times improvement vector d; may be subtracted from
the learning-adjusted inputs, keeping the output con-
stant and remaining within the reference technology
set. When harmonizing is profitable/costly, the radial
measure is below/above one, whereas the DDF meas-
ure lies above/below zero. It is possible to show that if
T is convex and satisfies free disposability, the gain
will be weakly positive, which means that it is less
than or equal to one in the radial approach and greater
than or equal to zero in the DDF approach.

An interesting alternative interpretation of harmon-
ization gains in a radial merger model is suggested in
Bogetoft and Wang (2005). The gain from an optimal pure
reallocation is shown to be equivalent to the harmony
effect if the reference technology is convex and satisfies
free disposability. The specifics of this reallocation model
are as follows. Consider a merger H C I. Assume that we
are asked to reallocate the available total learning-adjusted
inputs Xy, k € H from the |H| firms to a number of “new”
firms. We use the notation (x*k,y*k), k € H to indicate the
endogenous inputs and outputs after the reallocation.
We cannot reallocate inputs in excess of what is available,
that is, Yrey X < Sken % Furthermore, the new units
must produce at least the total current output, that is,
ket Y > Sient ¥, Finally, the reallocated input-output
combinations must be feasible, that is, (x**,y*) € T,k € H.

The FAH technology is nonconvex, which implies that
the DDF-based harmony effect may lie either above or
below zero® In (19), we introduce the DDF harmony
effect using the general technology set T and direction
vector d, = (d%,d3). In this section, we focus on the tech-
nology set ™" and an I-dimensional direction in input
space. In (7), we derive an expression for TFH based on
the power set P(I)\0. Let us denote the 2" —1 potential
merger sets as S',..., 5% 1. It is possible to reformulate
the DDF harmony effect in (19) with ; = 0 as the follow-
ing pure reallocation formulation.

—H
Theorem 3. Let a DDF harmony effect measure HA ,pp be
calculated using the direction dPPF = (d%,d3) > 0, with d, = 0
as the optimal solution to

|H| x max [H[ 'h
st D X—dih> > "
- keH keH
HAppr = Z]}k < Zy*k
keH keH
(x*k,y*k) c TPAH,k cH
helR. (22)

399
Assume that
Ae{l,...,2" =1} such that (x*k,y*k)
G(Zxk,Zyk +R, xR, ke H. (23)
keS! keS!

Conditioned on (23), an optimal solution |H|™" x h* in (22) is
equal to the optimal harmony effect from (19) with d; = 0.

Proof. See Appendix. O

In (6) and (7), we derive two equivalent expressions for
T"H. The first expression is informally discussed in Green
and Cook (2004) and the second expression is based on
the power set generation P(I)\0 with 2" — 1 sets generat-
ing 2(2" — 1) input and output constraints. Satisfying (23)
requires that the |H| reallocations (x*, "),k € H belong to
one of the 2" — 1 subsets of T"F.

We are aware that some substitution possibilities
exist between the harmony and size effects. Specifi-
cally, issues with the harmony computation are likely
to arise when the combination of units in a merger is
not of similar size, rendering the simple average
rather problematic. Bogetoft and Wang (2005) suggest
an a¢—harmony effect measure in relation to an input
oriented, radial, exogenous merger model, as follows:

Definition 1. An a-radial harmony effect HA! for
merger H is calculated by solving

hxa), Ekxk,az n

keH keH

HAM = min|h e R eT|ael0,1].

It is suggested that a defines activity levels, and that
in the classical definition of HA”, a is preset to |H| It
However, there has been no discussion of procedures
to choose a value for «, nor a description of the cir-
cumstances under which a should correspond to the
simple average or otherwise. We propose an a—DDF,
input-oriented harmony effect measure as follows.

Definition 2. An a—DDF harmony effect HAM - using
the input direction d > 0 can be defined as

CYZ J?k - d;’h,az yk

keH keH
ael0,1]. (24)
We note that Model (24) collapses to (22) when a = |H| ™.

We connect the reallocation model (22) to the harmony
effect measure by rewriting (24) as follows:

1
HAZIDDF = amax heR e TFH

7

1
HAM o = ~max h

s.t. Dk —dih > a7y (25.1)
keH
Dl <aly (25.2)
keH
(x*,y) € TFH (25.3)
heR (25.4),

(25)
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whereby (x*,y*) is interpreted as one endogenous real-
location vector. Assuming that a™! is a positive inte-
ger, Model (25) identifies a~! identical reallocation
vectors (x*, ).

The issues discussed here are also pertinent to the air
traffic control market analysis, in which one of the opti-
mal mergers consists of six DMUs and the largest firm
produces approximately 74% of the merger’s total out-
put. Estimating the harmony effect, using the simple
average in Equation (22), disaggregates the sum of the
inputs and the outputs into six equally sized input vec-
tors and outputs. To avoid creating new firms of
smaller size than the current largest firm, we replace
this harmony estimation with the reallocation-based
harmony model (25) and set a~! = 0.7471 =1.35. Acc-
ordingly, we create 1.35 firms consisting of one firm
with reallocated inputs capable of producing 74% of the
total output and another smaller firm with reallocated
inputs capable of producing 26% of the total output.
Hence, we propose the application of the alternative
a-formulation in cases like this, where the participating
firms in a merger are of very different sizes. Choosing a
equal to the relative output (market share) of the largest
DMU in the merger improves the balance between the
harmony and size effects of the proposed merger
decomposition.

6. European Air Traffic Control Market
Across the globe, the jurisdiction of ANSPs is aligned
with state borders. Air traffic movements at airports
are controlled by towers and approach units, whereas
upper airspace, en route traffic is controlled by Area
Control Centers. The centers are further divided into
en route sectors, in which at least one air traffic con-
troller manages each sector. The centers deploy a
range of technological facilities, including radar- and
satellite-based location equipment and air/ground
communication equipment, to safely locate and sepa-
rate traffic. As an aircraft enters the airspace of a Euro-
pean member state, it is serviced by a specific ANSP
and handed over to the next ANSP according to the
flight path chosen. Each service provider individually
procures tailored equipment and maintains training
schools and all other support functions. This fragmen-
tation of the European skies impacts safety, limits
capacity, creates congestion, and causes substantial
additional costs (Baumgartner and Finger 2014, Adler
et al. 2022).

It is against this background that the EU created the
Single European Sky initiative with the aim of treating
European airspace as a single entity, instead of a patch-
work of multiple national systems. The single sky legisla-
tive framework consists of four basic regulations covering
the provision of air navigation services, the organization
and use of airspace, as well as the interoperability of the

European air traffic management network. A major transi-
tional component of this program is the notion of FABs,
which are intended to merge 29 providers into nine aggre-
gated entities, which are expected to handle air traffic
more efficiently. The intention behind agglomeration is to
increase the scale of operations, irrespective of national
borders. In summation, FABs are intended to (i) reduce
airspace fragmentation, (ii) reduce overall costs, (iii)
accommodate steadily growing traffic, and (iv) minimize
delays by managing the traffic more dynamically.

In this case study, we apply the contiguous DEA-
merge model (14), assuming an FAH technology, to
estimate the potential merger gains from aggregating
ANSPs in Europe. The structure of the technology is
motivated by the following observations. Each airspace
belongs to a sovereign country, so it is not possible to
subdivide them. However, it is possible to combine
national airspaces into larger airblocks by merging
some of the ANSPs. The airspace users produce the
flights that the ANSPs are required to track. Hence, the
output cannot be reallocated or increased by the ANSPs
alone. Consequently, the lack of replicability defined in
Axiom 4 and the conditional additivity in Axiom 5 of
the T"** technology set are relevant to this market.

The European sky is defined as a planar graph with
each national airspace (ANSP) represented as a node
with an edge connecting any pair of ANSPs if the two
relevant airspaces are neighbors. Figure 2 outlines the
primal and dual graphs that correspond to the Euro-
pean planar graph. The blue (dark) numbers and solid
lines represent the vertices and edges of the primal
graph, respectively, whereas the red (light) numbers
represent the vertices of the dual graph. By construc-
tion, the model requires that any primal vertex be con-
nected to more than one other primal vertex. In our
case study, this is an issue in the cases of Cyprus, Portu-
gal, and Ireland, all of which are connected to only one
airspace, namely, Greece, Spain, and the United King-
dom, respectively. To ensure feasibility and consider all
the ANSPs in the analyses, we create three fictitious
edges between the primal vertices (5-12, 1-6, 7-29) and
three fictitious dual vertices (30, 29, 31), as shown in
Figure 2. By constraining the relevant primal directed
arcs Py to zero, we ensure the feasibility of the contigu-
ous DEAmerge model (14).

The data on which we base our analysis of the air traf-
fic control market in Europe are published in the ACE
Benchmarking Reports, which have been circulated
annually by Eurocontrol since 2002. The units of obser-
vation for this analysis consist of European ANSPs. We
consider the ANSPs participating in the FAB initiative,
as listed in Appendix B, with the exception of Bosnia
and Herzegovina, for which there is a lack of data, and
Maastricht Upper Area Control Centre, which serves
only upper airspace. Consequently, we analyze 29 Euro-
pean ANSPs for the years 2010 to 2014.
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Figure 2. (Color online) Primal and Dual Graphs of European Airspace

W

Given the relatively small number of observations,
we consider three inputs: air traffic controllers (ATCOs),
support staff, and capital stock. ATCOs are counted in
terms of full-time-equivalent personnel. Support staff
include all nonoperative, full-time-equivalent person-
nel, such as technical support, administration, and man-
agement. We separate the two types of staff because
they fulfill different sets of tasks, and their salaries
are substantially different. Capital stock represents the
capital net book value of the fixed assets, including
buildings, controller working positions, air traffic man-
agement equipment and communications, navigation,
and surveillance infrastructure. The capital stock is
adjusted by the exchange rates to create a standardized
currency across countries in Euros. The output of our
analysis includes the composite flight hours, which is an
indicator integrating both the instrument flight rules en
route hours and the airport movements controlled by the
ANSPs. To account for workload heterogeneity, we mod-
ify the composite flight hour formulation by including
complexity as an adjustment factor for the total flight
hours controlled, as shown in Equation (26). As noted in
the Eurocontrol report entitled “Complexity metrics for
ANSPs benchmarking analysis (2006),” complexity indica-
tors capture the level of difficulty of the en route control
tasks, which directly impact controller workload. We
include the complexity indicators in the benchmarking
process as follows:

Composite flight hours = Total flight hours * Complexity
+ a X IFR airport movements,

(26)

where a(~ 0.27) is a conversion factor estimated in the

Eurocontrol report (2006). Figure 3 presents the evolu-
tion of the average values compared with a 2006 base

year. Despite an overall increase of +7% over the eight
years, the output level shows the clear impact of the
2009 financial crisis. The capital stock variable (NBV)
remains almost constant during the period, with a
decline in 2013 of —5%. The number of ATCOs shows
a constant, small, upward trend leading to an increase
of 4% compared with the base year, whereas the num-
ber of full-time-equivalent support staff (Support#)
decreased in a nonconsistent manner by —7% over the
same time frame.

Model (14) selects the mergers endogenously based
on the input and output levels of the individual pro-
viders. Given the substantial variability over the time
frame, particularly with respect to the output, it would
not be reasonable to base long-term merger decisions on
a single year’s performance. Therefore, we conduct our
analysis on the inputs and output for an average period
to soften the market fluctuations. We selected the five-
year period from 2010 to 2014 in an attempt to reduce
the exceptional effects of the financial crisis. Table 1
presents descriptive statistics of the average values con-
sidered in the analysis. With respect to the inputs, the
Italian ANSP (ENAV) invests the most in capital stock,
whereas the French operator (DSNA) employs the high-
est number of both ATCOs and support staff. Germany
(DFS), followed by France (DSNA) and the United King-
dom (NATS), control the highest output levels. Malta
(MATS) is the smallest ANSP considered in the analysis,
with the lowest levels of inputs and output.

We first present the potential savings that could
have been achieved had the FABs been implemented.
We apply the input slack orientation of DEAmerge’
Model (13) with a fixed merger vector p,; that follows
the FAB regulations. The Single European Skies II regula-
tion, introduced in 2004 and expected to be implemented
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Figure 3. Change in Values of Variables from 2006 to 2014
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by 2012, created nine providers, each with a contigu-
ous airspace. We define u!4# as the indicator vector
corresponding to the nine FABs, that is, ufAf =1 if
ANSP i belongs to FAB a and pf8 = 0 otherwise. Table
2 presents the objective function (with weights v;
equal to the inverse of the standard deviation of the
specific input j) and the slacks for the exogenously set
merger choice. Potential savings include around €1.12
billion in capital stock, approximately 4,500 ATCOs,
and 5,250 support staff, representing savings of 20%,
31%, and 18%, respectively. Thus, implementing the
FAB initiative should lead to approximately €2.1 bil-
lion in savings, based on the average costs of staff per
provider.

Table 3 presents the results of the endogenized mer-
ger DEA framework with and without contiguity
constraints, based on input-oriented Models (14) and
(13), respectively. The results of the contiguity-constrained
DEAmerge model include two optimal solutions with
the same objective function value: one composed of
four mergers (row (i)) and the other of three mergers
(row (ii)). In general, the results suggest that approxi-
mately €3.3 billion in savings are available, equal to
52% cost savings in comparison with the 33% achieved
by the FAB initiative. When comparing the results in
rows (i) and (ii) to that of the FAB initiative, the contig-
uous DEAmerge saves an additional 9% in capital
costs, 11% in controllers, and 18% in support staff over
and above the second best political solution. In the
case of the DEAmerge model without contiguity con-
straints (row (iii)), the results suggest a five-merger
solution, with a smaller reduction in capital but higher
staff savings compared with rows (i) and (ii).

As to the merger structure, the DEAmerge model
with contiguous constraints determines an optimal
merger structure of three or four merged units, replac-
ing the original 29 air navigation service providers or
the nine functional airspace blocks (as detailed in
Appendix B). As expected, the noncontiguous model
achieves higher overall savings by combining firms
that are not possible given the current technology but
may be of use after the adoption of trajectory-based
air traffic control services.

In Table 4, we present the full details of the optimal,
four ANSP solution outcome, and in Figure 4, we
compare this optimal solution to that of the FAB ini-
tiative. This optimal solution creates one large merged
firm that produces 36% of the market output by com-
bining two relatively large regions: France and Spain.
The second largest merged firm serves 26% of the
market and combines the United Kingdom with five
small ANSPs. The third and fourth mergers split the
remaining market, with Italy joining 13 small ANSPs
and Germany, the largest original ANSP, left on its
own. The alternative optimal solution (presented in
Table 3), with a three-ANSP solution outcome, entails
either combining Germany with the third merger or
combining mergers 2 and 3. Neither of these options
may be a preferable outcome should competitive
considerations also be taken into account. The first
merger may be problematic because of the corridor
that extends eastward, including Slovenia (SLO) and
Croatia (CR), which may generate inefficient flight
paths from the airspace users’ perspective. Solving
this issue would require additional policy or technol-
ogy constraints, in the form of cutting planes, added
to the current contiguous DEAmerge model.

To study the source of the gains presented in Table 3,
we decompose the overall savings obtained from the
contiguous DEAmerge model with respect to learning,
harmony and scale effects. As shown in Table 5, the
learning effects range from zero for the fourth merger,
which consists solely of the relatively efficient Ger-
many, to 23% savings from the third merger, composed
of a total of 14 original ANSPs. The a—DDF harmony
effect estimates from Equation (25) range from zero for
the fourth merger to 67% for the first merger. Indeed,
the harmony effects are high for the first and third
merger, but are only 19% for the second merger, where
the relatively efficient UK ANSP serves 74% of the out-
put; hence, the gains are relatively lower from the

Table 1. Descriptive Statistics of the European Air Traffic Control Market

Average Standard deviation Maximum Minimum
NBV (000 €) 195,904 255,933 869,308 8,564
ATCOs (no.) 504 660 2,743 49
Support (no.) 1,001 1,210 5,483 92
Adjusted composite output 2,817,769 4,563,217 15,857,225 66,118
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Table 2. Potential Savings from the Functional Airspace Blocks Initiative

Objective value ANSP NBV ("000 €) ATCOs (no.) Support (no.)

1 0.313 UK-IR FAB 40,482 76 47

2 1.170 DK-SW FAB 46,640 423 418
3 1.176 Baltica FAB 59,568 257 669
4 3.930 BLUE MED 539,872 1,027 318
5 3.378 North Europe 225,241 1240 746
6 2.564 South West 129,078 576 1,433
7 1.490 Danube FAB 69,300 529 504
8 1.495 FAB CE 9367 345 1131
9 0.0 FABEC 0.0 0 0

15,516 Total 1,119,548 (20%) 4,473 (31%) 5,266 (18%)

reallocation of inputs. The remaining synergies draw
from economies of scale, which are highest for the sec-
ond merger and explain around one quarter of the
merger synergies for Mergers 1 and 3. Yet, had we used
the simple average to estimate the harmony effect,
based on the optimization in Equation (22), we would
severely underestimate the harmony effects because the
three mergers aggregate across firms of very unequal
size. In merger 1, France produces 49% of the total out-
put, and in merger 3, Italy produces 40% of the merg-
er’s total output. Incorrectly assuming mergers between
DMUs of similar size leads to substantially negative
harmony effect estimations, which, in turn, lead to
unrealistically large size-effect computations.

7. Conclusions and Future Directions
Generally, mergers and acquisitions may result in
improved efficiency because of increased production
scale and merger-specific synergies. The DEAmerge
model we propose evaluates merger combinations
endogenously to determine the merger structure that
maximizes the weighted sum of the potential effi-
ciency savings of all mergers simultaneously, relative
to the technology set. This set is approximated by
either convex or nonconvex reference technologies
within the DEA framework. In other words, based on
the concept of structural efficiency (Farrell 1957), our
model could be applied to identify the merger struc-
ture(s) that provides the largest efficiency gains at the
level of an industry or a firm.

We have shown that the estimation of the optimal
number of mergers, their compositions, and the total
potential efficiency gains requires mixed integer linear
programs. Such mergers are evaluated by maximizing
the sum of the weighed L; distances from each of the

mergers to the frontier of the technology. Because the
focus is on merger synergies, including economies of
scale, we do not consider constant or nonincreasing
returns to scale reference technologies. The standard
approach would, therefore, be the convex hull, VRS
reference technology, in which merged units operat-
ing at large scale may demonstrate a lack of merger
gains or even losses as a consequence of the merger.
However, the lack of merger gains would merely
reflect the existing best practice alone. We argue that a
large entity ought to succeed at least as well as two
smaller units into which it could be decomposed.
Hence, an NDRS reference technology could replace
the VRS. Unfortunately, we show that the application
of a convex NDRS reference, together with the endog-
enous merger structure outcome from the DEAmerge
model, will always determine that the grand merger
consisting of all DMUs is one of the optimal market
structures. Grand mergers would lead to a monopolis-
tic producer, which is unlikely to generate an efficient
market outcome over time and would create difficul-
ties for a regulator to benchmark. Consequently, we
apply an alternative technology, denoted FAH, in
which a nonconvex VRS reference technology spans
not only the observed DMUs but also all the potential
mergers of observed DMUs. In addition, we develop
an axiomatic foundation for this reference technology.

We apply the contiguous DEAmerge model with
FAH technology to the case of the fragmented Euro-
pean air navigation system provider market, where
each country provides such services independently of
the size of their airspace. The optimal configurations
created according to the model are then compared with
the FABs, an exogenous system reconfiguration deter-
mined by the European Union almost two decades ago.

Table 3. Endogenous Merger Potential Savings (% Reductions)

Row Model Objective value  NBV ('000 €)

ATCOs (no.) Support (no.) No. of mergers

() 14 245377 1,675,200 (29%)
(i) 14 245377 1,675,200 (29%)
(iii) 13 25.3566 1,294,110 (23%)

6,098 (42%) 10,580 (36%) 4
6,098 (42%) 10,580 (36%) 3
6,743 (46%) 12,941 (45%) 5
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Table 4. Model (14) Solution with Four Mergers

Merger 1 Merger 2 Merger 3 Merger 4
Output 29,611,432 21,163,771 15,082,867 15,857,224
No. of countries 8 6 14 1
Countries PO, SP, FR, AU, BE, SZ, UK, IR, NE, DK, NO, SW  IT, MA, FIL ES, LA, LIT, GE
SLO, CR PO, CZ, SL, HU, RO, BU
GR, CY

Our results suggest that, although FAB configurations
are likely to create substantial potential savings, in the
region of €2.1 billion annually, the functional air blocks
do not represent an optimal solution for agglomeration.
Given the shape of the technology, the contiguous
DEAmerge model suggests that a market structure
comprised of three or four air navigation service pro-
viders would provide optimal service for the European
market, saving around €3.3 billion annually compared
with the current system, a marked improvement over
the nine providers proscribed by the Single European
Skies initiative. If the service could be provided with-
out the requirement for contiguous space, which is
potentially possible under new trajectory-based, air
traffic control technologies, five companies would lead
to optimal industry savings.

The approach proposed has several potential exten-
sions. When considering mergers and acquisitions
and industry reorganizations, it could be relevant to
consider a time frame in the analysis. The choice of
mergers could be based on multiple time periods, not
only on the last period or the average of several peri-
ods prior to merging. This would require combining
Malmquist with the DEAmerge framework. Another
possible extension is to consider the rationalization of
the inputs as a function of the number of units merg-
ing. However, to implement this approach, the likely
impact of an increase (or decrease) in size with respect
to input rationalization would need to be estimated
independently.

Testing the DEAmerge model using simulated data
from a known convex VRS technology would be an

interesting area for future research. The simulation
would enable a comparative analysis of the VRS, FDH
and FAH reference technologies and their impact on
the performance of the DEAmerge model. If the sam-
ple size is relatively large compared with the dimen-
sions of the input-output space, we would expect the
creation of mergers located close to the most produc-
tive scale size of the underlying technology. DMUs
lying on the nonincreasing returns to scale frontier
will likely remain stand alone because the current
approach does not include disaggregation of existing
DMUs. The case study analysed in this research
included only providers that exhibit or are below the
most productive scale size, having applied a VRS
reference technology. Relevant technologies could be
assessed in a simulation by generating multiple data
sets, which may provide further insights into the most
appropriate models for estimating mergers and acquis-
itions a priori. Analyses of the small sample properties
of the FAH reference technology is another area where
a simulation study could prove useful.

The estimation of potential merger gains and its
decomposition, discussed in Section 5, implicitly re-
quires an assumption that all inputs and outputs may
be freely redistributed between the merged units.
Bogetoft and Otto (2011) discuss this issue and sug-
gest that each input and output be classified as con-
trollable or noncontrollable, as well as transferable or
nontransferable, between the merged units. Only con-
trollable and transferable resources ought to be re-
allocated. In the case study presented in Section 6,
we assume that all three inputs used in the merger

Figure 4. (Color online) Optimal DEAmerge Solution vs. FAB Initiative
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Table 5. Savings Decomposition Given a Equal to Largest Firm’s Market Share per Merger

Merger 1 Merger 2 Merger 3 Merger 4

|H| 8 6 14 1

Overall savings 1 1 1 0
NBV (000 €) 491,962 268,700 914,424 0

ATCOs (no.) 2,744 843 2,511 0

Support (no.) 4,092 751 5,737 0

Learning effect 0.12 0.10 0.23 0
NBV (000 €) 58,498 25,727 213,427 0

ATCOs (no.) 326 81 586 0

Support (no.) 487 72 1,339 0

Harmony effect 0.67 0.19 0.50 0
NBV (000 €) 331,321 50,835 457,212 0

ATCOs (no.) 1,848 159 1,256 0

Support (no.) 2,756 142 2,869 0

Size effect 0.21 0.72 0.27 0
NBV ('000 €) 102,143 192,138 243,785 0

ATCOs (no.) 570 603 669 0

Support (no.) 850 537 1,530 0

Note. The bold numbers are the values of the decomposition effects.

analysis are controllable and transferable, at least in
the medium to long run. It is left for future research to
supplement the results with a sensitivity analysis. For
example, it may be of interest to analyse the impact of
redefining the capital measure, net book value, as a
controllable but (partially) nontransferable resource.
Finally, a thorough analysis of the estimation of har-
mony and size effects would likely be of interest too,
particularly when mergers are composed of units of
very different size and the technology is nonconvex.
The current decomposition works well when the ana-
lyzed units are of approximately equal size and the
technology is convex. However, if that is not the case,
then the procedure appears to be less well behaved. In
this research, we have created an additive decomposi-
tion of potential merger gains into individual learning
effects and merger synergies within a nonradial con-
text, along the lines of Bogetoft and Katona (2008). To
generate mergers between firms that greatly differ in

Appendix A.

This section presents the proofs of Theorem 1, discussed in
Section 4, Theorem 2 and the axiomatic foundation developed
in Section 4.1, and Theorem 3 that is presented in Section 5.1.

A.1. Proof of Theorem 1

Proof. We will prove this theorem by showing that
from an optimal solution to DEAmerge(NDRS) with w, =
I+1,1=1,...,n—-1 and optimal criteria function 6°(/+1),
we can construct a feasible solution to the DEAmer-
ge(NDRS) with w, =1 with the same criteria value. From
this follows that the optimal value DEAmerge(NDRS)
with w, =1, that is, 6*(), cannot be smaller than 0*(I + 1).
Let us compare DEAmerge(NDRS) with wy =1 and with
wo=1+1,1=1,...,n—1. Let W™ ={1,...,wp}. Let the deci-
sion variables in DEAmerge(NDRS) with wy=11+1) be
denoted as & € R,,m," e R’Jr,m;(p) RS, €{0,1},aeW,
iel,pe{l,l+1}. Solving the following optimization prob-
lem for p = I and for p=1+1 will give us optimal solu-
tions to DEAmerge(NDRS) with wy =1 and with wp =1+1.

size, we have adapted the a-harmony effects pro- max 3 [(U,)T e + (U+)Tm;(p)] pe{ll+1}, (A11)
posed by Bogetoft and Wang (2005) to a nonradial aeTp

context. We set the size of a to the market share of the st Siohx= S hxi—m P, aeWrpe{li+1), (A12)
largest firm within each merger to avoid the simple R )

average. However, more research is necessary to pro- %6“'*’/" - %‘ Liitma”,  aeWhpedli+ly, (A4.13)
vide guidelines on how to estimate a in such settings. Sz, aeWr,pe{li+1}, (A.1.4)
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Let the optimal values from solving this optimization with
p=1+1 be denoted (bf;l) , (m;(m)) , (m;(m)) , (451 We
know from (A.1.2) and (A.1.3) that

Z(élﬂl)*x"f - Z(#lﬂl)*xij—(ml"j(l”))*, jel,

.iel .ieI

; +1\" _ ; 1\ -+D\"
Z( l+1i) o= (.“1+1) Xij — (ml+1j ) . JET
iel iel

and

Z (511?1)*3/&

S e (1), ke

.iel 'iel

; 141\ o 1) +(+D)*

Z (51111') Yie = Z (#111;‘) Yik+ (mt+(1k ) , kek
iel iel

Adding the first two of these input and output equalities,
we get

S + ) o= S + (e o

i€l iel
_ (ml-j(m))* _ (m;j(m))*,]. eJ
Sl 05 e = Sl 087 o
+ (mf,ﬁl“))* + (m;,i’”))*,k €eK.

Next, we insert the values of the optimal decision varia-
bles into DEAmerge(NDRS) with wg =1 as follows:

@ 5’1f=(51171) +(5§71) y =(5§;}) elpi=2,...Lpy=
pi+1, .
(b) = (') + () = (e} i€ Lpr =2, Lpa =
pi+l, . . .

© m{j(l) _ (m;j(/+1)) 4 (mgj(m)) ’m;l(]{) - (m;Z(]m)) Jelp=2
~-~/l/p2 :pl +1/

1 +1))* +1)\" ! +1)\"

(d) m;,f) = (m{’,f +1)) + (m;,f +1)) ,m;(k) = (m;;k;'l)) JkeK,pr =
2,...,l,p2 =p1 +1.
These values of the decision variables satisfy Constraints
(A.1) by construction, except for (A.1.4), in DEAmerge(NDRS)
with wy = [. Hence, we have a feasible solution to DEAmer-

ge(NDRS) with wy =1 with the same criterion as the optimal
solution with DEAmerge(NDRS) with wy =1+1 if

Son=|(o0) +(65") |2 1, and 335, = 35 (6)x)
iel i€l iel i€l
Zl,pl :2,...,l,p2 =N +1.
However, these inequalities are satisfied because Zidézjl >1,

a=1,...,1+1 from (A.13) in DEAmerge(NDRS) with wy =
I+1. O

A.2. Proof of Theorem 2

Proof Define the true minimal extrapolation PPS subject
to Axioms 1, 2, 3, 4, and 5 by T..

Part 1: Show that T, C TB-FAH Tf (xV,28,y") € Ty then
(xV,xB,4") can be expressed using (8.1-8.3), that is, (xV,xB,
y") satisfies (8.1-8.3) with some & €{0,1},kel. Let (%",
%8,9Y) € Toe, 3V, %5,7Y) € Tie, with 28 £%%,28 20,28 20,

(J?B +%B)e {0,1}12. Then, from Axioms 4 and 5, we know that
(ch +%V, 284 iB,ﬁV +yV) € Tie. Conversely, these two DMUs
satisfy (8) with some vectors 5 and 8. Now, consider (¥ + %", 25+
%8, 9V +9") e R x [0,1] x RS The expression (" + %", 2% + %5,
9V+gv) satisfies (8) with the vector 6 =4+5. Hence, (¥ +%",
B+ 78,9V + ) e TBFAH,

Part 2: Show that TB-FAH ¢ T},,,.. In other words, we show
that TB-FAH is a minimal set. Assume that we have another set
T’ that also satisfies Axioms 1, 2, 3, 4, and 5. To show that
TB-FAH js minimal, we need to show that if (%,7) = (", %%,
gv) € TB-FAH then (2,7) € T'.

Assume that two arbitrary (x,y), (¥,7) € TB-F4H, then we
know that there exists & € {0,1},0x € {0,1},k € I, such that
(8) is satisfied. Hence, (x,x%,y") = Syerd(xy, 28, 1)) and
®",%%,9") = Skad(x), xF,yY). We now show that (x,y) €
T" and (X,77) € T’; that is, we show that the DMUs satisfy
Axioms 1, 2, 3, 4, and 5. We know the following about
(x, y) and (%,%): For x” and y", Axioms 2 and 3 are satis-
fied from (8.1) and (8.2). Axiom 4 is satisfied be-
cause 6 €{0,1}, kel Combining10 (8.3), (8.4), and (8.5)
provides

[0....0]" <x® <[1...,1]".

To show that (x¥,x%,y") and (%V,%",7") satisfy Axiom 5,
let us assume that xB+%"€{01}2, xB#0,%% £0. If we
only consider (x, y) and (¥,¥) such that this is true, then
(V' +2Y, 28 +%8,yV + ") e TP-FAH. Hence, by selecting 6 and
5, as described previously, we find that Skt 6k + 8k
xB e {01}2. In other words, Syei[0k + Sel(xy,xP,y)) € TB-FAH,
On the other hand, (xV,xF,y")= SieOr(x),xf, 1)) and
®",%%,9") = Skadi(x),xE,y¢) are two DMUs that satisfy
Axioms 1, 2, 3, and 4 and Se[60 + 607 1xB € {0,1)". Be-
cause T’ satisfies Axiom 5, it follows that Zkel[él({x’y) +6f/y )]
(,xg,y)eT. O

A.3. Proof of Theorem 3

Proof. We focus on a merger HC 1. To satisfy (23), the
|H| reallocations (x*,y*),k € H must belong to one of the
2" — 1 subsets of T that is, one of the sets Z]»elyj(x]-, v+
(R, xR%), p €{0,1},kel. If (23) is true, then we can
replace (22) with the following mixed integer linear
program:

max |H[ xh

st > R —hdt—s7 = > a%, (A3.1)
keH keH
> +st =2y, (A3.2)
keH keH
D 1) + 5y = xk, keH, (A.3.3)
jel
Sy = sk =y, keH,  (A34)
jel
;€ {0,1}, jel, (A.3.5)
57,55 €RY, st s € RS ke H, heR.
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The expressions s5, > 0,53, > 0,k € H reflect free disposabil- max [H|™' xh
ity of inputs and outputs in T, and s7 > 0,s7 > 0 reflect i, L . _
the requirement of a feasible reallocation. st %x —hxd;—sy =H| Za: HY |+ % Sk
The left-hand sides in (A.3.3) and (A.3.4) only depend !
on k through the slack/surplus variables. By inserting S +st = |H|(Z wy | = > 5%
(A.3.3) and (A.3.4) into (A.3.1) and (A.3.2), we find keH je kel )
u; €{0,1}, jel,
max |H™" xh s7,55 €R.,st,s5 € RS ke H, heR,

s.t. Zick —hxd-sp=> (Z 1% +52k),

keH keH \ jel

S st = 2(2 " )

keH keH \ jel

DM sy =x%, keH
jel

S b -k =y, keH
jel

€ {0,1}, jel
s7,55 € R, sf,s5 € RS, ke H, heR.

which can be rewritten as

or

max |H|™' xh

st [HT D % - HMhxdi <> 1,

keH

HIT 2 00> 25 ny,

keH jel
b€ {0,1},j €1,

jel

By setting 1’ = |H|"'h, we compute the classical DDF har-

mony effect:

——H
HA b = max

h’eR‘

keH

I 305 = e JH 3 9"
keH

Appendix B. (Color online) List of Air Navigation Service Providers Grouped According to the

Functional Airspace Blocks

c TFAH

FAB Country ANSP FAB Country ANSP
UK NATS Bulgaria BULATSA
UK-Ireland Danube
Ireland IAA Romania ROMATSA
Denmark NAVIAIR Austria Austro
Danish-
Bosnia &
Swedish Sweden LFV
Herzegovina
Lithuania Oro Navigacija Croatia Croatia Control
Baltic FAB CE
Poland PANSA Czech Republic ANS
Cyprus DCAC Cyprus Hungary Hungaro Control
Greece HCAA Slovak Republic LPS
BLUE MED . .
Ttaly ENAC Slovenia Slovenia Control
Malta MATS Belgium Belgocontrol
Estonia EANS France DSNA
North Finland Finavia Germany DFS
European Latvia LGS FABEC Luxembourg
Norway Avinor MUAC
Portugal NAYV Portugal Netherlands LVNL
South West
Spain Aena Switzerland Skyguide
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Endnotes

T See https: //www.coopans.com/About-Coopans/ COOPANS-Value
(accessed August 4, 2022).

2 Another (output oriented) measure is F(T)=max{F € R, |
(ZkerXe, FXkenyk) € T}

3 We do not consider constant or non-increasing returns to scale refer-
ence technologies because the focus of this research is merger gains,
which ought to reflect some degree of increasing returns to scale.

4 The expression Tpapy can be viewed from two different perspec-
tives: (1) TFH is related to the free disposal hull (FDH) technology
set. Hence, if we add the constraint Y0 = 1, we obtain T'PH; 2)
TFH js related to the Koopmans technology set. Hence, if we add
the constraint Y0 > 1 and relax 6, € {0,1} to 6, €[0,1],k €1, we
obtain Koopmans technology (Grosskopf 1986).

® Volume measures of inputs or outputs use unit measures rather
than ratio measures (Olesen et al. 2015). In this paper, we introduce
a third measure, which is binary.

§ We are grateful to one of the referees for suggesting this link.

7 For greater details on why Model (13) implies Model (15), see Fare
etal. (2013).

8 A costly, radial harmony effect for a nonconvex CRS technology is
illustrated in Bogetoft and Wang (2005), and a costly DDF harmony
effect for a nonconvex FAH technology is discussed in the case
study in Section 6.

9 All DEAmerge models created in the previous sections are nonor-
iented. In the case study, we assume input orientation and hence
drop the second part of the objective functions accordingly.

101f +B attains its upper bound, that is, ¥ =[1,...,1], then it is not
possible to add anything to this DMU, because any other DMU will
be characterized by xB>[0,...,0]. Because the FDH constraint,

YketOk = 1, is not included, we can have arbitrarily many o, =1 from
k € I. Hence, if we ignore the part of Axiom 5 that conditions the additiv-
ity on the binary measures, that is., X& # )ZB,(XB +)~(B) €{01}", then
the simple additivity axiom is active.
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