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The concept of meta-frontier has been proposed in order to deal with group heterogeneity among enti- 

ties for nonparametric efficiency analysis. In brief, the meta-frontier is defined as the envelopment of the 

group-specific frontiers and naturally allows one to distinguish inefficiency from technology gap. While 

this concept has demonstrated its usefulness for empirical studies and been extended in several direc- 

tions, two major shortcomings are the fixed number of groups and the static allocation of entities across 

groups. This is particularly problematic when dealing with panel data. In this paper, we extend the meta- 

frontier approach when technology switchers are considered, and quantify the impacts of the switchers 

on inefficient behavior and technology gap. We demonstrate the usefulness of our new methodology with 

the case of the technology clubs in the world economy. 
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. Introduction 

Nonparametric efficiency analysis (e.g. DEA after Charnes, 

ooper, & Rhodes, 1978 FDH after Tulkens, 1993 ) is a technique 

sed to evaluate an entity – such as a firm, a plant, a utility, a 

ank, or a country – by comparing its performance with other 

ntities. This technique has demonstrated its usefulness in light 

f the significant number of applied works and extensions. 1 Re- 

arkably, initiated as an operations research tool, this method has 

een set forth in a wide range of renowned journals and used to 

ackle various types of research questions. 2 Potential explanations 

or their success are their data-driven spirit – the technique is non- 

arametric in nature since no a-priori assumption is required about 

he entities’ transformation process; instead, a production possibil- 
� We thank the Editor Robert Graham Dyson and the three anonymous referees 

or their comments that substantially improved the paper. 

E-mail address: barnabe.walheer@uliege.be 
1 According to Emrouznejad & Yang (2018) , 10,300 DEA-related articles were pub- 

ished between 1978 and 2016, and up to 10 0 0 journal articles were so annually in 

014, 2015 and 2016. 
2 Examples include macroeconomics and convergence (e.g. Färe, Grosskopf, Nor- 

is, & Zhang, 1994; Henderson & Russell, 2005; Kounetas, 2015 ), quality of life 

e.g. Cherchye, Lovell, Moesen, & Puyenbroeck, 2007a; Cherchye, Moesen, Rogge, 

 Van Puyenbroeck, 2007b; Walheer, 2019 ), energy-environment-economics puzzle 

e.g. Walheer, 2018b; Zhou, Ang, & Poh, 2008 ), public economics (e.g. Valdmanis, 

992 ), aquaculture (e.g. Sharma, Leung, Chen, & Peterson, 1999 ), tourism (e.g. 

anker & Natarajan, 2011; Huang, Ho, & Chiu, 2014; Walheer & Zhang, 2018 ), health 

are (e.g. Biorn, Hagen, Iversen, & Magnussen, 2003 ), and management of organiza- 

ions (e.g. Lewis & Sexton, 2004 ). These models, while deterministic, have also re- 

eived attention from the statistics and econometrics literature (e.g. Sengupta, 1990; 

anker & Natarajan, 2011; Simar, Vanhems, & Van Keilegom, 2016 ). 
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ty set, capturing the entities’ process, is reconstructed using data 

nd imposing technology axioms – and its easy use – it suffices 

o solve linear programmings. In practice, (in)efficiency behavior is 

aptured by the distance to the frontier of the reconstructed pro- 

uction possibility set. 

Nevertheless, nonparametric efficiency analysis presents two 

mportant shortcomings; which likely account for its neglect be- 

ond the operations research literature. First, its deterministic na- 

ure is often seen as restrictive. It implies, for instance, that 

here is no measurement errors and no outliers. Fortunately, well- 

stablished solutions have been proposed such as bias-corrected 

nd robust nonparametric efficiency analysis methods (e.g. Daouia 

 Simar, 2007; Daraio & Simar, 2007; Simar & Vanhems, 2012 ). 

econd, nonparametric efficiency analysis usually assumes that en- 

ities use a similar (but unknown) transformation process. In other 

ords, entities are homogeneous in terms of their process. For ex- 

mple, in a production context, it is assumed that firms use a simi- 

ar (but unknown) production function. A well-established method 

o overcome this restriction while keeping the advantages of the 

nitial nonparametric efficiency analysis models, is the concept of 

eta-technology ( Hayami, 1969; Hayami & Ruttan, 1970 ) or meta- 

rontier ( Battese & Rao, 2002; Battese, Rao, & O’Donnell, 2004; 

’Donnell, Rao, & Battese, 2008 ). 

Meta-frontier is a method tailored to deal with heterogeneity 

hen entities are partitioned into different groups. Basically, a dif- 

erent production possibility set is reconstructed for each group, 

hile an ‘overall’ set is defined as the envelopment of the group- 

pecific counterparts. In practice, the meta-frontier approach re- 

uires to partition entities into several groups, each capturing a 

istinct technology. A common feature of all applied studies us- 
itchers: A nonparametric approach, European Journal of Opera- 
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ng the concept of meta-frontier is the stability of their group- 

ng procedure. That is, such research considers a fixed number of 

roups and allocates entities to each group once and for all. In 

ther words, once the partitioning is made no modification is pos- 

ible. While this setting may be useful in some contexts, it is gen- 

rally restrictive or even unrealistic. For instance, new technolo- 

ies can be discovered and others disappear. That is, the number 

f groups may not be constant over time. Also, the number of en- 

ities in each group may not be constant over time. That is, there 

ay exist technology switchers, i.e. entities that adopt different 

echnologies over time. These different features have been omitted 

rom the meta-frontier technique. It is the purpose of this paper to 

llow for these options. 

We apply our methodology to the case of the economic growth 

onvergence amongst countries. This is probably the most famous 

mpirical question involving technology switchers (here coun- 

ries). In that case, a popular option is to partition countries into 

roups/clubs where technology is homogeneous inside but not be- 

ween clubs ( Azariadis & Drazen, 1990; Bernard & Jones, 1996; 

urlauf & Johnson, 1995; Galor, 1996 ). Important efforts have been 

ade to find coherent and consistent ways to define the clubs and 

he partitioning of countries amongst them (e.g. threshold method, 

CA, variables and dimensions to consider). In fact, these two fea- 

ures are the main focus in the literature. In general, a stable num- 

er of groups is found while some countries move from one club 

o another over time, i.e. some countries are technology switch- 

rs. Different reasons can explain the willingness of a country to 

dopt another technology, but technology is recognized as a main 

ource of economic development and a main factor of economic 

rowth ( Bernard & Jones, 1996; Gong & Keller, 2003; Hall & Jones, 

999; Islam, 1999; Prescott, 1998 ). Also, imitating or adopting new 

echnologies is, generally, costly, and it is therefore important to be 

ble to quantify the effects of the technology switch ( Abramovitz, 

986 ). This is exactly the added value of our methodology in that 

mpirical context: evaluate the impact of the technology switchers 

n the technology clubs and on the countries’ (in)efficiency behav- 

or. 

The rest of the paper is structured as follows. In Section 2 , 

e discuss the impact of the technoogy switchers on the meta- 

rontier. After, we set out defining some necessary concepts and 

resent our notations in Section 3 . Next, we motivate our new 

ethodology by a simple illustration and define our objectives in 

ection 4 . In Section 5 , we define our concept of counterfactual 

echnologies directly useful to define the switcher effects. In fact, 

he switcher effects are defined as ratios of well-known and well- 

stablished concepts in the efficiency literature and their counter- 

actual counterparts. In Section 6 , we apply our technique with the 

ase of the technology clubs and with two fictive scenarii. Finally, 

ection 7 concludes. 

. Meta-frontier and technology switchers 

Meta-frontier is recognized as the main tool to deal with tech- 

ology heterogeneity when conducting a nonparametric efficiency 

nalysis. Indeed, this methodology has been applied to a large va- 

iety of topics revealing the attractiveness of this concept for em- 

irical research. Examples of recent studies include Chen, Huang, 

 Yang (2009) for China; Kontolaimou & Tsekouras (2010) and 

ontolaimou, Kounetas, Mourtos, & Tsekouras (2012) for Euro- 

ean banks; Assaf, Barros, & Josiassen (2012) for hotels in Tai- 

an; Huang, Ting, Lin, & Lin (2013) for international tourist hotels; 

in & Du (2013) for Chinese regions; Beltran-Esteve, Gmez-Limn, 

icazo-Tadeo, & Reig-Martnez (2014) ) for Spanish olive produc- 

rs; Jiang & Sharp (2015) for New Zealand dairy farms; Kounetas 

2015) for European countries; Duygun, Sena, & Shaban (2016) for 

ritish commercial banks; Fu, Juo, Chiang, Yu, & Huang (2016) for 
2 
aiwanese and Chinese banks; Tsekouras, Chatzistamoulou, Koune- 

as, & Broadstock (2016) for the European transportation sectors; 

zad, Munisamy, Masum, Saona, & Wanke (2017) for banks in 

alaysia; Chang & Tovar (2017) ) for the West Coast of South Pa- 

ific terminals; Li, Kopsakangas-Savolainen, Xiao, & Lau (2017) for 

he Japanese electricity distribution sector; Walheer (2018a) for Eu- 

opean sectors.; Walheer (2019) for the Chinese electricity sector; 

as & Drine (2020) for Africa; and He, Walheer, & (2020b) and 

ang, Cheng, & Huang (2020) for the Chinese manufacturing sec- 

or. 

The basic idea of the meta-frontier technique is to partition en- 

ities into groups such that each group uses a different technol- 

gy. Common practice, common knowledge, or statistical methods 

ould be used to form the groups and allocate entities across them. 

he partitioning has been made using several criteria in empirical 

tudies such as ownership, geographical localization, economic in- 

rastructure, resource endowments, social environment, operational 

ettings, etc. The meta-frontier is then defined as an ‘overall’ fron- 

ier that envelops the group-specific technology frontier. Technol- 

gy gap ratios are computed to quantify the distance between the 

roup-specific frontiers and the meta-frontier. As such, this ratio 

rovides a measure of the gap between the technology available to 

ll entities and that available to a specific group of these. Attrac- 

ively, this ratio enables us to disentangle actual inefficiency, i.e. 

ith respect to the meta-frontier, from inefficiency with respect to 

he group. 

A common feature of all papers cited above, and to the best 

f our knowledge, to the literature as a whole is the stability of 

heir grouping procedure. They consider that entities are allocated 

o each group once for all, while the number of groups is fixed 

ver time. The main reason for this procedure lies in the initial 

efinition of the meta-frontier technique as given by Battese & Rao 

2002) and their followers who considered this setting as their 

tarting point. While useful in some cases, this setting is too re- 

trictive, and, for some contexts, may lead to unrealistic results. 

or example, when dealing with panel data or large sample, sev- 

ral things may change over time requiring more flexibility for the 

rouping procedure. 

The stability of the grouping procedure implies that some set- 

ings cannot be considered in the meta-frontier. First, it may be 

he case that a new technology is discovered (i.e. a new group is 

reated) or that a technology disappears (i.e. an exiting group is 

eleted). Second, the number of entities in each group may not 

e constant over time. That is, some entities may change of group 

ver time. Such entities are called technology switchers since they 

o not use the same technology over time. Putting this differently, 

n entity is a technology switcher in the meta-frontier context if it 

oes not belong to the same group over time. One of the objectives 

f this paper is to allow for more flexibility in the meta-frontier 

y considering the possibility of group creation and disappearance, 

nd by recognizing the existing of technology switchers. 

Technology switchers have been found in several empirical 

orks at microeconomic (e.g. Aravindakshan, Rossi, Amjath-Babu, 

eettil, & Krupnik, 2018; Bos, Candelon, & Economidou, 2016; Bos, 

conomidou, Koetter, & Kolari, 2010b; He, Walheer, and, 2020b; 

ynninen, Ojala, & Pehkonen, 2013 ) and macroeconomic levels 

e.g. Amsler, O’Donnell, & Schmidt, 2017; Bos et al., 2010b; Castel- 

acci, 2008; Castellacci, 2011; Castellacci & Archibugi, 2008; Castel- 

acci & Natera, 2016; Owen, Videras, & Davis, 2009; Saba & David, 

020; Stollinger, 2013; Walheer, 2021 ). From an intuitive point of 

iew, it is indeed difficult to believe that all entities keep the same 

echnology over time. From a theoretical point of view, the ex- 

stence of technology switchers requires new models with more 

exibility (e.g. Acemoglu, Aghion, & Zilibotti, 2006; Green, 2005; 

owitt, 20 0 0; Howitt & Mayer-Foulkes, 20 05; Orea & Kumbhakar, 

004; Tsionas & Kumbhakar, 2004 ). A feature that has been omit- 
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Table 1 

Simulation - groups and switchers. 

Entity Group t − 1 Group t Switcher 

A 2 2 no 

B 1 2 yes 

C 1 1 no 

D 2 1 yes 

E 2 2 no 
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ed so far is the impacts of the technology switchers on the 

in)efficiency behavior and the technology gap. A second objective 

f this paper is to offer these options with the additional advan- 

age of distinguishing the direct (on the switchers) and the indirect 

on the non-switchers) effects. 

All in all, the main novelty of this paper is to recognize the ex- 

sting of technology switchers in the meta-frontier methodology. 

his implies, first, to allow for more flexibility in the meta-frontier 

y considering that the number of groups may not be fixed over 

ime while some entities may change of groups. Once the exis- 

ence of technology switchers is admitted, the next step is to quan- 

ify the impacts of such entities on the meta-frontier. This is the 

econd contribution of this paper: provide an easy and intuitive 

ay to quantify the impact of the technology switchers on the 

in)efficiency behavior and the technology gap. In fact, we go a bit 

urther by distinguishing the direct and indirect impact. 

. Preliminaries 

The starting point of our approach is the observation of entities 

or several periods of time { 1 , . . . , T } . The specificities of our set-

p is to consider technology heterogeneity among entities and the 

xistence of technology switchers, i.e. entities that adopt another 

echnology over time. We consider that there are I t different tech- 

ologies available at time t . That is, the number of technologies is 

ot fixed over time: new technology may be developed and other 

e phased out over time. 

We adopt a nonparametric approach when defining the tech- 

ologies. In practice, the observed input-output data of the enti- 

ies, defined by x and y respectively, are used to reconstruct the 

echnologies by means of a production possibility sets. That is, it 

s known at time t which technology each entity has adopted at 

ime t , and this for every t ∈ { 1 , . . . , T } . Let us denote the group

f firms adopting technology i at time t by S i t . We obtain the fol-

owing production possibility set for a specific group i at time t: 

 

i 
t (S i t ) = { (x , y ) | x can produce y using the 

technology at time t determined by S i t 
}
. (1) 

T i t (S i t ) is the reconstruction of technology i at time t using the 

bserved input-output data of entities that have adopted this tech- 

ology. T i t (S i t ) contains all possible input-output combinations us- 

ng technology i at time t . T i t (S i t ) therefore is an estimator of the

nknown technology i at time t . These sets are directly useful to 

valuate the (in)efficiency behavior of the entities that is captured 

y the distance to their frontier, i.e the boundary of the production 

ossibility set. Without loss of generality, we consider an output- 

riented technical efficiency measurement. That is, technical effi- 

iency checks whether outputs could be increased given the inputs. 

n other words, we investigate for potential outputs. When select- 

ng technology i at time t , the technical efficiency measurement of 

 particular entity operating at (x , y ) is defined as follows: 

 E i t (y , x ) = inf 

{ 

θ | 
(

x , 
y 

θ

)
∈ T i t (S i t ) 

} 

. (2) 

 E i t (y , x ) is smaller or equal to unity and a lower value indi-

ates greater technical inefficiency. T E i t (y , x ) represents how far 

way the actual outputs are from the potential outputs. When 

 E i t (y , x ) = 1 , it means that they coincide. When T E i t (y , x ) < 1 ,

t implies that the actual outputs represent T E i t (y , x ) × 100% of 

he potential output quantities. Graphically, the technical efficiency 

easurement is defined as the distance to the frontier of the re- 

onstructed production possibility set. In practice, technical effi- 

iency is computed by means of a linear programming which is 

iven in Appendix A . 
3 
Another focus of our investigation is the technology gap which 

easures whether entities have chosen the most productive tech- 

ology available. It is defined as the distance between the group- 

evel technology and an ‘overall’ or best practice technology for 

ach period of time t . That is, the envelopment of the group-level 

echnologies at that period of time: 

 t = 

{
T 1 t (S 1 t ) ∪ T 2 t (S 2 t ) ∪ · · · ∪ T I t (S I t ) 

}
, (3) 

his is a standard way of defining the overall technology, which 

ates at least to Battese & Rao (2002) . We notice that the envelop

s non-convex in general ( Jin, Kerstens, & Woestyne, 2020; Wal- 

eer, 2018a ), while imposing convexity is possible if needed but 

epresents an additional assumption about the production process. 

here is a tradition in the literature to define that ‘overall’ tech- 

ology as the meta-technology ( Hayami & Ruttan, 1970 ) and its 

rontier as the meta-frontier ( Battese et al., 2004; O’Donnell et al., 

008 ). 

The technology gap is defined as the ratio of technical efficiency 

ith respect to the meta- and group-specific frontiers. For a par- 

icular entity, operating at (x , y ) , and technology i we obtain the

ollowing: 

 G 

i 
t (y , x ) = 

T E t (y , x ) 

T E i t (y , x ) 
, (4) 

here T E t (y , x ) = inf 
{
θ | (x , y 

θ

)
∈ T t 

}
is the technical efficiency 

easurement with respect to the meta-frontier at time t . This 

oncept has to be interpreted as T E i t (y , x ) , but when the aggre-

ated technology is selected. Also, by construction, we have that 

 E t (y , x ) ≤ T E i t (y , x ) . This inequality is immediately verified when

oticing that the group-specific technologies are included in the 

ggregated technology (it is defined as their envelopment in(3)). 

his also highlights the consequence of wrongly assuming tech- 

ology homogeneity (technical efficiency would be overestimated). 

 G 

i 
t (y , x ) is therefore smaller or equal to one by construction. If 

t is equal to unity, it means that there is no technology gap, 

.e. the entity has chosen the best practice technology. Lower val- 

es indicate a larger technology gap, i.e. a better technology ex- 

sts and technology improvement therefore is possible. T G 

i 
t (y , x ) is 

omputed a-posteriori after evaluating T E i t (y , x ) and T E t (y , x ) ; see

ppendix A for more detail. 

. Motivation and objectives 

We provide a simple example to formulate our objectives. As- 

ume we observe five entities labelled A , B , C, D , and E at two

onsecutive time periods t − 1 and t . For simplicity, we assume 

hat they produce one output using one input, and that the input- 

utput levels are the same in both time periods. This allows us 

o only focus our discussion on the switcher effects. We also as- 

ume that two different technologies coexist and that entities are 

istributed as given in Table 1 . Finally, we assume that entities B 

nd D are switchers, i.e. they adopt another technology at time t . 

ractically, it means that they belong to a different group at time 

 − 1 and t . On the contrary, entities A , C, and E are not technology

witchers as they belong to the same group at time t − 1 and t . 
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Fig. 1. Simulation - reconstructed technologies and counterfactual technologies at t . 

Fig. 2. Switcher effect – technical efficiency. 
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Table 2 

Simulation - impacts of the switchers at t . 

Time t − 1 t

Group 1 2 1 2 

Inefficient / E / / 

Group frontier D, C A, B B, C A, D, E 

Technology gap D, E D, E 

Meta-frontier ABWC AZBC 

f  

d

c

d

e

w

The reconstructed technologies at time t are given in Fig. 1 (a). 

n particular, T 1 and T 2 are the group-specific production possibil- 

ty sets at time t , while T is the meta-technology. To avoid trivial 

econstructions and to match common practice, we assume that 

he group-specific production possibility sets satisfy some regu- 

arity conditions: they are monotone, convex, and satisfy variable 

eturns-to-scale. 3 

The meta-frontier is defined by AZBC at time t . Note that Z is 

 fictive entity and that the meta-frontier is non-convex, while the 

roup-level frontiers are. All entities are efficient since they lie on 

heir group-specific frontier. Also, entity D and E present a tech- 

ology gap, i.e. they have not adopted the best practice technology 

ince they are not on the meta-frontier. 

Next, we construct counterfactual technologies at time t based 

n the groups as defined at t − 1 in Fig. 1 (b). That is, we recon-

truct the technologies as if there were no switchers, i.e. all enti- 

ies have the same technology at t − 1 and t . This time, the meta-
3 Note that these regularity conditions are not essential for us; they are selected 

o make the graphical illustration as clear and simple as possible (and because they 

re popular to practitioners). The selecting reconstruction procedure is also known 

s Data envelopment analysis (DEA) after Charnes et al., 1978 ). It is fairly easy to 

ake a similar example without assuming convex group technologies or using an- 

ther returns-to-scale assumption. This will not change the positive impact of the 

witchers. The meta-technology is, as stated in(3), the envelopment of the group 

rontiers. There is no specific reason to obtain a convex set. In Fig. 1 , it is indeed 

on-convex. Similar comments apply to Figs. 2 and 3 . 

d

f

t

c

i

b

i

c

i

4 
rontier is defined by ABW C; W is again a fictive entity. We imme-

iately appreciate the significant effects of the switchers on the re- 

onstructed technologies. First, the group-specific technologies are 

ifferent, which directly impacts the (in)efficient behavior of the 

ntities. For instance, entity E is no longer efficient. In other words, 

e may interpret the efficient behavior of entity E at time t as 

ue to the switchers only. Second, the meta-technology is also dif- 

erent because of the switchers impacting the technology gaps of 

he entities. For example, entity D is closer to the frontier of the 

ounterfactual meta-technology. We summarize our observations 

n Table 2 . 

It turns out that the switchers have a huge impact on their own 

ehavior, but also on that of the other entities. All these impacts 

nfluence the reconstructed technologies. This fact has so far been 

ompletely ignored when dealing with the meta-frontier approach 

n both theoretical extensions and empirical works. In light of our 
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Fig. 3. Switcher effect – technology gap. 
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bservations, we formulate our objectives as follows: (i ) defin- 

ng the impact of the switchers on the group-specific technolo- 

ies [technical efficiency]; (ii ) defining the impact of the switch- 

rs on the meta-technology [technology gap]; and (iii ) be able to 

istinguish the effects on the switchers themselves from those on 

ther entities [direct and indirect effects]. To do so, we build on 

he concept of counterfactual technologies formally defined in the 

ext Section. 

. Counterfactual technologies and switcher effects 

To quantify the impact of the switchers on the efficiency behav- 

or and the technology gap, we make use of counterfactual tech- 

ologies. 4 In particular, we define the notion of counterfactual pro- 

uction possibility set defined as the reconstruction of the hypo- 

hetical technology at time t using entities that have adopted this 

echnology at the previous time period (i.e. at t − 1 ). That is, it is

s if no entity has left or joined the group between t − 1 and t . It

s given for group j as follows: 

T j t (S j 
t−1 

) = { (x , y ) | x can produce y using the 

technology at time t determined by S j 
t−1 

}
. (5) 

In words, this counterfactual set is defined at time t using 

nput-output data at time t of entities belonging to group j at time 

 − 1 . We recall that S 
j 
t−1 

contains entities that have adopted tech- 

ology j at time t − 1 . 

The ‘aggregated’ counterfactual technology is defined as the en- 

elop of the group-specific counterfactual technologies: 

T t = 

{
CT 1 t (S 1 t−1 ) ∪ CT 2 t (S 2 t−1 ) ∪ · · · ∪ CT I t (S I t−1 ) 

}
, (6) 

CT t is the envelopment of the counterfactual group-level sets. 

s the meta-technology T t , given in (3), CT t is defined using input- 

utput data at time t , and is generally non-convex. We may thus 

abel CT t as the counterfactual meta-technology. The only differ- 

nce between both sets is that CT t is based on the group repar- 

ition of entities at time t − 1 while it is the repartition at time

that is used for T t . This twist, while simple, allows us to define

witcher effects are explained after. 
4 The idea of using counterfactual technologies is, in fact, not new in the effi- 

iency literature. For example, the Malmquist index, defined by Caves, Christensen, 

 Diewert (1982) , is based on a similar concept. Counterfactual concepts are often 

resent when time is involved in the efficiency analysis. 

t

i  

e

t

a

S

5 
Our aim is to quantify the impact of switchers on the effi- 

iency and technology gap of all entities. This concerns not only 

he switchers themselves but also the other entities. Using our 

ounterfactual production possibility sets, we define the following 

echnical efficiency measurement for a particular entity operating 

t (x , y ) : 

T E j t (y , x ) = inf 

{ 

θ | 
(

x , 
y 

θ

)
∈ CT j t (S j 

t−1 
) 
} 

. (7) 

CT E 
j 
t (y , x ) is a counterfactual measurement since it is based 

n an hypothetical set. Nevertheless, it has to be interpreted as 

 E i t (y , x ) , i.e. it is not greater than one while lower values indi-

ate larger efficiency behaviour with respect to the counterfactual 

rontier. Using this new concept, we define the efficiency switcher 

ffect of an entity operating at (y , x ) that has moved from tech-

ology j to technology i (denoted as j → i ) as follows: 

SE j→ i 
t (y , x ) = 

CT E j t (y , x ) 

T E i t (y , x ) 
. (8) 

Clearly, when ESE j→ i (y , x ) = 1 , it means that the switchers have

o impact on the efficiency behavior of the entity operating at 

y , x ) . This value therefore represents our benchmark scenario. 

hen this is not the case, the impact is observed. We have to 

istinguish two cases: those when the efficiency switcher effect 

s larger or smaller than the unity. If ESE j→ i (y , x ) > 1 , it means

hat counterfactual technical efficiency, i.e. technical efficiency as 

f switchers have not joined or leaved the groups, is larger than 

ctual technical efficiency, i.e. technical efficiency when switchers 

ave joined or leaved the groups. Putting this differently, the entity 

perating at (x , y ) is away from the frontier because of switchers. 

hat is, there are more potential output expansions thanks to the 

witchers. When ESE j→ i (y , x ) < 1 , it is the opposite: there is less

otential output expansions due to the switchers. 

At this point, we highlight that we have not specified whether 

he entity operating at (y , x ) is a switcher or not. Putting differ-

ntly, ESE j→ i (y , x ) can be evaluated for any input-output combi- 

ations, i.e. for any entities. When an entity is non-switcher, it 

mplies that i = j, i.e. the entity keeps the same technology. It 

urns out that our definition of the efficiency switcher effect eas- 

ly allows us to distinguish the switchers ( i � = j) from the other

ntities ( i = j). Therefore, we are able to quantify the impacts of 

he switchers on their own efficiency behavior, i.e. a direct effect, 

nd the impacts on the other entities, i.e. an indirect effect. See 

ection 6 for an empirical example. 
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We illustrate the efficiency switcher effect in Fig. 2 . We there 

resent the reconstructed production possibility set and the coun- 

erfactual counterpart for a fictive group. 5 We also consider two 

ctive entities belonging to that group: A and B . They are both in-

fficient since they do not lie on the frontier. Their inefficient be- 

avior is evaluated as the distance to this set in the output direc- 

ion. Next, the counterfactual production possibility set allows us 

o remove the switcher effect. It is shown that entity A is less in-

fficient due to the switchers. In other words, the switchers have 

eteriorated the efficiency behavior of entity A which therefore has 

ore potential output expansions. It is the opposite situation for 

ntity B : the switchers have improved its efficiency behavior so 

hat this has less potential output expansion. 

Our second focus is to quantify the impact of the switchers on 

he technology gap. The counterfactual technology gap ratio is de- 

ned for an entity operating at (y , x ) as follow: 

T G 

j 
t (y , x ) = 

CT E t (y , x ) 

CT E j t (y , x ) 
, (9) 

here CT E t (y , x ) = inf 
{
θ | (x , y 

θ

)
∈ CT t 

}
. Again, this counterfac- 

ual measurement has to be interpreted as the technology gap 

T G 

j 
t (y , x ) defined above with respect to the counterfactual fron- 

iers. 

We define the technology gap switcher effect for an entity op- 

rating at (y , x ) that has moved from technology j to technology i

s follows: 

 GSE j→ i 
t (y , x ) = 

CT G 

j 
t (y , x ) 

T G 

i 
t (y , x ) 

. (10) 

s for the efficiency switcher effect, the benchmark value is unity. 

hen T GSE 
j→ i 
t (y , x ) > 1 , it means that the technology gap is larger

hen switchers are taken into account. That is, the entity is further 

rom the ‘overall’ or meta-frontier because of the switcher. In other 

ords, the switchers have deteriorated the frontier of the technol- 

gy adopted by the entity with respect the meta-frontier, mean- 

ng that there is more potential technology improvement. The op- 

osite case is when T GSE 
j→ i 
t (y , x ) < 1 , the entity is closer to the

verall frontier and less potential technology improvement is pos- 

ible. Again we point out that our definition of the technology gap 

witcher effect is general enough to allow us to distinguish the ef- 

ect on the switchers themselves or on the other entities. We pro- 

ide an empirical example in Section 6 . 

Finally, we highlight that the efficiency and technology gap 

witcher effects can be related as follows: 

 SE j→ i 
t (y , x ) × T GSE j→ i 

t (y , x ) = 

CT E t (y , x ) 

T E t (y , x ) 
. (11) 

e obtain this relationship by combining (8), (9), and (10). In 

ords, this relationship could be understood as a decomposition 

f an ‘overall’ efficiency switcher effect (the right-hand side) into 

 group-specific efficiency switcher effect (ESE) and a technology 

ap switcher effect (TGSE). Putting this differently, the efficiency 

witcher effect could be seen as a residual part of the ‘overall’ ef- 

ciency switcher effect due to the group only once the technology 

ap switcher effect has been removed. As a final remark, we high- 

ight that the decomposition is based on the well-established con- 

epts in Section 3 and their counterfactual counterparts as defined 

n Section 5 . The decomposition, therefore, is directly connected 

ith the existing literature. 
5 The reconstructed sets are, in practice, obtained using observed input-output 

ata while imposing some technology axioms. See our discussion of Fig. 1 and 

ppendix A . 
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To illustrate the technology gap switcher effect and the above 

ecomposition, we again use a simple example. Let us consider 

he case of entity A in Fig. 3 . The meta-technology is T and en-

ity A belongs to group 1 with associated technology T 1 . Note that 

he technologies of the other groups are not represented for better 

eadability, and that the meta-technology is obtained as an envel- 

pment of the group frontiers. Entity A presents a technology gap 

hat is captured by the ratio AB over AE. When using the counter- 

actual technologies, we obtain AC divided by AD for the technol- 

gy gap. So, the switcher effect is AC/AD divided by AB/AE. Also, 

he switcher efficiency effect with respect to the group-specific 

echnology is given by AB over AC. By multiplying the two switcher 

ffects, we obtain the ‘overall’ efficiency switcher effect: AE/AD . 

his result highlights the above decomposition. 

. Empirical application 

We apply our new concepts to the case of the technology clubs 

n the world economy. Several studies, initiated by Durlauf & John- 

on (1995) , Bernard & Jones (1996) , Bernard & Durlauf (1996) and 

alor (1996) , have pointed out the existence of technology clubs 

mong countries. This is probably the most famous empirical ques- 

ion involving technology switchers, i.e. countries that adopt an- 

ther technology over time (e.g. Amsler et al., 2017; Bos, Economi- 

ou, & Koetter, 2010a; Castellacci, 2008; Castellacci, 2011; Castel- 

acci & Archibugi, 2008; Castellacci & Natera, 2016; Owen et al., 

009; Saba & David, 2020; Stollinger, 2013; Walheer, 2021 ). Indeed, 

t is intuitively difficult to believe that all countries keep the same 

echnology over time. In fact, technology change is recognized as 

 main source of economic development and a main factor of eco- 

omic growth ( Bernard & Jones, 1996; Gong & Keller, 2003; Hall & 

ones, 1999; Islam, 1999; Prescott, 1998 ). 

From a practical point of view, a popular option is to parti- 

ion countries into groups/clubs where technology is homogeneous 

nside but not between clubs. While well-known statistical tech- 

iques have been used to compute the number of technology clubs 

nd allocate countries into each club, two main problems remain. 

irst, how to parametrically define the different club technologies 

 Indeed, several production functions have to be specified, and 

ven when strong arguments are found to choose specific func- 

ional forms, it could be computationally cumbersome given the 

imited number of countries in the world. The nonparametric ap- 

roach can help here, and has gained attention in the empirical 

acroeconomic literature ( Fiaschi & Lavezzi, 2007; Henderson & 

ussell, 2005; Kumar & Russell, 2002; Maasoumi, Racine, & Sten- 

os, 2007; Walheer, 2016, 2021 ). Second, how to deal with switch- 

rs, i.e. countries that move across clubs ? The literature hardly 

vokes this second issue. This is where the suggested method can 

elp. 

Using our methodology, we are able to quantify the impact of 

he switchers on the meta-frontier and the group-specific frontiers, 

.e. the impacts of the (in)efficiency behavior and the technology 

aps. Attractively, our technique is flexible enough to allow us to 

istinguish the effects on the switchers themselves from those on 

he other entities; i.e. distinguishing the direct and indirect effects 

f the technology switchers. This gives us the opportunity to ver- 

fy whether it was judicious to adopt a new technology and the 

ature of the impact on the entities left behind. Also, we are able 

o deal with the creation of new technology and the phasing out 

f a technology as highlighted with the two additional fictive sce- 

arii considered. All in all, our new concepts allow us to provide 

ew important information about how technology switchers im- 

act technology clubs and countries’ efficiency behavior. It there- 

ore represents a complementary tool to existing ones. 
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Table 3 

Technology switchers in 20 0 0. 

Club Technology switchers Splitting conditions 

Advanced - literacy rate > 68% 

scientific articles > 334 

Followers Honk Kong, South Korea, Singapore, literacy rate > 68%; 

Austria, Belgium, France scientific articles < 334 

Marginalized China, Indonesia, Vietnam, 

Iran, Oman, Albania, literacy rate < 68% 

El Salvador, Honduras, Algeria, scientific articles < 334 

Botswana, Mauritius, Tunisia, Zimbabwe 
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Table 4 

Efficiency and technology gap in 20 0 0. 

Club Efficiency Technology gap 

T E i t T G i t 

Advanced 0.79 0.99 

Followers 0.55 0.92 

Marginalized 0.51 0.81 
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.1. Club definitions and technology switchers 

While it is generally admitted that there is a club of rich coun- 

ries, sub-groups are found amongst poor ones on the basis of ad- 

itional variables, such as human capital ( Castellacci, 2008; Durlauf 

 Johnson, 1995; Kalaitzidakis, Mamuneas, Savvides, & Stengos, 

001 ), institutional factors ( Alfo, Trovato, & Waldmann, 2008 ), so- 

ial conditions ( Apergis, 2015 ), geographical characteristics ( Bloom, 

anning, & Sevilla, 2003 ), and ownership ( He, Walheer, and, 2020a; 

aasoumi et al., 2007 ). Recently, it has been argued that two main 

imensions can capture countries’ technology level: their innova- 

ive ability and their absorptive capacity ( Castellacci, 2011; Castel- 

acci & Archibugi, 20 08; Howitt, 20 0 0; Howitt & Mayer-Foulkes, 

005 ; Stokke, 2008; Castellacci & Natera, 2016 ). 

Several options are available to define the groups/clubs such 

s common practice, common knowledge, or statistical methods. 

ote that any techniques can be used to define the groups and 

he technology switchers; this has not impact on the methodology 

xposed in this paper. In this application, we make used of a clas- 

ification and regression tree analysis (CART) using the innovative 

bility and the absorptive capacity of a sample of 128 countries 

n 1990 and 20 0 0. Innovative ability is measured by the number 

f patents and the number of scientific articles; absorptive capac- 

ty is measured by the level of human capital (literacy rate, to- 

al number of school years, secondary schooling, higher education) 

nd technological infrastructures (fixed telephony, electricity, com- 

uters, Internet users). CART is a flexible non-parametric method 

f cluster analysis ( Breiman, Friedman; Durlauf & Johnson, 1995 ). 

he general idea of CART is to construct a hierarchical classifica- 

ion where each step of the algorithm splits a group into two sub- 

roups (nodes) based on one single predictor variable. 

We obtain three technology clubs labelled ‘Advanced’, ‘Follow- 

rs’, and ‘Marginalized’. Advanced countries perform well in terms 

f both innovative ability and absorptive capacity; follower coun- 

ries have low innovative ability but relatively high absorptive 

apacity; and marginalized economies are poor in both aspects. 

ountries are allocated in the clubs using slitting conditions pro- 

ided by the CART. We find the presence of six switchers mov- 

ng from the Followers to the Advanced club, and 13 from the 

arginalized to the Follower club (see Table 3 ). Practically, a coun- 

ry is a technology switcher when it meets the slitting conditions 

f another club over time. We do not find evidence of technology 

egression. More detail on the countries is provided in Appendix B . 

.2. Efficiency and technology gap 

As an initial step, we compute the average efficiency scores and 

he technology gaps for the three clubs in t = 20 0 0 . 6 They are

iven in Table 4 . We point out that the averages are computed us- 

ng specific weights. It has indeed been pointed out that relying 
6 To avoid trivial reconstructions and to match common practice in empirical 

acroeconomics, we assume that the club-specific production possibility sets are 

onotone, convex, and satisfy constant returns-to-scale. 

v

a

7 
n an arithmetic average is probably not a good solution for the 

fficiency measurement ( Färe & Zelenyuk, 2003 ) and the technol- 

gy gap ratio ( Walheer, 2018a ). Usually the weights depend on the 

utput prices except when one output is present in the production 

rocess. In that case, the weights only depend on the actual and 

otential outputs, as it is the case here. 

The results in Table 4 confirm that the advanced club presents 

he best performances for both dimensions. The average technol- 

gy gap is close to one indicating that this club defines the world 

echnology. Next, we find the followers with good performance in 

echnology gap, though they are, on average, further from their 

wn frontier as indicated by the average efficiency scores. Finally, 

he marginalized countries have the worst performances in both 

imensions. Overall, our results are coherent with the definition of 

he three clubs. 

.3. Switcher effects 

Next, we compute the switcher effects for the efficiency mea- 

urement and for the technology gap. To do so, we rely on the 

oncept of counterfactual technologies as explained in Section 5 . 

he main idea is to reconstruct the technologies as if all coun- 

ries use the same technology during the time span 1990–20 0 0, i.e. 

here is no technology switchers. As an illustration, we provide the 

rontier (see (2)) and the counterfactual frontier (see (5)) for the 

arginalized club for 20 0 0 in Fig. 4 . We immediately appreciate 

he important impacts of technology switchers on the technology 

rontier of that club. Such impacts will be computed using the ef- 

ciency switcher effect (see (8)) and the technology gap switcher 

ffect (see (10)). 

The averages of the switcher effects for all clubs are given in 

able 5 . As explained earlier, our methodology allows us to distin- 

uish the effects on the switchers and on the other countries. 7 For 

xample, we are able to verify how switchers in the Marginalized 

ountries’ group have impacted countries that have not leave the 

roup ( E SE M→ M 

t (y , x ) ), themselves ( E SE M→ F 
t (y , x ) ), and the Follow-

rs’ group ( E SE F → F 
t (y , x ) ). 

Let us first introduce our discussion of this table with the ef- 

ects of the switchers on the other entities. A first observation is 

hat the switchers have no impact on the other entities in the ad- 

anced and follower clubs. This means that the switchers have not 
7 Here, we rely on arithmetic averages since there is no theoretical framework for 

ggregating the switcher effects. See the Conclusion for more discussion. 
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Fig. 4. Marginalized club frontiers in 20 0 0. 

Table 5 

Switcher effects. 

Club 1990 Club 20 0 0 Efficiency switcher effect Technology gap switcher effect 

Advanced Advanced E SE A → A 
t (y , x ) 1.00 T GSE A → A 

t (y , x ) 1.00 

Followers Advanced E SE F→ A 
t (y , x ) 1.07 T GSE F→ A 

t (y , x ) 0.94 

Followers Followers E SE F→ F 
t (y , x ) 1.00 T GSE F→ F 

t (y , x ) 1.00 

Marginalized Followers E SE M→ F 
t (y , x ) 1.27 T GSE M→ F 

t (y , x ) 0.83 

Marginalized Marginalized E SE M→ M 
t (y , x ) 0.96 T GSE M→ M 

t (y , x ) 1.05 
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odified the frontiers of these two clubs. This is not a fanciful 

esult as we may expect that indeed switchers have joined these 

lubs to benefit from the knowledge or imitate the entities. Next, 

he marginalized club is directly impacted by the entities that have 

eft the club. The efficiency switcher effect is below unity, meaning 

hat less potential output expansion is possible, and the technology 

ap switcher effect is also smaller than one, meaning that less po- 

ential technology improvement is possible. This is rather bad news 

or this club. 

Next, it is verified that the switchers have impacted their own 

fficiency behavior and technology gap by adopting another tech- 

ology. The switchers that have joined the advanced club presents 

n average efficiency switcher effect lar ger than one, meaning 

hat more potential output expansion is possible, while the aver- 

ge technology gap switcher effect is smaller than one, meaning 

hat less potential technology improvement is possible. The latter 

ould be understood as the direct effect of adopting a best prac- 

ice technology. Similar findings are observed for entities that have 

witched from the marginalized club to the followers; the averages, 

hough, are more extreme. 

.4. Fictive scenarii 

To show how our methodology is used when the number of 

roups (and thus technologies) change over time we present two 

ctive scenarii for our empirical application. In the first scenario, 

e consider that some marginalized countries have developed a 

ew technology instead of joining the followers. 8 In the second fic- 

ive scenario, we consider that all Advanced and Followers coun- 

ries share the same technology in 2010. That is, one technology 
8 To do so we fix the number of groups to four in the CART. 

fi

i

8 
as been phased out over time. Table 6 summarizes our two ad- 

itional scenarii. Note that these scenarii, while fictive, are di- 

ectly inspired by findings in the literature. Indeed, while one 

lub is found for the rich countries, two or three clubs are usu- 

lly found amongst poor ones depending on the cluster technique 

nd the variables used to define the clubs (e.g. Alfo et al., 2008; 

loom et al., 20 03; Castellacci, 20 08; Castellacci, 2011; Castellacci 

 Archibugi, 2008; Durlauf & Johnson, 1995; Kalaitzidakis et al., 

0 01; Maasoumi et al., 20 07 Stokke, 20 08; Apergis, 2015; He, Wal-

eer, and, 2020a; Walheer, 2021 ). 

As before, we start by presenting averages for the efficiency 

cores and the technology gaps for t = 20 0 0 for our two fictive

cenarii in Table 7 . A first observation is that the results for the 

dvanced and Marginalized groups are similar for Scenario A than 

hose found in Table 4 . This means that the creation of a new

echnology by some Marginalized countries has not impacted these 

wo group technologies. On the contrary, it has a clear impact on 

he results of the Followers that have now a lower average effi- 

iency score and technology gap. We also note that the average 

echnical efficiency score technology gap of the Emerging group 

ies between those of the Followers and Marginalized; this makes 

he Emerging countries the third best technology in the world. Un- 

er scenario B, we only have results for two groups in 2010 as the 

ollowers’ group has disappeared by that year. All these countries 

re now part of the Advanced group. We see a direct impact on 

he results for that group with respect to the benchmark case (see 

able 4 ): greater average inefficiency and larger average technology 

ap. 

Results for the average efficiency and technology gap switcher 

ffects for the different groups and scenarii are given in Table 8 . A 

rst observation is that Advanced countries still represent the lead- 

ng technology under the two fictive scenarii and are not impacted 
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Table 6 

Scenario explanations. 

Scenario Explanation Technologies 

I t Label 

Benchmark Groups are those found 3 Advanced, Followers, 

using the CART approach. Marginalized. 

A Some marginalized countries define 4 Advanced, Followers, 

a new technology. Emerging, Marginalized. 

B Followers and Advanced countries share 2 Advanced, Marginalized. 

a common technology. 

Table 7 

Efficiency and technology gap in 20 0 0 - Scenarii A and B. 

Scenario A Scenario B 

Club Efficiency Technology gap Efficiency Technology gap 

T E i t T G i t T E i t T G i t 

Advanced 0.71 0.98 0.59 0.91 

Followers 0.59 0.97 / / 

Emerging 0.55 0.87 / / 

Marginalized 0.53 0.86 0.53 0.86 
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y the switchers (average efficiency and technology gap switcher 

ffects are both equal to unity). A second observation is that the 

arginalized technology is the still the worst one, and is nega- 

ively impacted by the switchers under both scenarii (average effi- 

iency switcher effects less than one, and technology gap switcher 

ffect lar ger than one). These two stylized facts, while interesting, 

ave been found earlier before (see Table 5 ). What is interesting is 

o compare the effects of the switchers in the marginalized group 

or scenario A to the benchmark case, and to quantify the impact 

f the common technology of the Advanced and Followers in sce- 

ario B. 

Under scenario A, we see greater potential output expansion for 

he switchers from the Marginalized group that have joined the 

ollowers, but, at the same time, we see less technology improve- 

ent. This may be explained by the fact that switchers that have 

efined the Emerging group are those with the best technology. 

ote that there are no switcher effects for the Emerging group 

ince that group does not exist at our starting year. We are able 

o evaluate the efficiency scores and the technology gaps of these 

ountries (see Table 7 ), and the switcher effects could be computed 

or time periods after 2010. Next, we do not see any impacts on the 

ollowers’ group for scenario A. 

Under scenario B, we see that the Followers have clearly bene- 

ted from joining the Advanced group: average efficiency switcher 

ffect is smaller (with respect to the benchmark scenario in 

able 5 ), i.e. more potential output expansion, and average tech- 
Table 8 

Switcher effects - Scenarii A and B. 

Club 1990 Club 20 0 0 Efficiency sw

Scenario A 

Advanced Advanced E SE A → A 
t (y , x ) 

Followers Advanced E SE F→ A 
t (y , x ) 

Followers Followers E SE F→ F 
t (y , x ) 

Marginalized Followers E SE M→ F 
t (y , x ) 

Marginalized Emerging E SE M→ E 
t (y , x ) 

Marginalized Marginalized E SE M→ M 
t (y , x )

Scenario B 

Advanced Advanced E SE A → A 
t (y , x ) 

Followers Advanced E SE F→ A 
t (y , x ) 

Marginalized Advanced E SE M→ A 
t (y , x ) 

Marginalized Marginalized E SE M→ M 
t (y , x )

9 
ology gap switcher effect is smaller, i.e. more potential technol- 

gy improvement. We may understand these results as a potential 

mitating effect. Similar observations are found for the switchers 

n the Marginalized group that have joined the Advanced technol- 

gy club. Note that there are no switcher effects for the Followers 

roup since that group no longer exists our ending year. 

All in all, these two simple fictive scenarii show how our new 

echnique can deal with the creation and the destruction of tech- 

ologies over time. We are still able to compute and quantify the 

witcher effects in these cases. 

. Conclusion 

Nonparametric efficiency analysis is a technique used to evalu- 

te an entity by comparing its performance to that of other enti- 

ies. While this technique has gained popularity in the operations 

esearch literature and beyond, it presents two important short- 

omings. One of these is the assumption that entities use a simi- 

ar (but unknown) transformation process. In other words, hetero- 

eneity amongst entities is not considered. The concept of meta- 

echnology and meta-frontier have been suggested to deal with 

roup heterogeneity among entities for nonparametric efficiency 

nalysis. In brief, the meta-frontier is defined as the envelopment 

f the group-specific frontiers, and naturally allows us to distin- 

uish between inefficiency and technology gap. 

Meta-frontier-based methodologies have been applied to a var- 

ous range of topics revealing the attractiveness of this concept 

or empirical research. In practice, the meta-frontier approach re- 

uires to partition entities into several groups, each capturing a 

istinct technology, and to allocate entities to each group. So far, 

his procedure has not provided enough flexibility since the num- 

er of groups is fixed, and once the entity partitioning is made, 

o modification is possible. This is rather restrictive or even unre- 

listic as when dealing with panel data where many things usu- 

lly change over time. For instance, new technology can be dis- 

overed, while other may disappear; and entities can imitate an 

xisting technology or adopt a new one. In this paper, we have ex- 

ended the meta-frontier approach when technology switchers, i.e. 
itcher effect Technology gap switcher effect 

1.00 T GSE A → A 
t (y , x ) 1.00 

1.07 T GSE F→ A 
t (y , x ) 0.94 

1.00 T GSE F→ F 
t (y , x ) 1.00 

1.35 T GSE M→ F 
t (y , x ) 0.91 

/ T GSE M→ E 
t (y , x ) / 

 0.96 T GSE M→ M 
t (y , x ) 1.05 

1.00 T GSE A → A 
t (y , x ) 1.00 

1.15 T GSE F→ A 
t (y , x ) 0.90 

1.46 T GSE M→ A 
t (y , x ) 0.71 

 0.96 T GSE M→ M 
t (y , x ) 1.05 
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ntities that adopt another technology over time, are considered, 

nd quantified the impacts of the switchers on the inefficiency be- 

avior and the technology gap. In particular, we have defined the 

oncept of efficiency switcher effect and technology gap switcher 

ffect. 

We applied our methodology to probably the most famous 

mpirical question involving technology switchers: the economic 

rowth convergence amongst countries. A popular option is to par- 

ition countries into groups/clubs where technology is homoge- 

eous inside but not between clubs. While important efforts have 

een made to find coherent and consistent ways to define the 

lubs and the partitioning of countries amongst them, the litera- 

ure rarely evokes the impacts of the technology switchers. This 

s exactly the added value of our methodology to the economic 

rowth convergence: provide a simple nonparametric method to 

valuate the impact of the technology switchers on the technology 

lubs and on the countries’ (in)efficiency behavior. 

Our concept of efficiency switcher effect and technology gap 

witcher effect can be extended in several directions. A first ob- 

ious extension is to define the dynamic version of the concepts. 

o do so, an index can be defined (see e.g. the Malmquist index 

ntroduced by Caves et al., 1982). An important point would be 

hether the resulting index is circular or not. Most of the well- 

stablished concepts in the efficiency literature are not circular. 

his is simply explained by the observation that imposing circu- 

arity requires extra assumption about the production process. This 

s not easy to defend in a nonparametric approach. Next, a sec- 

nd extension is to generalize the efficiency switcher effect and 

echnology gap switcher effect considering other orientations (e.g. 

utput or directional distance function). Also, providing a theoret- 

cal framework about how to aggregate the efficiency switcher ef- 

ect and technology gap switcher effect to obtain group averages 

s an important extension. Inspirations can be found in Färe & Ze- 

enyuk (2003) and Walheer (2018a) that have provided aggregation 

chemes for the efficiency measurement and technology gap, re- 

pectively. A last idea for further research is to think about how 

sing the switcher effects to conduct second stage analysis. 

ppendix A. linear programmings 

The technical efficiency score of a particular entity operating at 

x , y ) with respect to the technology defined by S i t is computed

sing the following linear programming: (LP-G) : 

 E i t (y , x ) = min θ

y 

θ
≤

∑ 

s ∈ S i t 

λi 
st y 

i 
st 

 ≥
∑ 

s ∈ S i t 

λi 
st x 

i 
st 

 

 ∈ S i t 

λi 
st = 1 

i 
st ≥ 0 

≥ 0 . 

The ‘overall’ technical efficiency score of a particular entity op- 

rating at (x , y ) is computed as follows: 

 E t (y , x ) = max 
i =1 , ... ,I t 

{
T E i t (y , x ) 

}

he procedure is an enumeration algorithm as to obtain the ‘over- 

ll’ technical efficiency score, it is required to first use (LP-G) I t 
imes, once with respect to each group. Note that the ‘overall’ tech- 

ical efficiency score can be obtained in one step following the 

rocedure described in Afsharian (2018) . 
10 
ppendix B. Clubs in 1990 

An arrow ( ↑ ) indicates a country shifting towards the club 

bove between 1990 and 20 0 0. 

Club 1 (Advanced): Japan, US, Germany, Netherlands, Switzer- 

and, UK, Denmark, Finland, Iceland, Norway, Sweden, Australia, 

anada, New Zealand, Israel. 

Club 2 (Followers): Honk Kong ( ↑ ), South Korea ( ↑ ), Singapore

 ↑ ), Malaysia, Philippines, Thailand, Fiji, Austria ( ↑ ), Belgium ( ↑ ),

rance ( ↑ ), Luxembourg, Cyprus, Greece, Ireland, Italy, Malta, Por- 

ugal, Spain, Turkey, Bahrain, Jordan, Kuwait, Lebanon, Saudi Ara- 

ia, Syria, United Arab Emirates, Argentina, Bolivia, Brazil, Chile, 

olombia, Costa Rica, Dominican Republic, Ecuador, Jamaica, Mex- 

co, Panama, Paraguay, Peru, Uruguay, Venezuela, South Africa, 

rinidad and Tobago, Armenia, Azerbaijan, Belarus, Bulgaria, Croa- 

ia, Czech Republic, Georgia, Estonia, Hungary, Kazakhstan, Kyr- 

yz Republic, Latvia, Lithuania, Macedonia, Moldova, Poland, Roma- 

ia, Russian Federation, Slovak Republic, Slovenia, Tajikistan, Turk- 

enistan, Ukraine, Uzbekistan. 

Club 3 (Marginalized): China ( ↑ ), Indonesia ( ↑ ), Vietnam ( ↑ ),

angladesh, India, Mongolia, Nepal, Pakistan, Sri Lanka, Iran ( ↑ ), 

man ( ↑ ), Yemen, Albania ( ↑ ), El Salvador ( ↑ ), Honduras ( ↑ ),

uatemala, Haiti, Nicaragua, Algeria ( ↑ ), Botswana ( ↑ ), Mauritius 

 ↑ ), Tunisia ( ↑ ), Zimbabwe ( ↑ ), Benin, Cameroon, Central African

epublic, Congo Rep., Cote dIvoire, Egypt, Gabon, Ghana, Kenya, 

esotho, Madagascar, Malawi, Morocco, Mozambique, Namibia, 

igeria, Senegal, Sudan, Swaziland, Tanzania, Togo, Uganda, Zam- 

ia. 

eferences 

bramovitz, M. (1986). Catching-up, forging ahead and falling behind. Journal of Eco- 

nomic History, 46 , 385–406 . 
cemoglu, D., Aghion, P., & Zilibotti, F. (2006). Distance to frontier, selection, and 

economic growth. Journal of the European Economic Association, 4 (1), 37–74 . 

fsharian, M. (2018). A linear programming approach to efficiency evaluation in 
nonconvex metatechnologies. European Journal of Operational Research, 268 (1), 

268–280 . 
lfo, M., Trovato, G., & Waldmann, R. (2008). Testing for country heterogeneity in 

growth models using a finite mixture approach. Journal of Applied Econometrics, 
23 , 487–514 . 

msler, C., O’Donnell, C. J., & Schmidt, P. (2017). Stochastic metafrontiers. Economet- 

ric Reviews, 36 (6–9), 1007–1020 . 
pergis, N. (2015). Convergence in public expenditure across a sample of emerging 

countries: Evidence from club convergence. Emerging Markets Finance and Trade, 
51 , 448–462 . 

ravindakshan, S., Rossi, F., Amjath-Babu, T. S., Veettil, P. C., & Krupnik, T. J. (2018). 
Application of a bias-corrected meta-frontier approach and an endogenous 

switching regression to analyze the technical efficiency of conservation tillage 

for wheat in South Asia. Journal of Productivity Analysis, 49 (2), 153–171 . 
ssaf, A., Barros, C. P., & Josiassen, A. (2012). Hotel efficiency: A bootstrapped 

metafrontier approach. International Journal of Hospitality Management, 31 , 
621–629 . 

zad, M. A. K., Munisamy, S., Masum, A. K. M., Saona, P., & Wanke, P. (2017). Bank
efficiency in Malaysia: A use of malmquist meta-frontier analysis. Eurasian Busi- 

ness Review, 7 , 287–311 . 

zariadis, C., & Drazen, A. (1990). Threshold externalities in economic development. 
The Quarterly Journal of Economics, 105 , 501–526 . 

anker, R. D., & Natarajan, R. (2011). Statistical tests based on DEA efficiency scores. 
Handbook on data envelopment analysis . Boston, MA: Springer . 

attese, G. E., & Rao, D. S. P. (2002). Technology gap, efficiency, and a stochastic
metafrontier function. International Journal of Business Economics, 1 (2), 87–93 . 

attese, G. E., Rao, D. S. P., & O’Donnell, C. J. (2004). A metafrontier production func-

tion for estimation of technical efficiencies and technology gaps for firms oper- 
ating under different technologies. Journal of Productivity Analysis, 21 , 91–103 . 

eltran-Esteve, M., Gmez-Limn, J. A., Picazo-Tadeo, A., & Reig-Martnez, E. (2014). A 
metafrontier directional distance function approach to assessing eco-efficiency. 

Journal of Productivity Analysis, 41 (1), 69–83 . 
ernard, A., & Durlauf, S. (1996). Interpreting tests of the convergence hypothesis. 

Journal of Econometrics, 71 , 161–173 . 
ernard, A., & Jones, C. (1996). Technology and convergence. Economic Journal, 

106 (6), 1037–1044 . 

iorn, E., Hagen, T. P., Iversen, T., & Magnussen, D. (2003). The effect of activi-
ty-based financing on hospital efficiency: A panel data analysis of DEA efficiency 

scores 19920 0 0. Health Care Management Science, 6 (4), 271–283 . 
loom, E. D., Canning, D., & Sevilla, J. (2003). Geography and poverty traps. Journal 

of Economic Growth, 8 , 355–378 . 

http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0001
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0002
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0003
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0005
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0006
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0007
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0008
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0009
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0010
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0011
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0012
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0014
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0015
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0016
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0017
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0018
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0019
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0020


B. Walheer European Journal of Operational Research xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: EOR [m5G; May 31, 2022;16:23 ] 

B

B

B  

B  

C

C

C

C

C  

C

C  

C

C  

C

D

D

D  

D

D

E  

F

F

F

F  

G

G

G

H  

H

H

H

H

H

H

H

H  

H

H

I

J

J

K

K

K

K

K

L

L

L

M

O  

O

O  

P

S  

S  

S

S

S

T

T

T

V

W

W

W

W

os, J. W., Candelon, B., & Economidou, C. (2016). Does knowledge spill over across 
borders and technology regimes? Journal of Productivity Analysis, 46 (1), 63–82 . 

os, J. W., Economidou, C., & Koetter, M. (2010). Technology clubs, R&D and growth 
patterns: Evidence from EU manufacturing. European economic review, 54 (1), 

60–79 . 
os, J. W., Economidou, C., Koetter, M., & Kolari, J. W. (2010). Do all countries grow

alike? Journal of Development Economics, 91 (1), 113–127 . 
reiman, L., Friedman, J. H., Olshen, R. A., & Stone, C. J. (1984). Classification and

regression trees . Chapman & Hall/CRC . 

astellacci, F. (2008). Technology clubs, technology gaps and growth trajectories. 
Structural Change and Economic Dynamics, 19 (4), 301–314 . 

astellacci, F. (2011). Closing the technology gap? Review of Development Economics, 
15 (1), 180–197 . 

astellacci, F., & Archibugi, D. (2008). The technology clubs: The distribution of 
knowledge across nations. Research Policy, 37 (10), 1659–1673 . 

astellacci, F., & Natera, J. M. (2016). Innovation, absorptive capacity and growth 

heterogeneity: Development paths in Latin America 19702010. Structural Change 
and Economic Dynamics, 37 , 27–42 . 

aves, D. W., Christensen, L. R., & Diewert, W. E. (1982). The economic theory of
index numbers and the measurement of input, output and productivity. Econo- 

metrica, 50 , 1393–1414 . 
hang, V., & Tovar, B. (2017). Metafrontier analysis on productivity for west coast of 

south pacific terminals. Transportation Research Part A: Policy and Practice, 103 , 

118–134 . 
harnes, A., Cooper, W. W., & Rhodes, E. (1978). Measuring the efficiency of decision

making units. European Journal of Operational Research, 2 , 429–4 4 4 . 
hen, K.-H., Huang, Y.-J., & Yang, C. H. (2009). Analysis of regional productivity 

growth in China: A generalized metafrontier MPI approach. China Economic Re- 
view, 20 , 777–792 . 

herchye, L., Lovell, C. A., Moesen, W., & Van Puyenbroeck, T. (2007a). One market,

one number? A composite indicator assessment of EU internal market dynam- 
ics. European Economic Review, 51 , 749–779 . 

herchye, L., Moesen, W., Rogge, N., & Van Puyenbroeck, T. (2007b). An introduc- 
tion to benefit of the doubt composite indicators. Social Indicators Research, 82 , 

111–145 . 
aouia, A., & Simar, L. (2007). Nonparametric efficiency analysis: A multivariate con- 

ditional quantile approach. Journal of Econometrics, 140 , 375–400 . 

araio, C., & Simar, L. (2007). Advanced robust and nonparametric methods in effi- 
ciency analysis. methodology and applications . Springer . 

as, G. G., & Drine, I. (2020). Distance from the technology frontier: How could
africa catch-up via socio-institutional factors and human capital? Technological 

Forecasting and Social Change, 150 , 119–755 . 
urlauf, S., & Johnson, P. A. (1995). Multiple regimes and cross-country growth be- 

havior. Journal of Applied Econometrics, 10 , 365–384 . 

uygun, M., Sena, V., & Shaban, M. (2016). Trademarking activities and total factor 
productivity: Some evidence for british commercial banks using a metafrontier 

approach. Journal of Banking and Finance, 72 , S70-S80 . 
mrouznejad, A., & Yang, G. L. (2018). A survey and analysis of the first 40 years of

scholarly literature in DEA: 19782016. Socio-Economic Planning Sciences, 61 , 4–8 . 
äre, R., Grosskopf, S., Norris, M., & Zhang, Z. (1994). Productivity growth, technical 

progress, and efficiency change in industrialized countries. American Economic 
Review, 84 (1), 66–83 . 

äre, R., & Zelenyuk, V. (2003). On Farrell’s decomposition and aggregation. Euro- 

pean Journal of Operational Research, 146 , 615–620 . 
iaschi, D., & Lavezzi, A. (2007). Nonlinear economic growth: Some theory and 

cross-country evidence. Journal of Development Economics, 84 , 271–290 . 
u, T.-T., Juo, J.-C., Chiang, H.-C., Yu, M.-M., & Huang, M. Y. (2016). Risk-based decom-

positions of the meta profit efficiency of taiwanese and Chinese bank. Omega, 
62 , 34–46 . 

alor, O. (1996). Convergence? Inferences from theoretical models. Economic Journal, 

106 , 1056–1096 . 
ong, G., & Keller, W. (2003). Convergence and polarization in global income lev- 

els: A review of recent results on the role of international technology diffusion. 
Research Policy, 32 , 1055–1079 . 

reen, W. H. (2005). Reconsidering heterogeneity in panel data estimators of the 
stochastic frontier model. Journal of Econometrics, 126 (2), 269–303 . 

all, R., & Jones, C. (1999). Why do some countries produce so much more output

per worker than others. Quarterly Journal of Economics, 114 (1), 83–116 . 
ayami, Y. (1969). Sources of agricultural productivity gap among selected coun- 

tries. American Journal of Agricultural Economics, 51 , 564–575 . 
ayami, Y., & Ruttan, V. W. (1970). Agricultural productivity differences among 

countries. American Economic Review, 60 , 895–911 . 
e, M., & Walheer, B. (2020). Technical efficiency and technology gap of the man- 

ufacturing industry in China: Does firm ownership matter? World Development, 

127 , 104–769 . 
e, M., & Walheer, B. (2020). Spillovers and path dependences in the chinese man- 

ufacturing industry: A firm-level analysis. Journal of Development Studies, 56 , 
817–839 . 

enderson, D. J., & Russell, R. R. (2005). Human capital and convergence: A produc- 
tion-frontier approach. International Economic Review, 46 (4), 1167–1205 . 

owitt, P. (20 0 0). Endogenous growth and cross-country income differences. Amer- 

ican Economic Review, 90 (4), 829–846 . 
owitt, P., & Mayer-Foulkes, D. (2005). R&D, implementation and stagnation: A 

schumpeterian theory of convergence clubs. Journal of Money, Credit and Bank- 
ing, 37 (1), 147–177 . 
11 
uang, C. W., Ho, F. N., & Chiu, Y. H. (2014). Measurement of tourist hotels’ produc-
tive efficiency, occupancy, and catering service effectiveness using a modified 

two-stage DEA model in Taiwan. Omega, 48 , 49–59 . 
uang, C.-W., Ting, C.-T., Lin, C.-H., & Lin, C. T. (2013). Measuring non-convex 

metafrontier efficiency in international tourist hotels. Journal of the Operational 
Research Society, 64 , 250–259 . 

ynninen, S.-M., Ojala, J., & Pehkonen, J. (2013). Technological change and wage pre- 
miums: Historical evidence from linked employer-employee data. Labour Eco- 

nomics, 24 , 1–11 . 

slam, N. (1999). International comparison of total factor productivity: A review. Re- 
view of Income and Wealth, 45 (4), 493–518 . 

iang, N., & Sharp, B. (2015). Technical efficiency and technological gap of New 

Zealand dairy farms: A stochastic meta-frontier model. Journal of Productivity 

Analysis, 44 , 39–49 . 
in, Q., Kerstens, K., & Van de Woestyne, I. (2020). Metafrontier productivity indices: 

Questioning the common convexification strategy. European Journal of Opera- 

tional Research, 283 , 737–747 . 
alaitzidakis, P., Mamuneas, T., Savvides, A., & Stengos, T. (2001). Measures of hu- 

man capital and nonlinearities in economic growth. Journal of Economic Growth, 
6 , 229–254 . 

ontolaimou, A., Kounetas, K., Mourtos, I., & Tsekouras, K. (2012). Technology gaps 
in European banking: Put the blame on inputs or outputs? Economic Modeling, 

29 (5), 1798–1808 . 

ontolaimou, A., & Tsekouras, K. (2010). Are cooperatives the weakest link in Euro- 
pean banking? A non-parametric metafrontier approach. Journal of Banking and 

Finance, 34 (8), 1946–1957 . 
ounetas, K. (2015). Heterogeneous technologies, strategic groups and environmen- 

tal efficiency technology gaps for european countries. Energy Policy, 83 , 277–287 . 
umar, S., & Russell, R. R. (2002). Technological change, technological catch-up, and 

capital deepening: Relative contributions to growth and convergence. American 

Economic Review, 92 (3), 527–548 . 
ewis, H. F., & Sexton, T. R. (2004). Network DEA: Efficiency analysis of organiza- 

tions with complex internal structure. Computers & Operations Research, 31 (9), 
1365–1410 . 

i, H.-Z., Kopsakangas-Savolainen, M., Xiao, X.-Z., & Lau, S. Y. (2017). Have regulatory 
reforms improved the efficiency levels of the Japanese electricity distribution 

sector? A cost metafrontier-based analysis. Energy Policy, 108 , 606–616 . 

in, B., & Du, K. (2013). Technology gap and China’s regional energy efficiency: A 
parametric metafrontier approach. Energy Economics, 40 , 529–536 . 

aasoumi, E., Racine, J., & Stengos, T. (2007). Growth and convergence: A pro- 
file of distribution of dynamics and mobility. Journal of Econometrics, 136 , 483–

508 . 
’Donnell, C. J., Rao, D. S. P., & Battese, G. E. (2008). Metafrontier frameworks for

the study of firm-level efficiencies and technology ratios. Empirical Economics, 

34 , 231–255 . 
rea, L., & Kumbhakar, S. C. (2004). Efficiency measurement using a latent class 

stochastic frontier model. Empirical Economics, 29 (1), 169–183 . 
wen, A. L., Videras, J., & Davis, L. (2009). Do all countries follow the same growth

process? Journal of Economic Growth, 14 (4), 265–286 . 
rescott, E. C. (1998). Needed: A theory of total factor productivity. International 

Economic Review, 39 (3), 525–551 . 
aba, C. S., & David, O. O. (2020). Convergence patterns in global ICT: Fresh insights

from a club clustering algorithm. Telecommunications Policy, 44 (10), 102010 . 

harma, K. R., Leung, P. S., Chen, H., & Peterson, A. (1999). Economic efficiency and
optimum stocking densities in fish polyculture: An application of data envelop- 

ment analysis (DEA) to chinese fish farms. Aquaculture, 180 , 207–221 . 
imar, L., & Vanhems, A. (2012). Probabilistic characterization of directional dis- 

tances and their robust versions. Journal of Econometrics, 166 , 342–354 . 
imar, L., Vanhems, A., & Van Keilegom, I. (2016). Unobserved heterogeneity and en- 

dogeneity in nonparametric frontier estimation. Journal of Econometrics, 190 (2), 

360-373 . 
tollinger, R. (2013). International spillovers in a world of technology clubs. Struc- 

tural Change and Economic Dynamics, 27 , 19–35 . 
sekouras, K., Chatzistamoulou, N., Kounetas, K., & Broadstock, D. C. (2016). 

Spillovers, path dependence and the productive performance of European trans- 
portation sectors in the presence of technology heterogeneity. Technological 

Forecasting and Social Change, 102 , 261–274 . 

sionas, E. G., & Kumbhakar, S. C. (2004). Markov switching stochastic frontier 
model. The Econometrics Journal, 7 (2), 398–425 . 

ulkens, H. (1993). On FDH analysis: Some methodological issues and applications 
to retail banking, courts and urban transit. Journal of Productivity Analysis, 4 , 

183–210 . 
aldmanis, V. (1992). Sensitivity analysis for DEA models: An empirical example 

using public vs. NFP hospitals. Journal of Public Economics, 48 , 185–205 . 

alheer, B. (2016). Growth and convergence of the OECD countries: A multi-sec- 
tor production-frontier approach. European Journal of Operational Research, 252 , 

665–675 . 
alheer, B. (2018a). Aggregation of metafrontier technology gap ratios: The case of 

European sectors in 1995–2015. European Journal of Operational Research, 269 (3), 
1013–1026 . 

alheer, B. (2018b). Labour productivity growth and energy in Europe: A produc- 

tion-frontier approach. Energy, 152 , 129–143 . 
alheer, B. (2019). Disentangling heterogeneity gaps and pure performance differ- 

ences in composite indexes over time: The case of the Europe 2020 strategy. 
Social Indicators Research, 143 , 25–45 . 

http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0021
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0022
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0023
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0024
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0025
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0026
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0027
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0028
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0029
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0030
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0031
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0032
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0033
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0034
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0035
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0036
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0037
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0040
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0041
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0042
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0044
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0045
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0048
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0049
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0050
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0051
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0052
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0053
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0054
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0055
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0056
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0057
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0058
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0059
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0060
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0061
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0062
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0064
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0065
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0066
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0067
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0068
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0069
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0070
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0071
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0072
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0073
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0074
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0075
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0076
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0078
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0079
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0080
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0082
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0083
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0084
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0085
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0086
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0088
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0090
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0091
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0092
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0093
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0094
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0095
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0096
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0097


B. Walheer European Journal of Operational Research xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: EOR [m5G; May 31, 2022;16:23 ] 

W

W

Yang, J., Cheng, J., & Huang, S. (2020). CO2 emissions performance and reduction 
potential in Chinas manufacturing industry: A multi-hierarchy meta-frontier ap- 

proach. Journal of Cleaner Production, 255 , 120–226 . 
Zhou, P., Ang, B. W., & Poh, K. L. (2008). Measuring environmental performance un- 

der different environmental DEA technologies. Energy Economics, 30 , 1–14 . 
alheer, B. (2021). Labor productivity and technology heterogeneity. Journal of 
Macroeconomics, 68 , 103290 . 

alheer, B., & Zhang, L. J. (2018). Profit Luenberger and Malmquist-Luenberger in- 
dexes for multi-activity decision making units: The case of the star-rated hotel 

industry in China. Tourism Management, 69 , 1–11 . 
12 

http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0098
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0099
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0101
http://refhub.elsevier.com/S0377-2217(22)00427-1/sbref0102

	Meta-frontier and technology switchers: A nonparametric approach
	1 Introduction
	2 Meta-frontier and technology switchers
	3 Preliminaries
	4 Motivation and objectives
	5 Counterfactual technologies and switcher effects
	6 Empirical application
	6.1 Club definitions and technology switchers
	6.2 Efficiency and technology gap
	6.3 Switcher effects
	6.4 Fictive scenarii

	7 Conclusion
	Appendix A linear programmings
	Appendix B Clubs in 1990
	References


