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a b s t r a c t 

Innovation-driven entrepreneurship has become a focus for economic development and received increas- 

ing attention from policy makers and academics over the last decades. While consensus has been reached 

that context matters for innovation and entrepreneurship, little evidence and decision support exists for 

policy makers to effectively shape the environment for growth-oriented companies. We present the en- 

trepreneurial ecosystem concept as a complex systems-based approach to the study of innovation-driven 

entrepreneurial economies. The concept, in combination with novel data sources, offers new opportu- 

nities for research and policy, but also comes with new challenges. The aim of this paper is to take 

stock of the literature and build bridges for more transdisciplinary research. First, we review emergent 

trends in ecosystem research and provide a typology of four overarching problems based on current lim- 

itations. These problems connect operational research scholars to the context and represent focal points 

for their contributions. Second, we review the operational research literature and provide an overview 

of how these problems have been addressed and outline opportunities for future research, both for the 

specific problems as well as cross-cutting themes. Operational research has been invaluable in supporting 

decision-makers facing complex problems in several fields. This paper provides a conceptual and method- 

ological agenda to increase its contribution to the study and governance of entrepreneurial ecosystems. 

© 2021 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Innovation-driven entrepreneurship has become a focus for eco- 

omic development and received increasing attention from policy 

akers over the last decades. More recently, attention has shifted 

rom the quantity to the quality of entrepreneurship, i.e., those 

usinesses that have the opportunity to scale and make a sig- 

ificant impact ( Stam, 2015 ). While consensus has been reached 

hat context matters in entrepreneurship, little evidence and deci- 

ion support exists for policy makers to effectively shape the en- 

ironment for productive entrepreneurship ( Autio, Kenney, Mustar, 

iegel & Wright, 2014 ; Welter, 2011 ; Wurth, Stam & Spigel, 2021 ).

n response to these developments, the entrepreneurial ecosystem 

EE) concept has been introduced as complex systems-based ap- 

roach to the study and governance of entrepreneurial economies. 

he concept has been widely adopted by academics and policy 
∗ Corresponding author. 

E-mail addresses: caraye@gwu.edu (E.G. Carayannis), vangelis@ergasya.tuc.gr (E. 

rigoroudis), bernd.wurth@strath.ac.uk (B. Wurth). 

c

t

c

a

s

ttps://doi.org/10.1016/j.ejor.2021.10.030 

377-2217/© 2021 The Authors. Published by Elsevier B.V. This is an open access article u
akers alike (e.g., Mason & Brown, 2014 ; World Economic Forum, 

014 ; Startup Genome, 2020 ). 

There is no universally applied definition of EEs, although most 

tudies adopt a view of EEs as an interdependent set of elements 

based on Isenberg, 2010 ) or actors (entrepreneurs and other 

conomic actors and stakeholders) that interact within a particular 

regional) environment and its resources and institutions (based 

n Stam & Spigel, 2017 ). Similarly, Mason & Brown (2014, p. 

) define an EE as “a set of interconnected entrepreneurial actors 

both potential and existing), entrepreneurial organizations (e.g., 

rms, venture capitalists, business angels, banks), institutions 

e.g., universities, public sector agencies, financial bodies), and en- 

repreneurial processes (e.g., business birth rate, numbers of high 

rowth firms, levels of ‘blockbuster entrepreneurship’, number of 

erial entrepreneurs, degree of sell-out mentality within firms, 

evels of entrepreneurial ambition) which formally and informally 

oalesce to connect, mediate and govern the performance within 

he local entrepreneurial environment.” In a broader sense, EEs 

an be studied as (eco)systemic agglomerations of organizational 

nd institutional entities or stakeholders with socio-technical, 

ocio-economic, and socio-political conflicting, as well as con- 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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erging (co-opetitive) goals, priorities, expectations, and behaviors 

hat they pursue via entrepreneurial development, exploration, 

xploitation, and deployment (DEED) actions, reactions, and in- 

eractions ( Carayannis, Grigoroudis, Campbell, Stamati & Meissner, 

018a ). 

In the absence of a central controlling unit and explicitly fo- 

using on entrepreneurial agency, which differentiate EEs from, 

or example, cluster initiatives, EEs show self-organizing behav- 

or and its actors coordinate themselves in order to produce en- 

repreneurial behavior as a systemic output, which contributes 

o socio-economic development as a higher-level outcome ( Stam, 

015; Wurth et al., 2021 ). EEs, therefore, provide a new way of 

onceptualizing the context of innovation and entrepreneurship. 

hile there is a growing consensus of who the relevant actors and 

actors in regional EEs are, there is still a lack of a comprehen- 

ive and consistent theory as well as a deep understanding of the 

echanisms that give rise to the dynamics in EEs. 

Operational research (OR) has been invaluable to support 

ecision-makers (DMs) facing complex problems in fields such as 

ealth ( Brailsford & Harper, 2008 ), disaster science ( Farahani, Lotfi, 

aghaian, Ruiz & Rezapour, 2020 ), supply chains ( Barbosa-Póvoa, 

a Silva & Carvalho, 2018 ; Wang, Wallace, Shen & Choi, 2015a ), or

ntermodal freight transportation ( Crainic, Perboli & Rosano, 2018 ). 

he last field, for example, can be studied as “a multi-actor com- 

lex system involving a broad range of interacting stakeholders, 

ecision makers, operations, and planning activities” ( Crainic et al., 

018 , p. 401), which bears many similarities in terms of the un- 

erlying system structure to EEs. With widespread links to these 

reas, OR has evolved into an established field of research on its 

wn, a ‘melting pot’ for theoretical and methodological approaches 

rom these other disciplines, “aligned with humanitarianism, im- 

roved living and working conditions, sustainability, safety and 

airness […] whose ubiquity will only intensify further in the com- 

ng years”. 1 This is particularly relevant due to the rising socio- 

conomic complexity and the increasing availability of data that 

equires rigorous approaches for data cleaning, analysis, and inter- 

retation. 

Despite these trends and its track record of contributions to a 

ariety of fields and the expertise in the OR community, OR has 

een overlooked in the study and practice of EEs for the most part 

similar to developments in ‘network science’, see Alderson, 2008 , 

r ‘sustainable development’, see White & Lee, 2009 ). Similar to 

hese two exemplary areas of application, there is not one single 

R tool or approach suitable to address all issues. Instead, method- 

logical pluralism both across different questions or problems re- 

ated to EEs and potentially within the realm of individual ques- 

ions (e.g., mixed method or hybrid approaches) will lead to a bet- 

er understanding of the dynamics of EEs. Only more recently has 

here been an increasing interest from OR scholars in topics related 

o innovation, entrepreneurship, and socio-economic development, 

lthough not necessarily referring to the EE concept. Inversely, OR 

ools and techniques are starting to gain traction and attention in 

ther communities related to EE research. The adoption of OR ap- 

roaches in EE studies appears, to have the following important 

haracteristics: 

a) The published research in this field is rather fragmented across 

the domains of management, engineering, and public policy, 

among others. 

b) There is a wide range of OR methods and techniques that have 

been or could have been applied to EEs. 
1 Recent call for papers in EJOR for “OR as an ubiquitous science”: https://www. 

ournals.elsevier.com/european- journal- of- operational- research/call- for- papers/ 

r- as- an- ubiquitous- science 

r

r

t

i

t

792 
c) From an OR perspective, the studies published in this field refer 

to very different decision-making problems. 

The aim of this paper is to take stock of the literature and build 

ridges for more transdisciplinary research. This goes beyond the 

pplication of particular methods and also involves a more prob- 

em oriented approach to studying the context and dynamics of 

ntrepreneurship. To this end, we first review emergent trends 

n ecosystem research and provide a typology of four overarching 

problems’ based on current limitations. These problems connect 

R scholars to the context and represent focal points for their con- 

ributions. 

Second, we review the OR literature and provide an overview of 

ow these problems have been addressed to date and outline gaps 

or future research. Due to the lack of a comprehensive EE theory, 

e focus on these higher-level problems as opposed to either pro- 

iding an overview of OR applications to the EE concept as a whole 

r structuring the review based on different (families of) method- 

logies. These problems also cut across the previously described 

eterogeneity in terms of outlets and conceptual bases (e.g., EEs, 

ational/regional innovation system, innovation networks). While a 

ore wide-spread application of OR methodologies and tools can 

upport researching EEs and policy design, our review also high- 

ights the need for further methodological innovation to address 

he complexity of EEs. 

The remainder of this paper is structured as follows. In Section 

 , we elaborate on the status quo of EEs, discuss the foundations 

nd limitations, and derive the four problems. In Section 3 , we re- 

iew and synthesize the literature for each problem, followed by 

n aggregated agenda beyond the individual problems for future 

esearch and opportunities for OR scholars in Section 4 . Conclud- 

ng remarks in Section 5 will end this paper. 

. Background 

Understanding why some countries, regions or even sub- 

egional areas are more innovative or entrepreneurial while oth- 

rs struggle has long been of interest to scholars and policy mak- 

rs alike. For this reason, several studies focus on the regional 

evel, as it is commonly the most appropriate scale to explain in- 

ovative behavior ( Asheim & Coenen, 2005 ). Regional knowledge 

ases and the skills and qualifications of the regional workforce 

re crucial components that enable knowledge spillovers and al- 

ow value and supply chains to develop. A number of conceptu- 

lizations have been developed over the past decades, including 

ational/regional/sub-regional systems of innovation, learning re- 

ions, clusters, and the early work on Marshallian innovation dis- 

ricts ( Marshall, 1920 ). Entrepreneurial ecosystems have recently 

ecome a buzzword within academic and practitioner communi- 

ies and while the concept appears novel, it follows this rich intel- 

ectual heritage ( Acs, Stam, Audretsch & O’Connor, 2017 ; Wurth et 

l., 2021 ). 

EEs share actors, factors and some mechanisms with previous 

erritorial models of innovation and entrepreneurship. The ecosys- 

em approach to entrepreneurship is based on studying the com- 

onents, their interrelations and the resulting environment for in- 

ovative and entrepreneurial activity within particular boundaries. 

his focus on (productive) entrepreneurship as the output as op- 

osed to competition and value capture distinguishes EEs from 

lusters ( Acs et al., 2017 ). In contrast to, for example, the crucial 

ole of established companies and other anchor organizations in 

egional innovation systems, EEs place more emphasis on the en- 

repreneur and entrepreneurial behavior. These actors still play an 

mportant role within EEs, but it shifts the focus and the nature of 

he enquiry. 

https://www.journals.elsevier.com/european-journal-of-operational-research/call-for-papers/or-as-an-ubiquitous-science


E.G. Carayannis, E. Grigoroudis and B. Wurth European Journal of Operational Research 300 (2022) 791–808 

h

2  

t

r

p

p

p

c

t

w

i

i

v

(  

t

u

o

c

p

l

m

b

p

p

i

t

n

n

a

d

a

l

n

s

m

o

s

w

B

e

t

2

o

p

a

s

o

A

a

&

d

a

r

l

t

a

2  

e

n

a

o

a

E

a

p

F

o

t

p

i

a

r

t

t

3

c

t

s

E

w

a

m

a

o

p

o

o

i

l

S

p

r

l

f

t

3

3

e

EEs further emphasize the social aspects that other concepts 

ave neglected in favor of technical aspects (cf. White & Lee, 

009 ; Wurth et al., 2021 ). This leads to the role of ‘communi-

ies’. The ecosystem approach has shed light on previously un- 

ecognized stakeholders and the role of local communities. While 

revious models of innovation and entrepreneurship have focused 

redominantly on inter-organizational links, EEs recognize the im- 

ortance of individuals as well as organizations that aim to foster 

onnectiveness among ecosystem actors and stakeholders (‘ecosys- 

em builders’). Entrepreneurial communities are complex systems, 

here the ‘whole’ is more than the sum of its ‘parts’. Develop- 

ng these communities requires a mix of predominantly decentral- 

zed (bottom-up) interactions and limited central (top-down) inter- 

entions, where viability is the result of finding the right balance 

 Beer, 1969 , and also Mingers, 2006 , for a feedback perspective on

hese issues in social systems). The absence of a central controlling 

nit and increased emphasis on bottom-up dynamics provides an- 

ther point of diversion from previous conceptualizations such as 

lusters. 

Therefore, ecosystems are neither restricted to nor do they map 

erfectly onto the boundaries of cities or geo-political regions. The 

atter are particularly relevant for policy and practice, as govern- 

ent and civil service are both limited in their influence by these 

oundaries and use them as a frame of reference for policy im- 

lementation (e.g., the use of NUTS-1 and NUTS-2 for innovation 

olicy in the EU). However, successful EEs benefit from proxim- 

ty across many dimensions, not limited to geography, including 

echnological (often global links via technological platforms and in- 

ovation ecosystems), organizational, social and cultural (‘commu- 

ities’), among others ( Wurth et al., 2021 ). In this sense, regions 

nd EEs are not synonyms as EEs represent regions in a multi- 

imensional space across multiple dimensions of proximity. 

This bears many similarities to biological/ecological ecosystems 

nd this analogy may help to establish a structure and the re- 

ationships in the ecosystem. EEs can be considered as a dy- 

amic network of interconnected organisms and inorganic re- 

ources ( Auerswald, 2015 ) or a geographically bounded area with 

utually dependent components ( Napier & Hansen, 2011 ). More- 

ver, several ecological concepts like self-organization, diversity, 

election, diversification, resilience or adaptation may be adopted 

hen studying the dynamics of EEs ( Auerswald & Dani, 2017 ; 

oschma, 2015 ). An example of self-organization and adaptation is 

ntrepreneurial recycling, where successful entrepreneurs re-invest 

heir expertise and money within the ecosystem ( Mason & Brown, 

014 ). These concepts are crucial in fostering our understanding 

f how productive entrepreneurship is generated as an emergent 

roperty of the system (i.e., a non-linear relationship between the 

ctors and factors of an ecosystem and productive entrepreneur- 

hip as an output) and how this, in turn, supports the development 

f the ecosystem itself (e.g., cultural changes, increasing resources). 

s intriguing as the analogy to biological ecosystems appears, EEs 

re socio-economic constructs and not biological ecosystems ( Autio 

 Levie, 2017 ; Stam, 2015 ). 

Consequently, there are still limitations with regard to our un- 

erstanding of the EE concept. These hinder effective interventions 

nd policy making, as well as scientific progress. We have summa- 

ized them in the form of four ‘problems’, which provide umbrel- 

as for more specific research questions and practical challenges. In 

he absence of a comprehensive theory of EEs, these problems cut 

cross the open issues in the literature (e.g., Alvedalen & Boschma, 

017 ; Cao & Shi, 2020 ; Spigel, Kitagawa & Mason, 2020 ; Wurth

t al., 2021 ) and provide a more focused framework for orga- 

izing the literature and identifying future research opportunities 

nd challenges. This approach also aligns well with the ‘problem- 

riented’ nature of OR (see also similar reviews in other areas of 

pplication, e.g., Barbosa-Póvoa et al., 2018 ; Crainic et al., 2018 ; 
793 
rnst, Jiang, Krishnamoorthy & Sier, 2004 ). Lastly, we ordered and 

ligned the four problems with general modeling practices and 

rocesses (e.g., Belton & Stewart, 2002 ; Pidd, 2009 ) as shown in 

ig. 1: 

1. We lack clarity as to who the relevant stakeholders, DMs and 

parts of an EE are as well as their role, relationship and impact, 

and, therefore, have a limited understanding of the boundaries 

of EEs (‘the stakeholder and boundary problem’). 

2. We need a more systematic and dynamic set of perspectives 

of an EE compared to the more static ‘snapshots’ the current 

literature provides (‘the dynamic system problem’). 

3. We need a more systematic and coherent comparative analyti- 

cal approach embedded in the study of EEs as opposed to the 

current single region or cluster studies (‘the comparability and 

evaluation problem’). 

4. We need a clearer analytical framework encompassing the vary- 

ing levels and dynamic stakeholder relationships of EEs in order 

to support the design and implementation of sustainable inter- 

ventions, policies, and efficient allocation of resources (‘the pol- 

icy and interventions problem’). 

While already challenging on their own, these problems usually 

verlap and DMs must consider a variety of interdependencies be- 

ween them when designing interventions and policies. For exam- 

le, devising a new funding scheme as a response to the policy and 

nterventions problem is a complex endeavor, but its complexity 

nd ramifications are amplified when considering possible issues 

egarding the connectedness of ecosystem actors and their access 

o resources (the dynamic system problem). We will elaborate on 

hese four problems in the next section. 

. Addressing the core decision-making problems 

We use the four problems identified above as a guide to review 

urrent contributions of OR to the study and practice of ecosys- 

ems. Before discussing the problems in depth, we need to con- 

ider two issues. First, these problems are not completely unique to 

Es due to the overlap of certain actors, factors, and mechanisms 

ith other conceptualizations. We incorporate applications of OR 

pproaches and methods to other concepts where appropriate to 

ore widely reflect the insights gained from an OR perspective. As 

 result, this review will be a helpful starting point for researching 

ther systemic models of entrepreneurship and innovation. Second, 

roblems of this nature are commonly addressed by OR scholars in 

ther contexts. We incorporate the work by the OR community and 

utline how it can advance our understanding of ecosystems. 

Methodologically, we follow the principles of a ‘problematiz- 

ng review’, namely reflexivity, reading broad but selectively, prob- 

ematizing instead accumulating, and ‘less is more’ ( Alvesson & 

andberg, 2020 ). We are purposefully using a problematizing ap- 

roach to our review with the aim of identifying new avenues for 

esearch, which is also in line with the focus on modeling prob- 

ems rather than systems ( Alvesson & Sandberg, 2011 ). The review 

or each problem is built around the following key research ques- 

ions: 

a) How has the decision-making context been defined by OR re- 

searchers? 

b) Which OR methods and techniques have been applied? 

c) What are the open issues and main challenges for OR re- 

searchers? 

.1. The stakeholder and boundary problem 

.1.1. Problem definition 

Studies in the context of the stakeholder and boundary problem 

xamine an EE either as a whole at different levels (e.g., national, 
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Fig. 1. A typology of problems in EE research. 
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egional) or in part, focusing on specific elements. These studies 

dopt, in general, an exploratory approach, trying to answer the 

ollowing key questions: 

• What are the boundaries of an ecosystem? How does ’place’ af- 

fect the characteristics of an ecosystem? 
• What are the elements of an EE and how can these be catego- 

rized? 
• How do different elements influence the performance of an EE? 
• What are the path dependencies, either between the elements 

or the outcomes of the ecosystems? 
• Which behavioral decision models may be identified within the 

different processes of an ecosystem? 

Some of these questions are also examined in the next sections, 

evealing that the stakeholder and boundary problem appears to 

ave significant overlap with the other three key problems and the 

omparability and evaluation and the dynamic systems problems 

n particular. This is because defining the boundaries, identifying 

he relevant stakeholders and other elements of an EE is, in most 

ases, the first step when analyzing its dynamic behavior and eval- 

ating its performance or efficiency. 
794 
In an OR context, this problem is closely related to the philoso- 

hy of problem structuring methods (PSMs). PSMs aim to structure 

omplex decision-making problems (such as researching or devel- 

ping interventions for EEs), having usually a participative and in- 

eractive character ( Belton & Stewart, 2002 ; Mingers & Rosenhead, 

004 ; Rosenhead, 1996 ). Therefore, the study of the stakeholder 

nd boundary problem should take into account the following im- 

ortant characteristics: 

a) the subjective nature of modeling; 

b) stakeholders with potentially conflicting views or goals; 

c) collaborative decision-making; and 

d) the boundaries of interventions. 

A discussion of the previous issues in a general PSM con- 

ext may be found, for example, in Ackermann (2012) and Velez- 

astiblanco, Brocklesby & Midgley (2016) . In any case, it should 

e noted that the framework adopted in ecosystem studies signifi- 

antly affects how the previous questions are answered. For exam- 

le, Flora & Flora (2012) argue that we should try to map types of 

apital (natural, cultural, human, social, and political) rather than 

ust the organizations or institutions in entrepreneurial communi- 
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ies. This will not only help in analyzing ecosystems, but also iden- 

ifying key boundary stakeholders. 

.1.2. OR methods and techniques 

In the general context of the stakeholder and boundary prob- 

em, multivariate statistical analysis has been applied to identify 

he socio-economic factors that influence regional development 

 Jurun & Pivac, 2011 ; Soares, Marquês & Monteiro, 2003 ) or to clas-

ify regional entrepreneurship ecosystems based on their socio- 

conomic characteristics ( Del Campo, Monteiro & Soares, 2008 ). 

hese studies aim to identify and analyze the key elements of an 

E in order to improve national or regional policies. 

Advanced techniques, such as data mining, can also be ap- 

lied to identify other elements that may affect the performance 

e.g., competitiveness) of an ecosystem (e.g., Zanakis & Becerra- 

ernandez, 2005 ). 

Studying how an ecosystem or the different elements of an 

cosystem behave is also important. For example, Carayannis and 

rigoroudis (2016) , using Multi-Objective Mathematical Program- 

ing (MOMP) techniques, study how competitiveness, productiv- 

ty, and innovation are linked in national entrepreneurship ecosys- 

ems. Simulation approaches can also suggest a framework for an- 

lyzing and evaluating entrepreneurship activities, such as knowl- 

dge and capital flows ( Lee & von Tunzelmann, 2005 ; Walrave & 

aven, 2016 ), examine the behavior of EE’s elements ( Backs, Gün- 

her & Stummer, 2019 ) or investigate the different type of in- 

ovation activities (e.g., product innovation and process innova- 

ion) ( Samara et al., 2012 ). Similarly, Data Envelopment Analysis 

DEA) models are used to identify the factors that may affect in- 

ovation capabilities ( Song, Tao & Wang, 2015 ), analyze the differ- 

nt stages and hierarchies of innovation systems ( Carayannis, Go- 

etsis & Grigoroudis, 2015 ; 2016 a), study the cooperation among 

ndustry-university-research and its effect on EE’s efficiency ( Fang 

 Chiu, 2017 ) or examine the efficiency gaps within an EE ( Chen,

017 ; Chen 2018 ; Lu & Lo, 2007 ). 

Decision analysis, soft OR and similar approaches may also ex- 

lore different aspects of an EE, such as the impact of technol- 

gy transfer agreements ( Grønhaug 1989 ), the evaluation of invest- 

ent environment from the viewpoint of a host region or coun- 

ry ( Gondal, 2004 ) or the impact of different EE policies ( Herrera-

estrepo & Triantis, 2019 ). Focusing on alternative behavioral de- 

ision models, Khan (1986) and Khan, Macmillan & Manopichet- 

attana (1990) examine alternative approaches (linear, conjunc- 

ive, disjunctive and compensatory, noncompensatory) in order to 

nalyze the characteristics of entrepreneurial ventures. Soft OR can 

rovide further insight in this decision-making problem, includ- 

ng the application of cognitive maps for the behavioral analysis 

f DMs ( Brännback & Carsrud, 2017 ). 

The assessment and the analysis of the causal relationships 

mong the elements of an EE (or among different EEs) is another 

mportant stream in the stakeholder and boundary problem. For 

xample, using statistical approaches and structural equation mod- 

ling, Nasierowski & Arcelus (1999) and Cziráky, Sambt, Rovan & 

uljiz (2006) study the interrelationships within national and re- 

ional ecosystems, while Lockett & Wright (2001) examine differ- 

nt rationales for the syndication of venture capital investments. 

imulation approaches, such as system dynamics (SD), can also be 

pplied in order to examine causal relationships in entrepreneurial 

ctivities, including the links between R&D investments, knowl- 

dge creation, and commercialization (e.g., Choi, Narasimhan & 

im, 2016 ) or analyze the how the relationships among the dif- 

erent elements may influence EE performance ( Albino, Carbonara 

 Giannoccar, 2007 ). Similarly, Chapple, Lockett, Siegel & Wright 

2005) focus on universities, as an important actor within an EE, 

o evaluate the efficiency of technology transfer activities. Finally, 

isualization techniques and conceptual models are used to un- 
795 
erstand venture behavior ( Basole, Park & Chao, 2019 ) or op- 

ortunity identification and exploitation ( Peiris, Akoorie & Sinha, 

015 ), while Exploratory Spatial Data Analysis (ESDA) may help 

o examine spatial variations in different national or regional EEs 

 Chocholatá & Furková, 2017 ). 

Table 1 summarizes OR studies for the stakeholder and bound- 

ry problem, presenting alternative approaches and the orientation 

f different research effort s. 

.1.3. Open questions 

Although several factors and elements that may enhance en- 

repreneurship and innovation have been identified in the lit- 

rature, it is still not clear what is cause and effect in an EE 

 Alvarez, Carayannis, Dagnino & Faraci, 2018 ; Alvedalen & Boschma, 

017 ; Carayannis, Grigoroudis & Goletsis, 2016a ; Carayannis 2018 a). 

hese elements include education and research, human capital, fi- 

ance, customers, supporting organizations, infrastructures, regu- 

atory frameworks, culture and leadership, among others. Assum- 

ng that all elements influence each other, it becomes almost im- 

ossible to analyze such a complex EE. Thus, existing studies fo- 

us on a particular perspective of EEs, but we need more holistic 

rameworks for how these elements are embedded and operating 

n such ecosystems. 

Other important open research questions are related to the 

reater adoption of soft OR approaches, such as PSM and stake- 

older theory. As noted in the previous sections, PSMs are par- 

icipative methods that facilitate the engagement of stakeholders 

n decision-making problems in order to address complex organi- 

ational, social, environmental or technological issues ( Marttunen 

t al., 2017 ). Therefore, approaches such as cognitive and causal 

aps, DPSIR (Drivers, Pressures, State, Impact, and Response), Sce- 

ario Planning, SSM (Soft Systems Methodology), Stakeholder Anal- 

sis, Strategic Choice Approach, SODA (Strategic Options Design 

nd Analysis) and SWOT can examine this problem from differ- 

nt perspectives and facilitate the synthesis of information. On the 

ther hand, stakeholder theory focuses on the assessment of stake- 

olders and their roles and influences, which is crucial within this 

roblem. Most studies currently adopt an ad hoc and static ap- 

roach, although “stakeholders” is a dynamic concept ( Wang, Liu 

 Mingers, 2015c ). 

.2. The dynamic systems problem 

.2.1. Problem definition 

Our definition of EEs has highlighted the importance of differ- 

nt factors and stakeholders to support entrepreneurship. However, 

he majority of the EE literature has adopted a static framework 

ithout considering the evolution of the ecosystem (or its ele- 

ents) over time ( Alvedalen & Boschma, 2017 ; Wurth et al., 2021 ).

t is not sufficient for regions to possess different types of cap- 

tal or for entrepreneurs, innovative companies, and universities, 

mong others, to be present but they need to be connected and 

nteract with each other. Consequently, this problem looks at the 

ynamics at the individual and systemic level. 

In particular, networks are crucial to our understanding 

f ecosystems - similar to any other socio-economic system 

 Hellmann & Staudigl, 2014 ). Current studies focus on the inter- 

ctions between three components: individuals, organizations and 

nstitutions, They typically examine how networks of different ac- 

ors are involved in entrepreneurial or innovation processes and 

ow other factors may influence these interactions ( Alvedalen & 

oschma, 2017 ; Qian, Acs & Stough, 2013 ). Under these circum- 

tances, system-level effects - including potential unintended con- 

equences - of new entrepreneurship and innovation polices are 

ifficult to predict (e.g., due to adaptation and learning among 

cosystems actors). Unsuccessful policies may be costly and can 
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Table 1 

Examples of alternative approaches for the stakeholder and boundary problem. 

OR 

approaches 

Scope of study 

Identify, analyze and classify element Influence of elements Causal relations 

Statistical approaches Soares et al. (2003) ; Del Campo et al. 

(2008) 

Soares et al. (2003) ); Jurun 

and Pivac (2011) 

Nasierowski and Arcelus (1999) ; 

Lockett and Wright (2001) 

Decision analysis, MCDM 

1 Khan et al. (1990) ; Carayannis and 

Grigoroudis (2016) 

Khan (1986) ; Gondal (2004) Corrente et al. (2021) 

Simulation 2 Lee and von Tunzelmann (2005) 

Walrave and Raven (2016) 

Backs et al. (2019) ; Samara 

et al. (2012) 

Choi et al. (2016) ; Carayannis et al. 

(2016b) ; Albino et al. (2007) 

DEA Carayannis et al. (2015; 2016a) ; Chen 

(2017) ; Chen (2018) 

Lu and Lo (2007) ; Fang and 

Chiu (2017) ; Song et al. 

(2015) 

Chapple et al. (2005) 

Soft OR Grønhaug (1989) ; Brännback and 

Carsrud (2017) 

Gondal (2004) Basole et al. (2019) ; Peiris et al. 

(2015) 

Other approaches 3 Zanakis and Becerra-Fernandez (2005) ; 

Herrera-Restrepo and Triantis (2019) 

Chocholatá and Furková (2017) ; 

Cziráky et al. (2006) 

1 Multicriteria Decision Aid (MCDA), including multiobjective linear and nonlinear programming. 
2 Including Monte Carlo simulation and system dynamics. 
3 E.g., Data Mining, Exploratory Spatial Data Analysis (ESDA), Structural Equation Modeling (SEM). 
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ave long-term negative impacts. The dynamic systems problem 

ill synthesize previous approaches and elaborate on future op- 

ortunities for improving policy-making and our understanding of 

ynamics of EEs in general. This is particularly relevant for policy 

akers and other stakeholders planning interventions. 

.2.2. OR methods and techniques 

Given the inherent dynamic nature of an EE, several OR ap- 

roaches can support modeling dynamic decision-making prob- 

ems and better understanding the evolution of EEs. Simulation 

nd network models are the most widely used approaches to ad- 

ress the questions within this particular problem. Simulation ap- 

roaches (predominantly system dynamics, agent-based simula- 

ion) are widely used to examine causal relationships and their dy- 

amics over time. 

Applications of system dynamics, for example, date back to the 

riginal work by Jay Forrester on industrial ( Forrester 1961 ) and 

rban dynamics ( Forrester 1969 ). While the focus of system dy- 

amics in the following decades shifted to other areas, there has 

een an increase in EE-related work over the past 20 years. Sim- 

lation approaches in general and system dynamics in particular 

ave predominantly been used in evaluating the following major 

olicy areas of EEs, which are further detailed in Table 2 ( Uriona &

robbelaar, 2019 ): 

a) R&D policies, 

b) innovation diffusion policies, 

c) science and technology policies, and 

d) regional agglomeration policies. 

Choi et al. (2016) develop a system dynamics model for how 

&D investments create new knowledge stocks and profits through 

he commercialization process. Using simulation results over a 10- 

ear period, the authors examine how the trade-off relationships 

etween product and process innovation change over time. System 

ynamics also provides the basis for a decision support system for 

trategic alignment of enterprises in ecosystems ( Andres & Poler, 

016 ). 

On a more strategic level, Samara et al. (2012) examine alter- 

ative innovation policies in national innovation ecosystems. The 

lternative innovation policies are evaluated as a series of what-if 

nalysis scenarios in terms of the process and product innovation 

erformance. Focusing on the integrated circuit industry, Lee & von 

unzelmann (2005) use system dynamics to evaluate policy alter- 

atives for the Taiwanese government based on flows of knowl- 

dge and capital in the national system. A similar approach is used 
796 
y Walrave & Raven (2016) , who investigate sustainable transitions 

n technological innovation systems. 

In contrast to the more strategic perspective of system dynam- 

cs, agent-based simulation models have the advantage of explicitly 

odeling the complex interactions of ecosystem actors. Such mod- 

ls can help in studying complex entrepreneurial processes, such 

s new venture formation, knowledge acquisition, alliances forma- 

ion, interactions between entrepreneurs and institutions or coop- 

ration among different actors ( Albino et al., 2007 ; Carayannis et 

l., 2016b ). 

But agent-based models are not limited to micro-level mod- 

ls. A macro-level approach includes the development of an ar- 

ificial labor market for experimentation, which allows for differ- 

nt levels of market segmentation with an online analytical pro- 

essing (OLAP) interface to help DMs connect insights to the ‘real 

orld’ ( Chaturvedi, Mehta, Dolk & Ayer, 2005 ). Cellular automata, 

hich can be categorized as a variation of agent-based simulations, 

an show how knowledge diffuses among collaborating actors ( Su, 

hang, Yang & Qian, 2018 ). Agent-based simulation has also been 

pplied to EEs and how incubators as intermediaries can help over- 

ome ‘weak network problems’ ( van Rijnsoever 2020 ). Combin- 

ng an agent-based simulation with a network model, Backs et al. 

2019) show how the ecosystem affects the patenting behavior of 

cademics. 

Similar to simulation approaches, social network analysis may 

e applied at a micro level (individuals or organizations within 

n EE) to investigate how the content, structure, and their inter- 

ctions constitute the EE ( Yasuyuki & Watkins, 2014 ). Social net- 

ork approaches can be used to model the diffusion of knowledge, 

nnovation, and information. In such an approach ( Hupa, Rzadca, 

ierzbicki & Datta, 2010 ): 

a) The nodes of a knowledge network represent individuals, their 

aggregations and knowledge repositories. 

b) The vertexes represent the dyadic relationships of individuals 

(e.g., strength of ties, effectiveness and impact of knowledge 

transfer). 

c) The edges examine characteristics of the information trans- 

ferred across different types of ties. 

Social network analysis has also been combined with fuzzy De- 

ision Making Trial and Evaluation Laboratory (DEMATEL) to exam- 

ne risks in R&D collaborations ( Liu, Yang, Yang, Zhang & Li, 2020 ).

his is linked to the next area, namely game theoretic models. 

oyal & Joshi (2003) , for example, model the incentives for firms to 

ollaborate with other firms, including different costs for engaging 

nd the nature of market competition, showing that most stable 
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Table 2 

Examples of alternative approaches in the dynamic systems problem. 

Approach Objective Major actors Major elements Source 

System dynamics Analyze the impact of innovation 

policies on the EEs’ performance 

Government, Enterprises, 

Research and technological 

organizations, Educational 

institutions 

Knowledge and human resources, 

Research activities, Market conditions, 

Institutional conditions, Financial system, 

Innovation process, Technological 

performance 

Samara et al. (2012) 

Analyze feedback causal 

relationships for R&D investments 

Enterprise, Market Product and process innovation, Revenue 

and profits, R&D investments, Labor and 

capital productivity 

Choi et al. (2016) 

Selection of aligned strategies Enterprises Objectives of enterprises, Strategies of 

enterprises, Relations among enterprises 

Andres and Poler (2016) 

Analyze the dynamic processes of 

the Taiwanese integrated circuit 

industry 

Government, Industry 

(firms), Research 

institutes, Foreign 

companies, Universities 

Financial (capital market), Human 

resources, Science and technology, 

Innovation commercialization, Product 

market 

Tunzelmann (2005) 

Examine alternative transition 

pathways in technological 

innovation systems 

Entrepreneurs, Consumers, 

Regime actors 

Knowledge diffusion, Technology 

development, Market development, 

Technological and market legitimacy 

Walrave and Raven (2016) 

Agent-based 

simulation 

Analyze cooperation among supply 

chain firms in industrial districts 

Suppliers, Buyers Actions of suppliers and buyers, 

Interactions between suppliers and buyers 

Albino et al. (2007) 

Examine the influence of new 

ventures, entrepreneurs’ social 

capital, and firms’ performance 

Knowledge standardizing 

institutions, Knowledge 

production-stimulating 

institutions, Knowledge 

variation-inducing 

institutions 

New venture creation, New venture 

capability generation, Firm transition, 

Product innovation and adoption, Buyer 

requirement evolution, Institutional 

knowledge mediation 

Carayannis et al. (2016b) 

Study the contribution of support 

mechanisms in EEs 

Startups, Venture capital 

firms 

Network development, Incubator support 

mechanisms 

van Rijnsoever (2020) 

Evaluate technology transfer 

measures in academic patenting 

Scientists, TTOs Cognitive network, Spatial network, Social 

networks 

Backs et al. (2019) 

Social network 

analysis 

investigate the content, structure, 

and interactions constituting an 

EE 

Entrepreneurs, Support 

organizations 

Connections among entrepreneurs and 

support organizations 

Yasuyuki and Watkins 

(2014) 

Analyze risk interactions in R&D 

alliance 

Members of R&D alliances Risk identification, Risk assessment, Risk 

response 

Liu et al. (2020) 

Cellular automata Study the process and rule of 

knowledge diffusion in knowledge 

collaboration organizations 

knowledge collaboration 

organization 

Knowledge dissemination, Knowledge 

diffusion, Knowledge availability 

Su et al. (2018) 
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etworks are asymmetric (group, stars, and inter-linked stars ar- 

hitectures). Although social network analysis is gaining increased 

ttention, the number of studies is still limited in the EE literature 

 Alvedalen & Boschma, 2017 ). 

More qualitative, approaches, including visual and conceptual, 

odels may bring insight and further understanding of the inter- 

ctions in an EE or the intersections between the different levels 

e.g., meso and micro). Examples in this area are the studies by 

asole et al. (2019) and Peiris et al. (2015) , who examine the struc- 

ure of several EEs and alternative conceptual models of opportu- 

ity identification, respectively. 

A major advantage of simulation approaches is their flexibil- 

ty to modify and experiment with the model structure, perform 

ensitivity analyses on key model parameters, and uncover poten- 

ial performance patterns (see Crawford, 2009 , for a further discus- 

ion). However, in some cases it can be difficult to build confidence 

r generalize results due to the underlying assumptions and nec- 

ssary simplifications. 

.2.3. Open questions 

Networks and connectedness form the basis of thriving EEs 

e.g., Spigel, 2017 ) and play a vital role in entrepreneurship in gen- 

ral ( Hoang & Antoncic, 2003 ). However, there is still a lack of

etwork-based research and future work needs to address why 

etworks develop (including the interaction with non-economic 

ctors), what these networks look like within the wider EE con- 

guration, and how these networks evolve over time - and the EE 

ith it ( Alderson, 2008 ; Slotte-Kock & Coviello, 2010 ; Sorenson, 

018 ). A key question that remains unanswered is how dynamic 
797 
etwork processes affect the output and outcome of EEs ( Hoang & 

ntoncic, 2003 ). 

EEs are defined as complex systems that exhibit emergent be- 

avior, meaning that a non-linear relationship exists between its 

omponents, mechanisms, and outcomes. From a network per- 

pective, the implication is that an EE is not only the sum of 

he resources and activities of its actors but also builds resources 

t the systemic level ( Musiolik, Markard & Hekkert, 2012 ). These 

rocesses are not well-researched. For example, individual en- 

repreneurs’ motives to harvest the maximum benefit from their 

etwork and the EE might lead to adverse effects for the network 

he EE ( Ibarra, Kilduff & Tsai, 2005 ). Further dynamics are path- 

ependent behavior in networks based on an entrepreneur’s ex- 

sting position in the network (‘structural localism’) and purpose- 

riven creation of new connections (‘agentic network change’), the 

ombination of which will ultimately explain the evolution of the 

etwork and the individual entrepreneurs’ path ( Hallen, Davis & 

urray, 2020 ). 

We can conclude that there is no ‘one-fits-all’ network design, 

ut there might be an optimal design based on regional character- 

stics, the current state of the EE, and the objectives of its actors 

nd stakeholders ( Ahuja, 20 0 0 ). In practice, policy makers would 

ike to steer the EE to achieve a certain connectedness or network 

tructure ( Hellmann & Staudigl, 2014 ). However, we currently do 

ot have the tools nor the required understanding of how this can 

e done through decentral, bottom-up interactions within the EE. 

articularly the SD literature provides a rich collection of work on 

takeholder involvement throughout the modeling process, which 

ew research on EEs and networks should build on to address this 

ssue. 
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Fig. 2. Examples of alternative approaches for the comparability and evaluation problem. 
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Most simulation and network models that address research 

uestions within the dynamic systems problem are calibrated to 

articular regions, phases in ecosystem development, or cases of 

articular technologies and innovations. While these studies do 

rovide insights into the dynamics of these systems, synthesizing 

nd generalizing how elements of ecosystems co-evolve is diffi- 

ult but necessary. This requires understanding the interplay be- 

ween top-down interventions and bottom-up (self-organizing) dy- 

amics. Dynamic systems approaches already triangulate insights 

rom case studies as well as qualitative and quantitative studies in 

eneral; but integrating findings from these approaches can sup- 

ort a deeper understanding of how EEs work. 

For policy makers, a crucial outcome of studies addressing the 

ynamic systems problem is the identification of tipping points in 

ystems and effective levers. There are two aspects that are cru- 

ial in this process, which are often cited as limitations in existing 

tudies. The first aspect is the non-linearity both at the individ- 

al (process of venture creation and growth) and ecosystem level 

increasing awareness of the importance of context and the re- 

ional environment and support for entrepreneurship). Second, the 

ajority of existing studies are based on Gaussian distributions, 

hereas recent work has demonstrated that most entrepreneurial 

etrics (e.g., growth among firms, start-ups per region, funding at- 

racted are highly skewed) and non-Gaussian ( Crawford, Aguinis, 

ichtenstein, Davidsson & McKelvey, 2015 ). 

Long-term implications are almost impossible to predict a pri- 

ri due to, for example adaptation and learning among EE actors. 

dding to the problem is that policies are tested against current 

ehavior of the EE and the involved individuals and organizations. 

owever, the even bigger issue is that most policies are not tested 

t all because experimentation in the real world is expensive and 

an often have a long-term impact, if feasible and ethical at all. 

ew approaches are required to support DMs, i.e. more research 

or policy as opposed to policy research. 

.3. The comparability and evaluation problem 

.3.1. Problem definition 

The comparability and evaluation problem is one of the most 

idely studied problems in the EE literature. Measuring the per- 

ormance of innovation systems remains a high priority on the po- 

itical agenda, since politicians and policy makers want to see the 

ffects of their decisions and, ideally, their EE or region rise in in- 

ernational rankings. 

The majority of studies within this problem aim to evaluate 

nd rank either a set of national/regional ecosystems or a set of 

ew ventures or projects. Fig. 2 presents a typology of different 

ub-problems in this domain according to the level of analysis, 

.e., macro level (national ecosystems), meso level (regional ecosys- 
798 
ems), and micro level (entrepreneur, venture capitalist, project). 

he different levels of analysis highlight different perspectives 

ithin the comparability and evaluation problem. 

The first problem is focused on the evaluation and compari- 

on of ecosystem performance at the macro or meso level. Based 

n the need for international comparisons, indicator approaches 

single, multiple or composite) have been widely followed. Given 

he myopic view of single indicator approaches, several compos- 

te innovation and entrepreneurship indices may be developed 

e.g., Avanzini, 2011 ; EC, 2020 ). As noted by Carayannis, Golet- 

is & Grigoroudis (2018b, p.5) , recent studies “have have been 

ollowing the evolution of the innovation concept with the in- 

roduction of the idea of incremental innovations, the introduc- 

ion of non-technological innovation, the focus on co-operation 

o-opetion, and recently on open innovation, as well as targeted 

pen innovation…”. Entrepreneurship barometers and innovation 

coreboards (e.g., European Innovation Scoreboard, Regional Inno- 

ation Scoreboard, Global Entrepreneurship & Development Index, 

nd the Global Entrepreneurship Index) are the most characteris- 

ic examples of composite indicators used in international and na- 

ional policy making bodies. 

The second problem refers to the efficiency evaluation of na- 

ional and regional EEs. OR approaches in this context try to over- 

ome the limitations of traditional analysis that focus only on 

he inputs (e.g., R&D expenditures) or only on the outputs (e.g., 

atents) of an EE. However, what is most important is the interac- 

ion (or joint evolution) of several factors that are responsible for 

he final outcome. These interactions give emphasis on knowledge 

roduces with an EE, as well as the general environment for inno- 

ation and entrepreneurship in which these processes are embed- 

ed. The efficiency evaluation problem accounts for the complex 

ature of transforming knowledge to market outcomes, including 

he aforementioned interdependencies 

At the micro level, the comparability and evaluation problem 

ncludes studies aiming to evaluate potential investment by ven- 

ure capitalists, the success of new ventures or innovative projects 

r forecast EE performance. The main aim of these studies is to 

ank investments and projects or identify their critical success fac- 

ors. 

.3.2. OR methods and techniques 

The comparison and evaluation of different EEs should consider 

he multi-input/multi-output characteristics of entrepreneurial ac- 

ivities. Although developing composite indicators is a rather sim- 

le approach, they appear to have a number of critical issues 

r weaknesses, mainly the selection of the detailed indices and 

he aggregation procedure (see Greco, Ishizaka, Tasiou & Torrisi, 

019 for a discussion about the issues of weighting, aggrega- 

ion, and robustness). Furthermore, these aggregated indicators are 
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ased on a set of indices which are partial and indirect because 

he underlying phenomena are intangible or not directly observ- 

ble ( Grupp & Schubert, 2010 ). 

Therefore, several Multicriteria Decision Aid (MCDA) approaches 

ave been applied in order to rank national/regional EEs in terms 

f economic development, entrepreneurship activity or innovation 

erformance. MCDA approaches are the dominant trend in this 

articular problem, including specific methods, including: Analytic 

ierarchy Process (AHP), Technique for Order of Preference by Sim- 

larity to Ideal Solution (TOPSIS), Stochastic Multicriteria Accept- 

bility Analysis (SMAA), UTASTAR, Preference Ranking Organiza- 

ion Method for Enrichment of Evaluations (PROMETHEE), Non- 

inear Non-Weight Method (NLNW), Multi-Objective Optimiza- 

ion Method by Ratio Analysis (MOORA), Multiple-Criteria Hier- 

rchy Process (MCHP) ( Carayannis et al., 2018b ; Corrente, Garcia- 

ernabeu, Greco & Makkonen, 2021 , 2019 ; Sepúlveda & Vasquez, 

014 ; Sitaridis & Kitsios, 2020 ; Su, Liang & Guo, 2020 ). The most

mportant challenges regarding the application of MCDA methods 

re: 

• defining the DM; 
• assigning criteria and criteria weights; and 

• choosing an aggregation approach. 

In general, studies in the evaluation problem that adopt an 

CDA approach should give particular attention to the decision- 

aking context. As Cinelli, Kadzi ́nski, Gonzalez & Słowi ́nski (2020, 

.1) emphasize, MCDA “includes a series of steps that systemati- 

ally help DM(s) and stakeholders in structuring a decision making 

roblem, identifying their preferences, and building a decision rec- 

mmendation consistent with those preferences”. Thus, an MCDA 

rocess should include the following three main phases: (a) prob- 

em formulation, (b) construction of the decision recommendation, 

nd (b) qualitative features and technical support ( Cinelli et al., 

020 ). 

Other approaches for the evaluation and comparison of 

cosystem performance at the macro or meso level include 

ulti-Objective Mathematical Programming (MOLP) techniques 

 Carayannis & Grigoroudis, 2016 ), a combination of different MCDA 

ethods ( Tsai, Lee, Shen & Hwang, 2014 ), interactive linear pro- 

ramming Despontin (1982) , and multivariate statistical techniques 

 Del Campo et al., 2008 ). 

Several DEA approaches have also been applied in evaluating 

he efficiency of national and regional EEs (e.g., Fang & Chiu, 2017 ; 

u & Lo, 2007 ; Pan, Hung & Lu, 2010 ). Table 3 presents an overview

f different DEA models for efficiency analysis of EEs with empha- 

is on the selected model variables. 

Given the complexity of the examined ecosystems, studies ex- 

mine multiple stages and levels of innovation and entrepreneur- 

hip ( Carayannis et al., 2015 , 2016 a; Chen, 2017 ) or apply dynamic

EA models in order to analyze efficiency changes over time ( Chen, 

018 ). DEA approaches are also applied to key actors in the EE. An 

xample are universities, which are deeply embedded in most EEs 

nd linked to other actors in multiple ways ( Chapple et al., 2005 ).

tochastic frontier estimation, which aims to estimate the same ef- 

ciency values of a decision making unit as DEA but uses a para- 

etric approach, has been applied in a study to identify the most 

ritical factors for university-industry technology transfer ( Siegel, 

aldman & Link, 2003 ). DEA models may also be combined with 

CDA methods ( Lin, Lee & Ho, 2011 ), Structural Equation Modeling 

SEM) ( Kalapouti, Petridis, Malesios & Dey C, 2020 ), Linear Discrim- 

nant Analysis (LDA) ( Marti ́c & Savi ́c, 2001 ), or Malmquist Produc- 

ivity Index (MPI) ( Lin et al., 2011 ). 

Dynamic DEA approaches may be used in evaluating the perfor- 

ance of an EE in terms of efficiency ( Chen, 2018 ). Using a slacks-

ased dynamic DEA, Teirlinck & Khoshnevis (2020) find a positive 

ffect of within-cluster specialization and public funding on R&D 
799 
utput efficiency. Alternatively, multi-period DEA results may be 

sed in a second stage for estimating a Malmquist Productivity In- 

ex (MPI) in order to perform a time-scale performance compari- 

on of different ecosystems ( Lin et al., 2011 ). 

Furthermore, network DEA models can be used to model the 

ifferent elements or processes and calculate not only the overall, 

ut also the efficiencies of knowledge production and knowledge 

ommercialization stages. This can help identify potential weak- 

esses and suggest improvement policies (e.g., Chen, 2018 ; Fang & 

hiu, 2017 ; Lu & Lo, 20 07 ). Kao (20 04) provides a comprehensive

eview of network DEA models. 

The evaluation of potential investments by venture capitalist 

s another important problem in this domain and the applied OR 

echniques may refer to MCDA methods (e.g., Siskos & Zopouni- 

is, 1987 ; Zacharakis & Shepherd, 2005 ), goal programming mod- 

ls ( Aouni, Colapinto & La Torre, 2013 ) or simple statistical tools 

 Dixon, 1991 ). The major OR challenges mentioned before can also 

e found here, however, the existence of a specific DM clarifies the 

ecision-making process. 

The analysis of successful and unsuccessful new ventures or in- 

ovative projects can also be considered as a comparability and 

valuation problem. In this context, OR studies, using MCDA meth- 

ds ( Kitsios, Doumpos, Grigoroudis & Zopounidis, 2009 ), Adaptive 

euro Fuzzy Inference Systems (ANFIS) ( Kiani Mavi, Mavi & Goh, 

017 ) or simple statistical techniques ( Picot, Laub & Schneider, 

990 ), try to identify the most critical success factors. Finally, other 

tudies at the meso and micro level, focus on the forecasting EE 

erformance using semantic-based genetic programming ( Hajek, 

enriques, Castelli & Vanneschi, 2019 ) or the supplier/partner eval- 

ation and selection problem. 

.3.3. Open questions 

The multi-level evaluation of EEs is a critical issue. Previous 

tudies usually focus on a specific level without considering the in- 

eractions among the macro, meso, and micro levels. For example, 

lthough national institutions and laws form the general frame- 

ork where entrepreneurial activities within a country take place, 

pecific regions may follow different regimes and exploit inputs 

n a different way. As noted by Sleuwaegen & Boiardi (2014, p. 

509) “each region has specific assets, unique capabilities and in- 

ustrial policies that make it different from another region; still 

he regions are part of a country, therefore national contextual fac- 

ors exist and affect the innovative performance”. 

The assessment of the DM in the evaluation problem remains 

n important challenge for OR scholars, since different DMs may 

ave different perspectives, which affect the evaluation results. For 

xample, Carayannis et al. (2018b) , show that the four main ac- 

ors of the Quadruple Innovation Helix (QIH) framework (i.e., gov- 

rnment, university, industry, and civil society) assign different 

eightings to the evaluation criteria. 

The set of appropriate evaluation criteria may heavily affect the 

esults, regardless of the applied OR techniques. Although there is 

o consensus, several scholars emphasize that the assessed eval- 

ation criteria should be of comparable importance to the mea- 

ures of the concept under study; based on reliable statistics; hold 

heir value over time; be relevant to medium and long-term pol- 

cy issues; and be clear and transparent for reasons of public ac- 

ountability ( Grupp & Maital, 2001 ; Tijssen, 2003 ). The selection 

f evaluation criteria is restricted by the availability and validity 

f data. In several cases, innovation and entrepreneurship indices 

ave been developed for different purposes and, thus, their inclu- 

ion in an evaluation framework should be treated with caution 

 Carayannis & Grigoroudis, 2016 ; Krammer, 2009 ). In any case, the 

roperties of a consistent family of criteria (i.e., monotonicity, ex- 

austiveness, and non-redundancy) should be justified in MCDA 

tudies (see Roy, 1985 , for details). 
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Table 3 

Examples of alternative DEA models in the efficiency evaluation of EEs. 

Level Inputs Intermediates Outputs Source 

National Total public expenditure on 

education, Imports of goods and 

commercial services, Total 

expenditure on R&D, Direct 

investment stocks abroad, Total 

R&D personnel 

Number of patents granted to 

residents, Number of partners 

secured abroad by residents, 

Scientific articles published 

Pan et al. (2010) 

Imports of goods and 

commercial products, GDP 

expenditure on research, private 

business involvement in R&D, 

Employment in R&D, Expenses 

in education 

External Patents by resident, 

Patents by residents, National 

productivity 

Nasierowski & Arcelus (2003) 

GDP expenditure on research, 

Researchers per population, GDP 

per capita 

Patents, Publications Sharma & Thomas (2008) 

R&D expenditures by 

government, by business, by 

higher education, GDP 

expenditure in R&D, Researchers 

Patents Cullmann, Schmidt-Ehmcke & 

Zloczysti (2011) 

Total R&D manpower, R&D 

expenditure stocks 

Patents, Scientific journal 

articles, Royalty and licensing 

fees 

Chen, Hu & Yang (2011) 

New doctorate graduates, 

publications, Public R&D 

expenditures, Private R&D 

expenditures, Public-private 

co-publications, PCT patent 

applications, Community 

trademarks 

Employment in knowledge 

intensive activities, Medium and 

high-tech exports, Knowledge 

intensive services exports 

Matei & Aldea (2012) 

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 

labor for non-R&D activities 

Number of patents 

granted 

International scientific papers, 

Added value of industries, 

Export of new products in 

high-tech industries 

Guan & Chen (2012) 

R&D personnel, R&D expenditure R&D expenditures to 

research output 

institutions, R&D 

expenditures to higher 

education output 

Sales revenue of new products, 

Invention patent applications 

Fang & Chiu (2017) 

Science graduates in tertiary 

education, Participation in 

lifelong learning, Total R&D 

expenditure, R&D capital stock, 

Venture capital 

Citable documents, 

Patent applications, 

Employment in 

knowledge intensive 

services/manufacturing, 

SMEs collaborating with 

others 

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 

Carayannis et al. (2015) ) 

Regional Higher Education, Participation 

in lifelong learning, 

Medium-high tech employment 

in manufacturing, High/tech 

employment in services, Public 

R&D expenditure, Private R&D 

expenditure, High tech patent 

applications to EPO 

Regional GDP per capita Zabala-Iturriagagoitia et al. 

(2007) 

Capital stock, R&D expenditure, 

Employment 

Patents Gross output value, Exports Li, Liu, Liu & Chiu (2017) 

R&D expenditure, R&D personnel R&D capital stock SCI papers, Domestic granted 

patents 

Chen, Kou & Fu (2018) 

Internal R&D expenditure, 

Full-time equivalent of R&D 

activities by employees 

Applied patent Profits, Export, Sale revenue of 

new product, Value-added 

Guan & Chen (2010) 

Population with tertiary 

education, R&D expenditures, 

Non-R&D innovation 

expenditures 

SMEs innovating 

in-house, Innovative 

SMEs collaborating with 

others, Public-private 

co-publications, Patents 

Technological (product or 

process) innovators, 

Non-technological (marketing or 

organizational) innovators, 

Employment in 

medium–high/high-tech 

manufacturing & knowledge 

intensive services, Sales of 

new-to-market and new-to firm 

products 

Carayannis et al. (2015) ); 

Carayannis et al. (2016a) 

( continued on next page ) 
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Table 3 ( continued ) 

Level Inputs Intermediates Outputs Source 

Sectoral R&D employees, Internal R&D 

investment, External R&D 

investment 

Process patent 

application, Product 

patent applications 

Sales, Operating income Chun, Chung & Bang (2015) 

Expenditure on science and 

technology, Number of science 

and technology personnel, 

Foreign direct investment, 

Expenditure on the import of 

technology, Expenditure on the 

purchase of domestic 

technology, Value of contractual 

inflows in domestic technical 

markets, Capital stock, Labor 

Invention, Utility model, 

External design, 

GDP, Sale of new products, 

Value of export, Annual income 

in urban residents per capita 

Chen & Guan (2010) 

Employees, Manufacturing 

selling, R&D expense, Assets 

Revenue, Profit Stock price, Earnings per share 

in the market 

Hung & Wang (2012) 
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Criteria weights are, in several cases, defined either by experts 

r statistical and data-driven methods (e.g., principal components 

nalysis, entropy). Some scholars try to overcome this problem, us- 

ng an equal weighting scheme or an unweighted approach. For 

xample, Sitaridis & Kitsios (2020) apply TOPSIS (with equal cri- 

eria weights) and the unweighted MCDA method of Huang & 

oh (2017) in order to rank national entrepreneurship ecosys- 

ems based on Global Entrepreneurship Monitor data. However, an 

nweighted approach, particularly under a linear aggregation for- 

ula, is equivalent to an equal weighting scheme. The choice of 

n appropriate aggregation procedure is also an important issue in 

CDA studies, given that simple additive models are compensatory 

pproaches, and this assumption cannot be easily justified in EE 

tudies (see Bramanti & Tarantola, 2012 , for a discussion on com- 

ensability in the Regional Innovation Index). For this reason, sev- 

ral scholars prefer to avoid aggregation, at least at the higher lev- 

ls of criteria hierarchy (see examples in Carayannis et al., 2018b ; 

itaridis & Kitsios, 2020 ). 

The previous issues, weighting and aggregation, are strongly in- 

errelated. For example, weights have the meaning of value trade- 

ffs in additive aggregation models (see Munda, 2008 for interpret- 

ng weights in social studies) and they do not indicate the “impor- 

ance” of an indicator (see Billaut, Bouyssou & Vincke, 2010 , and 

ramanti & Tarantola, 2012 , for examples). Given that there is a 

trong connection between evaluations and measurement scales, 

ttention should be given to data normalization when developing 

ggregation procedures. If, for example, data are normalized each 

ear, the weights should also change each year so to as to be con- 

istent with the new normalization. As recommended by Billaut, 

ouyssou and Vincke, (2010) , if weights are not changed, results 

an be absurd. Finally, although the discussion around compens- 

bility is beyond the scope of this review, we should emphasize 

hat the selection of a compensatory (e.g., linear aggregation) or 

on-compensatory (e.g., geometric aggregation) model may lead to 

he development of different policies in EEs: “the marginal util- 

ty from an increase in low absolute score would be much higher 

han in a high absolute score under geometric aggregation. Con- 

equently, a country would have a greater incentive to address 

hose sectors/activities/alternatives with low scores if the aggre- 

ation were geometric rather than linear, as this would give it a 

etter chance of improving its position in the ranking” ( OECD-JRC, 

008 , p. 33). 

The most critical issues regarding the development of DEA 

odels in EE evaluation include the choice of the scale assump- 

ion (constant returns to scale-CRS, variable returns to scale- 

RS), the assumption of the projection path (output-oriented or 

nput-oriented), the selection of input and output variables, and 

he further analysis of DEA results (e.g., use DEA scores in To- 

a

801 
it regression, bootstrap analysis). More specifically, regarding the 

cale assumption, a recent empirical study by Barbero, Zabala- 

turriagagoitia & Zofío (2021) examined to what extent the size 

r scale of ecosystems is related to their performance and iden- 

ified the existence of decreasing returns to scale in EEs. How- 

ver, studies in this area are rather limited and it is not possi- 

le to generalize these findings. Additionally, an important open 

uestion for OR scholars is the appropriate number of examined 

tages (e.g., number of modeled innovation or entrepreneurship ac- 

ivities) in DEA modeling, since the examined underlying phenom- 

na are intangible or not directly observable, and therefore the use 

f entrepreneurship indicators cannot always capture the dynam- 

cs of transforming inputs into outputs and the interrelations of 

E components. Multi-stage DEA models can consider the different 

teps of innovation and entrepreneurship activities, from the initial 

nowledge production to the final commercialization and creation 

f financial outcome ( Carayannis et al., 2015 ). 

Besides the previous technical issues, it should be emphasized 

hat measuring EE efficiency is different from evaluating EE per- 

ormance, although these concepts are confused in several studies 

see Edquist & Zabala-Iturriagagoitia, 2015 and Carayannis et al., 

016a ; Zabala-Iturriagagoitia, Voigt, Gutiérrez-Gracia & Jiménez- 

áez, 2007 for comparisons, discussion and examples of innovation 

fficiency vs performance). 

.4. The policy and interventions problem 

.4.1. Problem definition 

The problem of developing policies and interventions in an EE 

ppears in several studies with different contexts and orientations. 

his problem may also refer to different actors within an EE. For 

xample, from the entrepreneur’s point of view, it can be related 

o the allocation of resources through the creation and operation 

f new ventures. Similarly, a major challenge for policy makers is 

o effectively allocate resources and balance the needs of innova- 

ive, usually high-tech start-ups and scale-ups and other start-ups. 

s noted by Johnson & Bock (2017) , entrepreneurs face multiple 

ources and types of uncertainty during venturing activity, while 

tudies in the resource allocation problem should consider the con- 

icting interests of ecosystem stakeholders. 

The evaluation of alternative policies is a typical problem in 

his domain. The main aim of these studies is to identify the most 

mportant factors than can affect EE performance ( Del Campo et 

l., 2008 ; Zanakis & Becerra-Fernandez, 2005 ) or to select which 

rojects should be financed within an EE ( Kutlaca, 1997 ; Parreiras 

t al., 2019 ; Yahya & Kingsman, 2002 ). The latter is a typical re-

ource allocation problem where a large number of alternative in- 

erventions are evaluated in order to optimally allocate a limited 

mount of resources. This problem is typically found at the macro 
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Fig. 3. Examples of alternative approaches for the policy and interventions problem. 
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nd meso level (i.e., allocate resources in a national or regional EE) 

ut also at the micro level (i.e., allocate resources by entrepreneurs 

r investors). 

The policy and interventions problem appears to have some 

verlaps with the dynamic systems problem, since both include 

tudies regarding the design, communication, and implementation 

f effective policies ( Ghaffarzadegan, Lyneis & Richardson, 2011 ). 

or example, typical studies in this domain may evaluate alterna- 

ive policy mechanisms (e.g., private or public R&D and non- R&D 

nvestments) in order to identify the best policy scheme. Uriona & 

robbelaar (2019) list several policy decisions that may be consid- 

red in this problem (e.g., inward foreign direct investments, gov- 

rnment subsidies, degree of technological opportunities or knowl- 

dge cumulativeness, and skimming and penetration price strate- 

ies). 

.4.2. OR methods and techniques 

The alternative OR approaches in the policy and interventions 

roblem may be categorized based on who is the DM and what is 

he objective of the analysis. A typology of different problems in 

he EE literature is presented in Fig. 3 , emphasizing the alternative 

roblems faced by different DMs. 

Based on this framework, governments may evaluate different 

olicies in order to identify the important performance drivers of 

n EE, using data mining techniques ( Zanakis & Becerra-Fernandez, 

005 ), statistical models ( Del Campo et al., 2008 ), or other OR ap-

roaches. In a similar context, policy makers can also apply MOLP 

r MCDA models for the selection of projects within an EE, such 

s public financed R&D projects (Kutlaca, 1997 ), or government- 

ponsored entrepreneur development and R&D projects ( Parreiras 

t al., 2019 ; Yahya & Kingsman, 2002 ). 

Similarly, simulation (predominantly system dynamics, agent- 

ased simulation) and network models have been used to model 

ctors, activities and relationships within an EE and subsequently 

valuate alternative policies ( Andres & Poler, 2016 ; Choi et al., 

016 ; Lee & von Tunzelmann, 2005 ; Samara et al., 2012 ). 

Optimization techniques, and particularly stochastic control, is 

nother important category of OR techniques in the policy and 

nterventions problem. These approaches try to model decisions 

aced by entrepreneurs during the product development of prod- 

ct commercialization process, for example: 

• Decide when a new venture should enter the market ( Lévesque 

& Shepherd, 2002 ). 
• Decide whether to enter the market or continue product devel- 
opment ( Armstrong & Lévesque, 2002 ). i

802 
These approaches are trying to account for the uncertainty in 

he evolution of an EE, using mainly an optimal stopping model- 

ng approach. Other approaches included in the optimization do- 

ain may refer to multi-period game models, where, for exam- 

le, entrepreneurs may compete in an auction-like setting for ven- 

ure capital ( Elitzur & Gavious, 2003 ), guarantee swaps have to be 

igned among a bank, an insurer, and an entrepreneur ( Wang, Yang 

 Zhang, 2015b ) or venture capitalists wish to optimize contracting 

n the context of venture capital financing ( Lukas, Mölls & Welling, 

016 ). 

Finally, a major domain refers to the allocation of investment 

unds, either from an entrepreneur’s or investor’s point of view. 

onsidering this as a dynamic decision-making problem, queu- 

ng models, game theory, Markov chains or auction theory may 

e applied in order to optimize pre- and post-investment activi- 

ies ( Archibald & Possani, 2019 ; Elitzur & Gavious, 2011 ; Shepherd, 

rmstrong & Lévesque, 2005 ). Portfolio optimization techniques, 

ncluding statistical approaches, may also be applied to this prob- 

em, when an investor wishes to target the right ventures and 

o determine the proper amount of investment (e.g., Zhong, Liu, 

hong & Xiong, 2018 ). Similarly, taking into account the time- 

arying value of a start-up, stochastic control can also help in- 

estors to determine the optimal dividend policy ( Bayraktar & 

gami, 2008 ). Despite the similarity with the general resource allo- 

ation problem, DEA models have not been applied here in the EE 

iterature. This may be considered as an important research oppor- 

unity. For example, inverse DEA models may be used for allocating 

xed EE resources based on their efficiency analysis. 

.4.3. Open questions 

Uncertainty is a critical issue in evaluating EE policies and se- 

ecting innovation projects within an EE. Michnik (2013) , for ex- 

mple, emphasizes that most MCDA models that deal with uncer- 

ainty are rather complicated and characterized by strong assump- 

ions and suggest the integration of scenario planning and MCDA. 

CDA approaches can contribute to solving R&D problems that in- 

olve multiple objectives under scarce or constrained resources, 

nd, most importantly, provide an understanding of the decision- 

aking context ( Morcos, 2008 ). 

Another critical issue in the policy and interventions prob- 

em is the modeling of entrepreneurial behavior. Entrepreneurs 

re motivated by both pecuniary and non-pecuniary factors, taking 

nto account risk, uncertainty and profits. In this context, Kaiser 

1990, p. 10) argues that “market forces drive an economy toward 

n efficient allocation of entrepreneurial resources” and analyz- 

ng the factors that influence the supply of and demand for en- 
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repreneurial expenditures proposes a framework for the evalua- 

ion of entrepreneurial policy actions. 

The evaluation and selection of partners (e.g., suppliers, collab- 

rators) is one of the most common resource allocation problems 

aced by entrepreneurs. The problem itself is widely studied in the 

R literature and can be related to the micro level of the policy 

nd intervention problem. As noted by Ho, Xu & Dey (2010) in 

heir extensive literature review on MCDA approaches in supplier 

election and evaluation, the main challenges are the assessment 

f evaluation criteria and the pros/cons of alternative models. The 

ame challenges may also appear in the EE literature; however, the 

istinctive characteristics of the entrepreneur should be considered 

e.g., Kaiser, 1990 ; Yahya & Kingsman, 1999 ). 

In general, entrepreneurial goals can affect the effective alloca- 

ion of resources for both entrepreneurs and investors. An empir- 

cal study by Dunkelberg, Moore, Scott & Stull (2013) shows that 

ew firm owners with non-monetary goals allocate their resources 

ifferently than owners with predominantly monetary goals, sug- 

esting the need to better understand the entrepreneurial process 

hen developing and promoting entrepreneurship policies. 

In this context, understanding DMs behavior, effective modeling 

f uncertainty and determining an appropriate objective function, 

n addition to profit or revenue-related criteria, are the most im- 

ortant challenges for OR researchers in the context of these prob- 

ems. 

. Critical issues and opportunities 

The previous section has provided an overview of the appli- 

ation of OR methodologies and tools across the four overarch- 

ng problems. Furthermore, we have outlined open questions for 

ach problem. While some of them can be addressed with estab- 

ished approaches, methodological innovation is required from the 

R community regarding not only new quantitative tools, but also 

ew modeling efforts. We will present a discussion of particular 

ross-cutting challenges and opportunities for innovation in the 

ollowing. 

.1. Systems, model boundaries and events 

A major challenge across all four overarching problems is the 

ufficiently detailed and appropriate modeling of EEs. This includes 

he selection of model boundaries as well as the assessment of 

takeholders. EEs are fractal, multi-level, multi-modal, multi-nodal, 

nd multilateral configurations of dynamic tangible and intangible 

ssets ( Carayannis et al., 2018a ). This is similar to many areas in

hich OR methods are widely used. EEs are a typical ‘everything- 

ffects-everything-else’ case, like Brailsford, Desai & Viana (2010 , 

. 2293) describe the healthcare system and which resonates with 

he definition of intermodal freight transportation ( Crainic et al., 

018 ). This requires identifying the relevant mechanisms to model 

 particular problem as opposed to attempting to create a model of 

he whole system that drowns in complexity. Based on this work, 

digital twins’ of EEs can be developed to explore and test different 

cenarios and policy solutions, potentially in real time. 

OR is a problem-based discipline and work is carried out to 

achieve something’ for a particular client or stakeholder. For ex- 

mple, many network-based studies in the area of EEs on net- 

ork visualization and ‘graph-theoretic measures of system struc- 

ure and dynamics’ rather than analyses that take into account 

omain specific knowledge (cf. Alderson, 2008 , p. 1047). Identify- 

ng gatekeepers (or ‘connectors’) is a crucial first step ( Broekel & 

ueller, 2018 ), but using other methodological approaches to find 

he optimal number of these ‘connectors’ for EE growth, minimiz- 

ng the average distance between ‘connectors’ and entrepreneurs 
803 
r other actors and using other multi-objective approaches to in- 

reasing connectivity given the constraints of a particular EE will 

ead to actionable insights. 

Lastly, OR has dealt extensively with the implication of in- 

erventions and the role of ‘events’ within systemic problems. 

alinen, Törnroos and Elo (2013) have emphasized the role of 

vents in the formation of business networks. By extension, history 

as shown that events are also crucial for the development of EEs 

e.g., Spilling, 1996 ). For example, studying networks as a process 

nd not as a static artefact, as well as the impact of endogenous 

ynamics and events, provide challenges for OR researcher and a 

eans to increase the relevance of OR in the area of EEs. 

.2. Decision-makers and stakeholders 

Empirical studies show that different stakeholders may have 

ifferent preferences and priorities (e.g., Carayannis et al., 2018b ) 

nd therefore, the assessment of the DM, and at which level of 

ggregation the DM operates, creates and captures value is a crit- 

cal issue. This is particularly important in the comparability and 

valuation problem, given that the majority of current studies are 

ased on experts’ opinions, who often do not represent an actual 

M. Furthermore, from a practical perspective, this poses a chal- 

enge to engage EE stakeholders throughout the modeling process 

nd the implementation of policy options. 

Ecosystem research should not be seen as a purely academic ex- 

rcise but focus on systemic interventions and policy design for so- 

ietal impact (cf. the transdisciplinary research program proposed 

y Wurth et al., 2021 ). This builds on a rich tradition in OR –

hich is not as common in other academic disciplines. There is 

 widely-shared understanding that “OR practice involves inter- 

ening in a social process, as well as supporting decisions with 

uantitative methods, practitioners have developed their social and 

onsultancy skills to improve their effectiveness, whilst academics 

ave developed problem structuring approaches to enable OR to 

e applied more widely” ( Ranyard, 1995 , p. 474). This relationship 

as been further extended by including stakeholders more promi- 

ently and introducing the notions of ‘engaged OR’ and ‘commu- 

ity OR’ ( Midgley, Johnson & Chichirau, 2018 ). This corresponds 

o the rise of the ecosystem concept and the increased acknowl- 

dgement of the importance of context for entrepreneurial activity 

 Autio et al., 2014 ; Welter, 2011 ) and bottom-up community devel- 

pment as opposed to purely top-down policy design – and OR is 

ell suited to play a key role at this intersection. 

.3. Multi-level studies 

There is a need for developing new models and approaches 

hat capture the multi-level nature of EEs (e.g., interactions among 

acro, meso, and micro levels). First, EEs can be studied as multi- 

ayer networks. Gathering data for each layer is a challenge in it- 

elf, particularly because many interactions in the EE are not for- 

alized. Combining all layers and making sense of the network 

tructure is an even bigger challenge. Exploring new secondary 

ata sources, as well as applying problem structuring and other 

oft OR approaches is under-utilized but can lead to an improved 

nd more nuanced understanding of the network. In line with this, 

here is often a delay until data become available (e.g., funding in- 

ormation or investment decisions). Even if information is available 

n real time, there is currently a lack of models and methods that 

an effectively and efficiently incorporate the data in the decision- 

aking process in a meaningful way. 

Second, and to some extent related, is the role of formal and 

nformal institutions, which are co-created (informal) and created 

formal) at different levels of aggregation and can influence both 

he structure and the performance of EEs. As noted by Alvedalen 
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 Boschma (2017) , it is important to understand which agents are 

ore successful when institutions change and why and if there are 

pecific conditions or configurations within the EE that enable this 

hange in the first place. New frameworks and mythological ap- 

roaches are required to study both the adaption and co-evolution 

f existing as well as the design and implementation of new insti- 

utions within an EE. 

.4. ‘Big data’ 

EEs are distinct from other territorial systems of innovation in 

ultiple ways, one of them being their explicit inclusion of so- 

ial aspects and community dynamics. While promising in theory, 

any of these social interactions are difficult to measure – despite 

he promise of digital data ( Feldman & Lowe, 2015 ). An opportu- 

ity for researchers is the integration of ‘big data’ into OR mod- 

ls such as simulations (e.g., Tolk, 2015 ), DEA ( Khezrimotlagh, Zhu, 

ook & Toloo, 2019 ), real-time data combined with social network 

nalysis ( Rocha, Brown & Mawson, 2021 ) or combining networks 

ith textual analysis ( Hannigan, Briggs, Valadao, Seidel & Jennings, 

021 ). Particularly developing of novel data sets through advances 

n natural language processing allows studying the community as- 

ects of EEs. 

This represents a shift from supporting DMs with limited in- 

ormation to an abundance of potentially useful information in in- 

reasingly intertwined socio-technical and data-driven processes. 

t does, however, change the role of OR, requiring new “contex- 

ualized approaches to creating actionable insights” and “develop- 

ng awareness of multiple courses of action, distinguishing how 

ecision-making arises in socio-technical relations and clarifying 

ho is empowered to make decisions and how” ( Burger, White & 

earworth, 2019 , p. 1147). In addition to exploring novel secondary 

ata sources, primary data collection should be revisited as they 

ften do not consider other modeling approaches beyond statisti- 

al analyses. As a consequence, modelers need to engage in inter- 

isciplinary projects that include model development from the be- 

inning. This allows the model to drive the data collection as op- 

osed to modeling only trying to use existing data to the best pos- 

ible extent ( Pidd, 2009 ). 

.5. Multi-methodology and hybrid approaches 

Another major opportunity for OR researchers is methodologi- 

al pluralism and multi-methodology (e.g., Mingers & Brocklesby, 

997 ). Particularly a combination of qualitative and quantitative 

pproaches in different forms are required to address the four 

roblems. For example, in the dynamic systems problem, qualita- 

ive insights will help answer why (e.g., motivations of individ- 

als) and how (e.g., individual behaviors and networking skills) 

etworks develop, hereby addressing the current shortcomings of 

xploratory studies around network formation ( Alderson, 2008 ). 

n example for this is the ‘network ethnography’ approach by 

erthod, Grothe-Hammer and Sydow (2017) . 

Other opportunities include combinations of simulation models 

nd MCDA or network science and game theoretic approaches to 

odel co-evolutionary processes ( Hellmann & Staudigl, 2014 ). In 

articular, these approaches can inform our understanding of net- 

ork interdiction problems ( Smith & Song, 2020 ) or dynamic com- 

etition of lobbying ( Mandel & Venel, 2020 ), which represent im- 

ortant elements of EEs that have not yet been addressed. Other 

reas for methodological innovation include the dynamic modeling 

f networks (including the role of events). Ecosystems as multi- 

ayered networks, which has been described conceptually but not 

et been followed up with analytical and optimization approaches 

 Knippel & Lardeux, 2007 ). Entrepreneurial networks are not an 
804 
solated phenomenon but a means within the ecosystem to con- 

ect the right people and resources. Network characteristics and 

erformance are, therefore, not just an outcome but also input 

o the development of the system. Further hybrid approaches and 

ethods are required for connecting advances in network stud- 

es to the wider field of EE studies. For example, network aspects 

re only used as anecdotal evidence when comparing or evaluating 

cosystems at the moment. New approaches need to be developed 

o link networks to other ecosystem indicators. 

Complexity theory can also be combined with OR tools in order 

o understand the dynamic behavior of EEs and the interdepen- 

ences between their elements. In this context, Roundy, Bradshaw 

 Brockman (2018) suggest the adoption of a complex adaptive 

ystem (CAS) approach that can help analyze the major characteris- 

ics of an EE (self-organization, open–but-distinct boundaries, com- 

lex components, nonlinearity, adaptability, and sensitivity to ini- 

ial conditions). This is also related to the challenge of new multi- 

evel studies, since in EEs, as complex systems, macro-level behav- 

ors both emerge from and influence the micro-level interactions 

f the elements of the system (see also, Levin, 1998 ; Lissack & 

etiche, 2002 ). 

Another related and promising avenue are hybrid simulations 

e.g., combinations of system dynamics and agent-based simu- 

ation) that address the interplay of individual decision-making 

nd regional/institutional aspects is a major challenge for OR re- 

earchers in this domain ( Brailsford, Eldabi, Kunc, Mustafee & Os- 

rio, 2019 ). Another promising approach for future research is to 

se a combined resource-agent-based qualitative approach to man- 

ging complex systems ( Kazakov, Howick & Morton, 2021 ). 

.6. Uncertainty and robustness 

Entrepreneurship is, by nature, accompanied by uncertainty. 

his includes both the uncertainty in the entrepreneurial process 

nd socio-economic processes in general as well as exogenous 

hocks such as pandemics, natural disasters, or even man-made 

rises like the financial crisis in 2008. Studying EEs in light of 

ncertainty may help us better understand stakeholders’ behav- 

or, which is particularly important in the policy and interventions 

roblem. Insights into value-based network design, which links to 

he resource allocation problem, can support policy makers at dif- 

erent levels in making investment decisions for the EE, where in- 

estment is not driven by cost reduction but value creation for en- 

repreneurs and companies ( Klibi, Martel & Guitouni, 2010 ). 

Modeling uncertainty more explicitly and including it in the 

ain mechanisms behind EEs is a first step towards more robust 

odels, but there are further challenges and research opportu- 

ities. Robustness should not be considered as simple sensitivity 

nalyse, where the change of one or more parameters is studied. 

ather, it is necessary to consider Roy’s general approach, where 

obustness is a tool of resistance of decision analysts against the 

henomena of approximations and ignorance zones ( Roy, 2010 ). 

nder this approach, it is possible to validate OR models by taking 

nto account additional macro, meso, and micro entrepreneurship 

ata. 

. Concluding remarks 

Driven originally by practitioner work, the EE concept has 

merged and is increasingly gaining momentum among practition- 

rs, policy makers, and academics ( Wurth et al., 2021 ). Research on 

cosystems has remained fragmented without comprehensive sup- 

ort for decision-making. To overcome these limitations, we have 

efined four problems (stakeholder and boundaries, dynamic sys- 

em, comparability and evaluation, and policy and interventions) 
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hat serve as connection points between OR scholars and domain 

xperts. 

This review highlights that while OR approaches have been in- 

reasingly applied to EEs and related issues, these are still un- 

errepresented and fragmented. We have provided a critical dis- 

ussion about the applicability, assumptions, implementation, and 

imitations of alternative OR approaches as a response. Future work 

owards better tools for DMs is necessary as the complexity of the 

conomy and social connectedness continue to rise and these four 

roblems become even more interrelated. 

For some problems and the more specific questions within 

hem, current OR approaches and tools are sufficient. There are, 

owever, different modeling approaches that have different as- 

umptions and orientations (see, for example, alternative ap- 

roaches in the dynamic systems problem in Table 2 ) that can 

omplement each other. In other cases, although OR tools seem 

ufficient, these are not widely used (e.g., multi-level DEA models, 

hich are able to study the hierarchical nature of EEs), and this of- 

ers an important opportunity for OR scholars to further contribute 

o the academic discourse and impact policy and practice. Other 

uestions and, by extension, problems require methodological in- 

ovation such as new ways to capture dynamic, co-evolutionary 

elations within EEs or adopting approaches from other fields. For 

xample, a system-of-systems approach may be used to study the 

ractal nature of EEs, while the QIH framework may be used to 

tudy the complexity of ecosystems (e.g., Carayannis & Campbell, 

009 , 2011 ). In conclusion, this paper shows the existing contribu- 

ion of the OR community to the study of EEs and hopefully paves 

he way for further inter- and transdisciplinary work. 

eferences 

ckermann, F. (2012). Problem structuring methods ‘in the Dock’: Arguing the case 

for Soft OR. European Journal of Operational Research, 219 (3), 652–658 . 

cs, Z. J. , Stam, E. , Audretsch, D. B. , & O’Connor, A. (2017). The lineages of the en-
trepreneurial ecosystem approach. Small Business Economics, 49 (1), 1–10 . 

huja, G. (20 0 0). Collaboration networks, structural holes, and innovation: A longi- 
tudinal study. Administrative Science Quarterly, 45 (3), 425–455 . 

lbino, V. , Carbonara, N. , & Giannoccar, I. (2007). Supply chain cooperation in in-
dustrial districts: A simulation analysis. European Journal of Operational Research, 

177 (1), 261–280 . 

lderson, D. L. (2008). Catching the “network science” bug: Insight and opportunity 
for the operations researcher. Operations Research, 56 (5), 1047–1065 . 

lvarez, S. , Carayannis, E. G. , Dagnino, G. B. , & Faraci, R. (2018). Introduction: En-
trepreneurial ecosystems and the diffusion of startups. In E. G. Carayannis, 

G. B. Dagnino, S. Alvarez, & R. Faraci (Eds.), Entrepreneurial ecosystems and the 
diffusion of startups (eds.) (pp. 1–10). Northampton: Edward Elgar Publishing . 

lvedalen, J. , & Boschma, R. (2017). A critical review of entrepreneurial ecosystems 

research: Towards a future research agenda. European Planning Studies, 25 (6), 
887–903 . 

lvesson, M. , & Sandberg, J. (2011). Generating research questions through prob- 
lematization. Academy of Management Review, 36 (2), 247–271 . 

lvesson, M. , & Sandberg, J. (2020). The problematizing review: A counterpoint 
to Elsbach and Van Knippenberg’s argument for integrative reviews. Journal of 

Management Studies, 57 (6), 1290–1304 . 

ndres, B. , & Poler, R. (2016). A decision support system for the collaborative selec-
tion of strategies in enterprise networks. Decision Support Systems, 91 , 113–123 . 

ouni, B. , Colapinto, C. , & La Torre, D. A. (2013). A cardinality constrained stochastic
goal programming model with satisfaction functions for venture capital invest- 

ment decision making. Annals of Operations Research, 205 , 77–88 . 
rchibald, T. W. , & Possani, E. (2019). Investment and operational decisions for 

start-up companies: A game theory and Markov decision process approach. An- 

nals of Operations Research to appear . 
rmstrong, M. J. , & Lévesque, M. (2002). Timing and quality decisions for en-

trepreneurial product development. European Journal of Operational Research, 
141 (1), 88–106 . 

sheim, B. T. , & Coenen, L. (2005). Knowledge bases and regional innovation sys-
tems: Comparing Nordic clusters. Research Policy, 34 (8), 1173–1190 . 

uerswald, P. (2015). Enabling entrepreneurial ecosystems. In D. Audretsch, A. Link, 
& M. L. Walsok (Eds.), The Oxford handbook of local competitiveness (eds.) 

(pp. 54–83). Oxford: Oxford University Press . 

uerswald, P. , & Dani, L. (2017). Economic ecosystems. In G. Clarke, M. Feldman,
M. Gertler, & D. Wojcik (Eds.), New Oxford handbook of economic geography (eds.) 

(pp. 245–268). Oxford: Oxford University Press . 
utio, E. , Kenney, M. , Mustar, P. , Siegel, D. S. , & Wright, M. (2014). Entrepreneurial

innovation: The importance of context. Research Policy, 43 (7), 1097–1108 . 
805 
utio, E. , & Levie, J. (2017). Management of entrepreneurial ecosystems. In G. Ahme- 
toglu, T. Chamorro-Premuzic, B. Klinger, & T. Karcisky (Eds.), The Wiley handbook 

of entrepreneurship (eds.). Chichester: John Wiley & Sons . 
vanzini, D. B. (2011). Designing composite entrepreneurship indicators. In 

W. Naudé (Ed.), Entrepreneurship and economic development, studies in develop- 
ment economics and policy (ed.). London: Palgrave Macmillan . 

acks, S. , Günther, M. , & Stummer, C. (2019). Stimulating academic patenting in a
university ecosystem: An agent-based simulation approach. The Journal of Tech- 

nology Transfer, 44 (2), 434–461 . 

arbero, J. , Zabala-Iturriagagoitia, J. M. , & Zofío, J. L. (2021). Is more always better?
On the relevance of decreasing returns to scale on innovation. Technovation, 107 , 

Article 102314 . 
arbosa-Póvoa, A. P. , da Silva, C. , & Carvalho, A. (2018). Opportunities and challenges

in sustainable supply chain: An operations research perspective. European Jour- 
nal of Operational Research, 268 (2), 399–431 . 

asole, R. C. , Park, H. , & Chao, R. O. (2019). Visual analysis of venture similarity in

entrepreneurial ecosystems. IEEE Transactions on Engineering Management, 66 (4), 
568–582 . 

ayraktar, E. , & Egami, M. (2008). Optimizing venture capital investments in a jump
diffusion model. Mathematical Methods of Operations Research, 67 , 21–42 . 

eer, S. (1969). Cybernetics and management . Kent: The English Universities Press . 
elton, V. , & Stewart, T. (2002). Multiple criteria decision analysis: An integrated ap- 

proach . Kluwer, Dordrecht . 

erthod, O. , Grothe-Hammer, M. , & Sydow, J. (2017). Network ethnography: A 
mixed-method approach for the study of practices in interorganizational set- 

tings. Organizational Research Methods, 20 (2), 299–323 . 
illaut, J. , Bouyssou, D. , & Vincke, P. (2010). Should you believe in the Shanghai rank-

ing? Scientometrics, 84 , 237–263 . 
oschma, R. (2015). Towards an evolutionary perspective on regional resilience. Re- 

gional Studies, 49 (5), 733–751 . 

railsford, S. , & Harper, P. (2008). Editorial: OR in health. European Journal of Opera-
tional Research, 185 (3), 901–904 . 

railsford, S. C. , Desai, S. M. , & Viana, J. (2010). Towards the Holy Grail: Combining
system dynamics and discrete-event simulation in healthcare. In Proceedings of 

the 2010 Winter Simulation Conference (pp. 2293–2303) . 
railsford, S. C. , Eldabi, T. , Kunc, M. , Mustafee, N. , & Osorio, A. F. (2019). Hybrid sim-

ulation modelling in operational research: A state-of-the-art review. European 

Journal of Operational Research, 278 (3), 721–737 . 
ramanti, A., & Tarantola, S. (2012). Regional Innovation Index: Regional cham- 

pions within national innovation systems. JRC Scientific and Policy Re- 
ports . available at Https://publications.jrc.ec.europa.eu/repository/bitstream/ 

JRC76795/lbna25594enn.pdf . 
rännback, M., & A.Carsrud, A. (2017). Cognitive maps in entrepreneurship: Un- 

derstanding contexts, in: M. Brännback & A. Carsrud (eds.)., Revisiting the en- 

trepreneurial mind, international studies in entrepreneurship, vol. 35. Springer, 
Cham, 123–130. 

roekel, T. , & Mueller, W. (2018). Critical links in knowledge networks: What 
about proximities and gatekeeper organisations? Industry and Innovation, 25 (10), 

919–939 . 
urger, K. , White, L. , & Yearworth, M. (2019). Developing smart operational research 

with hybrid practice theories. European Journal of Operational Research, 277 (3), 
1137–1150 . 

ao, Z., & Shi, X. (2020). A systematic literature review of entrepreneurial ecosys- 

tems in advanced and emerging economies. Small Business Economics . https: 
//doi.org/10.1007/s11187- 020- 00326- y . 

arayannis, E. G. , & Campbell, D. F. J. (2009). Mode 3” and “Quadruple Helix”: To-
ward a 21st century fractal innovation ecosystem. International Journal of Tech- 

nology Management, 46 (3/4), 201–234 . 
arayannis, E. G. , & Campbell, D. F. J. (2011). Open innovation diplomacy and a 21st

century fractal research, education and innovation (FREIE) ecosystem: Building 

on the quadruple and Quintuple Helix Innovation concepts and the “Mode 3”
knowledge production system. Journal of the Knowledge Economy, 2 (3), 327–372 . 

arayannis, E. G. , Goletsis, Y. , & Grigoroudis, E. (2015). Multi-level multi-stage effi-
ciency measurement: The case of innovation systems. Operational Research: An 

International Journal, 15 , 253–274 . 
arayannis, E. G. , Goletsis, Y. , & Grigoroudis, E. (2018b). Composite innovation met- 

rics: MCDA and the Quadruple Innovation Helix framework. Technological Fore- 

casting and Social Change, 131 , 4–17 . 
arayannis, E. G. , & Grigoroudis, E. (2016). Using multiobjective mathematical pro- 

gramming to link national competitiveness, productivity, and innovation. Annals 
of Operations Research, 247 , 635–655 . 

arayannis, E. G. , Grigoroudis, E. , Campbell, D. F. J. , Stamati, D. , & Meiss-
ner, D. (2018a). The ecosystem as helix: An exploratory theory-building study 

of regional co-opetitive entrepreneurial ecosystems as quadruple/Quintuple He- 

lix innovation models. R&D Management, 48 (1), 148–162 . 
arayannis, E. G. , Grigoroudis, E. , & Goletsis, Y. (2016a). A multilevel and multistage

efficiency evaluation of innovation systems: A multiobjective DEA approach. Ex- 
pert Systems with Applications, 62 , 63–80 . 

arayannis, E. G. , Provance, M. , & Grigoroudis, E. (2016b). Entrepreneurship ecosys- 
tems: An agent-based simulation approach. The Journal of Technology Transfer, 

41 , 631–653 . 

happle, W. , Lockett, A. , Siegel, D. S. , & Wright, M. (2005). Assessing the relative
performance of UK university technology transfer offices: Parametric and non–

parametric evidence. Research Policy, 34 (3), 369–384 . 
haturvedi, A. , Mehta, S. , Dolk, D. , & Ayer, R. (2005). Agent-based simulation for

http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0001
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0001
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0002
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0002
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0002
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0002
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0002
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0002
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0003
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0003
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0004
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0004
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0004
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0004
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0004
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0005
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0005
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0006
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0006
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0006
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0006
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0006
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0006
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0007
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0007
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0007
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0007
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0008
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0008
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0008
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0008
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0009
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0009
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0009
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0009
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0010
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0010
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0010
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0010
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0011
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0011
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0011
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0011
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0011
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0012
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0012
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0012
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0012
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0013
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0013
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0013
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0013
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0014
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0014
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0014
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0014
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0015
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0015
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0016
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0016
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0016
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0016
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0017
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0017
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0017
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0017
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0017
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0017
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0017
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0018
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0018
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0018
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0018
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0019
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0019
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0020
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0020
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0020
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0020
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0020
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0021
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0021
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0021
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0021
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0021
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0022
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0022
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0022
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0022
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0022
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0023
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0023
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0023
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0023
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0023
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0024
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0024
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0024
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0024
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0025
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0025
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0026
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0026
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0026
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0026
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0027
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0027
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0027
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0027
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0027
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0028
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0028
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0028
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0028
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0028
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0029
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0029
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0030
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0030
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0030
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0030
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0031
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0031
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0031
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0031
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0031
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0032
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0032
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0032
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0032
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0032
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0032
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0032
https://publications.jrc.ec.europa.eu/repository/bitstream/JRC76795/lbna25594enn.pdf
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0035
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0035
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0035
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0035
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0036
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0036
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0036
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0036
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0036
https://doi.org/10.1007/s11187-020-00326-y
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0039
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0039
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0039
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0039
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0040
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0040
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0040
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0040
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0041
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0041
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0041
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0041
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0041
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0042
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0042
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0042
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0042
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0042
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0043
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0043
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0043
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0043
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0044
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0044
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0044
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0044
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0044
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0044
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0044
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0045
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0045
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0045
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0045
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0045
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0046
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0046
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0046
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0046
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0046
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0047
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0047
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0047
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0047
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0047
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0047
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0048
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0048
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0048
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0048
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0048
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0048


E.G. Carayannis, E. Grigoroudis and B. Wurth European Journal of Operational Research 300 (2022) 791–808 

C

C

C

C

C  

C

C

C  

C  

C

C

C

C

C

C

C

D

D

D

D

E

E

E

E

E

F

F

F

F

F
F

F

G

G

G

G

G

G

G

G

G

H

H

H

H

H

H

H

H

H

H

H

I  

I

J

J

K

K

K

K

K

K

computational experimentation: Developing an artificial labor market. European 
Journal of Operational Research, 166 (3), 694–716 . 

hen, C. C. (2017). Measuring departmental and overall regional performance: Ap- 
plying the multi-activity DEA model to Taiwan ׳s cities/counties. Omega, 67 , 

60–80 . 
hen, C. C. (2018). Measuring the efficiency of regional entrepreneurship systems - 

an application of dynamic network DEA on Taiwan’s counties and cities. Croat- 
ian Operational Research Review, 9 (1), 115–131 . 

hen, C.P., .Hu, J.L., .& Yang, C.H. (.2011). An international comparison of R&D effi- 

ciency of multiple innovative outputs: The role of the national innovation sys- 
tem, Innovation , 13 (3), 341–360. 

hen, K., & Guan, J. (2010). Measuring the efficiency of China’s regional innova- 
tion systems: Application of network data envelopment analysis (DEA), Regional 

Studies , 46(3), 355–377. 
hen, K., Kou, M., & Fu, X. (2018). Evaluation of multi-period regional R&D effi-

ciency: An application of dynamic DEA to China’s regional R&D systems, Omega , 

74, 103–114. 
hocholatá, M., & Furková, A. (2017). Does the location and the institutional back- 

ground matter in convergence modelling of the EU regions?, Central European 
Journal of Operations Research , 25, 679–697. 

hoi, K., Narasimhan, R., & Kim, S.W. (.2016). Opening the technological innovation 
black box: The case of the electronics industry in Korea, European Journal of 

Operational Research , 250(1), 192–203. 

hun, D., Chung, Y., & Bang, S. (2015). Impact of firm size and industry type on
R&D efficiency throughout innovation and commercialisation stages: Evidence 

from Korean manufacturing firms, Technology Analysis and Strategic Management , 
27(8), 895–909. 

inelli, M., Kadzi ́nski, M., Gonzalez, M., & Słowi ́nski, R. (2020). How to support the
application of multiple criteria decision analysis? Let us start with a compre- 

hensive taxonomy, Omega , 96, 102261. 

orrente, S., Garcia-Bernabeu, A., Greco, S., & Makkonen, T. (2021). Robust mea- 
surement of innovation performances in Europe with a hierarchy of interacting 

composite indicators, Economics of Innovation and New Technology (to appear). 
orrente, S., Greco, S., Nicotra, M., Romano, M., & Schillaci, C.E. (.2019). Evaluating 

and comparing entrepreneurial ecosystems using SMAA and SMAA-S, The Jour- 
nal of Technology Transfer , 44, 485–519. 

rainic, T.G., .Perboli, G., & Rosano, M. (2018). Simulation of intermodal freight 

transportation systems: A taxonomy, European Journal of Operational Research , 
270(2), 401–418. 

rawford, C.G. (.2009). A review and recommendation of simulation method- 
ologies for entrepreneurship research, SSRN Electronic Journal , December 

2009, available at: Https://papers.ssrn.com/sol3/Delivery.cfm/SSRN _ ID1472113 _ 
code1152101.pdf?abstractid=1472113&mirid=1 

rawford, G.C., .Aguinis, H., Lichtenstein, B.B., .Davidsson, P., & McKelvey, B. (2015). 

Power law distributions in entrepreneurship: Implications for theory and re- 
search, Journal of Business Venturing , 30(5), 696–713. 

ullmann, A., Schmidt-Ehmcke, J., & Zloczysti, P. (2011). R&D efficiency and barriers 
to entry: A two stage semi-parametric DEA approach, Oxford Economic Papers , 

64 (1), 176–196. 
ziráky, D., Sambt, J., Rovan, J., & Puljiz, J. (2006). Regional development assessment: 

A structural equation approach, European Journal of Operational Research , 174(1), 
427–442. 

el Campo, C., Monteiro, C.M.F., & Soares, J.O. (.2008). The European re- 

gional policy and the socio-economic diversity of European regions: A mul- 
tivariate analysis, European Journal of Operational Research , 187(2), 600–

612. 
espontin, M. (1982). Regional multiple objective quantitative economic policy: A 

Belgian model, European Journal of Operational Research , 10(1), 82–89. 
ixon, R. (1991). Venture capitalists and the appraisal of investments, Omega , 19(5), 

333–344. 

unkelberg, W., Moore, C., Scott, J., & Stull, W. (2013). Do entrepreneurial goals mat- 
ter? Resource allocation in new owner-managed firms, Journal of Business Ven- 

turing , 28(2), 225–240. 
C (2020)., Composite indicator, european commission, internal market, indus- 

try, entrepreneurship and SMEs, available at: Https://ec.europa.eu/growth/ 
tools-databases/kets-tools/kets-composite-indicator 

dquist, C., Zabala-Iturriagagoitia, J.M., Barbero, J., & Zofío J.L. (2018). On the mean- 

ing of innovation performance: Is the synthetic indicator of the Innovation 
Union Scoreboard flawed?, Research Evaluation, 27(3), 196-211, https://doi.org/ 

10.1093/reseval/rvy011 . 
litzur, R., & Gavious, A. (2003). A multi-period game theoretic model of venture 

capitalists and entrepreneurs, European Journal of Operational Research , 144(2), 
440–453. 

litzur, R., & Gavious, A. (2011). Selection of entrepreneurs in the venture capital 

industry: An asymptotic analysis, European Journal of Operational Research , 215 
(3), 705–712. 

rnst, A.T., .Jiang, H., Krishnamoorthy, M., & Sier, D. (2004). Staff scheduling and 
rostering: A review of applications, methods and models, European Journal of 

Operational Research , 153(1), 3–27. 
ang, J.W., .& Chiu, Y.H. (.2017). Research on innovation efficiency and technology 

gap in China economic development, Asia-Pacific Journal of Operational Research , 

34(2), 1750 0 05. 
arahani, R.Z., .Lotfi, M.M., .Baghaian, A., Ruiz, R., & Rezapour, S. (2020). Mass casu- 

alty management in disaster scene: A systematic review of OR&MS research in 
humanitarian operations, European Journal of Operational Research , 287(3), 787–

819. 
806 
eldman, M.P., .& Lowe, N.J. (.2015). Triangulating regional economies: Realizing the 
promise of digital data, Research Policy , 44(9), 1785–1793. 

lora, C.B., .& Flora, J.L. (.2012). Rural communities: Legacy and change, (4th edi- 
tion)., Westview Press, Colorado. 

orrester, J.W. (.1961). Industrial dynamics, MIT Press, Cambridge. 
orrester, J.W. (.1969). Urban dynamics, pegasus communications, Waltham, MA. 

orum, World Economic (2014). Entrepreneurial ecosystems around the globe and 
early-stage company growth dynamics, World Economic Forum , Geneva. 

haffarzadegan, N., Lyneis, J., & Richardson, G.P. (.2011). How small system dynam- 

ics models can help the public policy process, System Dynamics Review , 27(1), 
22–44. 

ondal, S. (2004). Internet and technology new venture development using Soft OR, 
European Journal of Operational Research , 152(3), 571–585. 

oyal, S., & Joshi, S. (2003). Networks of collaboration in oligopoly, Games and Eco- 
nomic Behavior , 43(1), 57–85 

reco, S., Ishizaka, A., Tasiou, M., & Torrisi, G. (2019). On the methodological frame- 

work of composite indices: A review of the issues of weighting, aggregation, 
and robustness, Social Indicators Research , 141, 61–94. 

rønhaug, K. (1989). Knowledge transfer: The case of the Norwegian technology 
agreements, Omega , 17(3), 273–279. 

rupp, H., & Maital, S. (2001). Managing new product development: A microeco- 
nomic toolbox, Edward Elgar Publishing, Cheltenham and Northhampton. 

rupp, H., & Schubert, T. (2010). Review and new evidence on composite innovation 

indicators for evaluating national performance, Research Policy , 39(1), 67–78. 
uan, J., & Chen, K. (2010). Measuring the innovation production process: A cross- 

region empirical study of China’s high-tech innovations, Technovation , 30(5/6), 
348–358. 

uan, J., & Chen, K. (2012). Modeling the relative efficiency of national innovation 
systems, Research Policy , 41(1), 102–115. 

ajek, P., Henriques, R., Castelli, M., & Vanneschi, L. (2019). Forecasting performance 

of regional innovation systems using semantic-based genetic programming with 
local search optimizer, Computers & Operations Research , 106, 179–190. 

alinen, A., Törnroos, J. ̊A., .& Elo, M. (2013). Network process analysis: An event- 
based approach to study business network dynamics, Industrial Marketing Man- 

agement , 42(8), 1213–1222. 
allen, B., Davis, J.P., .& Murray, A. (2020). Entrepreneurial network evolution: Expli- 

cating the structural localism and agentic network change distinction, Academy 

of Management Annals, 14(2), 1067–1102. 
annigan, T., Briggs, A., Valadao, R., Seidel, M.-D.L., & Jennings, P.D. (.2021). A new 

tool for policymakers: Mapping cultural possibilities in an emerging AI en- 
trepreneurial ecosystem, Research Policy , doi:10.1016/j.respol.2021.104315 

ellmann, T., & Staudigl, M. (2014). Evolution of social networks, European Journal 
of Operational Research , 234(3), 583–596. 

errera-Restrepo, O., & Triantis, K. (2019). Enterprise design through complex adap- 

tive systems and efficiency measurement, European Journal of Operational Re- 
search , 278(2), 4 81–4 97. 

o, W., Xu, X., & Dey, P.K. (.2010). Multi-criteria decision making approaches for 
supplier evaluation and selection: A literature review, European Journal of Oper- 

ational Research , 202(1), 16–24. 
oang, H., & Antoncic, B. (2003).B. Network-based research in entrepreneurship: A 

critical review, Journal of Business Venturing , 18(2), 165–187. 
uang, P.H., .& Moh, T.T. (.2017). A non-linear non-weight method for multi-criteria 

decision making, Annals of Operations Research , 248(1/2), 239–251. 

ung, S.W., .& Wang, A.P. (.2012). Entrepreneurs with glamour? DEA performance 
characterization of high-tech and older-established industries, Economic Mod- 

elling , 29(4), 1146–1153. 
upa, A., Rzadca, K., Wierzbicki, A., & Datta, A. (2010). Interdisciplinary matchmak- 

ing: Choosing collaborators by skill, acquaintance and trust, in: A. Abraham, A. 
E. Hassanien, & V. Snášel (eds.), Computational social network analysis: Trends, 

tools and research advances, Springer-Verlag, London, 319–348. 

barra, H., Kilduff, M., & Tsai, W. (2005). Zooming in and out: Connecting individuals
and collectivities at the frontiers of organizational network research, Organiza- 

tion Science , 16(4), 359–371. 
senberg, D.J. (.2010). How to start an entrepreneurial revolution, Harvard Business 

Review , 88(6), 40–50. 
ohnson, D., & Bock, A.J. (.2017). Coping with uncertainty: Entrepreneurial sense- 

making in regenerative medicine venturing, The Journal of Technology Transfer , 

42(1), 33–58. 
urun, E., & Pivac, S. (2011). Comparative regional GDP analysis: Case study of Croa- 

tia, Central European Journal of Operations Research , 19, 319–335. 
aiser, C.P. (.1990). Entrepreneurship and resource allocation, Eastern Economic Jour- 

nal , 16(1), 9–20. 
alapouti, K., Petridis, K., Malesios, C., & Dey C, P.K. (.2020). Measuring efficiency 

of innovation using combined data envelopment analysis and structural equa- 

tion modeling: Empirical study in EU regions, Annals of Operations Research , 294, 
397–320. 

ao, C. (2004). Network data envelopment analysis: A review, European Journal of 
Operational Research , 239(1), 1–16. 

azakov, R., Howick, S., & Morton, A. (2021). Managing complex adaptive systems: A 
resource/agent qualitative modelling perspective, European Journal of Operational 

Research , 290(1), 386–400. 

han, A.M. (1986). Entrepreneur characteristics and the prediction of new venture 
success, Omega , 14(5), 365–372. 

han, A.M., .Macmillan, I.C., .& Manopichetwattana, V. (1990). Analyzing the char- 
acteristics of entrepreneurial ventures with behavioral decision models, Omega , 

18 (1), 1–5. 

http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0048
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0049
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0049
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0050
http://refhub.elsevier.com/S0377-2217(21)00881-X/sbref0050
https://papers.ssrn.com/sol3/Delivery.cfm/SSRN_ID1472113_code1152101.pdf?abstractid=1472113&mirid=1
https://ec.europa.eu/growth/tools-databases/kets-tools/kets-composite-indicator
https://doi.org/10.1093/reseval/rvy011


E.G. Carayannis, E. Grigoroudis and B. Wurth European Journal of Operational Research 300 (2022) 791–808 

K

K

K

K

K

K

K

L

L

L

L  

L

L

L  

L

L

L  

M

M
M  

M

M

M

M

M

M

M

M

M

M

M

N

N

N

O

P

P

P

P

P

Q

R

R

R

R

R
R

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S  
hezrimotlagh, D., Zhu, J., Cook, W.D., .& Toloo, M. (2019). Data envelopment 
analysis and big data, European Journal of Operational Research , 274(3), 1047–

1054. 
iani Mavi, R., Mavi, N.Kiani, & Goh, M. (2017). Modeling corporate entrepreneur- 

ship success with ANFIS, Operational Research: An International Journal , 17, 213–
238. 

itsios, F., Doumpos, M., Grigoroudis, E., & Zopounidis, C. (2009). Evaluation of 
new service development strategies using multicriteria analysis: Predicting the 

success of innovative hospitality services, Operational Research: An International 

Journal , 9(1), 17–33. 
libi, W., Martel, A., & Guitouni, A. (2010). The design of robust value-creating sup- 

ply chain networks: A critical review, European Journal of Operational Research , 
203(2), 283–293. 

nippel, A., & Lardeux, B. (2007). The multi-layered network design problem, Euro- 
pean Journal of Operational Research , 183(1), 87–99. 

rammer, S.M.S. (2009). Drivers of national innovation in transition: Evidence from 

panel of eastern European countries, Research Policy , 38(5), 845–860. 
utlaca, D. (1997). Multicriteria-based procedure as decision support in the selec- 

tion of government financed R&D projects, Yugoslav Journal of Operational Re- 
search , 7(1), 133–148. 

ee, T.L., .& von Tunzelmann, N. (2005). A dynamic analytic approach to national 
innovation systems: The IC industry in Taiwan, Research Policy , 34(4), 425–440. 

évesque, M., & Shepherd, D.A. (.2002). A new venture’s optimal entry time, Euro- 

pean Journal of Operational Research , 139 (3), . 626–642. 
evin, S.A. (1998). Ecosystems and the biosphere as complex adaptive systems, 

Ecosystems , 1, 431–436. 
i, B.L., .Liu, B.L., .Liu, W.L., .& Chiu, Y.H. (.2017). Efficiency evaluation of the regional

high-tech industry in China: A new framework based on meta-frontier dynamic 
DEA analysis, Socio-Economic Planning Sciences , 60, 24–33. 

in, M.I., .Lee, Y.D., .& Ho, T.N. (.2011). Applying integrated DEA/AHP to evaluate the 

economic performance of local governments in China, European Journal of Oper- 
ational Research , 209(2), 129–140. 

issack, M.R., .& Letiche, H. (2002). Complexity, emergence, resilience, and coher- 
ence: Gaining perspective on organizations and their study, Emergence , 4(3), 

72–94. 
iu, H., Yang, N., Yang, Z., Zhang, Y., & Li, R. (2020). Using combined network-based

approaches to analyze risk interactions in R&D alliance, Journal of the Opera- 

tional Research Society (to appear). 
ockett, A., & Wright, M. (2001). The syndication of venture capital investments, 

Omega , 29(5), 375–390. 
u, W.M., .& Lo, S.F. (.2007). A closer look at the economic-environmental dispari- 

ties for regional development in China, European Journal of Operational Research , 
183(2), 882–889. 

ukas, E., Mölls, S., & Welling, A. (2016). Venture capital, staged financing and opti-

mal funding policies under uncertainty, European Journal of Operational Research , 
250(1), 305–313. 

andel, A., & Venel, X. (2020). Dynamic competition over social networks, European 
Journal of Operational Research , 280(2), 597–608. 

arshall, A. (1920). Principles of economics, (Revised Edition)., Macmillan, London. 
arti ́c, M., & Savi ́c, G. (2001). An application of DEA for comparative analysis and

ranking of regions in Serbia with regards to social-economic development, Eu- 
ropean Journal of Operational Research , 132(2), 343–356. 

arttunen, M.J., & Belton, V. (2017). Structuring problems for multi-criteria deci- 

sion analysis in practice: A literature review of method combinations, European 
Journal of Operational Research , 263 (1), 1–17. 

ason, C., & Brown, R. (2014). Entrepreneurial ecosystems and growth oriented 
entrepreneurship, workshop on “Entrepreneurial ecosystems and growth ori- 

ented entrepreneurship”, OECD LEED Programme and Dutch Ministry of Eco- 
nomic Affairs, Hague, Netherlands. Available at: Http://www.oecd.org/cfe/leed/ 

entrepreneurial-ecosystems.pdf 

atei, M.M., .& Aldea, A. (2012). Ranking national innovation systems according to 
their technical efficiency, Procedia-Social and Behavioral Sciences , 62, 968–974. 

ichnik, J. (2013). Scenario planning + MCDA procedure for innovation selection 
problem, Foundations of Computing and Decision Sciences , 38(3), 207–220. 

idgley, G., Johnson, M.P., .& Chichirau, G. (2018). What is community operational 
research? European Journal of Operational Research , 268(3), 771–783. 

ingers, J. (2006). Realising systems thinking: Knowledge and action in manage- 

ment science, Springer, New York. 
ingers, J., & Brocklesby, J. (1997). Multimethodology: Towards a framework for 

mixing methodologies, Omega , 25(5), 489–509. 
ingers, J., & Rosenhead, J. (2004). Problem structuring methods in action, European 

Journal of Operational Research , 152(3), 530–554. 
orcos, M.S. (.2008). Modelling resource allocation of R&D project portfolios using a 

multi-criteria decision-making methodology, International Journal of Quality and 

Reliability Management , 25(1), :72–86. 
unda, G. (2008). Social multi-criteria evaluation for a sustainable economy, 

Springer-Verlag, Berlin. 
usiolik, J., Markard, J., & Hekkert, M.P. (.2012). Networks and network resources in 

technological innovation systems: Towards a conceptual framework for system 

building, Technological Forecasting and Social Change , 79(6), 1032–1048. 

apier, G., & Hansen, C. (2011). Ecosystems for young scalable firms, FORA Group, 

Copenhagen. 
asierowski, W., & Arcelus, F.J. (.1999). Interrelationships among the elements of 

national innovation systems: A statistical evaluation, European Journal of Opera- 
tional Research , 119(2), 235–253. 
807 
asierowski, W., & Arcelus, F.J. (.2003). On the efficiency of national innovation sys- 
tems, Socio-Economic Planning Sciences , 37(3), 215–234. 

ECD-JRC (2008)., Handbook on constructing composite indicators: Methodology 
and user guide, OECD Publishing, Paris. 

an, T.W., .Hung, S.W., .& Lu, W.M. (.2010). DEA performance measurement of the 
national innovation system in Asia and Europe, Asia-Pacific Journal of Operational 

Research , 27(3), 369–392. 
arreiras, R.O., .Kokshenev, I., Carvalho, M.O.M., Willer, A.C.M., Dellezzopolles, C.F., 

.Nacif, D.B. e.t al. (2019). A flexible multicriteria decision-making methodology 

to support the strategic management of science, technology and innovation re- 
search funding programs, European Journal of Operational Research , 272(2), 725–

739. 
eiris, I.K., .Akoorie, M., & Sinha, P. (2015). Conceptualizing the process of opportu- 

nity identification in international entrepreneurship research, in: M. Manimala 
& K. Wasdani (eds). Entrepreneurial ecosystem, Springer, New Delhi, 193–218. 

icot, A., Laub, U., & Schneider, D. (1990). Comparing successful and less successful 

new innovative businesses, European Journal of Operational Research , 47(2), 190–
202. 

idd, M. (2009). Tools for thinking: Modelling in management science, (3rd Edi- 
tion)., John Wiley & Sons, Ltd, Chichester. 

ian, H., Acs, Z.J., .& Stough, R.R. (.2013). Regional systems of entrepreneurship: The 
nexus of human capital, knowledge and new firm formation, Journal of Economic 

Geography , 13(4), 559–587. 

anyard, J.C. (.1995). Supporting real decisions: A review of OR practice in the UK, 
European Journal of Operational Research , 87(3), 474–482. 

ocha, A., Brown, R., & Mawson, S. (2021). Capturing conversations in en- 
trepreneurial ecosystems, Research Policy , 50(9), 104317. 

osenhead, J. (1996). What’s the problem? An introduction to problem structuring 
methods, INFORMS Journal on Applied Analytics , 26(6), 117–131. 

oundy, P.T., .Bradshaw , & Brockman, B.K. (.2018). The emergence of entrepreneurial 

ecosystems: A complex adaptive systems approach, Journal of Business Research , 
86, 1–10. 

oy, B. (1985). Méthodologie multicritère d’aide à la decision, Economica , Paris. 
oy, B. (2010). Robustness in operational research and decision aiding: A multi- 

faceted issue, European Journal of Operational Research , 200(3), 629–638. 
amara, E.P.Georgiadis, & Bakouros, I. (2012). The impact of innovation policies on 

the performance of national innovation systems: A system dynamics analysis, 

Technovation , 32(11), 624–638. 
epúlveda, J., & Vasquez, E. (2014). Multicriteria analysis for improving the innova- 

tion capability in small and medium enterprises in emerging countries, Ameri- 
can Journal of Industrial and Business Management , 4, 199–208. 

harma, S., & Thomas, V.J. (.2008). Inter-country R&D efficiency analysis: An appli- 
cation of data envelopment analysis, Scientometrics , 76 (3), 483–501. 

hepherd, D.A., .Armstrong, M.J., .& Lévesque, M. (2005). Allocation of attention 

within venture capital firms, European Journal of Operational Research , 163(2), 
545–564. 

iegel, D.S., .Waldman, D.A., .& Link, A.N. (.2003). Assessing the impact of organi- 
zational practices on the relative productivity of university technology transfer 

offices: An exploratory study, Research Policy , 32(1), 27–48. 
iskos, J., & Zopounidis, C. (1987). The evaluation criteria of the venture capital in- 

vestment activity: An interactive assessment, European Journal of Operational Re- 
search , 31 (3), 304–313. 

itaridis, I., & Kitsios, F. (2020). Competitiveness analysis and evaluation of en- 

trepreneurial ecosystems: A multi-criteria approach, Annals of Operations Re- 
search , 294, 377–399. 

leuwaegen, L., & Boiardi, P. (2014). Creativity and regional innovation: Evidence 
from EU regions, Research Policy , 43(9), 1508–1522. 

lotte-Kock, S., & Coviello, N. (2010). Entrepreneurship research on network pro- 
cesses: A review and ways forward, Entrepreneurship Theory and Practice , 34(1), 

31–57. 

mith, J.C., .& Song, Y. (2020). A survey of network interdiction models and algo- 
rithms, European Journal of Operational Research , 283(3), 797–811. 

oares, J.O., Marquês, M.M.L., & Monteiro, C.M.F. (2003). A multivariate methodology 
to uncover regional disparities: A contribution to improve European Union and 

governmental decisions, European Journal of Operational Research , 145 (1), 121–
135. 

ong, M., Tao, J., & Wang, S. (2015). FDI, technology spillovers and green innovation 

in China: Analysis based on data envelopment analysis, Annals of Operations Re- 
search , 228, 47–64. 

orenson, O. (2018). Social networks and the geography of entrepreneurship, Small 
Business Economics , 51(3), 527–537. 

pigel, B. (2017). The relational organization of entrepreneurial ecosystems, En- 
trepreneurship Theory and Practice , 41(1), 49–72. 

pigel, B., Kitagawa, F., & Mason, C. (2020). A manifesto for researching en- 

trepreneurial ecosystems, Local Economy , 35(5), 4 82–4 95. 
pilling, O.R. (.1996). The entrepreneurial system: On entrepreneurship in the con- 

text of a mega-event, Journal of Business Research , 36(1), 91–103. 
tam, E. (2015). Entrepreneurial ecosystems and regional policy: A sympathetic cri- 

tique, European Planning Studies , 23(9), 1759–1769. 
tam, E., & Spigel, B. (2017). Entrepreneurial ecosystems, in: R. Blackburn, D. De 

Clercq, & J. Heinonen (eds.)., The sage handbook of small business and en- 

trepreneurship, SAGE, London, 407–422. 
tartup Genome (2020). The global startup ecosystem report (GSER 2020), Startup 

Genome, San Francisco. 
u, J., X., J. Yang, and Qian, X., & (2018). Modelling and simulating knowledge dif-

http://www.oecd.org/cfe/leed/entrepreneurial-ecosystems.pdf


E.G. Carayannis, E. Grigoroudis and B. Wurth European Journal of Operational Research 300 (2022) 791–808 

S

T

T

T

T  

U

v

V

W

W

W

W

W

W

W

Y

Y

Y

Z

Z

Z

Z  
fusion in knowledge collaboration organisations using improved cellular au- 
tomata, Journal of Simulation , 13(3), 181–194. 

u, Y., Liang, D., & Guo, W. (2020)., Application of multiattribute decision-making for 
evaluating regional innovation capacity, Mathematical Problems in Engineering , 

1,1–20 
eirlinck, P., & Khoshnevis, P. (2020). Within-cluster determinants of output effi- 

ciency of R&D in the space industry, Omega , 94, 102039. 
ijssen, R.J.W. (2003). Scoreboards of research excellence, Research in Evaluation , 

12(2), 91–103. 

olk, A. (2015). The next generation of modeling and simulation: Integrating big 
data and deep learning, Proceedings of the 2015 summer simulation multi- 

conference, Chicago IL, 1–8. 
sai, W., Lee, P., Shen, Y., & Y., and Hwang, E.T.Y. (2014). A combined evaluation

model for encouraging entrepreneurship policies, Annals of Operations Research , 
221, 44 9–46 8. 

riona, M., & Grobbelaar, S.S. (.2019). Innovation system policy analysis through sys- 

tem dynamics modelling: A systematic review, Science and Public Policy , 46(1), 
28–44. 

an Rijnsoever, F.J. (.2020). Meeting, mating, and intermediating: How incubators 
can overcome weak network problems in entrepreneurial ecosystems, Research 

Policy , 49(1), 103884. 
elez-Castiblanco, J., Brocklesby, J., & Midgley, G. (2016). Boundary games: How 

teams of OR practitioners explore the boundaries of intervention, European Jour- 

nal of Operational Research , 249(3), 968–982. 
alrave, B., & Raven, R. (2016). Modelling the dynamics of technological innovation 

systems, Research Policy , 45(9), 1833–1844. 
ang, H., Yang, Z., & Zhang, H. (2015b). Entrepreneurial finance with equity-for- 

guarantee swap and idiosyncratic risk, European Journal of Operational Research , 
241(3), 863–871. 

ang, W., Liu, Wenbin, & Mingers, J. (2015c). A systemic method for organisational 

stakeholder identification and analysis using soft systems methodology (SSM), 
European Journal of Operational Research , 246(2), 562–574. 
808 
ang, Y., Wallace, S.W., .Shen, B., & Choi, T.M. (.2015a). Service supply chain man- 
agement: A review of operational models. European Journal of Operational Re- 

search , 247(3), 685–698. 
elter, F. (2011). Contextualizing entrepreneurship: Conceptual challenges and ways 

forward, Entrepreneurship Theory and Practice , 35(1), 165–184. 
hite, L., & Lee, G.J. (.2009). Operational research and sustainable development: 

Tackling the social dimension, European Journal of Operational Research , 193(3), 
683–692. 

urth, B., Stam, E., & Spigel, B. (2021). Toward an entrepreneurial 

ecosystem research program, entrepreneurship theory and practice. 
https://doi.org/10.1177/1042258721998948 

ahya, S., & Kingsman, B. (1999). Vendor rating for an entrepreneur development 
programme: A case study using the analytic hierarchy process method, Journal 

of the Operational Research Society , 50, 916–930. 
ahya, S., & Kingsman, B. (2002). Modelling a multi-objective allocation problem in 

a government sponsored entrepreneur development programme, European Jour- 

nal of Operational Research , 136(2), 430–448. 
asuyuki, M., & Watkins, K.K. (.2014). Examining the connections within the startup 

ecosystem: A case study of St. Louis,Entrepreneurship Research Journal , 7(1), 1–
32. 

abala-Iturriagagoitia, J.M., .Voigt, P., Gutiérrez-Gracia , & Jiménez-Sáez, F. (2007). 
Regional innovation systems: How to assess performance, Regional Studies , 

41(5), 661–672. 

acharakis, A., & Shepherd, D.A. (.2005). A non-additive decision-aid for ven- 
ture capitalists’ investment decisions, European Journal of Operational Research , 

162(3), 673–689. 
anakis, S.H., .& Becerra-Fernandez, I. (2005). Competitiveness of nations: A knowl- 

edge discovery examination, European Journal of Operational Research , 166(1), 
185–211. 

hong, H., Liu, C., Zhong, J., & Xiong, H. (2018). Which startup to invest in: A per-

sonalized portfolio strategy, Annals of Operations Research , 263, 339–360. 


	OR for entrepreneurial ecosystems: A problem-oriented review and agenda
	1 Introduction
	2 Background
	3 Addressing the core decision-making problems
	3.1 The stakeholder and boundary problem
	3.1.1 Problem definition
	3.1.2 OR methods and techniques
	3.1.3 Open questions

	3.2 The dynamic systems problem
	3.2.1 Problem definition
	3.2.2 OR methods and techniques
	3.2.3 Open questions

	3.3 The comparability and evaluation problem
	3.3.1 Problem definition
	3.3.2 OR methods and techniques
	3.3.3 Open questions

	3.4 The policy and interventions problem
	3.4.1 Problem definition
	3.4.2 OR methods and techniques
	3.4.3 Open questions


	4 Critical issues and opportunities
	4.1 Systems, model boundaries and events
	4.2 Decision-makers and stakeholders
	4.3 Multi-level studies
	4.4 ‘Big data’
	4.5 Multi-methodology and hybrid approaches
	4.6 Uncertainty and robustness

	5 Concluding remarks
	References


