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Abstract

The very limited studies that tried to measure the efficiency of national innovation systems
(NISs) in BRICS economies were limited to the assumption that the innovation process at
national level consists of one stage only and got different and conflicting results. Therefore,
this study endeavours to measure the efficiency of sub-processes within the BRICS’s NISs
and identify where the system failure lies in each NIS. Bias-corrected network data
envelopment analysis (DEA) is used to measure the efficiency of total NIS and the efficiency
of the other sub-processes within the system: (1) knowledge production process (KPP), and
(2) knowledge commercialization process (KCP). The results showed that NISs in BRICS
economies suffer from low performance in commercializing their outputs of universities
and research organizations. While, on the other hand, their performance in creating
scientific and technical knowledge is good in comparison to other studied countries. We
suggest that the reason behind this imbalance is the network system failure associated with
weak institutions and high uncertainty in the economy. In this study, we argue that the
problem in BRICS NISs is not a problem of resources, but it is a problem of system
management and institutions. Some bridging policies are suggested to be adopted by
BRICS economies to improve their innovation performance and overcome the system
failure of weak links between universities and industry.

Keywords: National innovation system, BRICS economies, Data Envelopment Analysis, DEA
network, Knowledge commercialization, System failures

Introduction
Building a globally competitive economy today requires an economy with a high inten-

sity of innovation activities at the national level. This innovativeness is a decisive factor

that determines the potential of economic expansion and development of any economy

since the economies of scale and low labour wages are no longer as decisive as they

were two decades ago. Especially in emerging economies like BRICS economies. There-

fore, there is a need for building an efficient national innovation system (NIS) in these

countries in order to improve their economic competitiveness and sustainable eco-

nomic growth based on innovation-related sources.
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As a result of a highly competitive global environment, policymakers need to ensure

that their innovation policies and strategies are sound and oriented precisely towards

overcoming the weakness and shortcomings of their NIS. This process requires a pro-

found analysis of NIS and all its actors, their relationships and the structural patterns

of its progress overtime (Castellacci & Natera, 2013).

The notion of national innovation system as a systematic framework for studying cre-

ation, dissemination and exchanging of knowledge and technologies at the national

level was firstly introduced by (Freeman, 1982; Freeman & Lundvall, 1988). This con-

cept has been developed since that time to include all institutions, organizations and

actors engaged in the innovation-related activities at sectoral, regional and national

levels (Edquist, 2009; Nelson, 1993). The procedural objective of this conceptual frame-

work is to study the relationships between the main actors within NIS and the needed

mechanisms to develop these relationships to be more productive and efficient.

Existing literature that has studied NISs in developing economies such as BRICS

economies was limited to four types of studies: (1) historical and theoretical analysis of

NISs in BRICS countries (Cassiolato & Vitorino, 2009; Scerri et al., 2010; Zaichenko,

2014), (2) studying the causal relationship between NIS’s variables and their impact on

the economic development (Alnafrah & Bogdanova, 2018; Alnafrah et al., 2018; Rao-

Nicholson et al., 2017), (3) using machine learning techniques to identify the structural

strengths and weaknesses of NISs (Alnafrah, 2019; Alnafrah & Zeno, 2019), and (4)

measuring the efficiency of specific innovation industries or sub-systems such as energy

(Song et al., 2013; Tu et al., 2016), the insurance industry (Huang & Eling, 2013) and

ICT sector (Biryukova & Matiukhina, 2019).

However, previous studies did not answer the following question: do the NISs in

these economies work efficiently? The very limited studies that tried to measure the ef-

ficiency of NISs in BRICS economies based on conducting the Data Envelopment Ana-

lysis (DEA) were limited to the assumption that the innovation process at national level

consists of one stage only (Cai & Hanley, 2012; Liu & White, 2001; Viotti, 2002). These

studies treated NIS as one unit, neglecting the fact that the efficiency score of the total

system does not demonstrate the sub-systems’ efficiencies scores (Cron & Sobol, 1983;

Kao & Hwang, 2008, 2010; Li et al., 2016; Wang et al., 1997).

Therefore, this study tries to answer the following questions: (1) Do the NISs in

BRICS countries work efficiently? (2) What types of inefficiencies do these systems suf-

fer from?

Drawing on the work of Carayannis et al. (2015), Cook et al. (2010), Guan and Chen

(2012) and Li et al. (2016), we assume in this study that the innovation process at the

national level consists of two main processes: (1) knowledge production process (KPP)

and (2) knowledge commercialization process (KCP), where these two processes cover

all functions of the NIS’s actors: universities, business sector and government.

Accordingly, this study aims at measuring the efficiency of BRICS’s NISs of two

innovation-related processes and identifying where the system failure lies in each NIS.

This study endeavours to fill this research gap by conducting the data envelopment

analysis (DEA) to provide the policymakers with profound insights about the structural

functioning of their NISs. Moreover, this study provides the answer to the following

question: are the BRICS’s NISs working efficiently or not, and if they are not, what kind

of system failure they suffer from and in which process?
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This study is structured as follows. First, we revise the literature of NIS’s efficiency

studies in developing economies, in addition to those that have been conducted in

BRICS economies. Second, we illustrate the data and methodology used in this study.

Third, we present and discuss the results. Finally, we draw our conclusion and provide

some recommendations.

Literature review
The development of economic activities as a result of utilizing the outputs of digital and

technological revolution has led to increasing the intensity of innovations at micro, meso

and macroeconomic levels. This kind of progress included radical changes in the product-

ivity and the mechanisms of innovation creation and diffusion, which in its turn led pol-

icymakers to devise theoretical and practical frameworks to measure the impact of

innovation activities on the national economic performance. In other words, there was a

need to find a new analysis framework to help policymakers explain the way in which new

innovations and technologies emerge and diffuse at the national level and how these tech-

nologies and innovations influence the overall socio-economic performance.

These conditions have led to the emergence of the NIS as a systemic framework for

analysing the economic performance associated with innovative activities, creating, dis-

seminating and exchanging high technologies (Freeman, 1982; Freeman & Lundvall,

1988; Godin, 2009; Lundvall, 2007). This analysis framework is used to study the rela-

tionships among the main actors within NIS and the needed mechanisms to develop

these relationships and make them more productive and efficient. Accordingly, the con-

cept of the NIS is an important conceptual framework in the context of studying and

analysing the emergence and diffusion of new technologies and innovations at the na-

tional level (Metcalfe & Ramlogan, 2008).

That being said, the NIS concept has been witnessed three main shifts: (1) shift to-

wards macro structures of NIS and the interactions between the main actors within the

system (Chen & Guan, 2011); (2) shift towards technology, sectoral and regional

innovation systems with special focus on the developing economies (Andersen et al.,

2014; Malerba, 2002); and (3) growing emphasis on the internationalisation of NISs and

the role of multinational corporations (MNCs) as a channel for global knowledge and

innovation practices flows (Chung, 2002; Distefano et al., 2016; Watkins et al., 2015).

These shifts paved the way for studying the NISs in developing economies, and espe-

cially those that have achieved and maintained high and extensive economic growth

rates over a decade.

Regarding the NISs in BRICS economies, they were included gradually in the NIS lit-

erature because of two main reasons: (1) BRICS economies had not built yet mature

NISs (Kravtsova & Radosevic, 2012), where their innovation activities were focused on

specific sub-innovation processes in specific regions or industries (Watkins et al.,

2015), (2) the economic openness and the development inclusion, that imposed the pri-

ority of building a national innovation network (Scerri & Lastres, 2013).

In this context and since the economic and social development of countries depends on

a country’s capacity to create, disseminate and apply new knowledge and technologies

(Metcalfe & Ramlogan, 2008; Yao et al., 2009), it was important to ensure that NIS’s func-

tions and processes work efficiently. In doing so, several studies tried to measure the effi-

ciency of NISs and other types of innovation systems (regional, sectoral and technology
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systems) in different countries, BRICS economies are included, to assess the role of these

systems in the sustainability of economic growth (Afzal, 2014; Matei & Aldea, 2012; Sa-

mara et al., 2012; Tseng, 2009; Zemtsov & Kotsemir, 2019). Moreover, the efficiency

measurement studies of innovation systems were oriented towards analysing the dynamic

progress of these systems over time, in addition to identifying the system failures associ-

ated with low-efficiency levels (Guan & Chen, 2010, 2012).

Applying DEA approach is one of the most widespread methods of measuring the

innovation system performance. Building on the work of (Emrouznejad & Yang, 2018),

between 1980 and 2019, more than 4200 DEA-related articles were published in the

Scopus database. This growing tendency indicates the importance and implication ben-

efits that DEA provides in the field of efficiency measurement studies. In this paper, we

are interested in the innovation system related studies since our aim is to measure and

analyse the efficiency of the NISs in BRICS countries.

Innovation system is a multilevel concept (Carayannis et al., 2016), where national,

regional and sectoral innovation system can coexist and coevolve together in the same

country. Accordingly, the existing literature of measuring the efficiency of innovation

systems is divided into three categories. First, studies that measure the efficiency of the

NIS (NIS) (Abbasi et al., 2011; Guan & Chen, 2012; Sharma & Thomas, 2008; Wang &

Huang, 2007). Second, studies that measure the efficiency of the regional innovation

system (RIS) (Chen & Guan, 2012; Didenko et al., 2017; Guan & Chen, 2010; Lengyel

& Leydesdorff, 2011; Zabala-Iturriagagoitia et al., 2007). Third, studies that measure the

efficiency of the sectoral innovation system (SIS) (Andersen et al., 2014; Liu et al., 2018;

Meng et al., 2006).

Regarding the efficiency analysis of NIS, there are several DEA-related articles in the

existing literature. However, the most widespread studies are focused on developed

economies such as EU and OECD (Hudec & Prochádzková, 2013; Kou et al., 2016;

Matei & Aldea, 2012; Rousseau & Rousseau, 1997; Tarnawska & Mavroeidis, 2015).

However, most of previous studies that tried to evaluate the efficiency of NIS treated

it as a one decision unit, which does not provide any insights to the policymakers

(Grupp & Schubert, 2010; Jiménez-Sáez et al., 2011; Lee & Park, 2005; Namazi &

Mohammadi, 2018; Pan et al., 2010; Ramanathan et al., 2018; Wang, Fan, et al., 2016;

Zabala-Iturriagagoitia et al., 2007), leaving them with just an idea that their NIS works

or does not work efficiently. Even this piece of information is not accurate enough to

build on it any policy. In other words, the implication value of this kind of analysis is

very low. What we are essentially arguing in this article is that measuring the efficiency

of NIS should consider not only the overall innovation process but also all other sub-

processes involved in this system.

Given the limitations of the previous DEA approaches, some studies applied add-

itional econometric analyses such as Tobit regression (Afzal, 2014; Matei & Aldea,

2012) to investigate the impact of the environmental factors on the innovation per-

formance, and super efficiency ( Chen & Guan, 2012; Pan et al., 2010) to generate a

corrected ranking system. However, these additional econometric analyses do not help

in demonstrating the relationship and interactions of the innovation processes within

the NIS. Therefore, network DEA approach was applied to analyse the interaction be-

tween sub-innovation processes within the NIS (Carayannis et al., 2015) and the path

of productivity gain of national innovation systems and its relationship with the
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technological improvements in the context of catch up process (Zabala-Iturriagagoitia

et al., 2020).

Accordingly and in line with the existing literature (Carayannis et al., 2016; Chen

et al., 2018; Chen & Guan, 2012; Kou et al., 2016; Liou, 2009), we propose using DEA

network by splitting the overall national innovation process into two sub-processes:

knowledge production process (KPP) and knowledge commercialization process (KCP).

By doing so, policymakers will be able to get some insights about the overall perform-

ance of their NIS in addition to the performance of other sub-processes, which in its

turn will help them in identifying what kind of system failure they are dealing with and

how the allocation of sources could be made better.

Interestingly, when it comes to the efficiency measurement of BRICS’s NISs, the lit-

erature is very limited and cases study oriented. There are only three studies that have

measured the efficiency of NISs in these countries together. Cai (2011) has studied the

NISs of 22 countries including BRICS and G7. The findings of this study showed that

BRICS’s NISs have low performance in terms of their governance, in addition to a high

dependency on natural resources. Cai argued that extensive economic growth does not

enhance the competitiveness of BRICS economies. Therefore, he suggested transferring

BRICS’s factor-driven growth patterns into innovation-driven growth patterns. It is

worth mentioning here that the absence of bias test for the efficiency results in this

study led the author to inconsistent conclusions, for example, the negative relationship

between the proxy variables of education system and the efficiency level of NIS. Cai

and Hanley (2012) have studied BRICS’s NISs by conducting two-stages DEA method.

They found that technological similarity is not the only criterion underpinning innova-

tive performance. They argued that the socio-economic conditions also play a role in

determining the innovativeness of country. The findings of this study showed that

China, India and Russia demonstrate relatively high-efficiency scores, whereas both

Brazil and South Africa perform badly. Authors linked the “bad” performance of Brazil

and South Africa with their strongly performing natural resources sector. In this con-

text, it should be said that if that is so, how do the findings of this study explain the

high-efficiency score of Russia? The main drawback of this study is treating the NISs as

one decision unit omitting the fact that the national innovation performance cannot be

analysed as one simple process with inputs and outputs. Brando Santana et al. (2015)

supposed that technological innovation should positively contribute to achieving sus-

tainable development. The results of this study showed that Brazil, South Africa and

India have the highest efficiency scores among BRICS economies, whereas Russia and

China have the worst innovation performance. Interestingly, the results of Brando

Santana et al. (2015) study are exactly the opposite of the Cai and Hanley study (Cai &

Hanley, 2012). We suggest that the reasons behind that are as follows: (1) choosing dif-

ferent variables to represent the inputs and outputs of NISs, for example the inputs in

the Cai and Hanley study are outputs in the Brando et al. study, (2) using different

scales and returns orientations and (3) using different bias test analysis.

Summing up, there were numerous studies that used the DEA methods to measure

the efficiency of NISs. However, very limited studies conducted this analysis on BRICS’s

NISs, and those who used it got different and conflicting results because of various rea-

sons as mentioned earlier. Therefore, this study endeavours to fill this research gap by

(1) conducting bias-corrected DEA network analysis on the BRICS’s NISs, and (2)
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considering the complexity of the national innovation activities by splitting the national

innovation processes into two sub-processes.

Methodology and data
Drawing on the seminal work of Charnes et al. (1978) who proposed a nonparametric

programming model (CCR)1 to measure the efficiency of different decision making

units (DMU), and the dual convex model (BCC)2 introduced by Banker et al. (1984) to

measure the technical and scale efficiency with reference to the efficient frontier, we

use DEA method in this study to measure the relative efficiency scores of BRICS’s NISs.

However, these original DEA works were developed to measure the efficiency of DMU

as a whole unit (Kao, 2014), without considering the performance of other sub-

processes within this unit. Therefore, in this study, we use the advanced model of the

DEA method, that is network DEA, which was introduced by Färe and Grosskopf

(2000) and Wang et al. (1997).

The reason behind using such a method is that DEA does not assume any relative

importance, weights or even mathematical hypotheses of inputs and outputs; besides, it

is a nonparametric method that is less restrictive than parametric models. Moreover,

the DEA is essentially based on the Pareto optimality principle (Charnes et al., 1985),

where any decision-making unit is considered inefficient if any other decision-making

unit or a combination of units were able to produce the same outputs by using fewer

inputs than this unit used.

In this study, as mentioned earlier, the NIS was divided into two sub-processes:

� Knowledge production process (KPP): at this stage, the efficiency of the technical

and scientific knowledge production process is measured. The main actors in this

process are the universities and R&D organizations.

� Knowledge commercialization process (KCP): at this stage, the efficiency of the

knowledge monetization process is measured. In other words, the efficiency of

transforming technical and scientific knowledge into innovation products and new

technologies. The inputs of this process are at the same time the outputs of the

previous process (KPP), in addition to the other inputs that are not outputs of the

KPP and related to the national innovation process.

The inputs and outputs of these two processes were taken at different time intervals

with a time lag of 2 years between the inputs of the KPP and the outputs of the KCP.

As shown in Fig. 1, each process includes three inputs and two outputs variables (see

the descriptive statistics of all included variables in Table 1).

In the Table 9 in Appendix, data used in this study is provided.

Selecting the sample of countries was based on two criteria. First, according to

Cooper et al. (2006), the number of studied countries should be greater than the com-

bined number of inputs and outputs. Otherwise, a large portion of studied countries

will be identified as efficient due to an inadequate number of degrees of freedom. Ac-

cordingly, the number of studied countries should exceed the combined number of

1CCR abbreviation comes from model described in Charnes et al. (1978).
2BCC abbreviation comes from model described in Banker et al. (1984).
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inputs and outputs by several times. Second, we chose countries from the OECD group,

where this group of countries is considered, to some extent, similar to the BRICS coun-

tries in terms of economic performance. We argue that comparing BRICS economies

with other least developed economies will not help in showing the real innovation per-

formance of this group of countries.

The methodology consists of three stages:

A. Inputs and outputs selection: this selection was based on an extended review of

previous empirical studies that used different DEA methods to measure the

efficiency of NIS-related processes as shown Table 10 in Appendix.

After that, a correlation matrix analysis was done to ensure that inputs and outputs

have a significant correlation. The correlation matrixes of three NIS’s processes are rep-

resented in Tables 2, 3 and 4.

The reason behind conducting the correlation matrixes analysis is to test the con-

struct validity of our model (Golany & Roll, 1989; Lu et al., 2014). The results of the

correlation matrixes analysis show that all inputs and outputs of all processes are sig-

nificantly correlated. This means that the DEA model of NIS’s sub-processes has high

construct validity.

B. Returns selection: in order to select what kind of returns to scale we will use in our

model, we draw on the work of Kneip et al. (2011) in identifying the return to

scale (RTS) by conducting a RTS-test for all three processes: KPP, KCP and Total.

The null hypothesis of this test is that the appropriate returns to scale are the con-

stant returns to scale. The results of this test are represented in Table 5.

Results in Table 5 show that variable returns to scale (VRS) is the appropriate method to

use for all processes, where the p value of all processes leads to rejecting the null hypothesis at

α = 10%. This means that the variable returns to scale will be used in this study. In this con-

text, it is worth mentioning that the RTS-test results are consistent with the structure of the

studied NISs (DMUs) in this study, where all of them work at different scales. Moreover, the

constant returns to scale method essentially measures scale efficiency without providing any

information about the stage or the returns direction of the innovation activities. On the other

hand, the variable returns to scale method measures the management efficiency of the

innovation process regardless of the size of DMU. It is also better in identifying the future

Fig. 1 NIS’s sub-processes
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directions of the national innovation policies, both at the level of knowledge production and

the commercialization of this knowledge. It also should be noted that all studied NISs in this

study operate under incomplete competition with different institutional structures. Therefore,

the variable returns to scale will be adopted in this study.

Table 1 Descriptive statistics

Variable full name
[abbreviated name]
(unit of
measurement)

Description Data source Type Mean (all
studied
countries)

Std.
deviation

R&D financed by
Government [GERD Fin
Gov] (in 2000 current
PPP$)

R&D financed by Government
refers to the financial resources
that government allocates to
support research and
development activities.

UNESCO
Institute for
statistics

Input (KPP) 8,544,
208.14

15,600,
025.48

Researchers total [Res
Tot] (units)

The number of researchers
engaged in Research
&Development (R&D).
Researchers are professionals
who conduct research and
improve or develop concepts,
theories, models techniques
instrumentation, software of
operational methods. R&D
covers basic research, applied
research and experimental
development.

UNESCO
Institute for
statistics and
World Bank

Input (KPP) 8,405,643 13,166,
765

GERD—performed by
higher education
[GERD Perf Educ] (in
2000 current PPP$)

GERD—performed by higher
education refers to the financial
resources that organizations of
the education system allocate
to conduct research and
development activities.

UNESCO
Institute for
statistics and
World Bank

Input (KPP) 241,187.52 380,
647.31

Number of scientific
and technical journal
articles published [S&T
article] (units)

Scientific and technical journal
articles refer to the number of
scientific and engineering
articles published in the
following fields: physics,
biology, chemistry,
mathematics, clinical medicine,
biomedical research.

World Bank Output (KPP)
/Input (KCP)

72,816.55 109,
070.63

Patent applications
(Residents) [Pat appl]
(units)

Patent applications are
worldwide patent applications
filed through the Patent
Cooperation Treaty procedure
or with a national patent office
for exclusive rights for an
invention.

WIPO Output
(KPP)/Input
(KCP)

63,533.04 199,
123.66

GERD—performed by
business enterprise
[Gerd Perf Bus] (in
2000 current PPP$)

GERD—performed by business
enterprise refers to the financial
resources that business sector
allocates to conduct research
and development activities.

UNESCO
Institute for
statistics

Input (KCP)
/Intermediate

41,777,
881.65

90,936,
904.5

High-technology
exports [HiTech Exp]
(in current US$)

High-technology exports are
products with high R&D
intensity, such as in aerospace,
computers, pharmaceuticals,
scientific instruments and
electrical machinery.

World Bank Output
(KCP)/Output
(Total)

657,979,
280,133.28

754,871,
364,036.5

Trademark applications
[TM Appl] (units)

Trademark applications filed are
applications to register a
trademark with a national or
regional Intellectual Property
(IP) office.

WIPO Output (KCP)
/Output
(Total)

155,828.56 416,
881.69
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C. Orientation selection: Input-oriented model with variable returns to scale was se-

lected in the knowledge production process (KPP), where actors in general, and the

government in particular, are able to control inputs more than outputs at this

stage. In addition, this stage is the first stage in the innovation process, thus focus-

ing on the input side to build the national innovation and technological capabilities

and capacities needed to produce scientific and technical knowledge is the core ob-

jective at this stage. Regarding the knowledge commercialization process (KCP),

output-oriented model with variable returns to scale was selected since the main

objective of the companies and the system is to maximize the outputs of the

innovation process as much as possible.

Efficiency measurement model

We have two processes, where each DMU, NIS in this study, has m1 inputs Xi1 j (i
1 = 1,

…. , m1) and s1 outputs Y r1 j (r
1 = 1, …. , s1) for the KPP, and has m2 inputs Xi2 j (i

2 = 1,

…. , m2) and s2 outputs Y r2 j (r
2 = 1, …. , s2) for the KCP. Moreover, there are P inter-

mediate Zpj (p = 1, …. , q). These intermediates are the link between the KPP and KCP.

Let ur1 , ur2 , vi1 , vi2 and wp denote unknown positive values above ε (non-Archimedean

number).

The overall efficiency of NIS can be defined as follows:

E j ¼
Ps1

r1¼1ur1Y r1 j þ
Ps2

r2¼1ur2Y r2 j þ
Pq

p¼1wpzpjPm1

i1¼1vi1xi1 j þ
Pm2

i2¼1vi2xi2 j þ
Pq

p¼1wpzpj
ð1Þ

Ej is the ratio of the aggregated weighted outputs to the aggregated weighted inputs

of the two processes. The overall efficiency Ej is a combination of two efficiencies E1
j

for the KPP efficiency score and E2
j for the KCP efficiency score. So, the overall convex

efficiency can be defined as follows:

Table 2 Correlations matrix (KPP)

GERD Fin Gov Res Tot GERD Perf Educ S&T articl Pat Appl

GERD Fin Gov 1 .800** .966** .965** .829**

Res Tot .800** 1 .828** .882** .522**

GERD Perf Educ .966** .828** 1 .978** .872**

S&T articl .965** .882** .978** 1 .824**

Pat Appl .829** .522** .872** .824** 1

** represents significance at 5% level of significance

Table 3 Correlations matrix (KCP)

S&T articl Pat Appl GERD Perf Bus HiTech Exp TM Appl

S&T articl 1 .824** .980** .928** .773**

Pat Appl .824** 1 .823** .719** .978**

GERD Perf Bus .980** .823** 1 .930** .742**

HiTech Exp .928** .719** .930** 1 .640**

TM Appl .773** .978** .742** .640** 1

** represents significance at 5% level of significance
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ð2Þ

where

E1
j ¼

Ps1

r1¼1ur1Y r1 j þ
Pq

p¼1wpzpjPm1

i1¼1vi1xi1 j
ϵ 0; 1ð � ð2:1Þ

and

E2
j ¼

Ps2

r2¼1ur2Y r2 jPm2

i2¼1vi2xi2 j þ
Pq

p¼1wpzpj
ϵ 0; 1ð � ð2:2Þ

and

ð2:3Þ

Ϣj denote the utilized portion of system aggregate inputs in the KPP, while 1-Ϣj is

the utilized portion of the system aggregate inputs in the KCP.

Based on Kao and Hwang (2008), the outputs of the first process (KPP) should be the

inputs of the second process (KCP). So, the CRS model (Charnes et al., 1978) of the

overall efficiency of a DMU j0 can be calculated as follows:

Table 4 Correlations matrix (Total)

GERD Fin Gov Res Tot GERD Perf Educ HiTech Exp TM Appl

GERD Fin Gov 1 .800** .966** .879** .799**

Res Tot .800** 1 .828** .909** .415*

GERD Perf Educ .966** .828** 1 .906** .816**

HiTech Exp .879** .909** .906** 1 .640**

TM Appl .799** .415* .816** .640** 1

**, * represent significance at 5 and 10% level of significance, respectively

Table 5 RTS-Test of returns to scale

Process Orientation P value Decision

KPP Input 0.001*** Reject H0

Output 0.05* Reject H0

KCP Input 0.05* Reject H0

Output 0.05* Reject H0

Total Input 0.02** Reject H0

Output 0.02** Reject H0

***, **, * represent significance at 1, 5 and 10% level of significance, respectively
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E j0 ¼ max

Ps1

r1¼1ur1Y r1 j0 þ
Ps2

r2¼1ur2Y r2 j0 þ
Pq

p¼1wpzp j0Pm1

i1¼1vi1xi1 j0 þ
Pm2

i2¼1vi2xi2 j0 þ
Pq

p¼1wpzp j0

s:t:

Ps1

r1¼1ur1Y r1 j þ
Ps2

r2¼1ur2Y r2 j þ
Pq

p¼1wpzpjPm1

i1¼1vi1xi1 j þ
Pm2

i2¼1vi2xi2 j þ
Pq

p¼1wpzpj
≤1

Ps1

r1¼1ur1Y r1 j þ
Pq

p¼1wpzpjPm1

i1¼1vi1xi1 j
≤1

Ps2

r2¼1ur2Y r2 jPm2

i2¼1vi2xi2 j þ
Pq

p¼1wpzpj
≤1

ð3Þ

where ur1 , ur2 , vi1 , vi2 and wp ≥ ε; j = 1, 2, …, n

Transformation of the previous model into a linear program model can be solved as

follows:

E j0 ¼ max
Xs1

r1¼1
ur1Y r1 j0 þ

Xs2

r2¼1
ur2Y r2 j0 þ

Xq

p¼1
wpzp j0

s:t:
Xm1

i1¼1
vi1xi1 j0 þ

Xm2

i2¼1
vi2xi2 j0 þ

Xq

p¼1
wpzp j0 ¼ 1Xs1

r1¼1
ur1Y r1 j þ

Xq

p¼1
wpzpj

� �
−
Xm1

i1¼1
vi1xi1 j≤0Xs2

r2¼1
ur2Y r2 j−

Xm2

i2¼1
vi2xi2 j þ

Xq

p¼1
wpzpj

� �
≤0

ð4Þ

where ur1 , ur2 , vi1 , vi2 and wp ≥ ε; j = 1, 2, …, n

In the same way, we calculate the efficiency of two sup-processes (KPP and KCP).

E1
j0
¼ max

Xs1

r1¼1
ur1Y r1 j0 þ

Xq

p¼1
wpzp j0

s:t:
Xm1

i1¼1
vi1xi1 j0 ¼ 1Xs1

r1¼1
ur1Y r1 j0 þ

Xq

p¼1
wpzp j0 þ

Xs2

r2¼1
ur2Y r2 j0

� �
−E j0

Xm1

i1¼1
vi1xi1 j0 þ

Xm2

i2¼1
vi2xi2 j0 þ

Xq

p¼1
wpzp j0

� �
¼ 0Xs1

r1¼1
ur1Y r1 j þ

Xq

p¼1
wpzpj

� �
−
Xm1

i1¼1
vi1xi1 j≤0Xs2

r2¼1
ur2Y r2 j−

Xq

p¼1
wpzpj þ

Xm1

i1¼1
vi1xi1 j

� �
≤0

ð5Þ

where ur1 , ur2 , vi1 , vi2 and wp ≥ ε; j = 1, 2, …, n

and

E2
j0
¼ max

Xs2

r2¼1
ur2Y r2 j0 þ

Xq

p¼1
wpzp j0

s:t:
Xm2

i2¼1
vi2xi2 j0 þ

Xq

p¼1
wpzp j0 ¼ 1Xs1

r1¼1
ur1Y r1 j0 þ

Xq

p¼1
wpzp j0 þ

Xs2

r2¼1
ur2Y r2 j0

� �
−E j0

Xm1

i1¼1
vi1xi1 j0 þ

Xm2

i2¼1
vi2xi2 j0 þ

Xq

p¼1
wpzp j0

� �
¼ 0Xs1

r1¼1
ur1Y r1 j þ

Xq

p¼1
wpzpj

� �
−
Xm1

i1¼1
vi1xi1 j≤0Xs2

r2¼1
ur2Y r2 j−

Xq

p¼1
wpzpj þ

Xm1

i1¼1
vi1xi1 j

� �
≤0

ð6Þ

where ur1 , ur2 , vi1 , vi2 and wp ≥ ε; j = 1, 2, …, n

All previous models (Eqs. 1 to 6) work under the assumption of constant returns to

scale (CRS) and outputs oriented, but the RTS-test showed that the appropriate model

is the variable returns to scale (VRS) with an inputs-oriented model for the KPP and

outputs-oriented for the KCP and the overall innovation process. Therefore, deriving

from Banker et al. (1984), Chen et al. (2009), Didenko et al. (2017), Guan and Chen

(2012) and Wang and Chin (2010), the previous models are transformed as follows:
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VRS-output-oriented model of the overall innovation process (NIS)

The primal equation of VRS-output-oriented model is as follows:

θ j0 ¼ min
Xm1

i1¼1
vi1xi1 j0 þ

Xm2

i2¼1
vi2xi2 j0 þ

Xq

p¼1
wpzp j0−μ

1
j0
−μ2j0

s:t:
Xm1

i1¼1
vi1xi1 j þ

Xm2

i2¼1
vi2xi2 j þ

Xq

p¼1
wpzpj−

Xs1

r1¼1
ur1Y r1 j þ

Xq

p¼1
wpzpj þ

Xs2

r2¼1
ur2Y r2 j

� �
−μ1j0−μ

2
j0
≥0

Xs1

r1¼1
ur1Y r1 j0 þ

Xs2

r2¼1
ur2Y r2 j0 þ

Xq

p¼1
wpzp j0 ¼ 1

ð7Þ

where ur1 , ur2 , vi1 , vi2 and wp ≥ ε; j = 1, 2, …, n

μ1j0 and μ2j0 represent the direction of returns and they are free of sign scalers that

used in the VRS model. So, if μ j0
> 0, this means we have decreased returns; if μ j0

< 0,

this means we have increased returns; and if μ j0
= 0, then the returns are constant.

The dual linear programming model is as follows:

maxθ0
s:t: θ0

Xs1

r1¼1
ur1Y r1 j0 þ

Xs2

r2¼1
ur2Yr2 j0 þ

Xq

p¼1
wpzp j0

� �
−

Xs1

r1¼1
λr1Y r1 j þ

Xq

p¼1
λpzpj þ

Xs2

r2¼1
λr2Y r2 j

� �
≤0Xm1

i1¼1
vi1xi1 j0 þ

Xm2

i2¼1
vi2xi2 j0 þ

Xq

p¼1
wpzp j0

� �
−

Xm1

i1¼1
λi1xi1 j þ

Xm2

i2¼1
λi2xi2 j þ

Xq

p¼1
λpzpj

� �
≥0Xn

j¼1
λ j ¼ 1

ð8Þ

where λj ≥ 0 and represents the associated weighting of outputs and inputs of DMUj.

VRS-input-oriented model of KPP

The primal equation of VRS-input-oriented model is as follows:

θ1j0 ¼ max
Xs1

r1¼1
ur1Y r1 j0 þ

Xq

p¼1
wpzp j0 þ μ1j0

s:t:
Xm1

i1¼1
vi1xi1 j−

Xs1

r1¼1
ur1Y r1 j þ

Xq

p¼1
wpzpj

� �
≥0Xm1

i1¼1
vi1xi1 j0 ¼ 1

ð9Þ

where ur1 , ur2 , vi1 , vi2 and wp ≥ ε; j = 1, 2, …, n

The dual linear programming model is as follows:

minθ1j0
s:t:

Xs1

r1¼1
ur1Y r1 j0 þ

Xq

p¼1
wpzp j0

� �
−

Xs1

r1¼1
λr1Y r1 j þ

Xq

p¼1
λpzpj

� �
≤0

θ1j0

Xm1

i1¼1
vi1xi1 j0−

Xm1

i1¼1
λi1xi1 j≥0Xn

j¼1
λ j ¼ 1

λ j≥0

ð10Þ

VRS-output-oriented model of KCP

The primal equation of VRS-output-oriented model is as follows:
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θ2j0 ¼ min
Xm2

i2¼1
vi2xi2 j0 þ

Xq

p¼1
wpzp j0−μ

2
j0

s:t:
Xm2

i2¼1
vi2xi2 j þ

Xq

p¼1
wpzpj

� �
−
Xs2

r2¼1
ur2Y r2 j−μ

2
j0
≥0Xs2

r2¼1
ur2Y r2 j0 ¼ 1

ð11Þ

where ur1 , ur2 , vi1 , vi2 and wp ≥ ε; j = 1, 2, …, n

The dual linear programming model is as follows:

maxθ2j0
s:t: θ2j0

Xs1

r1¼1
ur1Y r1 j0−

Xs1

r1¼1
λr1Y r1 j≤0Xm2

i2¼1
vi2xi2 j0 þ

Xq

p¼1
wpzp j0

� �
−

Xm2

i2¼1
λi2xi2 j þ

Xq

p¼1
λpzpj

� �
≥0Xn

j¼1
λ j ¼ 1

λ j≥0

ð12Þ

All previously formulated equations are not bias corrected, where the efficiency

scores of DEA are subject to sampling variation of frontier (Tsolas, 2011). The core

idea behind the bootstrapping is to estimate the efficiency scores based on multiple

sampling process (Simar & Wilson, 1998). To avoid the bias of the bθi value to one, we

generate a simulated data that is approximately equivalent to the original one (Kneip

et al., 2011; Simar & Wilson, 2007). The distributions and standard deviations of the

bootstrapped samples are close to the original data. Accordingly, the bias corrected effi-

ciency score can be formulated as follows:

~θ j ¼ θ̂ j−Bias θ̂ j

� �
ð13Þ

Where

Bias θ̂ j

� �
¼ E θ̂ j

� �
−θ̂ j ¼ B−1

XB

b¼1
θ̂
�
jb−θ̂ j

~θ j ¼ 2θ̂ j−B
−1

XB

b¼1
θ̂
�
jb θ̂ j

� �
ð14Þ

where b = 1…, B is a sample generated from θ̂1 to θ̂ j.

Results and discussion
As shown in Table 6, the results of VRS-input-oriented model show that only 10 of 24

countries are efficient in producing scientific and technical knowledge (KPP), whereas

the results of VRS-output-oriented model show that only 12 of 24 countries are effi-

cient in terms of commercializing this knowledge (KCP). On the other hand, the results

of DEA for the total innovation process show that only 13 of 24 countries are efficient.

However, none of all studied countries was efficient without being efficient at least in

one sub-process. It should be mentioned here that the VRS model measures the effi-

ciency of resources management, not the scale efficiency because all studied NISs work

under different scales.

Regarding the efficiency scores of the BRICS NISs, all of them were ranked at the

bottom of the studied countries list. Moreover, BRICS economies suffer from low per-

formance in terms of knowledge commercialization, where all of them have a very low-

efficiency score in comparison to other studied countries. On the other hand, the
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Table 10 NIS-related DEA studies

Article Method Variables

Inputs Outputs

Matei & Aldea,
2012

DEA
Innovation leaders; Innovation
followers; Moderate innovators;
Modest innovators

• New doctorate graduates
(ISCED 6) per 1000
population.

• International scientific co-
publications per million
population.

• Public R&D expenditures
as % of GDP.

• Business R&D
expenditures as % of GDP.

• patents applications per
billion GDP.

trademarks per billion GDP
• Trademarks per billion
GDP.

• Employment in knowledge-
intensive activities (manufac-
turing and services) as % of
total employment.

• Medium and high-tech prod-
uct exports as % total prod-
uct exports.

• Knowledge-intensive services
exports as % total service
exports.

Guan & Chen,
2010

CRS- output oriented Two
stages DEA process

• R&D expenditure.
• Technology import.

• Patent applications.
• High-tech export.

Lee & Park,
2005

DEA
The output oriented CCR model
+
Clustering
+
Anova—ANOVA and Post-hoc
Comparisons
inventors, merchandisers,
academicians, and duds

• R&D expenditure.
• Average number of
researchers.

• Technology balance of
receipts.

• Number of scientific and
technical journal articles.

• Number of triadic patent
families.

Guan & Chen,
2012

DEA
CRS and VRS, Network (2-stage)-
output oriented Super efficiency
+
Tobit regression on
environmental factors

• Number of full-time
equivalent scientists and
engineers.

• Incremental R&D
expenditure funding.

• Innovation activities.
• Prior accumulated
knowledge stock
breeding upstream
knowledge production.

• Consumed full-time
equivalent labour for non-
R&D activities.

• Number of patents
granted.

• Number of patents granted.
• International scientific papers.
• Added value of industries.
• Export of new products in
high-tech industries.

Lu et al., 2014 Network DEA • Total R&D personnel.
• Public expenditures on
education.

• Import of goods and
commercial services.

• Total expenditures on
R&D.

• GDP
• Published scientific articles.
• Patents (residents and
nonresidents).

Carayannis
et al., 2015

VRS-multistage, multilevel (2
stages
x 2 levels)

• Science graduates in
tertiary education.

• Participation in lifelong
learning.

• Total R&D expenditure.
• R&D capital stock.
• Citable documents.
• Patent applications.
• Employment in
knowledge intensive
services/manufacturing.

• SMEs collaborating with
others.

• Venture capital
investment.

• High Tech Exports.
• Sales of new to market and
new to firm innovation.

• License and patent revenues
from abroad.

• Number of trademark
applications in national
offices.

Wang & Three-stage approach • GERD. • Patents.
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Table 10 NIS-related DEA studies (Continued)
Article Method Variables

Inputs Outputs

2002 capacity based on Romer
formulation

• Patent per million.
• R&D expenditure.
• Openness.
• Education expenditure.
• R&D spending by private
sector.

• R&D spending by
Universities.

• GDP.
• Capital Stock.
• High-tech exports.

Crespo &
Crespo, 2016

Fuzzy-set qualitative
comparative analysis.

• Institutions.
• Human capital and research.
• Infrastructure.
• Market sophistication.
• Business sophistication.

Filippetti &
Peyrache,
2011

DEA and PCA • Triadic patents.
• Business R&D (BERD).
• Total researchers in R&D (FTE).
• Scientific and technical articles.
• Public R&D.
• Higher Education Expenditure on R&D.
• Labour force with tertiary education.

Zhao et al.,
2015

Ordinal Multidimensional Scaling
and Cluster analysis

–

Wang, Zhao,
& Zhang,
2016

The time lags effects of
innovation input on output in
the NISs

• Researchers in R&D (per million people).
• R&D expenditure (% of GDP).
• Regulatory quality.
• University-industry research collaboration.
• Patent applications, residents.

Sesay et al.,
2018

Dynamic Panel Data Analysis
NIS � Economic Growth

• University enrolment rate for science and engineering
students.

• government research and development expenditure.
• High-tech export.
• Total number of patents.
• Scientific personnel.
• Scientific and technical journal articles.
• Economic freedom.

Proksch et al.,
2017

Fuzzy-set qualitative
comparative analysis (fsQCA)

• International patents per million inhabitants.
• GDP per capita.
• Stock of international patents.
• Aggregate R&D expenditures.
• Openness.
• Strength of protection for IP.
• Share of government expenditure on higher education.
• Stringency of antitrust policies.
• Specialization degree.
• New business registered.
• Capital formation.

Pires & Garcia,
2012

Stochastic Frontier Analysis (SFA)
productivity analysis

• GDP growth.
• Capital accumulation.
• Labour expansion.
• Change in GDP per worker.
• R&D expenditures.
• Average years of schooling of population over 25 years.

Ivanova et al.,
2017

Economic complexity index;
Patent complexity index; Triple-
helix complexity index

Patent and groups of products.

Altuntas et al.,
2016

A fuzzy-logic based data-mining
approach to assess innovation
capability of manufacturing
systems

–

Samara et al.,
2012

The paper analyses the impact
of innovation Policies on the NIS
performance based on system

• Public Expenditure on R&D.
• Private Expenditures on R&D.
• Patent.
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