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AFRICAN-AMERICAN HIGH-TECH ENTERPRISES: AGENT-

BASED MODELING AND SIMULATION FOR INNOVATION 

ABSTRACT 

African-American high-tech enterprises and innovation are underrepresented in the 

economy and industrial sector, in comparison to other types of ownership. Understanding the 

causal relationship underlying an enterprise’s interactions with external entities may increase and 

sustain the innovation capabilities of a high-tech enterprise. Agent-based modeling provides a 

computational methodology to visualize the iterative processes that lead to innovation output and 

the aggregate behavior of the simulated entrepreneurial system consisting of multiple interacting 

entities and factors. It is not possible even with long-term social longitudinal studies. Furthermore, 

the model can be readily enhanced with newly discovered interactions. This research focused on 

creating a socio-technological agent-based model (ABM) for assessing the probability of 

successful innovation by African-American owned businesses in high-tech dominated industries. 

A set of autonomous agents characterized the ABM: African-American owned high-tech 

enterprises, funding institutions, government research and development (R&D) services, research 

universities, and other enterprises. The framework was created using data from interviews with 

African-American entrepreneurs and implemented as a NetLogo simulation. A genetic algorithm 

in R was used for the simulation’s evolutionary behavior. By combining variations of agent 

attributes, the study created seven real-world simulation scenarios to evaluate the impact of initial 
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capital, university R&D collaboration, government policy support, funding institution support, 

firm networking, and a combination of these factors on an African-American enterprise (AAE). 

The simulation results were validated with an analytic hierarchy process (AHP) decision model 

using expert judgments. The key findings of this study confirmed: initial funding is significant for 

AAE firms, but it can be offset by higher socio-economic status; collaboration assists 

entrepreneurs strengthen their core competencies and obtain funding support for both starting up 

and innovation; university collaboration is essential for innovation and start-ups; government 

support assists in improving the ratio of AAE to non-African-American enterprise (non-AAE) 

firms; and easy access to bank loans or venture funding assist in creating equal opportunity for 

firms with different backgrounds, although this does not necessarily lead to higher success rates. 
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 INTRODUCTION 

Research Problem and Scope 

High-tech enterprises and innovations promoted by African-Americans are 

underrepresented in the industry, in comparison to other types of ownership [1-3]. The U.S. 

economy benefits from high-tech innovation and high-tech products [4]. High-tech enterprises fuel 

the economy and lead to economic growth [5, 6]. However, there is a lack of diversity in the high-

tech industry, as noted by the U.S. Equal Employment Opportunity Commission (EEOC); U.S. 

high-tech industry is dominated by White business owners [7]. The high-tech sector has a 

disproportionately higher percentage of White enterprise owners, representing 68.5% of all high-

tech enterprise owners in 2014 [7]. However, the high-tech sector employed only 7.4% of African-

Americans [7]. This compares poorly with the 14.4% overall private sector African-American 

employment [7]. Meanwhile, only 2% of executives are African-Americans, which is in contrast 

with 11% of African-American technicians. In general, African-American high-tech 

entrepreneurship is underrepresented [3, 8-10].  

Despite technological advancements over the past decades, the lack of diversity and the 

underrepresentation of African-Americans is still persistent, with no sign of improvement. 

Innovation in the past has been limited to non-African-American dominated organizations. 

African-Americans have not had adequate opportunities to participate in innovation in 

organizations. The rise of high-tech startups represents the emergence of more equal opportunities 

for all people to join the high-tech creator sectors [11].  
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Although a shift in innovation has made it possible for the general public to participate in 

high-tech innovation, it is evident that a significant racial and ethnic gap (i.e., inequality) still exists 

among entrepreneurs of different ethnic backgrounds [12]. Silicon Valley, for example, is known 

for its high-tech entrepreneurship and innovation, where high-tech startups are frequently created. 

However, Silicon Valley has the lowest concentration of African-Americans, compared to all other 

such regions [13].  

This lack of representation for African-Americans in high-tech entrepreneurship hinders 

wealth-creation for the African-American community and for society at large. It is essential to 

investigate the reason for the meager rate of African-American high-tech entrepreneurship, 

considering its significant influence on the economy and social equality [14]. Investigation of the 

causes of underrepresentation of African-American high-tech enterprises may reveal potential 

solutions that may enhance their representation in this industry. This has become an area of interest 

for academics, policymakers, and industry leaders [15]. This study explores the reasons for the 

lack of innovation by African-American owned businesses in high-tech dominated industries. 

Innovation is one of the main drivers of high-tech product development [16]. Technological 

innovation projects comprise of decision uncertainty, as well as complexity, in conjunction with 

dynamic interactions [17-20]. The relationship amongst the actors of the innovation system is 

continuously changing. The actors in the system interact, learn, and adapt to their environments 

while evaluating their options [21-23]. The complex nature of the evolving innovation process 

makes it extremely difficult to study and analyze problems in innovation through traditional, static 

statistical and analytical approaches [24]. 

Computer modeling and simulation is the best way to solve complex problems [25-27]. One 

significant advantage of computer simulation is that it allows the system to be decomposed, 
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making it possible to study system behavior in a shorter period [28]. This makes a theory or model 

more verifiable because the execution of a computer program can quickly identify problems, 

inconsistencies, and incompleteness of the theory or model. Simulations also permit the discovery 

of new predictions that can (and must) be derived from theory and the search for new (real) 

empirical data that can verify these predictions [29]. 

 

Figure 1. Modeling and Simulation for African-American High-tech Innovation. 

 To address the low representation of African-American enterprises in the high-tech 

industry and evaluate scenarios that lead to new products, as well as create entrepreneurial 

strategies that can increase African-Americans’ representation in high-tech enterprises, this 

research focuses on the socio-economic aspects of innovation. Through qualitative data collection 

and analysis, the study conceptualizes the complex innovation system as an agent-based modeling 

framework. The framework so created builds on the well-illustrated, knowledge-driven technology 
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innovation and computer modeling and simulation approach. Then it focuses on the socio-

economic elements that hinder the development of the African-American group (Figure 1). The 

conceptual framework provides a new perspective on race equality as it pertains to high-tech 

industries.  

The Motivation Behind the Research  

Increasing the representation of African-Americans in entrepreneurship will create 

employment opportunities and economic wealth for this community, which in turn will benefit the 

global economy. It is necessary to understand why African-Americans are not proportionately 

represented among high-tech company owners and to learn how existing companies may 

implement an innovation strategy for research and development that will help them sustain 

competitiveness, leading to new high-tech products and services and increasing the representation 

of African-Americans in high-tech innovation and entrepreneurship.  

This research helps bridge a gap in the current literature related to this area. The majority 

of studies on African-American entrepreneurship and innovation focus only on qualitative aspects. 

This study introduces a systems analytic approach to investigate the causal relationship between 

socio-economic indicators and the underrepresentation of African-Americans in the high-tech 

sector. Moreover, this research adopts an agent-based modeling approach to build a computer 

simulation model to analyze the problems dynamically. 

Research Questions 

The research has attempted to answer the following questions: 

1) Are there uniquely African-American hurdles or factors impeding technological innovation 

and creative entrepreneurship in technology-dominated industries? 
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o This question examined the socio-economic factors such as the amount of capital 

for R&D, barriers to innovation for this particular ethnic group, and the overall 

capability of the entrepreneur to develop innovative strategies.  

2) Can a reliable innovation model that accounts for these factors be formulated? 

o This question examines the possibility of conceptualizing the African-American 

innovation framework through a systems analysis approach and quantify the causal 

relationship between socio-economic factors and innovation results.  

3) Can this model be transformed into a simulation methodology to predict the probability of 

successful innovation? 

o This question examines the possibility of implementing the built-up conceptual 

framework and building a computer simulation platform to analyze the processes 

visually and dynamically. 

Contributions to the Body of Knowledge  

Starting with the investigation of the socio-economic factors behind the 

underrepresentation of African-American innovation, to the conceptualization of the causal 

relationship and development of a computer simulation model to test various scenarios, this 

research contributes to the literature and empirical practice in the following respects:  

1) It extends the innovation modeling and simulation to African-American studies. The 

research develops a technology innovation model for African-American high-tech 

enterprise owners through conceptualized African-American innovation, builds a 

computer model to implement the framework, and uses real data to calibrate and verify 

the model. This is one of the first studies to implement computer simulation tools to 
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study technology innovation among different ethnic groups. It extends the range of 

computer modeling beyond customary areas. 

2) It contributes to the literature on African-American innovation studies. Unlike the 

studies focusing on African-American innovation through qualitative aspects, this 

study addresses the research question based on systems thinking analysis. This 

approach investigates the causal relationship between socio-economic factors and the 

underrepresentation of African-American innovation. The research first qualifies the 

African-American technological framework, followed by quantifying the importance 

of each element and the kind of role they play, which leads to the underrepresentation 

of African-American innovation. The study integrates qualitative and quantitative 

approaches through computer modeling. This approach examines the possibility of 

various methodologies of typical African-American studies. 

3) It proposes innovative strategies and policy directions for African-American owned 

high-tech enterprises. This research calibrates and verifies the proposed model through 

empirical data collection and analysis, and thereafter creates different experimental 

scenarios to analyze the effects of various strategies and discussions. The strategies 

and discussions will help increase the representation of African-American innovation 

in the technology sector. This will bring more diversity to the high-technology sector 

and strengthen the global economy and the African-American community. 

4) In addition to the macro strategy, the discussion of the simulation results helps develop 

technology management strategies for the successful adoption of technological 

innovation. The proposed model builds on the knowledge-driven modeling approach 

and develops an innovation computer simulation model capable of modeling the 
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factors that determine the success of innovation. The simulation model is then 

performed to predict the probability of success. Hinging on the results, the model will 

be implemented to rank innovation capacity based on the related standard.  
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 BACKGROUND AND LITERATURE REVIEW 

The literature review for this research consists of five major components: African-

American high-technology entrepreneurship, complexity sciences, and innovation systems, the 

socio-economic factors influencing African-American innovation, and agent-based modeling and 

innovation system modeling.  

The African-American high technology entrepreneurship literature investigation focuses on 

identifying the problems and clarifying existing methodologies and trends. The literature review 

on agent-based modeling and innovation system modeling addresses theories of agent-based 

modeling, implementation areas, programming platforms, and history and future trends. The 

literature review for this research was implemented in three stages: general literature review, 

targeted literature review, and continuous literature updates. The general literature review was 

carried out during the early stage of the study to help identify the study problems and directions. 

Following this, the review targeted specific aspects of the designated methodology. During the 

research, model building, and analysis of the result, there was a continuous review of the literature 

to capture the most current studies around the research scope.  

The literature review of this research builds evaluation matrices to document and analyze 

the collected materials by identifying the highlights, gaps and limitations, research question 

rationale, methods, implications for future research and practice, themes that emerge, 

originality/value, and model/techniques. 

The Underrepresented African-American Entrepreneur Innovation 

Innovation is one of the main drivers of high-tech product development [16]. African-

American owned high-tech enterprises and innovations are underrepresented in the industry, 

compared to units owned by their White counterparts [1-3, 8-10]. The U.S. economy benefits from 
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high-tech innovation and high-tech products [4]. High-tech enterprises fuel the economy and lead 

to economic growth [5, 6]. Moreover, high-tech enterprises in the U.S. contribute a high percentage 

of economic output share, employment of skilled workers, and high wages [30].  

However, there is a lack of diversity in the high-tech industry, as noted by the U.S. Equal 

Employment Opportunity Commission (EEOC); the U.S. high-tech industry is dominated by 

White business owners [7]. The high-tech sector has a disproportionately higher percentage of 

White enterprise owners, representing 68.5% of all high-tech enterprise owners in 2014 [7]. 

However, only 7.4% of employees in the high-tech sector were African-Americans. This compares 

poorly with the 14.4% overall private sector African-American employment [7]. 

According to the University of New Hampshire’s Center for Venture Research, in the 

earlier part of 2013, just 8.5% of entrepreneurs who pitched to angel investors nationally were 

minorities, and about 15% of them landed money, versus 22% for all others [31]. Although areas 

like Silicon Valley, one of the largest concentrations of startups and global tech companies, have 

been on the lookout for the next great tech companies, additional research suggests that “just as 

venture capitalists are overwhelmingly White and male, so too are the founders of startups that get 

funded” [32]. Among 71 of the top venture capital firms, 78% of investment team partners were 

White, and 94% male. Meanwhile, women tech entrepreneurs attained 8.3% of venture capital 

funding in 2014. These numbers were even worse for Black and/or African-American tech 

entrepreneurs, who accounted for only a small percentage of tech entrepreneurs, according to a 

report published in 2010 by CB Insights [32]. Research notes that Black tech entrepreneurs account 

for less than 1% of tech companies that receive venture capital funding [33]. Beyond 

financial/access to capital issues, there is relatively little research that has examined the causes of 

the lower African-American entrepreneurship rate in the United States [34]. 
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Furthermore, only 2% of the executives are African-Americans, which is in contrast with 

11% of African-American technicians. This phenomenon is significantly different from other 

sectors, like the flourishing African-American beauty industry [35]. The entrepreneurship boom 

in the African-American beauty sector provides high levels of employment opportunities, 

philanthropy, and facilitation of self-worth and social acceptance, resulting in a tremendous 

positive economic and societal impact.  

On a higher level, African-American firms are also underrepresented in firm performance 

concerning total employment generated at 0.8%, paid employees at 6%, and only 0.5% of total 

gross receipts [36, 37]. Similarly, African-American firms demonstrate the worst business 

outcomes relative to all other ethnic groups and non-minority firms, with a business closure rate 

of 39% [38, 39]. 

During the past century, technology innovation has shifted from major companies/research 

institutes to the public domain. The focus of high-tech innovation has shifted from old (computer, 

car) to new (social media, software, cell phone apps). The old type of innovation limited innovation 

to non-African-American dominated organizations. During this period, African-Americans rarely 

had opportunities to engage in the core innovation teams among organizations. The emergence of 

high-tech startups represents the advent of civilization innovation. It has created opportunities for 

the common public to join the creative sectors [11].  

Despite technological advancements over the past decades, African-Americans have not 

had adequate opportunities to participate in innovation activities in organizations. The rise of high-

tech startups represents the emergence of more and equal opportunities for all people to join the 

high-tech creator sectors [11]. Although a shift in innovation made it possible for the general public 

to participate in high-tech innovation, it is evident that a significant racial and ethnic gap still exists 
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among entrepreneurs of different ethnic backgrounds [12]. Silicon Valley, for example, is known 

for its high-tech entrepreneurship and innovation. Although high-tech startups keep mushrooming 

in Silicon Valley, it has the lowest representation of African-Americans compared to all other such 

entrepreneurial concentrations [13].  

This lack of representation for African-Americans in high-tech entrepreneurship hinders 

wealth creation for the African-American community and society overall. It is essential to 

investigate the reason for the meager percentage of African-American high-tech entrepreneurship, 

considering its potentially significant influence on the economy and social equality [14]. 

Investigation of the causes of underrepresentation of African-American high-tech enterprises may 

reveal potential solutions that will enhance their representation in this industry. This has become 

a concern for academics, policymakers, and industry leaders [15].  

Complexity Sciences and Innovation Systems 

Complexity science is the study of complex systems, which consist of several components 

that interact with one another to produce non-trivial phenomena that cannot be explained by 

analyzing the individual constituent elements [40-43]. Complexity science describes the study of 

complex systems and their associated components [44]. Complexity scientists explore how agents 

are inter-connected within complex systems and produce dynamic and systemic behavior. 

Complexity science is particularly useful for determining why some theories, frameworks, and 

models do not reflect how systems operate in practice [44, 45].  

There are two core concepts that exist in almost all areas of complex systems: emergence 

and self-organization. Each of these highlights the diverse characteristics of a system’s behavior. 

Emergence includes unexpected behavior that results from interaction among the components of 

an application, in conjunction with the environment [46-48]. The ways in which order and 
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structures are formed in nature can be easily described by the dynamics and attractors of complex 

systems [49].  

Self-organization is a dynamic and adaptive process in which systems acquire and maintain 

structure themselves (i.e., without external control) [48]. The essence of self-organization is an 

adjustable behavior that autonomously acquires and preserves an enhanced order that comes into 

being from a disordered system [48, 50]. One significant characteristic of self-organization is how 

the concept of organization is described. Self-organization is the arrangement of selected parts to 

endorse a specific function. This constrains the behavior of the system, restricting it to a smaller 

volume of its public space. Further, an organization can be viewed as an increase in the order of 

the system behavior, which allows the system to attain a spatial, temporal, or functional structure.   

In recent times, researchers have used complexity science as a basis for understanding how 

entrepreneurial ventures emerge within complex industries and markets [51]. Entrepreneurship 

and innovative industries have been a significant focus of recent complexity science research, as 

entrepreneurial ventures and innovative businesses frequently operate in ways that diverge from 

traditional, linear business models. Lichtenstein [51] provided six critical insights from complexity 

science, which can inform entrepreneurship: 1) emergent outcomes result from emergent 

processes, 2) agency drives emergence, 3) emergence increases system capacity, 4) emergence is 

cyclical, 5) emergence aligns with logical principles, and 6) the emergence of entrepreneurs follow 

a predictable 80/20 rule [51]. While many linear models are evidence-based and constructed in 

line with a rational understanding of phenomena that occur within systems, they may not reflect 

the reality or complexity of systematic operations. Braithwaite, et al. [44] provided the example of 

an evidence-based model intended to describe the pathway between emergent health research and 

the implementation of new research findings in medical practice. While the linear model was 
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rooted invalid in the UK medical research, the linear nature of the model failed to account for the 

complexity of healthcare systems, the nature of how doctors determine when research is 

substantiated enough to put into practice, and the difficulties of bridging “translation gaps” 

between theoretical recommendations and practice [44]. As one of the vital aspects of 

entrepreneurship, the innovation process is a complex system [52, 53]. Like other complex 

systems, it contains many components with multiple and evolving interactions [54]. Decision 

uncertainty, as well as complexity, in conjunction with dynamic interactions form part of 

technological innovation projects [17-20]. The relationship among the actors of the innovation 

system is continually changing. The actors in the system interact, learn, and adapt to their 

environments while evaluating their options [21-23].  In the global economy, enterprises rarely 

innovate alone. In most cases, they rely on partners for successful innovation [52]. Enterprises and 

universities share knowledge and collaborate to improve innovation. Research universities provide 

an invaluable resource of intellectual capital to high-tech enterprises [55, 56]. Banks and angel 

investors are known for helping small high-tech entrepreneurs with funding for their enterprises. 

For instance, the angel risk capital market comprises individuals who provide risk capital directly 

to new and growing businesses, with which they have had no previous relationship. In the USA, 

as well as in other countries, this market has been identified as the most critical source of risk 

capital for small- and medium-sized enterprises [57, 58]. Enterprises can collaborate with research 

universities to enhance their innovative capabilities, leading to new high-tech products and 

methodologies [59]. However, due to resource constraints, enterprises must compete with other 

enterprises for partnerships with research institutes. Innovation enterprises also often require 

support from the government, which can provide a platform for enterprises to enhance their 
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technological innovation [60-62]. Banks and angel investors help many small high-tech 

entrepreneurs by funding their enterprises [57, 58]. 

 

Figure 2. The complex system of African-American innovation. 

The African-American Enterprise Innovation Model (AAEIM) for African-American high-

tech enterprises illustrates the interactions of various autonomous agents operating in a complex 

system (Figure 2). These interactions make this a dynamic system.  
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Agent-Based Modeling and Innovation System Modeling 

Computer modeling and simulation is one of the best tools to solve complex problems [25-

27]. One main advantage of computer simulation is that it allows the system to be decomposed; 

therefore, comprehending the system behavior can be done in a shorter period [28]. A computer 

simulation is a more vivid and practical way of expressing whatever theory or model says. This 

makes the theory or model more verifiable because the execution of a computer program can 

quickly identify the problems, inconsistencies, and incompleteness of the theory or model. 

Simulations also permit the discovery of new predictions that can be derived from theory, and the 

search for new (real) empirical data that can verify these predictions [29]. 

 Agent-based modeling (ABM) is one of the most popular modeling and simulation tools 

for analyzing systems with a large number of interacting agents and emergent system properties 

that cannot be deduced by aggregating methods [63-66]. It is a type of simulation model used for 

computing and testing how collective or individual autonomous agents act or interact [67, 68]. In 

line with a systems approach, ABM is undertaken to study the individual actions of agents in 

relation to how the entire system is affected. In agent-based models, agents interact according to 

the rules and parameters set by the researcher; certain rules are changed by the researcher to test 

differences in the behavior of agents [69]. ABM is useful for testing a myriad of situations in many 

industries. Because ABM assists with understanding systematic effects, it is a highly effective 

approach for studying contingent behavior and the interplay of macro- and micro-level effects. In 

particular, ABM can be used to study how social norms and dynamics that are evident on a large 

scale result from multiple processes occurring at the micro-level [69]. 

The benefits of ABM over other modeling techniques can be captured in three statements: 

ABM captures emergent phenomena; ABM provides a natural description of a system, and ABM 



 

16 

is flexible [70]. It is clear, however, that the ability of ABM to deal with emergent phenomena is 

what drives the other benefits [71]. Emergent phenomena result from the interactions of individual 

entities. By definition, they cannot be reduced to the system’s parts: the whole is more than the 

sum of its parts, because of the interactions among the parts. An emergent phenomenon can have 

properties that are decoupled from the properties of the parts. For example, a traffic jam, which 

results from the behavior of and interactions between individual vehicle drivers, maybe moving in 

a direction diametrically opposite to that of the cars that cause it. This characteristic of emergent 

phenomena makes them difficult to understand and predict; emergent phenomena can be 

counterintuitive [71]. The flexibility of ABM can be observed along multiple dimensions. For 

example, it is easy to add more agents to an agent-based model. ABM also provides a natural 

framework for tuning the complexity of the agents: behavior, degree of rationality, ability to learn 

and evolve, and rules of interaction. Another dimension of flexibility is the ability to change levels 

of description and aggregation: one can easily play with aggregate agents, sub-groups of agents, 

and single agents, with different levels of description coexisting in a given model. One may want 

to use ABM when the appropriate level of description or complexity is not known in advance, and 

finding it requires some tinkering. ABM has several advantages over conventional modeling 

paradigms, which makes it particularly suitable in socio-related studies, especially in urban studies 

and design project management. Bonabeau [71] has captured the essential features in three 

statements: ABM captures emergent phenomena, ABM provides a natural description of a system, 

and ABM is flexible. Though the expression seems a little crude, prima facie, the elucidation is 

deliberate. 

Firstly, in contrast to traditional aggregate models, ABM frames a system from the bottom 

up, by studying the behaviors of its constituent units—the agents. By definition, the autonomous 
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and social features of agents allow complex, non-linear interactions between them to be modeled, 

which will lead to collective behaviors and emergent phenomena such as self-organization. 

Secondly, in ABM, the ontological correspondence between the computer agents in the model and 

real-world actors makes it easy and evident to represent actors, the environment, and their 

relationship. Thirdly, ABM can be defined within any given system environment, with the 

complexity of agents tuned freely [72]. ABM differs from other simulation methods, as the primary 

unit of study is the agent or individual. The agents represent heterogeneous entities that interact 

with each other or with their environment. In an agent-based model, the programmer models only 

the behaviors of an individual. These individual agents then interact with each other in a repetitive 

process. It is from these repeated interactions that global or macro trends and behaviors evolve. 

Thus, ABMs are particularly useful in simulating the dynamic interactions (direct or indirect) 

between entities (e.g., queen bees and worker bees, autos, and roadways, consumers, and 

innovations) coexisting in a cohesive environment. The simulated environment can be thought of 

as a virtual society in which actions taken by one agent may affect the resulting actions of another 

agent. Another significant difference between ABM and other simulation techniques is the 

former’s focus on the adaptiveness of the agents within the system. In ABMs, agents are usually 

modeled as heterogeneous individuals, so that each agent in the model can have unique 

characteristics and rules and decision-making patterns it follows. This heterogeneity of agents 

allows a more realistic representation of real-world phenomena compared to models that assume 

homogeneity or assume that individual agents follow a normal behavior. Because each agent is 

seen as an individual, it can adapt at its own pace and in its unique way, as influenced by macro-

level system changes [73]. 
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A review of the literature revealed that researchers had modeled innovation systems using 

ABM in various capacities. For example, Secchi [74] recently constructed a simulation-based 

model for understanding innovation networks among enterprises seeking partnerships for technical 

development. Within the developed model, innovation providing, and innovation-seeking firms 

served as the agents, with innovation or innovative products or services as the end goal. Thus, the 

firms within the innovation network would decide whether to produce innovation internally or 

combine knowledge and resources with other firms to create innovation. In some of the tested 

scenarios, intermediaries served as a liaison between innovation providers and seekers. Upon 

examining several possible scenarios and simulations, the researcher concluded that partnerships 

with other firms are more likely to result in innovation, mainly when intermediaries are available, 

and resources for establishing innovation are limited. Zhang and Sun [75] recently tested an agent-

based model aimed at describing innovative behaviors and decisions in high-tech enterprises. The 

researchers also examined how elements of competitive dynamics affect the evolution of creative 

decisions in the high-tech sector. Upon testing a multitude of scenarios, four states of evolutionary 

equilibrium were revealed, which can occur when high-tech firms seek to make innovative 

behavior-based decisions. Further, the researchers determined that while evolutionary innovation 

trends were not affected by competition intensity or competitive market entry timing, the 

development of successful innovative strategies was significantly affected by competitive market 

entry timing, and the speed of innovative decisions was significantly related to the intensity of 

competition. Ma and Nakamori [76] created an agent-based model of technological innovation and 

described it as an evolutionary process. They described the technical innovation process as being 

both constructional and environmental selection. The simulation results demonstrated that ABM 

and simulation are instrumental in aiding intuitions about technological innovation. Wu, et al. [17] 
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investigated technological innovation risk-based decision making through an ABM framework. 

Pyka, et al. [77] developed the Simulating Knowledge Dynamics in Innovation Networks (SKIN) 

model. The agents consist of innovative firms optimizing their innovation by selling it to other 

agents and end-users. This model is knowledge-driven. The change in knowledge level directly 

leads to product innovation. Later, Korber [78] extended the model to simulate the Austrian 

biotech innovation system. The Korber [78] model differentiated agents that represented 

companies, research universities, and research organizations. In this model, all the agents have 

different degrees of knowledge endowment, allowing for the incorporation of a knowledge 

attribute into the system. Even though the model tries to introduce public institutions and other 

agents, they are still treated as innovation entities and the impact of the agents is brought into the 

model externally.  

Overall, ABM offers benefits well-aligned with this research, in terms of how ABM is 

beneficial in dealing with complexity. ABM has a variety of advantages over traditional modeling 

paradigms, which makes it highly suitable in socio-related studies, which directly relates to the 

chosen research topic. One of ABM’s benefits is that it captures emergent phenomena and provides 

an accurate description of a system. ABM differs from existing standard aggregate models in that 

it frames a system from the bottom up, allowing the study of agents’ behaviors [79]. What makes 

this model ideal for this research is its ability to consider autonomous and social features of agents, 

allowing complex, non-linear interactions between them to be modeled. This method will lead to 

collective behaviors as well as emergent phenomena such as self-organization. These advantages 

designate ABM as the preferred method for the investigation of the causal relationship between 

socio-economic factors and innovation results. Moreover, ABMs, once confronted with agents 

characterized by some attributes, which interact with one another through the definition of 
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applicable rules in each environment, become beneficial in reproducing many systems related to 

social sciences and economics. The structure here can be designed through a network [80]. 

Therefore, unlike regular qualitative policy review and performance data statistics, this research 

addresses the lack of African-American high-tech entrepreneurship by building an African-

American enterprise innovation model that considers the complex nature of the innovation path, 

the processes of organizations’ adaption to a changing environment, and the emergence 

phenomenon. 

Socio-Economic Factors Influencing African-American Innovation 

Socio-economic factors like lack of wealth, want of matriculation in physical science and 

engineering programs, and other historically conditioned cultural factors lead to a significant 

shortage of African-American high-tech entrepreneurial identity, causing this community to lag 

behind mainstream innovation [3, 81-84]. Because of race, African-Americans have been impacted 

by unfair treatment in access to capital. Less than 1% of African-American technology 

entrepreneurs receive venture capital funding [33]. Research shows that minority-owned firms are 

less likely to receive loans than non-minority firms. Among firms with gross receipts under 

$500,000, 23% of non-minority firms received loans, compared to 17% for minority firms [85]. 

      Economic disparities between African-Americans and whites are well documented. 

Significant gaps remain in income, employment, occupational attainment, and poverty [86]. These 

conditions make the plight of entrepreneurs much worse. Unfortunately, African-Americans suffer 

from higher unemployment than the White race. Black children have always been born with a 

disproportionate share of the burden of poverty and economic decline in America, and they are at 

higher risk than White children of experiencing an array of socio-emotional problems [87]. 
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Although significant progress was made during the past century, enormous gaps remain in 

income, employment, occupational attainment, and poverty between African-Americans and 

White-Americans [86]. For example, White American entrepreneurs are more likely to be a part 

of the youngest age cohorts participating in the workforce than the oldest [88]. Also, minority-

owned firms are less likely to receive loans than non-minority firms [33, 85].  

African-American enterprises (AAEs) still encounter many barriers to entry due to ethnic 

inequality [84, 85, 89]. For White Americans, entrepreneurship is associated with higher earnings, 

socio-economic status, and education level over time, compared to White Americans who earn 

through wage-based work. In contrast, Black American entrepreneurs earn less, are less educated, 

and are of lower socio-economic status than Black wage-earning Americans.  

Thus, aspects of information, education, and wisdom which have traditionally been 

associated with the success of entrepreneurial ventures in the U.S. may be biased towards the 

success of White entrepreneurial ventures, or may not include consideration of factors that 

specifically affect Black entrepreneurial ventures [90]. Black entrepreneurs had lower education 

levels, had younger and more children, worked fewer weeks and hours, earned less, and 

represented lower socio-economic index levels than White entrepreneurs [91]. In general, racial 

discrimination, cultural family background differences, and the overall socio-economic 

environment resulted in significant underrepresentation of AAEs.  

Therefore, to address the low representation of African-American enterprises in the high-

tech industry and evaluate various scenarios that could possibly lead to new products, as well as 

create entrepreneurial strategies that might increase the representation of AAEs in high-tech 

enterprises, this study focuses on the socio-economic aspects of innovation while building on the 

well-illustrated knowledge-driven innovation simulation approach.  
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First, the proposed conceptual framework model in this study still incorporates the 

knowledge-driven innovation approach, and the knowledge will increase innovation products, like 

publications, patents, and more high-tech jobs. Second, the model focuses on the socio-economic 

elements that hinder the development of the particular race group. The conceptual framework 

illustrated in this research provides a brand-new perspective on race equality as it pertains to high-

tech industries. Furthermore, the study has used computer simulation technology to develop 

entrepreneurial strategies or policies to help the disadvantaged group. 

ABM Model Calibration 

Agent-based models primarily dedicated to social systems are necessarily the embodiment 

of an inadequately posed problem for the task of parameter calibration, in which they are mainly 

nonlinear, and data is very scarce [92]. They represent a sizeable number of parameters. Due to 

the apparent importance to the field, there is still no uniform standard for parameter calibration in 

agent-based models [93, 94]. One method of calibration is indirect calibration, which starts with 

the validation of model outputs. The parameters that are consistent with the validation are then 

applied to calibrate the model indirectly. Initially, stylized facts are pinpointed, and then the model 

is designed according to empirical observations on microeconomic interactions and behavior. 

Furthermore, the parameter space and the initial conditions are restricted by the empirical evidence 

on stylized facts in case the model becomes non-ergodic [95]. A significant disadvantage of this 

approach arises from possible problems in confirming empirical observations. The main problem 

is that parameters are theoretically characterized by path dependence.  

Another popular calibration technique is the Werker-Brenner approach, which begins with 

the empirical calibration of the initial conditions and the parameter ranges. If there is insufficient 

practical detail concerning specific parameters, these constitute an extensive range. Therefore, the 
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model remains general, and the validation is done by relying on Bayesian inference procedures, 

subsequently further reducing the set of dimensions within the initial dimension space through the 

generalization of particular events. Where the first two steps are comparable to indirect calibration, 

the third step differs considerably and involves more calibration of the remaining components, 

including expertise, if required. Indirect calibration and the Werker-Brenner method do not target 

restraining parameter ranges, but rather they expose sub-spaces in the feasible parameter space by 

incorporating empirical observations. Comparable statistical uniformities or stylized facts 

pertaining to these sub-spaces should be obtained empirically in advance [96].  

A further literature review demonstrates that the genetic algorithm (GA)  is one of the 

effective methods to calibrate the agent-based model [97, 98]. Genetic algorithms are a heuristic 

search and optimization technique inspired by natural evolution. Genetic algorithms have been 

effectively applied to a broad range of real-world problems of enormous complexity [99-104]. A 

GA utilizes a highly abstract form of evolutionary methods to develop sound solutions to given 

problems. Every genetic algorithm works on a population in which the chromosomes are artificial. 

They are strings that are usually binary in a finite alphabet. Every chromosome provides a solution 

to a particular problem in which the real number is a measure of how well the solution is to a 

specific problem [100]. The concept of utilizing a GA to calibrate an ABM is not new [97, 105]. 

Nevertheless, nearly all of the earlier efforts have concentrated on applying GAs to particular 

models, and a more thorough tool is still needed. 

Strengths of the Genetic Algorithm 

Due to the inability to state numerous problems in terms of a parameter, they must, 

therefore, be expressed in terms of several goals. Holland [106] noted that an outstanding 

exploratory algorithm centered on the method of natural selection and natural genetics is known 
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as a genetic algorithm. A genetic algorithm has the aptitude for accounting for many factors 

concurrently (Forrest, 1993). One of the best search algorithms used to solve problems is GA. In 

order to yield multiple similarly right answers to a question, the GA uses parallelisms. This can be 

exemplified where different parameters are optimized simultaneously by various candidates [107, 

108].  

GA also contains a feature of parallelism that allows it to assess numerous plans 

concurrently and indirectly [101]. It is noteworthy that, when encountering areas too vast to search 

systematically for solutions to a problem in a reasonable amount of time, a GA is well-matched to 

resolving such issues. The suitability of the component is disconnected in a linear problem. Thus, 

when anyone part gets improved upon, this will lead to the whole system improving; real limited 

issues are similar to this classification. At this juncture, it is essential to note that GAs are parallel 

in nature [109]. This can be gleaned from the fact that most of the other algorithms are serial in 

nature. This means that they have the capability to search the problem’s solution space only in one 

trend. During the course of the search, if they realize that the solution is insignificant, they stop all 

previously completed work and start from the beginning. However, research has found that due to 

the GAs’ capability of searching the solution area in several movements at once, they possess the 

ability to continue to work on more satisfactory techniques by removing a path they encountered 

that led to a dead-end, thus affording them a superior chance on each path of discovering the ideal 

resolution [110, 111]. 

ABM Model Verification 

The creation of an agent-based model for African-American high-tech entrepreneurship 

entails reliable empirical validation to enhance the usability and credibility of the simulation 

findings. Simulation models are used for an assortment of reasons, such as in the design of systems, 
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as well as in the advancement of system operating policies, in conjunction with research to develop 

a better understanding of these systems [112]. The model users, who include the decision-makers 

(who use information gathered as input in their decision-making process) and individuals (who are 

directly affected by decisions taken on the basis of the results of these models), are very concerned 

about the correctness of the outcome of the models. Consequently, the concerns are addressed by 

incorporating verification and validation into the model development process.  

Model verification has to do with confirming that both the programming of the 

computerized model and its implementation are correct, while model validation has to do with 

authenticating that a model, within its domain of applicability, has a reasonable range of accuracy 

that is consistent with the projected application of the model [112]. It is essential to validate 

simulation models [113, 114]. No matter how well the model is designed, simulations are only an 

approximation of the actual system, and if building an effective system was not so tricky, utilizing 

simulation would not be necessary [115].  

Therefore, a more picturesque view, according to the KIDS3 principle, is taken, which 

involves empirical embeddedness throughout the modeling process. The practical position for 

agent-based models, i.e., their empirical calibration and validation, is crucial to cultivate the 

standing and usability of ABM for scientific research [96].  Empirical validation of simulation 

results is the method of testing data generated by the simulation through the comparison of these 

outputs to empirical data. Since ABM is an iterative process that encompasses programming, 

design, and simulation, refining empirical calibration may be essential in the event empirical 

validation fails [78, 93].  

Since no model is entirely correct regarding a one-to-one correspondence between real life 

and itself, particularly the agent-based and human behavior varieties, the modeler should not think 
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of a black-and-white answer from modeling in general, leave alone extraordinarily complex 

models. On the contrary, the modeling should be regarded as an iterative process of bringing about 

a qualitative jump in understanding. This is rarely the result of the model, but through a systematic 

involvement of the modeling exercise, coupled with transparency, it generates in conjunction with 

stakeholders participating in dialogue as well as verifying the model outcomes [116].  

There are various validation techniques that can be employed to validate simulation models. 

A critical method of model validation is to use a panel of experts to validate a process improvement 

model [117]. The research objectives in this study was to determine if the designed model fit the 

needs of the software industry. Twenty experts participated in the questionnaire, and these experts 

were able to validate if the model could address the objectives of the model. Liu [118] performed 

a study involving the validation of an agent-based model by contrasting the simulation results with 

empirical data. 

The history-friendly approach is exceptionally beneficial for analyzing the processes of 

industry evolution. An early model pertaining to history-friendly modeling was the method 

adopted for an evolutionary model of the pharmaceutical industry [119]. Regarding these types of 

models, the empirics concerning the history of a specific industry are fully integrated into the 

model, besides limiting the number of interactions, decision rules, and parameters. [93, 94]. A 

history-friendly model isn’t a replica of an industry’s history [120]. Still, it allows the reproduction 

of the essential events illustrating the industry’s history by selecting a parameter setting consistent 

with fundamental theoretical assumptions. Therefore, qualitative theories regarding certain factors 

and structures about industry development, as well as technological advancement, are identified 

in a stylized manner (Malerba and Orsenigo 2002; Malerba et al. 2001, 1999). This method is 

condemned because of its focus on one particular case, which results in a lack of generalizability. 
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Werker and Brenner [96] stated that this problem could be resolved by performing a sensitivity 

analysis of the results. This method allows for evaluating the results as regards their stability and 

dependence on random effects. Concerning the specification of an agent’s behavior in conjunction 

with its interactions, decision rules coupled with the parameter values and the initial conditions 

are an important variable in history-friendly models. They are designed in such a way that they 

rely on a comprehensive data set comprising empirical experiments on the evolution of the industry 

provided by experts. The specific data set is utilized to validate the model simulation outputs [121]. 

Since its development, decision-makers and researchers have utilized the Analytic 

Hierarchy Process (AHP) as a tool, and its notoriety can be gleaned from it being used extensively 

for multiple criteria decision making. It is of great significance that several published and 

exceptional works are founded on AHP; some of these include the usage of AHP in diverse areas 

such as preparation, choosing the best substitute, resource distribution, solving of conflicts, 

optimization, etc., and statistical additions of AHP [122]. It is important to note the bibliographic 

evaluation of the multiple criteria decision-making tools carried out by [123]. One of the 

differentiating features of AHP can be seen from its adaptability to being combined with unique 

techniques like Fuzzy Logic, Quality Function Deployment, Linear Programming, etc. Give this 

ability, the user can remove values from all the common procedures, thereby achieving the 

anticipated goal in an improved way. 

When choosing software, Lai, et al. [124] utilized an AHP named Multimedia Authorizing 

System (MAS). A group decision-making technique was used that involved six software engineers 

and evaluated three products of MAS. A pyramid of the pair-wise comparison was designed that 

comprised of four levels. Evaluation of the criteria was carried out on the third level. They are 
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supported by comprising of multimedia, data file, vendor, and graphics, development interface, 

and cost-effectiveness. 

Training on how to use AHP was offered to the six software engineers, who were then 

asked to compare the different criteria, pairwise. Expert Choice software was utilized to facilitate 

ease of computation. The geometric mean methodology was the favored methodology to reach an 

assortment consensus. When looking at the production software, it was chosen based on its 

composition of a considerable geometric mean value. A questionnaire was developed for the 

software engineers to post the AHP session. The questionnaire was used for determining the 

offerings of AHP to decision value, economy, unintended benefits, and user fulfillment. When 

comparing the applicability of AHP and the orthodox Delphi technique, a variety of t-test analyses 

was conducted. A consensus was established amongst the participants (software engineers) that 

AHP would be more suitable than the Delphi method [122]. 
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 RESEARCH PLAN 

First, the conceptual framework model used in this study still incorporates the knowledge-

driven innovation approach, and the knowledge will increase innovation products, like 

publications, patents, and more high-tech jobs. Second, the model focuses on the socio-economic 

elements that hinder the development of the particular race group. The conceptual framework 

illustrated in this research provides a brand-new perspective on race equality as it pertains to high-

tech industries. Furthermore, the study uses computer simulation technology to develop 

entrepreneurial strategies or policies to help the disadvantaged group. 

The research started with an extensive literature survey. Then a conceptual modeling 

framework was built based on both literature review and empirical data collection and analysis. 

Following the proposed theoretical framework, the researcher went on to develop a computer 

simulation model to test the theories. Empirical data and expert inputs were used to calibrate and 

verify the developed model, followed by the creation of a series of scenarios to analyze the causal 

relationships that lead to the underrepresentation of African-American Innovation (Figure 3). 

 

Figure 3. Research procedure. 

The body of literature on the socio-economic factors influencing African-American 

innovation summarizes the identified elements that determine innovation results among African-

American entrepreneurs. The summarized factors are then tested through empirical data collection 

and analysis. The results form the foundation for the conceptual framework for African-American 

innovation. The model creation uses NetLogo software to build the African-American Enterprise 
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Innovation Model. The model so created is used for simulations to evaluate ways to increase 

innovation for African-American high-tech entrepreneurship.  

The following hypotheses were postulated, based on the research questions, to address the 

lack of representation of African-American owned high-tech enterprises in the industry. 

HO1: African-American owned high-tech enterprises’ levels of innovation are not as 

competitive as those of non-African-American owned high-tech enterprises. 

HO2: African-American owned high-tech enterprises are not innovative because they lack 

a strategy for R&D.   

HO3:  A strategy can be constructed to improve innovation. 

Conceptual Framework Working Plan 

The conceptual framework defines the participating entities, their actions, and the 

interactions among them. It addresses the purpose, structure, dependencies, interactions, external 

conditions, data collection, assumptions, and methodology for the represented enterprise type. The 

first step is to identify the entities during the African-American innovation process. The 

participating entities are then defined using a list of attributes. The actions and interactions among 

them are also identified and described through narrative text, mathematical equations, and pseudo-

codes in computer language.   

This study initiated the development of the framework by summarizing the literature review 

and arriving at a practical conceptual model design. The first step was to outline the logic of the 

conceptual model (Figure 4) and the possible interactions among innovation entities (Figure 5). 
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Figure 4. Conceptual model logic. 

  

 

 

Figure 5. Possible interactions among innovation entities. 
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As stated above, the research used qualitative data analysis to develop the conceptual 

framework. After interviews, the recorded content was transcribed into a document. The 

subsequent thematic analysis of the interview transcripts employed NVivo software. The results 

were used to update the draft framework. Having arrived at the draft high-level framework, the 

next step involved translating the attributes, actions, and interactions of entities into a mathematical 

structure, which was further converted into a computer programming language. 

Model Building and Software Development Plan 

The research created a complex innovation model that is comprised of five autonomous 

agents coming together to create an innovation system, namely the African-American 

Enterprises/non-African-American Enterprises, government R&D, research university, and the 

funding institute. To begin with, narratives are built for each of the agents, their attributes, actions, 

and interactions among them. The actions and interactions are illustrated by a set of rules.  

Since this is a knowledge-driven model, each agent has a set of kenes which represent their 

knowledge. The kenes of each agent are represented by a mathematical equation and the pseudo-

codes in the computer language. Following the construction of the conceptual framework, the 

research was implemented by creating a computer simulation model using the NetLogo 

programming platform. The model uses one of the evolutionary methods in R. 

 

Figure 6. Model building and software development procedure. 
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Model Calibration and Verification Plan 

The goal of this model calibration was to implement the conceptual model derived from 

data collected from interviews and questionnaires, for calibrating parameter values at setup. After 

calibration and validation, the causal relationship between elements of the model was identified to 

determine factors that lead to the limited representation of African-Americans as owners of high-

tech enterprises. This was envisioned through multiple scenario simulations and analyses so that 

the simulation results can inform actions and policies to increase African-American representation 

in high-tech industries and lead to the development of new high-tech products. 

 

Figure 7. Model calibration and verification procedure. 

The research involved the use of empirical data to develop the initial parameters for each 

of the agents. A genetic algorithm was then used to calibrate the covariates of the model. The 

genetic algorithm started with initial parameters and preliminary covariate settings. The model run 

results were then compared with experts' choice results. If the difference between them was too 

large, the genetic algorithm generated another set of covariates. The whole process was looped 

until the gap fell within an acceptable range.  

Model Simulation and Result Analysis Plan 

Following the calibration of the model, different scenarios were created, which were tested 

using the model. The simulation model used, and the scenarios developed, are summarized below: 
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After model calibration, the research used high-level data to verify the effect of the model. 

Some of the model parameters or coefficients were adjusted following real data input analysis. The 

verified model also called the default scenario, served as the truth, which was used as a reference.  

2) “What-if” scenarios  

Five to seven sets of “what-if” scenarios were developed using different factor 

combinations. For instance, high initial funding and a low bank loan were compared to low initial 

funding and high bank loan to test government direct funding support. 

3) Creating policy suggestions from the simulation and analysis and performing sensitivity 

analysis 

Each set of scenarios threw up corresponding policy suggestions. Sensitivity analysis 

helped investigate how effective these suggested policies are. The summarized policy suggestions 

are further elaborated, with the literature references, in the final section of this dissertation. 
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 DATA COLLECTION AND ANALYSIS 

Surveys and questionnaires are of the utmost importance in formulating the decision-

making processes among automatic modeling agents [125, 126]. To theorize the African-American 

innovation process, the study conducted interviews among African-American entrepreneurs, 

universities, government, and funding institutes and identified them as internal entities within the 

complex innovation system. The figure below demonstrates the process of building the framework 

with input from the African-American entrepreneurs, validating the model (Figure 8). 

 

Figure 8. Framework development methodology.  

To understand the innovation process of African-Americans and the barriers affecting 

innovation, this research involved carrying out semi-structured interviews with African-American 
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Observations and 

recommendations

NetLogo simulation for proof 

of concept 
Preliminary results

Developed questionnaire to 

build ABM framework   
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entrepreneurs and high-tech sector workers (Figure 8).  A semi-structured interview is designed to 

elicit subjective responses from individuals concerning a particular situation or phenomenon [127]. 

The data collection of this research included human participation. The human study ethics 

guidelines were specified and compliance reviewed by the university (see appendix) [128].  

 

Figure 9. Data Collection Approach. 

The data collection of African-American owned high-tech enterprises was restricted to the 

United States. The research consisted of canvassing the different resources to identify African-

American high-tech enterprises (see Table 1). The process began with identification of the 

enterprises that fit the high-tech category, where an African-American was the Chief Executive 

Officer (CEO) or had 51% ownership of the company. Many of the companies identified on the 

Internet had a bio of the president/CEO, which made it easy to identify their race. The company 

was often identified as a small disadvantaged minority-owned enterprise.  
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Table 1. Primary data collection sources. 

Source 

Kauffmann Database 

Black Enterprise 

Minority Business Development Agency (MBDA) 

Small Business Administration (SBA) 

The personal relationship with African-American 

owned high-tech enterprises 

Internet 

Furthermore, the research consisted of interviewing approximately eight entrepreneurs in 

conjunction with other employees recommended by the CEOs, in an open-ended, semi-structured 

interview [129]. These interviews helped provide a more in-depth understanding, other than 

utilizing the questionnaires to build the conceptual framework. More importantly, they helped the 

researcher to hear the interviewees’ stories as to the barriers that hampered their ability to advance 

their enterprises. One of the common themes amongst all of the African-American entrepreneurs 

was their inability to have access to capital. This impacted their ability to hire the best talent as 

well as compete for specific projects to enhance their enterprises. In addition to encountering 

barriers to obtaining capital, they further revealed how they were subjected to subtle 

discrimination.  

 To parameterize and calibrate the model, questionnaires were sent to a sample of African-

American owned high-tech entrepreneurs. The questionnaire was essential, as it provided data to 
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help determine the scale, range, and initial values of each of the parameters. The questions included 

in the questionnaire are summarized in Table 2. 

Table 2. Questions included. 

1. Age 

2. Education 

3. Income 

4. When did you create your company? 

5. How did you get the idea of starting the company? 

6. Did you have a job before you started your company? If yes, what kind of job? 

7. Did you quit your job when you decided to start your company? 

8. How much money does your company invest in R&D annually? (best guess) 

9. How many new products did your company release in the past 5 years? 

10. Are patents a priority for your company? 

11. What are the main barriers to your innovation? 

12. How many employees with PhDs work at the company? 

13. What is the total number of employees in the company? 

14. Does your company encourage publication and attendance at technical conferences? 

15. Did you use angel investors for your startup? 

16. Did you get a private bank loan to help finance your company? 

17. Did you seek a small business administration (SBA) loan from the federal government? 

18. Did you get any government certifications, such as 8(a) certifications or minority status? 

19. Have you applied for any Small Business Innovative Research (SBIR) grants through 

the federal government? 

20. Have you partnered with any research universities/institutions to increase innovation? 

21. How often do you collaborate with other technology companies to seek opportunities? 

22. Is most of your work with the government or private sector? 

23. Do you have employees working in various locations in the USA? 
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In total, over 200 African-American enterprise executives and employees were surveyed 

through questionnaires and interviews in 2019. The questionnaires were sent out using Google 

Form, and the interviews were recorded and transcribed as text content, which was then used as 

input for NVivo thematical analysis. A selection of respondents is presented below (Table 3).  

Table 3. Selection of respondents. 

Age 

Range 

Company 

Size 

Sector Respondent Profile (Background) 

36-55 small Aerospace Engineering 

(NASA) 

President & CEO (Aerospace 

Engineering) 

56 + mid Cybersecurity (Defense) President & CEO (Computer 

Engineering) 

36-55 Mid Telecommunication CEO (Electrical Engineering) 

56 + Mid Software engineering 

(Defense) 

CEO (Aerospace Engineering) 

36-55 Small Telecommunication R&D Director (Computer 

Engineering) 

36-55 Mid Pharmaceutical 

(manufacturing) 

CEO (Biomedical Engineering) 

36-55 Mid Information Technology 

(Defense) 

CEO (Information Technology) 

36-55 Small Computer systems design 

(Defense) 

President & CEO (Computer 

Engineering) 

36-55 Mid Information Technology 

(Healthcare) 

CEO (Information Technology) 

36-55 Mid Energy CEO (Electrical Engineering) 

36-55 Small Logistics/Supply Chain 

Management 

CEO (Supply Chain Management) 

55 + Large Systems Engineering 

(Defense)  

President & CEO (Electrical 

Engineering) 
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36-55 Mid Software Engineering 

(Defense) 

CEO (Software Engineering) 

36-55 Large Information Technology 

(Defense & commercial)  

President & CEO (Information 

Technology) 

36-55 Small  Manufacturing (Computer 

hardware) 

President & CEO (Computer 

Engineering) 

36-55 Mid Engineering Services 

(Defense ) 

CEO (Electrical Engineering 

56 + Small Telecommunication 

(Defense) 

CEO (Information Technology) 

36-55 Mid Logistics Systems CEO (Industrial Engineering) 

36-55 Mid Software Engineering 

(Healthcare) 

CEO (Computer Engineering) 

36-55 Small Cybersecurity (Defense) President & CEO (Information 

Technology) 

56 + Small Medical Technology 

(Healthcare) 

President & CEO (Biomedical 

Engineering) 

 

Question 1 identified the current age of the entrepreneurs; of our sample, 14.3% fell in the 

range of 18‒35yrs, 14.3% were in the range of 36–55yrs and those aged 56+yrs represented 71.4%. 

Based on our sample, there is a higher percentage of AAEs who are 56yrs and older. 

 

Figure 10. Respondents’ age group. 



 

41 

Question 2 pertained to the level of education of the AAEs, and based on the questionnaire, 

28.6% have a Bachelor's degree, 57.1 % have master’s degrees, and 14.3 % have a doctorate or 

terminal degree. Based on these results, an overwhelming majority of the AAEs have at least a 

master’s degree, in line with our expectations.  

 

Figure 11. Respondents’ educational background. 

Question 3 sought information on the respondents’ annual income before they embarked 

on the entrepreneur journey, and the results showed that 14.3% had an annual income of $76k‒

100k, 51.7% had an income between $41k‒75k, and 28.6% had an income of at least $100k or 

more. Based on these results, the vast majority of the AAEs were making an average salary when 

they started their entrepreneurial journey. 

 

Figure 12. Respondents’ incomes. 
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Question 4 looked at the age of the AAE when they started their company. Based on the 

results, 14.3% were in their twenties; 42.9 were in their thirties and forties. Based on the results, 

all of the AAEs started their companies before the age of fifty. 

 

Figure 13. The age when respondents started their own company. 

Question 5 investigated whether the AAEs had a job before commencing their 

entrepreneurship, and based on the results, 71.4% had a job, and only 28.6% were not working. It 

shows that the AAEs were willing to leave their jobs to embark on this entrepreneurial journey. 

Based on our sample, most of the AAEs surveyed worked in engineering, only one had a faculty 

position, and this question was addressed in question 6, as a follow up to question 5.  

 

Figure 14. Respondents’ employment status. 

In Question 7, we wanted to know how they got the idea of embarking on the 

entrepreneurial journey. Based on the results, 14.3 % had the idea while working on the job, and 
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the same percentages came from collaborating with others after being laid off or being fired. 42.9% 

just had a desire for entrepreneurship. 

The purpose of Question 8 was to know if the AAEs quit their jobs once they embarked on 

the entrepreneur journey. Based on the results, 71.4% remained employed while starting their 

firms, and 28.6% quit their jobs. 

 

Figure 15. Respondents’ employment status change. 

Since R&D is a component of high-tech, in question 9, we tried to know how much 

investment in dollars was allocated annually to R&D. Based on the results, 14.3% chose a range 

between $5k‒10k; 42.9 % had a range between $0–5k, and 42.9% invested between $10k‒50k. 

There was also a range of $50‒100k and a range of $100k or more, but 0% of respondents fell 

within these categories. Based on the results, securing funds for R&D is challenging. 

 

Figure 16. Innovation starts capital. 
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In Question 10, we wanted to know how many products are released per year. Based on the 

results, only 14.3% said they release two products per year, while the remaining 85.7% stated 

none. Innovation is a critical component of new product ideas. 

Question 11 was designed to find out if patents were a priority for the companies, and 

14.3% said yes, which is the same percentage in question 10 were 14.3% stated they release 2 

products per year. According to the research, patents require a long time to acquire (Need a 

reference). 

From Question 12, we wanted to know what the main barriers to innovation are. Based on 

the results, 85.7% stated access to capital as being a primary barrier to innovation. This is also 

what is reported in the literature on African-American entrepreneurship.  

 

Figure 17. Innovation barriers. 

Through Question 13, we wanted to know how many employees work at the respondents’ 

firms. Based on the results, 28.6% stated between 1‒2 employees; 14.3% stated between 2‒5 

employees, and 51.7% had more than ten employees. 

Question 14 was intended to find out how many PhDs work at their companies. Based on 

the results, 28.6% had one PhD working at their company, 14.3% had 2 and 3 PhDs working at 

their companies, whereas 42.9% had no one with a PhD working at their companies.  
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Figure 18. Innovation talent pool. 

In Question 15, we enquired whether the AAEs encouraged publications and whether 

attending technical conferences was important for their companies. An overwhelming 66.7% 

stated that both attending technical conferences and submitting publications were important. Only 

33.3% stated no.  

Question 16 was designed to learn if any of the AAEs used an angel investor to help fund 

their company. Based on the results, 0 percent used an angel investor. Angel investors can help 

not only with funding a company’s startup costs, they can also provide funding for product ideas.  

 

Figure 19. Innovation funding sources. 

Question 17 investigated whether the AAEs had applied for a bank loan to help finance 

their startup costs. Based on the results, 51.7% said no, and 42.9 % said yes. The result clearly 

shows that the AAEs took the route of obtaining a bank loan rather than using an angel investor. 
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The objective of Question 18 was to know if the AAEs had applied for a small business 

loan via the federal government. Based on the results, 51.7% said yes, and 42.9% said no. The 

majority of the AAEs used the federal government to help fund their firms. 

Question 19 sought to find out whether any of the AAEs had applied for a minority status 

or an 8(a) certification, which identifies a firm as being a disadvantaged company, and therefore 

one can go after government contracts that are specifically for disadvantaged companies. Based 

on the results, 85.7% said yes, while only 14.3% said no. This clearly shows that the vast majority 

of the AAEs most definitely took advantage of minority certification.  

Through Question 20, we tried to know if any of the AAEs had applied for an SBIR grant, 

which is a resource that can help catapult a company to a different level. These grants are very 

competitive, and all small businesses can compete. Based on the results, 85.7 % said they did not 

apply for an SBIR, and only 14.3 % said yes.  

Question 21 sought to elicit information on whether any of the AAEs were partnering with 

any research university in order to increase innovation. Based on the results, 85.7 % said they did 

not partner with a research university, and 14.3% said yes. We know that fostering a relationship 

with a research university can increase a startup’s chances of innovation and generating new 

product ideas.  

In Question 22, we wanted to know if any of the AAEs were collaborating with any other 

technology companies to seek opportunities, to which 85.7% said occasionally, and 14.3% stated 

very often. Based on the results, the vast majority of the companies are collaborating with other 

technology companies. 
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 AFRICAN-AMERICAN AGENT-BASED 

INNOVATION MODELING FRAMEWORK 

Five types of entities—i.e., African-American enterprise, funding institution, non-African-

American enterprise, government R&D department, and university research institute—were 

identified in the African-American innovation process. These entities take action and interact with 

each other and with the built-up social network environment.  

Knowledge-Based Innovation Approach 

Building on the knowledge-driven approach [77, 78], the involved entities are treated as 

agents, and each agent has specific attributes and skills. They can be represented by a set of kenes 

(Figure 20). A kene is defined as the knowledge base of the agents, with at least three elements: 

capability, ability, and expertise level [130]. The capability is represented by an integer randomly 

selected from the range of 1 to 1000, the ability to perform applications in a certain field is 

represented by an integer randomly generated from the range of 1 to 10, and the expertise level a 

company has gained with respect to its ability is represented by a randomly generated number 

ranging from 1 to 10. 

 

Figure 20. The kenes of firms. 

In the proposed African-American agent-based innovation model, enterprise agents are 

capable of performing research and development activities and commercializing the products. For 

an example, their ability would be research and development talent coupled with business acumen. 
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Their expertise level would consist of a team of experienced developers and business leaders. The 

following section details the agents and their actions, as obtained from the series of interviews. 

First, the agent attributes and kenes are illustrated in detail. Each agent’s actions are then defined 

as functions of the identified socio-economic factors. The rules established for each agent are 

presented by the agent’s action pseudocode. 

African-American Enterprises and Non-African-American Enterprise 

Agents  

African-American enterprises (AAE) and non-African-American enterprise agents (non-

AAE) represent the African-American high-tech enterprises and non-African-American (mainly 

White) agents, respectively. AAE and non-AAE agents are the core entities of the complex 

innovation system. They initiate innovations and develop products based on inputs from the 

knowledge base. The data analysis identified the socio-economic factors that determine the result 

of innovation as race, education, age, startup, research and development (R&D) investment, risk 

tolerance, level of partnership, partner search strategy, minority enterprise 8(a) set-aside, product 

future, and product maturity level (Table 4).  

Table 4. African-American innovation enterprise agent attributes and actions*. 

Attribute Definition 

Age Age of the entrepreneur when venture started 

Education Level or obtained degree 

Personal start-up Personal capital to invest in venture 

Race Ethnographic classification 
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R&D investment Amount of money entrepreneur has to invest in R&D 

(e.g., the demand for R&D and the long-run payoff for the 

firm's undertaking R&D investment) 

Risk tolerance  Degree of tolerance up to which the entrepreneur is 

willing to invest his time and money 

Level of partnership Agent decides to pursue a go-it-alone strategy or to look 

for partners 

Partner Search Strategy Partner preference 

Minority firm 8(a) set-aside In defense contracting, a Certified 8(a) firm is one that is 

eligible to receive federal contracts under the Small 

Business Administration’s 8(a) Business Development 

Program because it is owned and operated by socially and 

economically disadvantaged individuals [131]. 

Product future Whether the product has a good future 

Product maturity level The product has reached a certain maturity level and is 

ready to be sold on the market. 

Action Description 

Collaborate with other enterprises The entrepreneur can interact with other enterprises 

regarding teaming or product/process innovation. 

Seek partnerships entrepreneurs will decide to go it alone, or they may 

decide to look for partners. 

Engage with a research university The entrepreneur will foster a relationship with the 

university in the hope of gaining product innovation 

ideas. 

Develop a business plan The bank and AAE interact to secure a business loan for 

the firm. 
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Compete for funding AAE agents compete with other agents for funding and 

government R&D support. 

Compete for R&D collaboration AAE agents compete with other agents for university 

collaboration opportunities. 

* The attributes were summarized from interview results among stakeholders.   

 

Race is the first attribute for identifying AAE and non-AAE agents. Race will be classified 

as an ethnographic classification that is African-American. In the socio-technological innovation 

model, this will be an influencing factor regarding identifying specific patterns. Age is an essential 

attribute of AAE agents. Three stages of maturity in the age attribute were identified through the 

conducted interviews. Innovation entrepreneurs of different age groups had different innovation 

strategies. For instance, recent university graduates endowed with fresh and creative ideas chose 

to start their own businesses upon graduation. The second stage of maturity included people who 

decided to pursue an opportunity after working for several years. At this stage, these entrepreneurs 

had already been exposed to working in a high-tech industry and were ready to embark on their 

innovation journeys. They were inspired by their work experiences and had accumulated social 

resources whom they could turn into their first customers. The final stage of maturity included a 

group of people who began the innovation process after retirement. They were inspired by their 

work or their own life interests and usually had plenty of financial and social resources to start 

their own businesses.  

In addition to the age factor, innovation and R&D are significant components that lead to 

new high-tech products, methods, and services; therefore, education is vital to this process. It is a 

major factor related to the entrepreneur’s ability to be more innovative when creating high-tech 

products and services.  
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Both AAEs and non-AAEs require investment capital to make key decisions about how to 

grow their businesses to start their own enterprises. Both AAEs and non-AAEs also require R&D 

investment (i.e., the amount of money the enterprise must invest in R&D). This involves 

understanding not only the demand for R&D but the long-run payoff from the enterprise’s R&D 

undertaking.  

The interviews indicated that every entrepreneur is exposed to a certain degree of risk. The 

proposed framework defines risk tolerance as the degree of tolerance up to which the AAE/non-

AAE is willing to invest their time and money. For the AAE/non-AAE to be more competitive, 

the agent evaluates whether to pursue joint ventures with other high-tech enterprises or research 

universities. This is called the level of partnership. Partnership allows the AAE/non-AAE to 

increase their competitive edge by leveraging the talent pool via partnering and R&D investment 

capital. 

The interviews revealed that enterprise agents could elect to pursue a government 

certification that will allow them to compete for individual federal contracts. This is a 

disadvantaged minority certification known as the 8(a) certification under the Small Businesses 

Administration, which remains valid for up to nine years. Commercialization driven by innovation 

is the key to product development; it is imperative to generate products that can be sold on the 

market. 

Each innovation enterprise agent 𝑎𝑖 (i = 1, …, N) owns a set of kenes a𝑘𝑖. The kenes 𝑎𝑘𝑖 

of agent 𝑎𝑖 are elements of the following set: 

𝑎𝑘𝑖 ∈ {(𝑆𝑖, 𝑐𝑖, 𝑏𝑖)|𝑖 = 1, … , 𝑁} where 𝑆𝑖 = [𝑟𝑖,𝑔𝑖, 𝑢𝑖 , 𝑡𝑖 , 𝑑𝑖, 𝑦𝑖 , 𝑣𝑖]       (5.1) 

Where 𝑆𝑖  is the socio-economic factor vector of 𝑎𝑖 , 𝑟 is race, 𝑟 = 0 represents African-

American enterprises, and 𝑟 = 1  represents non-African-American (White) enterprises. 𝑔 
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represents the innovator’s years of work experience, and 𝑣𝑖 is the startup initial of enterprise agent 

𝑎𝑖. 𝑦 represents the annual income, and 𝑑 is the credit rating of the agent. 

According to the interviewees, the core competency 𝑐  of the innovation entity 𝑖  is a 

function of the innovator’s work experience (in years), annual income, credit rating, personal 

startup amount, and R&D investment amount. 

𝑐𝑖 = 𝑓(𝑔𝑖, 𝑑𝑖, 𝑦𝑖 , 𝑣𝑖)      (5.2) 

The business plan quality 𝑏  of the innovation entity  𝑖  was determined using the 

corresponding work experience, education, social networking with innovators, and university 

R&D entities. Generally, the innovation entities obtained business plan writing skills from school 

and previous workplaces as well as aid from other innovators. 

𝑏𝑖 = 𝑓(𝑔𝑖, 𝑢𝑖 , 𝑡𝑖)      (5.3) 

The AAE/non-AAE agent initiates the enterprise through startup innovation. During the 

innovation process, AAE agents may choose to work with other AAE or non-AAE innovation 

agents. Innovation agents also have opportunities to collaborate with university agents and funding 

institution agents to obtain support. In addition, they compete for resources such as funding and 

government projects. Innovation agents have the freedom to join other innovation projects as 

employees or university researchers. The agents’ unique attributes and actions enable them to 

operate and make decisions accordingly. 

Non-African-American enterprises compete with AAEs for funding, research university 

access, and small business innovation research (SBIR) grants. Non-AAE agents can also partner 

with AAE agents and leverage their network and talents to help AAE agents enhance the 

innovation process. Non-AAE agents have the same characteristics as the AAE agents; race is the 

only difference. Most non-AAE agents are White Americans. Therefore, the non-AAE agents in 
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the present study represent White entrepreneurs. The race was selected as the key variable because 

most successful high-tech enterprises consist of only White entrepreneurs. In the proposed model, 

AAE and non-AAE agents compete for opportunities or decide to start a partnership and compete 

as a joint venture. 

Funding Agents 

The funding agent is the institution responsible for providing AAE/non-AAEs with the 

necessary funding to support their enterprises (e.g., angel investors and banks). The funding 

agent’s attributes include the loan size, loan history based on race, loan history of supporting 

startups, and maximum loan amount the bank or venture capitalist can provide.  

The loan size may be small, medium, or large, depending on the existing market. Different 

financial institutions have different strategies. Another attribute of the funding agent is their history 

of providing loans to AAEs. This is vital information to determine the likelihood of the AAEs 

getting loan approvals. The credit rating of a startup is crucial for the funding agent to evaluate the 

startup’s ability to make the loan payment if it is approved. The agent considers the startup’s loan 

history to assess whether there is a history of the AAE defaulting on loan payments. There is also 

a maximum loan amount that this agent can provide.  

Table 5. Funding institution agent attributes and actions. 

Attribute Definition 

Loan size The bank or venture capitalist provides a specific type of loan: 

small, medium, or large 

Loan history based on race AAE’s share of loan  

Loan history to startups Default on the loan rate 
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Startup loan max The total startup funding that the bank can provide 

Action Description 

Approve loan Review business plan-based loan history according to race 

Evaluate the business plan Review the business plan based on the default loan rate 

Check credit rating Review business based on credit information 

 

Funding institution agents 𝑓𝑗,(j = 1, …, N) own a set of kenes 𝑓𝑘𝑗. The kenes 𝑓𝑘𝑗 of agent 

𝑓𝑗 are elements of the following set: 

𝑓𝑘𝑗 ∈ {(𝑙𝑠𝑗, 𝑙ℎ𝑗, 𝑙𝑚𝑗)|𝑗 = 1, … , 𝑁}      (5.4) 

where 𝑙𝑠 represents the maximum loan the funding institution agent 𝑓𝑗 can provide, and 𝑙ℎ 

is the loan history based on race.  𝑙𝑚 represents the total funding limit of the institution. 

The amount of money agent 𝑎𝑖 needs to borrow from funding 𝑓𝑗 is denoted by 𝑎𝑙𝑖,𝑗. It is the 

total startup amount required 𝑇𝑖  minus the agent’s initial startup amount 𝑣𝑖. 

𝑎𝑙𝑖,𝑗 = 𝑇𝑖  − 𝑣𝑖        (5.5) 

The funding institution 𝑓𝑗 makes financing decisions based on the evaluation of the applied 

funding 𝑎𝑙𝑖,𝑗, the credit rating 𝑑𝑖 of agent 𝑎𝑖, and the business plan 𝑏𝑖. 

𝑓𝑑𝑗,𝑖 = 𝑓(𝑎𝑙𝑖,𝑗, 𝑑𝑖, 𝑏𝑖)    (5.6) 

Agent action pseudocode: 

IF loan amount <= Funding institution agent loan size/threshold  

IF credit score >= credit bureau agency threshold 

IF the AAE business plan meets the minimum standard of acceptable quality score 
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THEN approve loan amount according to company’s size, small, medium, large [ group 

history + 1, agent credit score + 1] 

ELSE deny the loan, [ agent credit score – 1, group history – 1]  

Government Research Agent 

Government research agents represent the local to global level administration 

authorizations that make innovation policies and guarantee to fund (Table 6). As indicated in the 

interviews, the government institutions of the U.S. government provide SBIR grants. According 

to the interviewees, the U.S. government R&D agents interact with the AAE and non-AAE agents 

to determine whether an enterprise can provide R&D expertise to support SBIRs.  

Table 6. Government agent attributes and actions. 

Attribute Definition 

Minority-owned business & 

8(a) certification authority 

The 8(a) SDB is a small business that is at least 51% 

owned by one or more individuals who are both socially 

and economically disadvantaged and citizens of the United 

States. SDB status makes a company eligible for bidding 

and contracting benefit programs involved with federal 

procurement [132]. 

Government guarantee R&D 

funding 

The agent can provide guaranteed loans to small 

businesses.  

SBIR grant The agent can provide grant funding to support R&D.  

Action Description 

Evaluate prospective high-tech 

firms for 8(a) certification 

The agent will assess the application of the high-tech firm 

to verify that they meet the qualifications of this program. 
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Implement new policies 
The agent can implement policies to stimulate growth for 

high-tech start-up enterprises. 

 

The government agent also provides enterprises with a small business/R&D loan. The 

government research agent has attributes and actions that present opportunities for high-tech 

enterprises to compete for SBIRs and research funding backed by the government. The 

government research agent can also provide small disadvantaged business certification to 

minority-owned companies. This certification allows the AAEs to compete for federal contracts 

that are only for certified disadvantaged enterprises. We included this type of agent in our study 

because the government plays a significant role in implementing policies that help AAE high-tech 

enterprises. In the proposed model, the government agent provides the AAE or non-AAE agents 

with the opportunity to compete for SBIRs as well as R&D funding backed by the government.  

The kene can be denoted as follows: 

𝑔𝑘𝑙 =  {(ℎ𝑎𝑙, ℎ𝑓𝑙, 𝑆𝐵𝐼𝑅𝑙, )|𝑙 = 1, … , 𝑁}      (5.7) 

The 𝑔𝑘  represents the government R&D agent  𝑙  kenes, ℎ𝑎  represents the government’s 

project sponsorship history, ℎ𝑓 represents government-guaranteed R&D funding for the AAE, and 

𝑆𝐵𝐼𝑅 represents the SBIR project. The government agent approves the funding support based on 

the company’s 8(a) certification (𝑒𝑐) and project proposal (𝑏):  

𝑆𝐵𝐼𝑅𝑙,𝑖 = 𝑓(𝑟𝑖,𝑒𝑐𝑖, 𝑏𝑖)      (5.8) 

where 𝑒𝑐𝑖 = {
1 𝑖𝑓 𝑜𝑠𝑖 > 50%
0 𝑖𝑓 𝑜𝑠𝑖 < 50%

      (5.9) 

where 𝑜𝑠 represents the firm agent ownership of the company. 

Agent action pseudocode: 
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IF firm owner race = African-American 

Then grant 8(a) certifications 

If ownership > 50% 

If the business plan meets the threshold 

Then award grant, business credit score + 1, experience + 1 

Else denied 

Research University Agent 

The research university agent is the research university or institution with which the 

AAE/non-AAE fosters a relationship that can lead to new opportunities and strategic locations to 

increase the AAE/non-AAE’s recognition and knowledge base. The research university agent’s 

primary role is to be a resource for high-tech enterprises to leverage institutions for their research 

expertise, talent pool, and grant opportunities (Table 7). The AAEs and non-AAEs compete for 

collaboration opportunities with this agent. This agent is a vital resource for creating innovations 

that make AAEs more competitive.  

Table 7. Research university agent attributes and actions. 

Attribute Definition 

Partnership history University partnership with AAE (history) 

Provide cutting edge research Using the latest technology, techniques, methodology 

leveraging intellectual capital; faculty, PhD students & 

post-doctoral candidates 

Short-term collaboration University collaborates with the high-tech firm to 

generate product ideas and evaluate ways to enhance 

innovation. 
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R&D collaboration capacity The max collaboration projects a university can have 

Action Description 

University collaborates The research university will engage in a working 

relationship with a high-tech firm. 

Improve enterprise product level Help companies during the whole life cycle of their 

innovation project. 

 

The research university plays a vital role in increasing the innovations of high-tech 

enterprises. Enterprises must collaborate with research universities to increase their knowledge 

base and enhance their innovation capacity. Universities are often the primary source of knowledge 

transfers [133]. In the proposed model, the research university is an invaluable knowledge base for 

high-tech enterprises seeking to collaborate and compete for university expertise. The AAE/non-

AAE submit their proposal for university collaboration. The approval action for this agent is 

defined by the following equation:  

𝑟𝑘𝑚 =  {(ℎ𝑟𝑚, 𝑡𝑝𝑚, 𝑟𝑎𝑚,𝑖 )|𝑚 = 1, … , 𝑁}     (5.10) 

where 𝑟𝑘 represents the research university agent’s kenes, ℎ𝑟 represents the agent’s work 

history with AAEs, 𝑡𝑝 represents the talent pool, and 𝑟𝑎 represents the research assistance. 

The approval of a collaboration with the research university agent can be expressed as 

follows: 

𝑢𝑎𝑚,𝑖 = 𝑓(𝑟𝑎𝑚  , ℎ𝑟𝑚, 𝑏𝑖)      (5.11) 

where 𝑢𝑎𝑚,𝑖 is the final decision of research university agent 𝑚  to collaborate with 

applicant 𝑖, 𝑟𝑎𝑚 is the collaboration capacity, and 𝑏𝑖 is the application’s proposal quality. 

Agent action pseudocode: 
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IF collaboration criteria met 

Then proposal quality + 1, project experience + 1 

The key agents’ variables are summarized in Table 8. 

Table 8. Summary of the agents’ kenes. Source: developed by the authors 

Agents Variables Definition 

AAE/non-AAE (𝒂𝒊) 

𝑎𝑘𝑖 Kene of AAE/non-AAE agent 𝑎𝑖 

𝑆𝑖 Socio-economic factor vector of 𝑎𝑖 

𝑐𝑖  Core competency of AAE/non-AAE agent 𝑎𝑖 

𝑏𝑖 Business plan quality of AAE/non-AAE agent 𝑎𝑖 

Funding Institute (𝒇𝒋 ) 

𝑓𝑘𝑗 Funding institution kene of 𝑓𝑗  

𝑙𝑠𝑗   Maximum loan size of funding institution agent 𝑓𝑗  

 𝑙ℎ𝑗 Loan history for the race group 

𝑙𝑚𝑗 The total funding limit of the institution 

Government (𝒈𝒍) 

𝑔𝑘𝑙 Kene of government agent 𝑔𝑙 

ℎ𝑎𝑙 Government project sponsorship history 

ℎ𝑓𝑙, Government-guaranteed R&D funding 

𝑆𝐵𝐼𝑅𝑙 SBIR project 

University (𝒓𝒎) 𝑟𝑘𝑚 University agent’s kenes 

 ℎ𝑟𝑚 History of work with AAEs 

 𝑡𝑝𝑚   Talent pool 

 𝑟𝑎𝑚,𝑖 Research assistance to 𝑎𝑖 
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Interaction Among Agents and Performance Measurement 

In the proposed innovation framework, AAE agents, non-AAE agents, funding institution 

agents, university agents, and government agents are endowed with defined socio-economic 

factors (Figure 22). They can interact with each other to network and develop partnerships. The 

complex interactions among the agents create a virtual social environment. This allows AAE 

agents to share knowledge and resources that may lead to innovative ideas. 

 

Figure 21.  African-American innovation agent-based model flow.  

 In the model, each agent has an attribute called core competency. Agents can initiate 

networking with other high-tech enterprises. Whenever two agents (𝑖, 𝑗) interact, they establish a 

partnership that gives them the opportunity to share knowledge and resources. Collaboration 

among firm agents can enhance their business plan and core competency. The model design was 

formulated with an on/off option to trigger networking with other innovative agents. In turn, the 

total sum of the links’ energy represents the overall networking power. This can be denoted as 

follows: 
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𝑁𝑡 = ∑ 𝐸𝑛𝑖,𝑗𝑖,𝑗 𝑤𝑖𝑡ℎ 𝑖 ≠ 𝑗      (5.12) 

Where N is the number of connections between the agents 𝑖 and 𝑗. The agents obtain new 

experiences through communication and knowledge sharing. The higher the N, level of expertise, 

and proposal quality, the higher the AAE’s level of expertise. 

Innovation in research and development consists of basic and applied research to create 

knowledge in a product development environment. Both innovation and research enhance the 

knowledge base of a firm [134, 135]. Basic research and development (i.e., fundamental research) 

focus on journal publications and patent applications that result in R&D growth [136]. The R&D 

group gets compensated through improved academic reputations or patent charging fees. Applied 

R&D focuses on new or improved products or processes and creations. This type of R&D gets 

rewarded through product sales [136]. A group of innovators commercialize the newly developed 

knowledge and build their own businesses through entrepreneurial startups or major organization 

spin-offs. Therefore, the success of R&D output 𝑂 of the innovations generated by the AAE/non-

AAE can be measured in various forms. 

𝑂𝑖 =      {

 1 = 𝑏𝑎𝑠𝑖𝑐 𝑅𝐷: 𝑝𝑎𝑡𝑒𝑛𝑡, 𝑗𝑜𝑢𝑟𝑛𝑎𝑙 𝑝𝑢𝑏𝑙𝑖𝑠ℎ𝑚𝑒𝑛𝑡 
2 = 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑅𝐷: 𝑛𝑒𝑤 𝑝𝑟𝑜𝑑𝑢𝑐𝑡, 𝑛𝑒𝑤 𝑝𝑟𝑜𝑐𝑒𝑠𝑠

         3 = 𝑐𝑜𝑚𝑚𝑒𝑟𝑐𝑖𝑎𝑙𝑖𝑧𝑒𝑑 𝑅𝐷: 𝑠𝑡𝑎𝑟𝑡 − 𝑢𝑝, 𝑠𝑝𝑖𝑛 − 𝑜𝑓𝑓
      (5.13) 

The primary purpose of the proposed model is to examine various scenarios for successful 

innovation among African-American high-tech enterprises and determine the factors that influence 

innovation outcomes. In the Biotech Innovation System model developed by Korber, et al. [137], 

the spin-off companies determined a particular knowledge flow that connects academia with the 

industry. The university scholars held stocks in companies or became entrepreneurs themselves. 

In the African-American Enterprise Innovation Model (AAEIM) for African-American high-tech 

enterprises, spin-off companies provide a way to measure success for the AAE, thereby linking 
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knowledge flow to collaborations with universities. There is a success threshold that triggers new 

spin-off enterprises based on the current level of success. The present model uses the number of 

spin-offs as the measure of innovation success. 

Model Implementation and Programming 

The proposed agent-based enterprise innovation concept was implemented using NetLogo 

[138]. NetLogo is a multi-agent programming and modeling environment for simulating complex 

phenomena. It is designed for both research and education and is used across a wide range of 

disciplines and education levels [139]. 

NetLogo is a practical software environment that is easy to use and is applicable to 

interdisciplinary work. NetLogo’s “low-threshold, no ceiling” design philosophy is inherited from 

Logo. NetLogo is simple enough for students and teachers to be able to quickly design and run 

simulations and advanced enough to serve as a powerful tool for researchers in many disciplines 

[139]. NetLogo consists of a variety of ready-to-use programs and libraries through which a user 

can focus on model design rather than complex computer programming tasks [140-143]. NetLogo 

is widely recognized as the ideal software tool for creating agent-based models [144]. It is a 

powerful tool for people new to modeling or scientists with minimal software development 

expertise [65, 145].  

Figure 22 shows the interface for the African-American enterprise innovation’s NetLogo 

model. The left side of the model interface displays a list of the initial parameter settings, including 

the total initial number of simulating agents, initial funding, input-output ratio, partnership 

strategy, and firm success thresholds. Next to them, the switches for research strategies and 

networking partnerships, as well as startup controls, are provided. These are the additional 

functions available to test the results of different innovation environments. The view window in 



 

63 

the middle shows the number of agents. For instance, a green-colored person symbol represents 

the AAE agent, a yellow-colored person symbol represents the non-AAE agent, a single house 

symbol represents the university agent, stacked house symbol represents the government agent, 

and bird symbol represents the funding institution agent. During a simulation, underperforming 

firms may die out while the over-performing firms have a chance to grow and produce spin-offs. 

The number of AAE/non-AAE agents can directly represent the results of the simulation. The plots 

on the right-side monitor the performance of each of the key variables.  

 

Figure 22. The African-American Enterprise Agent-based Model on NetLogo.  
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 MODEL CALIBRATION AND 

PARAMETERIZATION 

AAE and Non-AAE Agent Flow 

In the AAEIM model, the AAE can have decision points allowing them to determine the 

best course of action (Figure 23). The AAE agents can collaborate with other enterprise agents 

regarding teaming or product/process innovation. They can also seek partnerships to better position 

the AAE enterprise to compete. The AAE may decide to go it alone or look for partners. If the 

AAE agent determines to go it alone, they will apply for financial support, government projects, 

and independent innovation. Theoretically, this type of AAE agent will have fewer opportunities 

for funding and government project support, which may lead to low rates of survival. If an AAE 

agent decides to collaborate, they can team with other agents to apply for funding. They may 

collaborate with university institutes on R&D innovation. Collaborating agents have higher 

innovation success rates. All agents have opportunities to shift their corporate strategies during 

innovation. Non-AAE agents have the same decision-making path as AAE agents. 
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Figure 23. AAE Agent Flow. 

The AAE agent evaluates the best path for successful innovation. They may collaborate 

with a funding institution agent to determine whether securing a loan is the right approach to 

sustain their operations. The AAE will also collaborate with the R&D government agent to 

evaluate opportunities for R&D funding and SBIR grants. Another path the AAE may take is to 

foster a relationship with research universities to scrutinize opportunities and leverage the 

intellectual capital that research universities provide. The AAE may collaborate with non-AAEs 

for research grants and other funding opportunities via banks and angel investors. There are also 

opportunities for the AAE to collaborate with non-AAEs on open innovation and partnerships to 

compete for work. 

Also, a firm under severe pressure might turn to more radical approaches if it is on the verge 

of bankruptcy, to prevent its exit from the market. In this situation, a firm can choose to perform 
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radical research to explore a completely different area of market opportunities. In the model, an 

agent under financial pressure turns to a new innovation hypothesis after first “inventing” a new 

capability for its kene. This is done by randomly changing one capability in the kene for a new one 

and then forming an innovation hypothesis from its kene set. 

Government R&D Agent Flow 

The government R&D agent can facilitate innovation for the AAEs and non-AAEs by 

implementing policies to affect change (Figure 24). Also, this agent can provide certifications to 

help disadvantaged enterprises. In this model, the agent will evaluate an AAE small high-tech 

enterprise based on the criteria for an 8(a) certification and either grant the AAE the certification 

or deny it. This certification is strictly for a disadvantaged business. 

 

Figure 24. Government Research Agent Flow. 
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This agent can implement new policies that stimulate growth for AAE startup enterprises. 

The agent can allow AAE and non-AAE agents to compete for SBIRs. During the simulation, if 

the AAE applies for an 8(a) certification, this agent will assess the application of the high-tech 

firm to verify if they meet the qualifications of this program. In the event the AAE applies for an 

R&D loan from the government, this agent will decide to say yes or no to the loan. 

Funding Institution Agent Flow 

Financial agents have funding sources to facilitate innovation to earn profits (see Figure 

25). Agents have various investment strategies. Some funding institution agents have a higher 

quota of resources for funding small innovation enterprises. Others have a lower quota of 

resources. During the simulation, a funding institution agent will first check their fund quota to 

decide whether to take on more funding responsibilities. If the funding institution agent decides to 

take more applications, they will evaluate all the funding applications and choose those with top 

credit scores. If the funding agent makes the opposite decision, all the applications will be declined.  
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Figure 25. Funding Institution Agent Flow. 

University R&D Agent Flow 

Research universities are known for having access to both cutting edge technology as well 

as talent. This agent can serve as a vehicle for innovation for the AAE that can lead to new 

innovative ideas. An AAE agent can foster a relationship with an R&D agent provided the research 

university is willing to engage in a partnership with them. However, the limitation of resources a 

university R&D agent has determines that all the potential collaborators must follow a selection 

process (Figure 26). 

!
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Figure 26. University Research Agent Flow. 

Model Parameterization 

The heterogeneous nature of ABM determines that there is no single state-of-the-art 

approach to calibrate and validate models [146]. Generally, there are three principles or standard 

methods adopted by researchers to empirically calibrate similar models: indirect calibration, the 

Werker-Brenner approach, and the history-friendly view [78]. 

Indirect calibration starts with the validation of model outputs. The parameters consistent 

with the validation are then used to calibrate the model indirectly [93]. 

The Werker-Brenner approach starts with the empirical calibration of the initial conditions 

and the parameter ranges. If there is a lack of empirical detail regarding specific parameters, these 

take a wide range, and the model remains rather general [147].  

The history-friendly approach allows for the replication of main events characterizing the 

industry’s history by choosing a parameter setting coherent with underlying theoretical 
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assumptions [148, 149]. Qualitative theories about mechanisms and factors influencing industry 

evolution, technological progress, and institutional change are detected in a stylized manner. The 

specifications of agent behavior, its decision rules and interactions, and the initial conditions and 

parameter values of critical variables in history-friendly models are built, relying on a 

comprehensive data set including empirical studies and anecdotal evidence of the industry’s 

evolution provided by experts. This method is especially useful for analyzing the processes of 

industry evolution [78, 121, 148].  

Indirect calibration and Werker-Brenner approaches suggest that data analysis should 

produce similar statistical regularities or stylized facts instead of empirical observations [78, 150]. 

These methods usually have certain difficulties when corresponding data is not available or the 

analytics lack robustness. However, the history-friendly approach respects the theoretical 

assumptions made in the model, which makes the calibration of models easier when there is a lack 

of detailed data.  

Considering these approaches, the calibration of the AAEIM is a history-friendly approach 

to empirical observation analysis and model output feedback iteration. The empirical data were 

collected and formatted in an empirical input file for parameter initialization of the model. After 

parameter setup with the empirical data (collected previously), the authors conducted sensitivity 

analyses to make the model more general and results more realistic.  

Table 9 details the initial value, scale, and range of each of the parameters of each agent 

and its actions. 

Table 9. Agent Parameterization. 

African-

American 

Parameters  Initial Value Scale Range 

Age Random() 18 – 60 18-25; 26-40;41-60 

Education Random() None-Terminal Degree No degree; Undergraduate; Graduate 
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Enterprise 

Agent 
Personal startup Random() 1000 – 100000 

1000-5000; 5001-50000; 50001-

100000 

Race 1 
African-American & 

White 
African-American; White 

R&D Investment 

Random(), 

but generally larger 

than startup capital 

1000 – 100000 
1000-5000; 5001-50000; 50001-

100000 

Risk Tolerance  1 Levels 1, 2,3 4,5 

Level of partnership 1 R&D Strategy Go it alone; Look for a partner 

Partner Search Strategy 1 Partner search strategy 
Only AAE agent; All enterprise work 

with university 

Minority firm 8(a) set-

aside 
1 8(a) certification status 8(a) certified firm 

Product future Random (5) 1-5 
1: not bright, niche market 5: great 

future 

Product maturity level Random (5) 1-5 1: not ready 5: market ready 

Non-African-

American 

Enterprise 

Agent 

Age Random() 18 – 60 18-25; 26-40; 41-60 

Education Random() None-Terminal Degree No degree; Undergraduate; Graduate 

Startup Capital Random() 1000 - 100000 
1000-5000; 5001-50000; 50001-

100000 

Race 2 White-American African-American; White 

R&D Investment 

Random(),  

but generally larger 

than startup capital 

1000 - 100000 
1000-5000; 5001-50000; 50001-

100000 

Risk Tolerance  1 Levels 1, 2,3 4,5 

R&D Strategy  1 R&D Strategy Start looking for a partner 

Partner Search Strategy 1 Partner search strategy 
1 Only AAE agent; 2 All enterprise 3 

work with university 

Certified 8(a) firm 1 8(a) certification status 8(a) certified firm 

Product future Random (5) 1-5 
1: not bright, niche market 5: great 

future 

Product maturity level Random (5) 1-5 1: not ready 5: market ready 

Funding 

Institution 

Agent 

Loan size 1 1000 - 100000 
1000-5000; 5001-50000; 50001-

100000 

Loan history based on 

race 
Random  1 0-50% 

Loan history to startups 10% 1 0-30% 

Startup loan max 5 million 
1,000,000- 

10,000,000 
 1,000,000 – 10,000,000 

Minority owned business 

8(a) 
Random (60%) 

1 conservative, 2 normal, 

3 aggressive 
0 - 20%, 20% - 40%, 40%-60% 

Government guarantee 

R&D Funding 
1 50,000 - 100,000 

50,000 - 60,000; 60,001 - 80,000; 

80,001 - 100,000 

Small Business 

Innovative Research  
1 150,000 - 1,000,000 150,000;1,000,000 



 

72 

Research 

University 

Agent 

Partnership history Random (50%) 1 0-100% 

1 

Level 1 &2: Engage or 

do not engage with 

AAE 

Engage with AAE Do not engage 

Short-term collaboration 1   

R&D collaboration 

capacity 
10 1 to 10  
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Genetic Algorithm and Model Calibration 

In principle, evolutionary algorithms, which originate from the principles of natural 

biological selection and evolution, are directed stochastic search and optimization methods [101]. 

Compared with other optimization searching methods, such as the enumerative method, random 

method, calculus-based method, evolutionary algorithms are more robust and could be applied to 

domain-specific heuristics without recourse [151]. Evolutionary algorithms are constituted of three 

main streams: Evolutionary Programming, Evolution Strategies, and Genetic Algorithms [152]. 

Genetic algorithms (GA), which originate from natural selection and natural genetics in the 

biology field, were first introduced in the 1960s by Holland [153]. A basic GA is usually comprised 

of three operators: reproduction, crossover, and mutation [154]. In each generation, GA selects 

the best parents according to their characteristics, e.g., fitness value of a fitness function, in order 

to make sure that the best offspring could be reproduced in the next generation. Once the parents 

are selected, GA pairs them randomly and codes them into strings. After that, they will crossover 

with each other and produce offspring, which in turn become potential parents of the next 

generation. This way, GA updates parents from generation to generation, and the best 

characteristics pass from one generation to another. During the process of mutation, some 

characteristics can have the opportunity to change.  

Even though GA uses the probabilistic method to select parents, the method combines them 

well to make a robust structure, allowing information exchange and making sure the best 

characteristics would survive and become dominant generation after generation. This genetic 

mechanism is quite similar to natural selection, where the best genes and species survive. Based 

on its excellent performance among searching algorithms in practical use, GA has been validated 

and used in many fields, such as business, scientific, engineering, etc. [102, 103]. 
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From the basic mechanism of GA, we could see that the initial population size is very 

important for the optimization process. The larger the initial population size, the faster the 

convergence. However, a large initial population also means more running time, which is very 

important for complex problems.  It is, therefore, necessary, for the sake of GA efficiency, to adapt 

the basic GA algorithm [155]. 

Micro-genetic algorithm (Micro-GA) is one of the most popular methods to improve the 

efficiency of GA. The term Micro-GA, which was introduced by Krishnakumar [156],  refers to a 

GA with a small initial population. According to Goldberg [109], a population of the size of 3 is 

sufficient for GA to converge. In Micro-GA, the initial population is divided into the replaceable 

part and the non-replaceable part (Figure 27). The non-replaceable part will not change during the 

searching or evolution process. This will ensure the diversity of individuals in the next generation. 

The replaceable part will be substituted by better-searching results of the next generation. After 

the initial population, the algorithm carries out reproduction, crossover, and mutation. When all 

the offspring are produced, the algorithm uses the elitism method to select the best offspring to 

update parents of the next round. The algorithm would get the best results if the internal 

convergence condition was met. 
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Figure 27. The framework of Evolutionary Algorithm (I Convergence: internal convergence; 
E Convergence: external convergence) 

To estimate the unknown parameters, this study employed R software and a GA to evaluate 

them with the help of the RNetLogo extension package [157]. As denoted in the following 

simplified source codes, a 14×10 data matrix (a) was first created to store all the possible values 

Yes 

Yes 

Yes 

Yes 

No  

Start 

Replaceable + Non-replaceable 

Need mutation? 

Selection 

Crossover 

Mutation 

Elitism 

Update population 

I Convergence? 

Convergence? 

End 

No  No  

Initial 

E Convergence? 

No  
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for the 14 unknown parameters. The NetLogo model AAE Innovation Model.nlogo was then called 

using NLLoadModel, and NLCommand was used to assign the 14 global parameters to their 

possible solution values. After the model was run multiple times (NLDoCommand), an objective 

value was returned to the GA model.  

Table 10: GA model system parameters and controls. 

Parameter Explanation  

Initial population Random in defined range 

Population size 10 

Max number of generations 100 

Crossover operator Select random potions and switch genes on the two parents 

Mutation operator Select random potions and change to opposite value 

Crossover probability 0.6 

Mutation probability 0.005 

Selection procedure Roulette wheel section method 

Fitness parameters The percentage of AAE and non-AAE firms, penalty for 

increasing the gap between them, reward for decreasing the gap 

Terminations conditions When the gap between AAE and non-AAE become stable with 

no further increase or decline 

 

Simplified source codes: 

library(RNetLogo, GA) 

a1  <- seq(0, 1, by = 0.1)→a14 <- seq(0, 10, by = 1) 

a <- rbind(a1,a2,a3,a4,a5,a6,a7,a8,a9,a10,a11,a12,a13,a14) 

NLStart(nl.path) 

NLLoadModel("… /Residential Model.nlogo") 

NLCommand("Setup") 
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NLCommand("set mu1", a[1,x1]) →  NLCommand("set Omiga4", a[14,x14]) 

 NLCommand("Initiate") 

 NLDoCommand(10,"RunModel") 

 NLCommand("GAResult") 

 return(NLReport("GAIResult"))} 

GA <- ga(type = "real-valued", fitness =function(x) + Rastrigin(x[1], → x[14]), min = c(1, → 

1),max = c(12, → 12), popSize = 10,maxiter = 100, monitor = TRUE) 

summary(GA) 

 

The GA model was run with real values, the initial parent population size set at 10, and the 

maximum number of generations set to 100 (Table 10). The optimization objective of the GA 

method is to minimize the difference between empirical observation and computer simulation. The 

result is a list of 14 estimated parameters (Table 11). 

Table 11. Predefined and estimated parameters. 

Parameter Estimated value 

Max kene length 9 

Depreciation 100 

Capital knowledge ratio 20 

Radical research tax 100 

Collaboration tax 100 

University support to increase business plan quality 0.5 

University support firm rate 0.4 

University Agent AAE support initial rate 0.1 

Funding institute agent AAE support threshold  0.05 

University agent AAE support threshold 0.3 
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Government support to increase competency Rate 1 + random 0.1 

Startup Threshold Rate 0.6 

Startup Volume Rate(log) 10 

Product Price Adjust  
1.1 (Customers > 4) 

0.9(customer = 0) 
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 SIMULATION AFRICAN-AMERICAN 

ENTERPRISE INNOVATIONS 

The study uses the calibrated model to create a series of scenarios to evaluate each of the 

socio-economic factors’ impact on enterprise innovation among African-American enterprises and 

non-African-American enterprises. The study starts with a baseline simulation, which uses 

empirical data as inputs. The results are used as reference information for the evaluation of other 

what-if scenario results. For each of the scenarios, the study starts with the objectives illustrating 

the primary purposes of the scenario, then lists the principles for the scenario design. The 

simulation results and analysis are as detailed below. 

Baseline Simulation 

7.1.1  Simulation objects 

The baseline simulation uses empirical data collection results as model parameter inputs. 

The results of the simulation reflect the potential outcomes as a result of survey target opinions. 

They lay the foundation for the comparison and analysis of other what-if scenarios. 

7.1.2  Simulation principles 

1) African-American enterprises and non-African-American enterprises are no different 

as to intellectual property endowment, knowledge creation, and production capability 

(the input, output, input-output production ratio, product price and so on stay the 

same); 

2) African-American enterprises and non-African-American enterprises have the same 

partnership, networking, and innovation strategies; 
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3) The initial firms of African-American enterprises and non-African-American 

enterprises are the same; 

4) African-American enterprises and non-African-American enterprises have different 

socio-economic background; 

5) University R&D agents, funding institution agents, and government innovation agents 

have a different record on AAE and non-AAE collaboration; similar trends continue 

during the simulation range. 

7.1.3  Simulation Results 

As shown in Figure 28, the baseline simulation started with 100 AAE firms and 100 non-

AAE firms. There was one university R&D agent, one government agent, and one funding institute 

agent. The number of initial products, inputs, in-out product percent, attractiveness threshold, 

success threshold, and reward-to-bigger startup thresholds stayed the same during all scenarios. 

They are the inner knowledge-driven productivity inputs. During the simulation, AAE firms and 

non-AAE firms had no difference in networking, partnering, or in doing either radical or 

incremental research. 

Also, the maximum price of the product was set as 1000, the maximum length of innovation 

hypothesis was set at 9, the low capital threshold was 1000, capital to knowledge ratio was set to 

20%, and general product tax, incremental research tax, radical research tax, and collaboration tax 

were all set at 100. The maximum partners one firm could have was a set at 5. Following the 

literature, the simulation assumed that 5% of AAE firms successfully obtained loans from funding 

institutions. There were 20% AAE firms that collaborated with university R&D agents. 

All the simulations were run for 100 iterations to reflect the stabilization of simulation 

results. During the simulation, firms may die out as a result of unsuccessful innovation and their 
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running out of capital. Meanwhile, new startups are spun off by successful ones. The population 

of each group directly reflects the performance of the corresponding ethnicity groups. 

 

Figure 28. Baseline simulation results. 

(In the top-left visual window, the yellow “persons” represent the non-AAE agents, and the green “persons” represent 

the AAE agents. Initially, there were equal numbers of yellow and green “persons.” After the simulation of multiple 

generations, the number of yellow “persons” dominated the number of green “persons.” This is shown in the top-right 

graph; the number of AAE firms (red line) is much lower than the non-AAE firms (purple line), while the other graphs 

demonstrate that all the other conditions were equal. 

 

As shown in the Capital plot, the AAE firms and non-AAE firms have a near equal amount 

of capital during the simulation range. With the evolution of the simulation, AAE firms start to lag 

behind non-AAE firms. The gap between them gets bigger and bigger when the simulation results 

approach a stable status. In addition to the total population gap, the AAE firms also lag behind the 

non-AAE group regarding network and partnership. 

However, contrary to the total underrepresented firm numbers, AAE firms sometimes have 

a higher success rate compared to the non-AAE group. The reason behind this could be a relatively 

smaller number of the overall population. 
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Scenario I: Initial funding variation 

7.2.1  Scenario objects  

According to the knowledge-driven approach, there is no knowledge or other creative 

difference between the AAE and non-AAE agents; the same innovation results would be obtained 

for both the agent types with the same input factors. However, our preliminary data collection and 

literature review suggested that African-Americans usually have less initial capital than non-

African-American entrepreneurs. For this study, we created a scenario with an exact number of 

AAE and non-AAE agents and socio-economic attributes to test the impact of different initial 

capital on the success of the two groups.  

The initial capital here mainly indicates self-accumulated wealth. It connects to the starters’ 

current employment status, family structure, and the age when the starters founded the firm. The 

possible funding from a venture institution or bank is excluded from this scenario. 

7.2.2  Scenario principles 

1) African-American enterprises and non-African-American enterprises have no 

difference as to intellectual property endowment, knowledge creation, and production 

capability (the input, output, input-output production ratio, product price and so on 

stay the same); 

2) African-American enterprises and non-African-American enterprises have the same 

partnership, networking, and innovation strategies; 

3) The initial firms of African-American enterprises and non-African-American 

enterprises are the same; 
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4) African-American enterprises and non-African-American enterprises share the same 

socio-economic status, except for initial capital; 

7.2.3  Scenario results 

The model results depicted in Figure 29 show that African-American agents lag behind 

non-African-American agents in start-up spin-offs. As shown in the top-right line plotting window, 

the number of non-AAE-owned firms (purple line) increased consistently in this scenario. On the 

contrary, the AAE-owned firms (red line) showed a rapid decline before increasing. This gap 

between the non-AAE and AAE agents grew over time, compared with the baseline simulation 

results (Figure 28). The “yellow person” (non-AAE agent) outgrew the “green person” (AAE 

agent). During the simulation period, non-African-American agents dominated the African-

American agents even when they had the same initial enterprise counts.  

 

Figure 29. Model simulation results (I): AAE firms start with 1/5 the initial capital of non-
AAE firms. 

On the other hand, the AAE firms catch up with non-AAE firms during the course of 

simulation when we increase the initial capital of AAE firms to four times more than that of non-
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AAE firms (Figure 30). This corroborates the literature, which suggests that African-American 

enterprises could be underrepresented due to a lack of initial funding [158]. 

It may be noticed that the underrepresentation of AAE firms' situation was not mitigated if 

we only doubled or tripled the initial capital to that of non-AAE firms. It indicates that AAE firms 

usually need more support than non-AAE firms, as regards to funding. The larger amount of initial 

funding also means the bigger size of the company and the increased network sizes. It reflects that 

AAE firms need a more connected and stable environment.  

 

Figure 30. Model simulation results (I): AAE firms start at five times the initial capital that 
non-AAE firms have. 
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Scenario II:  Networking and collaboration 

7.3.1  Scenario objects  

Literature and empirical data show that networking and partnership are essential for startups 

and early-stage enterprise innovation. This scenario investigated if networking and partnership 

have the same impact on AAE and non-AAE firms. 

7.3.2  Scenario principles 

1) African-American enterprises and non-African-American enterprises have no 

difference as to intellectual property endowment, knowledge creation, and production 

capability (the input, output, input-output production ratio, product price and so on 

stay the same); 

2) African-American enterprises and non-African-American enterprises have the same 

partnership, networking, and innovation strategies; 

3) The initial firms of African-American enterprises and non-African-American 

enterprises are the same; 

4) African-American enterprises and non-African-American enterprises share the same 

socio-economic status; 

5) There is no peer networking or partnership among AAE or non-AAE firms. 

7.3.3  Scenario results 

To test the impact of networking and partnership on innovation, the scenario turned off the 

two switches (Figure 31). As shown in the simulation results, the population gap between AAE 

firms and non-AAE firms increased sharply during the simulation. Even worse, the AAE firms’ 

population staggered after the mid-range. The firm size distribution result shows that there are 
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significant contrasts between big firms and smaller ones. This phenomenon further indicates that 

big firms can survive without interaction with other firms, but not the smaller firms. 

 

Figure 31. Model simulation results (II). 

Scenario III: University research support 

7.4.1  Scenario objects  

Empirical data shows that the number of African-American students who are enrolled in 

technology-related programs lags behind non-African-Americans. This might lead to African-

American enterprises having lesser opportunity to work with university R&D to carry on 

innovation at a higher level. The object of this scenario is to explore universities’ role in African-

American enterprise innovation and how that impacts their success.  

7.4.2  Scenario principles 

1) African-American enterprises and non-African-American enterprises have no 

difference as to intellectual property endowment, knowledge creation, and production 
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capability (the input, output, input-output production ratio, product price and so on 

stay the same); 

2) African-American enterprises and non-African-American enterprises have the same 

partnership, networking, and innovation strategies; 

3) The initial firms of African-American enterprises and non-African-American 

enterprises are the same; 

4) African-American enterprises and non-African-American enterprises share the same 

socio-economic status and initial capital; 

5) African-American enterprises and non-African-American enterprises get different 

levels of university research support, following the historical trend; 

7.4.3  Scenario results 

The literature indicates that African-American students only take around 20% of the 

technology programs in universities across the country. To test how collaboration with universities 

impacts the innovation results, the study first increased the maximum probability of AAE and 

university collaboration to 50%. However, the results show that AAE firms still lag behind non-

AAE firms. To further test the causal relationships among them, the study increased the university 

collaboration weights on firms’ research plan qualities and core competencies by 200%.  
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Figure 32. Model simulation results (III). 

Figure 32 demonstrates the results for the impact of improved university collaboration. As 

shown in the University Partners plot, the share of the AAE firms, which collaborate with 

universities for innovation, increased to around 30%. Nevertheless, it did not reach the maximum 

possibility of 50% during the simulation. The Collaboration plot shows that AAE firms have a 

slightly higher partnership rate than non-AAE firms. It hints that increased core competency 

possibly leads to the booming partnership. 

According to the overall population chart, the population of AAE firms went up quickly in 

the short term and exceeded non-AAE firms. The non-AAE firms caught up eventually. This 

indicates that high-quality university collaboration in R&D can help balance the ratio of AAE and 

non-AAE firms effectively in the short term, but not in the long run. 
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Scenario IV: Government innovation support 

7.5.1  Scenario objects  

Government direct intervention and policy assistance, like the 8 (a) program for African-

Americans, can directly influence the innovation results. The object of this scenario is to test how 

government policy support, such as direct funding, non-compete contract delegation, and 

certification programs, influence innovation results. 

7.5.2  Scenario principles 

1) African-American enterprises and non-African-American enterprises have no 

difference as to intellectual property endowment, knowledge creation, and production 

capability (the input, output, input-output production ratio, product price and so on 

stay the same); 

2) African-American enterprises and non-African-American enterprises have the same 

partnership, networking, and innovation strategies; 

3) The initial firms of African-American enterprises and non-African-American 

enterprises are the same; 

4) African-American enterprises and non-African-American enterprises share the same 

socio-economic status and initial capital; 

5) African-American enterprises and non-African-American enterprises get different 

government support, based on historical trends; 

6) Government delivers the special program to support the underrepresented African-

American enterprises. 
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7.5.3  Scenario results 

To test government support and its influence on innovation results, the study assumed that 

60% of AAE firms have a chance to access government support. The selected firms will have a 

chance to get a special government certificate and improve their core competency by a maximum 

of 0.5%. 

 

Figure 33. Model simulation results: IV. 

As shown in Figure 33, with specific program support from the government, AAE firms 

gradually exceed non-AAE firms as to their total population.  

Scenario V: Funding institution support 

7.6.1  Scenario objects  

According to the literature and empirical data analysis, financial factors are among the most 

critical for firm R&D. The study first tested the initial capital impact through the design of scenario 

I. This scenario tests the funding institutions’ role in innovation. 
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7.6.2  Scenario principles 

1) African-American enterprises and non-African-American enterprises have no 

difference as to intellectual property endowment, knowledge creation, and production 

capability (the input, output, input-output production ratio, product price and so on 

stay the same); 

2) African-American enterprises and non-African-American enterprises have the same 

partnership, networking, and innovation strategies; 

3) The initial firms of African-American enterprises and non-African-American 

enterprises are the same; 

4) African-American enterprises and non-African-American enterprises share the same 

socio-economic status; 

5) African-American enterprises and non-African-American enterprises get different 

funding support from funding institutions before the start of innovation and during the 

innovation processes. 

7.6.3  Scenario results 

According to the literature and empirical data analysis, only a certain percentage of loans 

or venture funding is given to African-American innovators. In the model, we assume that 5% of 

loans or funding was issued to AAE firms, historically. However, this number is going to increase 

gradually if more AAE firms are successful in obtaining a loan or funding. Their maximum share 

is 50%. 

Instead of increasing funding institutions’ direct funding to AAE firms, this study tested 

the impact of increasing banks or other funding institutions’ overall quota to R&D support. An 
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initial model run result shows that if less than 30% of loan applications were approved, AAE firms 

would be hard put to get loans from a bank or other funding institutions.  

 

Figure 34. Model simulation results: V. 

As shown in Figure 34, the AAE firms start to catch up with non-AAE firms if we increase 

the approval rate to 50%. Meanwhile, we can see that some firms’ age was getting older and the 

firm size has increased.  

In this scenario, innovation firms can borrow money from a bank or funding institution 

continuously as well as paying back. It helps some firms maintain their success and become more 

prominent companies. However, there is no significant increase in overall firm size. It means more 

and loose funding support does not lead to the significant success of innovations. Firms still can 

fail because of other reasons. 

Nevertheless, this strategy does give African-American firms more opportunities. It creates 

a more equitable environment, even though this might mean a loss for the bank or other funding 

institutions. 
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 RESULTS VERIFICATION AND DISCUSSION  

The conceptual framework building, model design, and rules setup of this research were 

based on empirical survey. Then a fuzzy simulation method was used to calibrate the model. The 

research involved analytical hierarchy surveys among entrepreneurs to verify the robustness and 

credibility of the model and the results.  

Of the survey results, six were collected with the help of one of the most popular online 

AHP platforms (https://bpmsg.com/ahp) in March 2020. Instead of using AHP results directly as 

agent decision-making rules, this study investigates the deviations of computer simulation results 

from experts’ choices and builds on this. The research was intended to improve the model by 

integrating AHP survey results so that the model can be used for policy development and decision 

making. 

Analytical Hierarchy Process (AHP) survey results 

The global weights of each of the level 3 decision factors are shown in Figure 35. Funding 

is the most crucial factor in starting innovation. Of the survey respondents, 17.6% stated that ready 

to use government funds are the precondition for startup innovation, while 10.6% think quick 

access to a loan from a bank is most important. Meanwhile, around 11% of respondents pointed 

out that R&D collaboration with a university is essential for enterprise innovation. In general, the 

survey respondents did not weigh current employment or family status as being so crucial as 

funding and university R&D collaboration. 

https://bpmsg.com/ahp
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Figure 35. AHP global priorities. 

There are no significant differences among university degrees, like having a Bachelor, 

Master, or PhD degree. The survey targets prefer niche areas with less competition, compared to 

general area innovation with a large number of competitors. 

Detailed pair to pair results (Table 12) show that the majority (76%) of the survey 

respondents were employed when they started to work on innovation and startup. A high income 

is the main reason behind successful innovation, according to 56% of them. While 72% of the 

target group indicated that family support is essential, 58% think mid-level initial capital is enough. 

For 76% of respondents, quick approval from the bank, and ready access to government funding 

are crucial. The partnership among firms is essential for the success of innovation according to 

76% of those surveyed, and they resorted to university collaboration. 
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Table 12. AHP decision hierarchy results. 

Level 1 Level 2 Level 3 Glb Prio. 

Social 

Status (0.147) 

Employment (0.429) 
Employed (0.762) 4.80% 

Unemployed (0.238) 1.50% 

Income (0.426) 

No Income (0.130) 0.80% 

Mid-Income (0.307) 1.90% 

High-Income (0.563) 3.50% 

Family Support (0.144) 

No Family 

Support (0.282) 
0.60% 

Family Support 

Funding (0.718) 
1.50% 

Financial (0.432) 

Self Start-Up 

Funding (0.139) 

No Self Start-Up 

Funding (0.142) 
0.90% 

Mid-level Start-Up 

Funding (0.576) 
3.50% 

Self-funded (0.283) 1.70% 

Bank Loan (0.323) 
Easy Access (0.760) 10.60% 

Hard Access (0.240) 3.40% 

Government R&D 

Funding (0.537) 

No Funding (0.241) 5.60% 

Ready Funding (0.759) 17.60% 

Institutional(0.214) 

University 

Collaboration (0.686) 

Yes (0.757) 11.10% 

No (0.243) 3.60% 

University 

Education (0.314) 

Bachelor (0.325) 2.20% 

Master (0.383) 2.60% 

PhD (0.292) 2.00% 

Peer 

Partnership (0.208) 

Collaboration (0.613) 
No (0.240) 3.10% 

Yes (0.760) 9.70% 

Competition (0.387) 
Unique Area No 

Competition (0.688) 
5.50% 
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Popular Area 

Competition (0.312) 
2.50% 

 

ABM simulation results and AHP results comparison 

The AHP survey results helped to verify the simulation results. The highlights are as 

follows: 

1) Scenario simulation indicates that a large amount of initial funding is significant for 

AAE firms. This is contrary to the AHP survey results, that only mid-level initial 

funding is needed for innovation. However, the survey results made the conclusion 

based on the assumptions that the person starting the innovation is currently employed, 

has a high-level income, and support from family. This indicates the critical fact that 

initial funding can be supplanted by a higher socio-economic status, to a certain 

degree. Nonetheless, these conditions are not seen among the general public. The lack 

of real demographic data input for the model makes it hard to justify the results. 

2) Scenario simulation indicates that network and partnership are essential for innovative 

startups in the early stages. This conforms to the AHP survey results, which highlight 

a 76% collaboration rate. Collaboration among each other can help increase core 

competencies and enable people to secure funding support when they want to establish 

a startup and innovate. However, these factors are not as important as they are early 

on, as the firms get more prominent, according to the simulation. AHP survey results 

indicate that 69% percent of people will choose a unique area for innovation and 

startups. This strategy makes it easy to succeed. 
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3) Both scenario simulation and AHP survey results demonstrated that university 

collaboration is essential for innovation and startups. However, scenario simulation 

further illustrated that the benefits from collaboration with universities are going to 

fade away in the long run. Both related literature and the empirical data show that the 

majority of the innovators need universities for initial knowledge training, inspiration, 

and innovative ideas. The firms will be on their own, afterward. 

4) Scenario simulation results indicate that government support can help balance the ratio 

of AAE and non-AAE firms. The AHP survey results corroborate this finding. 

According to the literature and empirical study results, government R&D funding and 

non-compete contracts are the primary triggers for innovation and startups.  

5) Both the scenario simulation and AHP survey results indicate that low threshold, easy 

access bank loans, or venture funding are crucial for innovation and startups. The 

scenario simulation further showed that loose funding restrictions could help create 

equal opportunity for firms with different backgrounds, although this does not 

necessarily lead to higher success rates. It means that banks or other venture funding 

institutions could face a loss if they lend more money for innovation or startups. 

In general, the AHP survey results corroborate the simulation results. However, the AHP 

survey targets are on a better socio-economic footing, implying that this is a precondition for 

innovation and startups. Detailed demographic data inputs are needed for enhanced, in-depth 

simulation results. 

Policy suggestions 

University collaborations are essential for innovation and startups. However, African-

American students are underrepresented in the technology programs among the universities. It is 
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recommended that universities work with the African-American community to increase the 

number of undergraduate students in technology-related programs in the long term. In the short 

term, it is suggested that universities lower their threshold for graduate students and offer more 

avenues for African-American professionals to access university resources and collaboration 

opportunities. 

Loosening funding restrictions can help more African-Americans to engage in innovation 

activities. However, this also means that banks and other funding institutions could face more 

significant risks, which is the main reason that a significant number of African-Americans could 

not get funding for innovation and startups. It is recommended that the government develop a 

corresponding policy to get more possible funding sources involved to fund innovations and 

startups and share the risks. 

Government support plays a crucial role in the success of African-American innovation. 

The targeted programs for AAE firms have improved the conditions of African-American 

innovation. Enhanced support is needed in areas like innovation certification and policy, and 

government delegated non-compete contracts. 

Peer partnership and collaboration are essential for innovation and startups. It is 

recommended that more social platforms are developed among African-American professionals, 

where people can communicate ideas, share experiences, and collaborate on innovations. Also, 

this study recommends encouraging innovation in niche areas attached to unique ethnicity and 

culture, like in the currently evident prosperity of the African-American beauty industry. There is 

less competition in such areas. 
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Integrated scenario 

As shown in the above scenarios and AHP results, initial capital, government support, and 

funding institutions play critical roles in firm innovation. To reflect the reality, the study creates 

an integrated scenario by mimicking the current African-American population. The study named 

it as an integrated scenario. 

In this scenario, there are 100 African-American firms to represent the 12% population 

share in the United States. The scenario matched the population size with five university agents, 

one government agent, and 20 funding institute agents. African-American firms start with 50% of 

non-African-American initial capital. 

 

Figure 36. Integrated scenario results. 

Figure 36 demonstrates the results of the simulation. As shown in the capital plot, AAE 

firms can balance their capital through abundant funding agents, better government support, more 

university collaborations. There are no significant differences between AAE firms and non-AAE 

firms as of success rates. However, the total population of non-AAE firms demonstrated faster-

increasing rates during the simulation. While the AAE firm population was staggering during the 
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major parts of the simulation range. The collaboration between AAE firms and universities was 

declining over time, and there is no significant change in collaboration rates of AAE firms. 

The results illustrate that the base population size plays a significant role in the 

underrepresentation of AAE firms. It demonstrates that the innovation sector is carved by the path-

dependency trend. The population advantage of non-AAE firms could bring more success to the 

group. Technically, from the simulations, it is easy to improve the funding environment for all the 

firms. Nonetheless, there is still a long way to go to improve the overall situation as of the 

population representation. 

Model assumptions, limitations, and future work 

8.5.1  Assumptions 

The proposed model in this study built on extensive literature review, empirical data 

collection, and analysis. Nevertheless, the model illustrates the underrepresented African-

American in a holistic approach. The model was built based on a series of assumptions. 

1) Funding input, collaboration, partnership, government, university support can increase the 

competency of innovation agents. Enterprise agents start with a certain level of core-

competency based on collective attributes. During the simulation, agents can elevate their 

competency by obtaining more funding from funding institutes and government programs 

and by collaborating with university agents and other peer innovation agents. The change 

of core competency will directly lead to the improvements of capabilities and abilities 

genes. In reality, the improvements of funding and collaborations might not immediately 

lead to the increase of capabilities and abilities. It could be a long range path. 
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2) Top successful firms will generate new startups. As stated in the model measurement, 

several measures can reflect the success of innovation. The study uses new startups and 

total firm population numbers to reflect the performance of each ethnicity group. In the 

real world, many innovations are firm internal innovation. The innovation results will be 

the increase in revenue or size of a firm. It does not always lead to new firms. Lots of 

innovators will stay at the same firm just because of loyalty even though they could do 

startups by themselves. 

3) There are no differences in access to knowledge among AAE and non-AAE firms. AAE 

firms and non-AAE firms were treated equally in the model simulation. However, this is 

not a hundred percent true in reality. Even though there is no significant personal 

intellectual difference between African-American and non-African-American, the gap still 

exists as a result of the educational and socio-economic background. 

8.5.2  Limitations 

Even though the simulation results demonstrated the success of the framework and 

modeling approach, the proposed model requires real demographic data inputs before it can be 

used for policy analysis and formalization. The scenario simulations in this study used strategically 

generated firms as the initial population. The results still could deviate from the real situation even 

though efforts made to mimic reality.  

Moreover, the model and simulations in this study focus on the general problems existing 

among African-American firms. There is no corresponding firm-level data available as input for 

the model. Therefore, the study results can be tested mostly by literature and experts’ judgments. 

It is hard to implement the model results into real techonology management practice.  
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8.5.3  Model flexibility and future work 

As pointed out by Dr. Sheikh (work in progress), technology can be broadly defined as the 

knowledge base with outputs as technologies, devices/products, services, methods, processes, 

methodologies, and know-how that are integrated into multiple systems applied to organizations: 

social, technical, economic, environmental, ethical, and legal. Technology managers must not only 

focus on technical systems but also have comprehension and appreciation of complementary 

systems to be successful in the modern digital economy. Therefore, prior to being implemented to 

technology management practices, the model needs to be further calibrated and verified to build a 

robust approach. 
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Figure 37. Technology management roadmapping framework (from Dr.Sheikh in progressing 
work.) 

Given that the ABM approach allows excellent flexibility, the platform can easily be 

adjusted to industries with varying levels of agents and model components. Due to its versatile 

nature, additional agents can also be seamlessly integrated into the model environment to widen 

the scope and robustness of the framework. Its developing historical path characterizes each 

industrial category. For instance, the majority of fundamental researches heavily depends on 

government long term funding supports instead of banks or other venture funding agencies. The 

funding institute agents may not be needed in this situation. Also, university and other research 

institutes may not be needed when it comes to a certain type of innovation like beauty or 
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entertainment industry innovation. These agents and model components can be easily taken out or 

added to the current model framework and platform. 

Moreover, since technology management is an integrated process, a corresponding policy 

development needs to be tested and explored thoroughly as social, economic, and environmental 

impacts. Additional components and rules can be added to the model due to its model design 

nature.  

Also, the ABM then simulates both individual trajectories and population-level patterns or 

outcomes, which are generated from the bottom up by the decentralized actions and interactions 

of the agents. Such a model provides a mechanistic mapping from individual-level assumptions to 

coevolving population-level dynamics . The results can be compared with data statistically at both 

the individual and population levels 

Future work needs to focus on implementing the model to specific geographic areas and 

industries for further exploration. The current study only focuses on one general area. However, 

as illustrated in the literature, different industrial areas are characterized by their innovation path. 

Biotech innovation is different from computer software innovation. A targeted model needs to be 

built based on extensive data collection and integration of Geographic Information System 

technologies. Also, each industry is carved by the local geographical environment. The same 

industry will have different performance in a different environment. A specific model for the 

special area on a particular industry can better illustrate the complex nature of innovation. 
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 CONCLUSION 

This study presented a conceptual framework and computer model of an African-American 

enterprise innovation for addressing the underrepresentation of African-American high-tech 

enterprises, based on questionnaires and interviews conducted with African-American 

entrepreneurs. The proposed innovation-based model consists of five autonomous agents in a 

dynamic, complex innovation system that employs an agent-based modeling approach. Thematic 

qualitative data analysis was conducted, and the attributes and actions for each type of agent were 

defined. The proposed framework was then implemented into a computer model on the NetLogo 

platform. The simulation results corroborated the results from existing literature that African-

Americans are underrepresented because of their socio-economic status [1-3, 8-10]. This indicates 

that the model is successful in depicting the exact characteristics of market participants. 

To the best of our knowledge, this work is unique, given the introduction of factors that 

constitute the African-American high-tech industry business environment. This approach fills the 

literature gap due to the lack of causal-relationship investigation in African-American 

entrepreneurship study [9]. The proposed framework constructs a dual virtual environment, 

including socio-economic factors and involving entity networks. The created entrepreneur agents 

adopt a knowledge-driven approach to innovating and creating startups in the created virtual 

environment. Successful businesses will grow, thrive, and spin-off new businesses over time. 

Constrained companies may lose to the competition and die out. This replicates the innovation 

reality. 

Furthermore, the study also contributes to the literature by introducing a novel ABM 

approach for the systematic evaluation of this industry segment. The proposed model first 
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introduces peer agents, non-African-American enterprise agents, to the framework, simulating the 

competition/collaboration relationships among them. The performance of each ethnic group is 

reflected directly by their numbers. Second, instead of treating educational, governmental, and 

financial institutions as external forces, as in other similar studies [78, 159], the proposed 

framework internalizes these entities and treats them as parts of the complex system. The various 

agents compete/collaborate through a dynamic evolutionary approach. Knowledge, resources and 

historical paths accumulate and provide feedback to the environment over time. 

Therefore, the proposed framework not only provides a holistic model for African-

American high-tech enterprises but also maps the partners in industry, differentiating their internal 

and external collaborators. In addition, introducing a multi-layer classification of an otherwise 

complex system, the model also allows similar underrepresented industries to decide on the level 

of information technology and capital investment required to foster and grow individual relations 

in the marketplace. This model can be used by technology managers to determine how different 

scenarios can be more competitive. They can also measure the effectiveness of various innovations 

by using computer simulation outcomes. Thus, technology managers initializing such models can 

gain more recognition and have a greater impact on research and development.  

Diversity is not only a crucial element of sustainability but is also proven to be a key driver 

of innovation. Similarly, lack of representation of all groups that vary by gender, race, ethnicity, 

or another status irrefutably hinders the progress of any industry. This study focuses on addressing 

the factors that contribute to the low representation of African-American owned high-tech 

enterprises. In this regard, the research significantly contributes to the related literature by 

providing a data-driven assessment tool to evaluate the potential success of innovation projects 

prior to their launch. The study further contributes to the related body of work, underscoring the 
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importance of empowering minorities and ensuring diversity in all dimensions in Science, 

Technology, Engineering, and Math (STEM) fields. Increasing the representation of African-

American high-tech enterprises would not only benefit the African-American community but 

society as a whole. From a broader perspective, the study establishes a platform to facilitate policy 

discussion regarding the unique challenges African-American high-tech entrepreneurship is 

confronting. 

Even though experts and significant results verified the model was found, it still needs 

specific industry, geography, and firm detailed demographic data calibration before the results can 

be used for practical policy development and technology management practice. 
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APPENDIX I: AGENTS, ATTRIBUTES AND DEFINITIONS 

• Agents and definitions 

SHORT PHRASE DETAILED DESCRIPTION 

African –American 

Enterprise (AAE) 

This is an African-American high-tech enterprise whose owner is of African 

descent and owns at least 51% of the company with an enterprise in the United 

States. In this model, an example is a key participant in the high tech 

environment to determine emergent behaviors. 

Non-African 

American Enterprise 

(Non-AAE) 

This is a non- African American high-tech enterprise whose owner is white 

and his/her enterprise resides in the United States. Examples are: AT&T, 

Apple. 

Funding Institute This is the institution responsible for providing AAE/non-AAEs with the 

necessary funding to support their enterprises. Examples are: Angel investors 

,banks, credit unions 

Research University This is the research university or institution, in which the AAE/non-AAE 

fosters a relationship that can lead to new opportunities and strategic locations 

to increase the AAE/non-AAE’s recognition and knowledge base. Example is 

Massachusetts Institute of Technology (MIT) 

Government R&D This is a policymaking, fund granting government institution. This includes 

different administrations that support innovation and authorize/coordinate 

research. Examples of this are DARPA and the National Institute of Standards 

and Technology through the Advanced Technology Program. 

Innovation This is a process of introducing something novel. 

High Tech Enterprise This is a focused multifaceted technology in manufacturing and electronics, 

data processing and information services that leads to innovative products. 

 

• AAE/non-AAE Agent Attributes 
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Attribute Definition Initial Value Scale Range Value Comments 

Age Age of the entrepreneur when venture 

started 

Random() 18 - 60 18-25; 26-40; 

41-60 

1,2,3 Put the age in 

3 groups to 

simply. 

Education Level or obtained degree Random() None-Terminal 

Degree 

Undergraduate

, Master, PhD 

1,2,3 
 

Personal 

startup 

Personal capital to invest in venture Random() 1000 - 100000 1000-5000; 

5001-50000; 

50001-100000 

1,2,3 
 

Race Ethnographic classification etc. 1 African-

American & 

White 

African-

American, 

non-African-

American 

1,2 
 

R&D 

Investment 

This is the amount of money the 

entrepreneur has to invest in R&D. This 

includes not only the demand for R&D, 

but the long-run payoff for the firm's 

undertaking R&D Investment. 

Random(),but 

generally will 

be larger than 

startup capital 

1000 - 100000 1000-5000, 

5001-50000, 

50001-100000 

1,2,3 There are two 

important 

things, first is 

the impact of 

R&D on the 

probability 

that the 

…entrepreneu

r 

realizes a 

product or 

process 

innovation. 

Second is the 

effect of these 

realized 

innovations 

on the firm’s 

productivity 
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and short-run 

probability.  

Risk 

Tolerance  

The amount of tolerance the 

entrepreneur is willing to invest his time 

and money. 

1 Levels 1, 2,3 4,5 
  

Level of 

partnership 

This is where the agent  makes a decision 

to go-it-alone strategy or they decide to 

look  for partners. 

1 R&D Strategy Go-it-alone, 

Look for 

Partnership 

1, 2 
 

Partner 

Search 

Strategy 

Partner preference 1 Partner search 

strategy 

Only AAE 

agent, All 

enterprise  

work with 

university 

1,2 
 

Minority 

firm 8(a) 

set-a-side 

In defense contracting, a Certified 8(a) 

Firm is a firm that is eligible to receive 

federal contracts under the Small 

Business Administration’s 8(a) Business 

Development Program because it is 

owned and operated by socially and 

economically disadvantaged individuals. 

1 8(a) 

certification 

status 

8(a) certified 

firm 

1 8(a) certified 

Product 

future 

if the product this enterprise works have 

a good future 

Random (5) 1-5 1: not bright, 

nitch market 5: 

great future 

2 Not certified 

Product 

maturity 

level 

The product this enterprise works 

maturity level, if it is ready for market 

Random (5) 1-5 1: not ready 

5:market ready 

  

 

 

• AAE/non-AAE Agent Actions 
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Action Description Trigger Logic/Process of 

Action 

Collaboration with 

other enterprises 

The entrepreneur can interact with other firms 

regarding teaming or product/process innovation 

Risk tolerance is low more to work with 

others to share the risk   
Opportunity: need company 

with certification 

secure contract, give 

the company help to 

compete 

Seeking 

partnerships 

The entrepreneur will make a decision to go-it-

alone or they may decide to look for partners. 

Startup capital / R&D 

Investment need 

if enough funding, 

then go it alone, look 

for partners if not 

enough funding 

Apply external 

funding 

 
startup capital / R&D 

Investment need 

apply funding from 

bank 

Engage with 

Research 

University 

The entrepreneur will foster a relationship with 

the university with the hopes of product 

innovation ideas. 

Partner Search Strategy =3 partner search strategy 

is 3, this firm works 

well with university 

Develop business 

plan 

This is the interaction between the bank and the 

AAE trying to secure a business loan for his/her 

firm. 

Startup capital / R&D 

Investment need < 1 

 need funding to either 

collaborate with 

others, or borrow 

money from bank 

Compete for 

funding 

AAE agents compete with other agents for 

funding and government R&D support 

Bank startup loan category 

reaching max or 

government R&D support 

programs reaching 

resources are limited, 

the underprepared 

startups will be 

eliminated during the 

process 

compete for R&D 

collaboration 

AAE agents compete with other agents for 

university collaboration opportunities 

University partnership 

reaching max 

universities have 

limited opportunities 

 

• Funding Institute Agent Attributes 

Attribute Definition Initial 

Value 

Scale Range Value Comments 
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Loan size This is defined as a bank or venture capitalist 

providing a certain type of loan: small, medium 

or large 

1 1000 - 100000 1000-5000; 

5001-

50000; 

50001-

100000 

1,2,3 
 

Education 

& 

Training 

This agent can provide education and training to 

startup companies in regard to business accounts 

etc. 

1 
    

Loan 

history 

based on 

race 

AAE share of loan  Random  1 0-50%   Banks history 

shows that they 

loan more 

money to non-

AAE 

Loan 

history to 

startups 

default on the loan rate 10% 1 0-30% 
 

Startups fail and 

cannot pay back 

Startup 

loan max 

the total startup funding bank can provide 1,000,000 1,000,000 - 

10,000,000 

   

 

• Funding Institute Agent Actions 

Action Description Trigger Logic/Process of Action Comments 

Approve loan review business plan based 

loan history race 

race 1 certain amount of AAE cannot get loan 
 

Evaluate business plan review business plan based 

on default on the loan rate 

Pass or fail The bank has the chance to turn down any kind 

of loan to lower their risk 

 

Check credit rating based on credit info credit score if credit score larger than threshold 
 

 

• Government R&D Agent Attributes 
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Attribute Definition Initial 

Value 

Scale Range Value Comments 

Minority on 

business 8(a) 

A Small Disadvantaged Business 

(SDB) is a small business that is at 

least 51 percent owned by one or 

more individuals who are both 

socially and economically 

disadvantaged. SDB status makes a 

company eligible for bidding and 

contracting benefit programs 

involved with federal procurement. 

Random 

(60%) 

1 

conservative, 

2 normal, 3 

aggressive 

0 - 20%, 

20% - 40%, 

40%-60% 

0-20% 

conservative, 

20-40% 

normal, 40-

60% 

aggressive 

Approve 

percentage of 

R&D policy and 

give contract to 

startups 

Government 

guarantee 

R&D 

Funding 

The agent can provide guarantee 

loans to small businesses.  

1 50,000 - 

100,000 

50,000 - 

60,000; 

60,001 - 

80,000; 

80,001 - 

100,000 

1,2,3 
 

Small 

Business 

Innovative 

Research  

This agent can provide grant funding 

to support R&D.  

1 150,000 - 

1,000,000 

150,000 1 SBIRs consist of 

different phases, 

which phase 1 

being a total of 

$150,000 and 

phase 2 being 

1,000,000 

 

• Government R&D Agent Actions 

Action Description Trigger Logic/Process of Action Comments 

Evaluate prospectively  

high-tech firms  

for 8(a) certification 

This agent will assess the application 

of the high-tech firm to verify if they 

meet the qualifications of this 

program 

Receive application 

from a disadvantaged 

firm. 

Agent will verify if 

company is eligible for 

8(a) certification. 
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Implement new policies This agent can implement policies to 

stimulate growth for high-tech 

startup enterprises 

 
This agent can affect 

change for 

disadvantaged firms. 

 

 

• University R&D Agent Attributes 

Attribute Definition Initial 

Value 

Scale Range Value Comments 

Patent capabilities 
 

1 
  

1,2 
 

partnership 

history 

University partnership with AAE -

(history) 

random 

(50%) 

1 0-100% 
 

History of 

university working 

with AAE high-

tech firms. 

Provide cutting 

edge research 

 
1 Level 1 &2: 

Engage or not 

engage with 

AAE 

 
0,1 

 

Innovation 

ecosystem 

This agent has the ability to innovate due 

to the talent pool as well as the type of 

research they are performing. 

   
1,2,3 

 

Short-term 

collaboration 

This is the university engaging in 

collaboration with the high-tech firm to 

generate product ideas and ways to 

enhance innovation. 

1 
  

1,2 
 

Global pool of 

talent & skills 

All the current firms. 1 
  

1,2 
 

R&D 

collaboration 

capacity 

The max collaboration projects a 

university can have 

10 1 to 10 
 

3 limited resource 

will push startups 

to compete with 

each other 
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• University R&D Agent Actions 

Action Description Trigger Logic/Process of Action Comments 

University 

Collaborate 

The research university will 

engage in a work relationship 

with the high-tech firm. 

AAE partner preference 3, 

second AAE have graduate 

degree 

University will collaborate 

with enterprises more prefer 

to work with AAEs that have 

at least a graduate degree 

 

Improve 

enterprise 

product level 

Help companies during the 

whole life cycle of their 

innovation project. 

AAE partner preference 3, 

second AAE have graduate 

degree 

Certain amount of the 

projects lead to successful 

innovation 
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APPENDIX II: KEY NETLOGO PROGRAMMING CODES 

////////////////code starts//////////////// 

globals [ 

  initial-capital-for-big-firms  ; the amount of start-up capital for those firms set to be 'big' 

  maxPrice                       ; maximum initial price of any product 

  maxQuality                     ; maximum initial quality of any product 

  max-ih-length                  ; maximum length of an innovation hypothesis 

  nCapabilities                  ; global number of capabilities possible 

  low-capital-threshold          ; if a firm's capital is below this, it does radical 

  capital-knowledge-ratio        ; proportionality between kene length and firm's 

  incr-research-tax              ; tax paid for one step of incremental research 

  radical-research-tax           ; tax paid for one step of radical research 

  collaboration-tax              ; tax paid for every partnership per step 

  depreciation                   ; tax paid per step by every firm 

  raw-cost                       ; the cost of a unit of raw material 

  final-price                    ; the selling price of a unit sold to the end-user 

  max-partners                   ; the maximum number of potential partners a firm searches for 

  raw-materials                  ; the inputs that come from the environment are numbered 0 up to (but not 

including) this 

  end-products                   ; the outputs that are bought by the end-user (final consumers) are numbered 

greater than end-products 

  total-startups                 ;record the total number of startus] 

breed [firms firm]              ; include African-American and Non-African-American two types of agents 

breed [universities university] ; University agent 

breed [governments government]  ; government agent 

breed [fundingfirms fundingfirm] ;funding firm agents 

breed [networks network]        ; an association of several firms 

firms-own [ 

  ;;social-economic factors 

  Race                          ;the race of firm agent: 0-African-American, 1-non-African-American 

  self-age                      ;the age the chief innovator 

  annual-income                 ;the before annual-income of innovation agent 

  self-credit-rating            ;the credit score of the current agent 

  self-startup-amount           ;initial founding the current agent has 

  bank-loan                     ;the money borrowed from bank 

  R&D-investment                ;the amount needed for the innovation 

  biz-plan-quality              ;business plan quality 

  organization-type             ;different agents: 0 african americna, 1 non-african american 

  ;kene 

  capabilities                    ; the Firms kene part 1 

  abilities                       ; the Firms kene part 2 

  expertises                      ; the Firms kene part 3 ordinal (1-10) 

  ih                              ; the firm's innovation hypothesis 

                                  ;     (the locations of the ih kene triples ) 
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  new-ih?                         ; true when a new IH has been generated 

  advert                          ; a list of the capabilities of my innovation 

  research-field                  ;research field categorical (1-35) corresponding 35 field 

  core-competency                 ;core competency categorical (1-6) 

  employees                       ;number of employees ratio 

  researchers                     ;number of researchers in the organization 

  foundation-year                 ;organization start year 

  research-orientation            ;0-no research, 1-basic research, 2-applied research 

  research-direction              ; aka research attitude direction of changing an ability 

  ability-to-research             ; the ability that is being changed by incremental 

  done-rad-research               ; true if the firm has just done radical research 

  research-strategy               ;go-it-alone, colloborative 

  partner-search-strategy         ; conservative, progressive 

  collaboration-strategy          ;imitative, collective 

  partners                        ; agentset of my current partners 

  previous-partners               ; agentset of firms with which I have previously 

  suppliers                       ; list of suppliers 

  customers                       ; list of customers 

  product                         ; the product produced by this firm (a number) 

  inputs                          ; the products required as inputs to make the product 

  quality                         ; the quality of the product 

  selling?                        ; whether I could make the product to sell this round 

  trading?                        ; whether I could make the product at a profit 

  total-cost                      ; the total of the prices charged by suppliers for my inputs 

  price                           ; the price I want to sell the product for 

  sales                           ; the total amount received from selling in this round 

  last-reward                     ; the profit received by the firm last time 

  capital                         ; the amount of capital of the firm = self-startup-amount + bank-loan 

  net                             ; the network I am a member of 

  age                             ; steps since the firm was started 

  hq?                             ; is this a firm representing the headquarters of a network?] 

universities-own[ 

  previous-partners-AAE  ; agentset of firms with which I have previously 

  max-partner-firms                     ;maximum patners can have 

  current-partners                 ;currently working with partners] 

governments-own[ 

  previous-partners-AAE  ; agentset of firms with which I have previously 

  policy-AAE?                     ;;AAE support program, yes or no 

  max-partner-firms                   ; maximum partners can have 

  current-partners                ;;currently working with partners] 

fundingfirms-own[ 

  loan-size                       ;the total amount loan for startup firms 

  loan-history-AAE                ;percentage of loans to AAE 

  total-loan                      ;the money currently lend out 

  max-loan                         ;fundingfirms max funding for innovation firms = loan-max] 

networks-own [ 

  hq                              ; the firm object that does this network's work 

  members                         ; the firms that constitute this network] 

to setup 

  __clear-all-and-reset-ticks 

  random-seed 47822 
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  set initial-capital-for-big-firms initial-capital * 10 

  set maxPrice 1000 

  set max-ih-length 9 

  set nCapabilities 1000 

  set low-capital-threshold 1000 

  set capital-knowledge-ratio 20 ;50 

  set depreciation 100 

  set incr-research-tax 100 

  set radical-research-tax 100 

  set collaboration-tax 100 

  set max-partners 5 

  set raw-cost 1 

  set final-price 10 * maxPrice 

  set raw-materials floor nProducts * in-out-products-percent / 100 

  set end-products  ceiling nProducts * ( 100 - in-out-products-percent) / 100 

  initialise-firms                 ; create a population of firms 

  ask firms [ 

    setup-firm 

    loan-from-fundinginstitute 

    support-from-government ] 

  show-plots 

end 

to initialise-firms 

  create-firms nAAEFirms [ 

    set color green 

    set shape "person" 

    set size 1.5 

    setxy random-xcor random-ycor 

    set race "AAE" 

    set capital  initial-capital 

    set organization-type 0  ;;organization type 0 means african-american firms ] 

  ask n-of round ((big-firms-percent / 100) * nAAEFirms) firms [ ;;bug fix for v 5-32: added /100 

    set capital initial-capital-for-big-firms ] 

  create-firms nNONAAEFirms [ 

    set color yellow 

    set shape "person" 

    set size 1.5 

    setxy random-xcor random-ycor 

    set race "nonAAE" 

    set capital  initial-capital 

    set organization-type 1  ;;organization type 1 means non-african-american firms] 

  ask n-of round ((big-firms-percent / 100) * nNONAAEFirms) firms [ ;;bug fix for v 5-32: added /100 

    set capital initial-capital-for-big-firms ] 

  create-governments nGOVOrganizations [ 

    set color red 

    set shape "house colonial" 

    set size 2 

    setxy random-xcor / 2 random-ycor / 2 

    set previous-partners-AAE 0.1 

    set policy-AAE? true ] 

  create-universities nUniversities [ 
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    set color orange 

    set shape "house" 

    set size 2 

    setxy random-xcor / 4 random-ycor / 4 

    set previous-partners-AAE 0.2 

    set max-partner-firms (int (univeristy-partnership * (count firms))) 

    set current-partners n-of (int (max-partners * 0.2)) firms  ] 

  create-fundingfirms nFundingFirms [ 

    set color pink 

    set shape "bird" 

    set size 2 

    setxy random-xcor / 2 random-ycor / 2 

    set loan-history-AAE 0.05 

    set total-loan 10000 * 0.1 * (count firms) 

    set max-loan 10000 * 0.2 * (count firms)  ] 

  ask firms [ initialise-firm ] 

end 

to initialise-firm 

  set ih [] 

  set inputs [] 

  set research-direction "random" 

  set done-rad-research false 

  set partners no-turtles 

  set previous-partners no-turtles 

  set suppliers [] 

  set customers [] 

  set new-ih? true 

  set selling? false 

  set trading? false 

  set net nobody 

  set hq? false 

  set age 0 

  set capabilities []              ; create a null kene 

  set abilities [] 

  set expertises [] 

  set research-field (random 34 + 1);35types 

  set core-competency 1 ;6 core competencies 

  set research-orientation 2 

  set biz-plan-quality 1 ;;the quality of biz plan, will be part of core-competency 

end 

to setup-firm 

  make-kene 

  make-innovation-hypothesis 

  make-advert 

  manufacture 

end 

to go 

  if maxPrice = 0 [ setup ]  ; if the setup button hasn't been pressed, do it now 

  if count firms = 0 [ stop ]       ; stop if all firms have gone bankrupt 

  ask firms [ 

    if partnership-strategy != "no partners" [ collaborate ] 



 

134 

    do-research 

    manufacture 

    pay-taxes] 

  find-suppliers 

  buy 

  ask firms [ 

    take-profit 

    adjust-price] 

  create-nets 

  ask networks [ distribute-network-profits ] 

  ask firms [ 

    do-admin] 

  create-start-ups 

  ask max-n-of (int (0.5 * count firms)) firms [biz-plan-quality][ 

    loan-from-fundinginstitute] ;;loan only give to companies have top biz plan 

  ask universities[ 

    let aaefirms max-n-of (int (previous-partners-AAE * (max-partner-firms - count current-partners))) 

(firms with [race = "AAE"]) [core-competency] 

    let nonaaefirms max-n-of (max-partner-firms - count current-partners - count aaefirms) (firms with [race 

= "nonAAE"]) [core-competency] 

    let newfirms (turtle-set aaefirms nonaaefirms) 

    collaborate-with-university n-of (int (0.4 * count newfirms)) newfirms 

    let p-AAE previous-partners-AAE 

    ask min-n-of (int (0.1 * count current-partners)) current-partners [core-competency][ 

      if race = "AAE"[set p-AAE p-AAE * 0.9]] 

    set previous-partners-AAE p-AAE 

    set current-partners max-n-of (int (0.9 * count current-partners)) current-partners [core-competency] ] 

  let aae-firms firms with [race = "AAE"] 

  ask max-n-of (int (0.1 * count aae-firms)) aae-firms [core-competency][ 

    if gov-support [support-from-government]] 

  show-plots 

  tick 

  if ticks > 99[stop] 

end 

to loan-from-fundinginstitute 

  let need-amount initial-capital * (random 5) 

  let pos-bank one-of fundingfirms with [loan-size - total-loan > need-amount] 

  let tmp-money 0 

  if pos-bank != nobody[ 

    ask pos-bank[ 

      ifelse [race] of myself = "AAE"[ 

        if random-float loan-history-AAE > 0.05[ 

          set tmp-money need-amount 

          set total-loan total-loan + need-amount 

          set loan-history-AAE loan-history-AAE * 1.1] 

        ] ;;experice with AAE increase 1.1 

      [set tmp-money need-amount 

        set total-loan total-loan + need-amount]]] 

  set capital capital + tmp-money 

end 

to collaborate-with-university [pos-univs] 
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  if pos-univs != nobody[ 

    ask pos-univs[ 

      if race = "AAE"[ 

        ask myself[ 

          set previous-partners-AAE previous-partners-AAE * 1.01 

          if previous-partners-AAE > 0.3[set previous-partners-AAE 0.3]] 

        ] ;;experice with AAE increase 1.1 

      ask myself[ 

        set current-partners (turtle-set current-partners myself)] 

      set biz-plan-quality biz-plan-quality * (random-float 1 + 1) 

      set core-competency core-competency * (random-float 1 + 1)]] 

end 

to support-from-government 

  let tmp-competency core-competency 

  ask one-of governments[ 

    if [race] of myself = "AAE"[ 

      set tmp-competency tmp-competency * (random-float 0.1 + 1) 

      set previous-partners-AAE previous-partners-AAE * 1.1 

    if previous-partners-AAE > 0.4[set previous-partners-AAE 0.4]] ;;experice with AAE increa ] 

  set core-competency tmp-competency 

end 

to make-kene 

  let cap-capacity ln (1 + (capital / capital-knowledge-ratio)) 

  if cap-capacity < 5 [ set cap-capacity 5 ] 

  while [length capabilities < cap-capacity] [ 

    let candidate-capability random nCapabilities + 1 

    if not member? candidate-capability capabilities [ 

      set capabilities fput candidate-capability capabilities]] 

  while [ length abilities < length capabilities ] [ 

    set abilities fput (random-float 10.0) abilities 

    set expertises fput ((random 10) + 1) expertises] 

end 

to make-innovation-hypothesis 

  set ih [] 

  let location 0 

  let kene-length length capabilities 

  let ih-length min (list ((random max-ih-length) + 2) kene-length) 

  while [ ih-length > 0 ] [ 

    set location random kene-length 

    if not member? location ih [ 

      set ih fput location ih 

      set ih-length ih-length - 1 ]] 

  set research-direction "random" 

  set new-ih? true 

end 

to make-advert 

  set advert map [ ?1 -> item ?1 capabilities ] ih 

end 

to make-product 

  set product map-artefact ih raw-materials nProducts 

  ifelse product > end-products 
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  [ set price final-price ] 

  [ set price (random maxPrice) + 1 ] 

end 

to make-quality 

  set quality 

  (reduce [ [?1 ?2] -> ?1 + ?2 ] 

    (map [ ?1 -> (item ?1 abilities) * (1 - exp (- (item ?1 expertises))) ] 

      ih)) 

  mod 10 

end 

to-report map-artefact [ locations bottom top] 

  report int 

  ((reduce [ [?1 ?2] -> ?1 + ?2 ] 

    (map [ ?1 -> (item ?1 capabilities) * (item ?1 abilities) ] locations)) mod (top - bottom)) + bottom 

end 

to make-inputs 

  set inputs [] 

  let number-of-inputs min (list (length ih) (random nInputs + 1)) 

  let tries 0 

  while [ length inputs < number-of-inputs and tries < 10 * number-of-inputs ] [ 

    let start-loc random length ih 

    let end-loc start-loc + random (length ih - start-loc) 

    let input map-artefact (sublist ih start-loc (end-loc + 1)) 0 end-products 

    ifelse input != product and not member? input inputs [ 

      set inputs fput input inputs ] 

    [ set tries tries + 1 ]] 

  if length inputs < number-of-inputs [ 

    set inputs (list (nProducts + 1))  ] 

  if product > end-products [ 

    let raw-inputs-only true 

    foreach inputs [ ?1 -> 

      if ?1 > raw-materials [ set raw-inputs-only false ] ] 

    if raw-inputs-only [ set inputs (list (nProducts + 1)) ]] 

end 

to manufacture 

  if new-ih? [ 

    make-product 

    make-inputs 

    set new-ih? false 

    set trading? false] 

  make-quality 

  adjust-expertise 

end 

to find-suppliers 

  ask firms [set selling? false ] 

  let possible-firms firms with [ inputs-available firms ] 

  let previous-possible-firms no-turtles 

  while [ possible-firms != previous-possible-firms ] [ 

    set previous-possible-firms possible-firms 

    set possible-firms possible-firms with [ product-desired possible-firms ] 

    set possible-firms possible-firms with [ inputs-available possible-firms ] ] 
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  ask possible-firms [set selling? true ] 

  set previous-possible-firms no-turtles 

  while [ possible-firms != previous-possible-firms ] [ 

    set previous-possible-firms possible-firms 

    set possible-firms possible-firms with [ profitable possible-firms ] ] 

  ask firms [set trading? false ] 

  ask possible-firms [set trading? true ] 

end 

to-report product-desired [ market ] 

  let my-product product 

  if my-product > end-products [ report true ] 

  let found-demand false 

  report any? market with [member? my-product inputs] 

end 

to-report inputs-available [ market ] 

  foreach inputs [ ?1 -> 

    if ?1 >= raw-materials and not any? market with [ ?1 = product ]  [ report false ] ] 

  report true 

end 

to-report profitable [ market ] 

  if not (product-desired market) [ report false ] 

  if not (inputs-available market) [ report false ] 

  if not trading? [ 

    set suppliers [] 

    foreach inputs [ ?1 -> 

      let supplier nobody 

      ifelse ?1 >= raw-materials [ 

        let possible-suppliers market with [?1 = product ] 

        let cheapest-suppliers possible-suppliers with-min [ price ] 

        set supplier max-one-of cheapest-suppliers [ quality ] ] 

      [  set supplier "raw-material" ] 

      set suppliers fput supplier suppliers]] 

  report (price > cost-price) 

end 

to-report cost-price 

  let total 0 

  foreach suppliers [ ?1 -> 

    ifelse ?1 = "raw-material" 

    [ set total total + raw-cost ] 

    [ set total total + [ price ] of ?1 ]] 

  report total 

end 

to buy 

  ask firms [ set sales 0 set customers [] ] 

  ask firms with [ trading? = true ] [ 

    purchase] 

end 

to purchase 

  set total-cost 0 

  foreach suppliers [ ?1 -> 

    ifelse ?1 = "raw-material" 
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      [set total-cost total-cost + raw-cost ] 

    [ set total-cost total-cost + [price] of ?1 

      ask ?1 [ 

        set capital capital + price 

        set customers fput myself customers 

        set sales sales + price ] ] ] 

  set capital capital - total-cost 

  if product > end-products [ 

    set capital capital + final-price 

    set sales sales + final-price 

    set customers fput "end-user" customers] 

end 

to take-profit 

  set last-reward 0 

  if trading?  [ 

    set last-reward length customers * (price - total-cost) ] 

end 

to collaborate 

  if not Partnering [ stop ] 

  if not trading? [ 

    find-partners 

    if any? partners  [ learn-from-partners ] 

    pay-tax collaboration-tax * count partners ] 

end 

to find-partners 

  let candidates no-turtles 

  set candidates (turtle-set previous-partners (filter [ ?1 -> is-firm? ?1 ] suppliers) (filter [ ?1 -> is-firm? 

?1 ] customers)) 

  if count candidates < max-partners [ 

    let xtra min (list (max-partners - count candidates) (count firms)) 

    set candidates (turtle-set candidates n-of xtra firms) ] 

  if count candidates > max-partners [ set candidates n-of max-partners candidates ] 

  set candidates candidates with [ compatible? myself ] 

  set partners (turtle-set partners candidates) 

  ask candidates [ set partners (turtle-set myself partners) ] 

end 

to-report compatible? [ possible-partner ] 

  let attractiveness 0 

  if possible-partner = self or [hq?] of possible-partner [ report false ] 

  if net != nobody and member? possible-partner [members] of net [ report false ] 

  if member? self [partners] of possible-partner or member? possible-partner partners [report false] 

  ifelse partnership-strategy = "conservative" 

    [ set attractiveness (length intersection advert [advert] of possible-partner) / 

      (min list length advert length [advert] of possible-partner) ] 

  [ ifelse (length intersection advert [advert] of possible-partner) >= 1 

    [ set attractiveness (length set-difference advert [advert] of possible-partner) / 

      (length advert + length [advert] of possible-partner) ] 

    [ set attractiveness 0 ]] 

  report attractiveness > attractiveness-threshold 

end 

to-report intersection [ set-a set-b ] 
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  let set-c [] 

  foreach set-a [ ?1 -> if member? ?1 set-b [ set set-c fput ?1 set-c ] ] 

  report set-c 

end 

to-report set-difference [ set-a set-b ] 

  let set-c intersection set-a set-b 

  set set-b remove-duplicates sentence set-a set-b 

  foreach set-c [ ?1 -> if member? ?1 set-b [ set set-b remove ?1 set-b ] ] 

  report set-b 

end 

to learn-from-partners 

  ask partners [ merge-capabilities myself ] 

  make-innovation-hypothesis 

end 

to merge-capabilities [ other-firm ] 

  add-capabilities other-firm 

  ask other-firm [ add-capabilities myself ] 

end 

to add-capabilities [ other-firm ] 

  let my-position 0 

  foreach [ih] of other-firm [ ?1 -> 

    let capability item ?1 [capabilities] of other-firm 

    ifelse member? capability capabilities [ 

      ;  capability already known to me 

      set my-position position capability capabilities 

      if item my-position expertises < item ?1 [expertises] of other-firm [ 

        set expertises replace-item my-position expertises item ?1 [expertises] of other-firm 

        set abilities replace-item my-position abilities item ?1 [abilities] of other-firm  ] ] 

    [ if (length capabilities) < ((capital / capital-knowledge-ratio) + 1) [ 

        set capabilities sentence capabilities capability 

        set abilities sentence abilities item ?1 [abilities] of other-firm 

        let other-expertise (item ?1 [expertises] of other-firm) - 1 

        ; if other-expertise is 1, it is immediately forgotten by adjust-expertise 

        if other-expertise < 2 [set other-expertise 2 ] 

        set expertises sentence expertises other-expertise ]  ]] 

end 

to do-research 

  if research-orientation = 0 [stop] 

  if last-reward < success-threshold [ 

    ifelse capital <= low-capital-threshold 

      [ do-radical-research ] 

    [ do-incremental-research ] ] 

end 

to do-incremental-research 

  if not Incr-research [ stop ] 

  if research-direction = "random"  [ 

    set ability-to-research random length ih 

    ifelse (random 2) = 1 

      [ set research-direction "up" ] 

    [ set research-direction "down" ] ] 

  let new-ability item ability-to-research abilities 
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  ifelse research-direction = "up" 

    [ set new-ability new-ability +  (new-ability / item ability-to-research capabilities) ] 

  [ set new-ability new-ability -  (new-ability / item ability-to-research capabilities)  ] 

  if new-ability <= 0  [ set new-ability 0   set research-direction "random"] 

  if new-ability > 10  [ set new-ability 10  set research-direction "random"] 

  set abilities replace-item  ability-to-research abilities new-ability 

  set new-ih? true 

  pay-tax incr-research-tax 

end 

to do-radical-research 

  if not Rad-research [ stop ] 

  set done-rad-research true 

  let capability-to-mutate (random length capabilities) 

  let new-capability (random nCapabilities) + 1; find a capability that is new to this firm 

  while [ member? new-capability capabilities ] 

    [set new-capability (random nCapabilities) + 1 ] 

  set capabilities replace-item capability-to-mutate capabilities new-capability 

  set new-ih? true 

  pay-tax radical-research-tax 

end 

to adjust-capability 

  let location 0 

  while [ location < length capabilities ] [ 

    let capability item location capabilities 

    if member? location ih 

      [  set capabilities replace-item location capabilities (capability + (round core-competency - 1))] 

    set location location + 1 ] 

end 

to adjust-expertise 

  if not Adj-expertise [ stop ] 

  let location 0 

  while [ location < length capabilities ] [ 

    let expertise item location expertises 

    ifelse member? location ih 

      [  if expertise < 10 [ set expertises replace-item location expertises (expertise + 1) ] ] 

    [  ifelse expertise > 0 

      [ set expertises replace-item location expertises (expertise - 1) ] 

      [ forget-capability location set location location - 1]] 

    set location location + 1 ] 

end 

to forget-capability [location ] 

  set capabilities remove-item location capabilities 

  set abilities remove-item location abilities 

  set expertises remove-item location expertises 

  adjust-ih location 

end 

to adjust-ih [ location ] 

  let elem 0 

  let i 0 

  while [ i < length ih ] [ 

    set elem item i ih 
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    if elem > location [ set ih replace-item i ih (elem - 1 ) ] 

    set i i + 1] 

end 

to adjust-price 

  if not Adj-price [ stop ] 

  if trading? [ 

    if length customers > 4 [ set price price * 1.1 ] 

    if length customers = 0 [ set price price * 0.9 ] ] 

end 

to create-nets 

  if not Networking [ stop ] 

  ask firms with [ (last-reward > success-threshold) and (capital > initial-capital) and (net = nobody) ] [ 

    create-network ] 

end 

to create-network 

  if net != nobody [ stop ] 

  let my-partners partners with [ net = nobody ] 

  if not any? my-partners [ stop ] 

  let the-network make-network 

  ask the-network [ add-members myself ] 

  let partners-wealth reduce [ [?1 ?2] -> ?1 + ?2 ] map [ ?1 -> [capital] of ?1 ] [members] of the-network 

  foreach [members] of the-network [ set capital capital - (initial-capital * capital / partners-wealth) ] 

  ask [ hq ] of the-network [ 

    make-innovation-hypothesis 

    make-advert 

    manufacture ] 

end 

to-report make-network 

  let new-net nobody 

  let hqfirm nobody 

  hatch-networks 1 [    ; create a network agent 

    set new-net self 

    hide-turtle 

    hatch-firms 1 [    ; create an HQ firm for the network 

      set hqfirm self 

      set capital initial-capital 

      initialise-firm 

      set hq? true 

      set net new-net 

      ask new-net [ 

        set hq hqfirm 

        set members [] ]] ] 

  report new-net 

end 

to copy-ih-capabilities [ source ] 

  foreach [ih] of source [ ?1 -> 

    set capabilities fput item ?1 [capabilities] of source capabilities 

    set abilities fput item ?1 [abilities] of source abilities 

    set expertises fput item ?1 [expertises] of source expertises ] 

end 

to add-members [ the-firm ] 
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  let the-network self 

  set members fput the-firm members 

  ask the-firm [ 

    set net the-network 

    merge-capabilities [ hq ] of the-network ] 

  let my-partners no-turtles 

  ask the-firm [ set my-partners partners with [ net = nobody ] ] 

  if not any? my-partners [ stop ] 

  ask my-partners [ 

    ask the-network [ add-members myself ] ] 

end 

to pay-taxes 

  pay-tax depreciation        ; annual depreciation 

end 

to pay-tax [ amount ] 

  set capital capital - amount - bank-loan / 5  ;;also pay bank loan, bank loan is set-up as five year term 

  set bank-loan bank-loan - bank-loan / 5 

end 

to distribute-network-profits 

  if length members > 0 and [capital] of hq > initial-capital [ 

    let amount-to-distribute ([capital] of hq - initial-capital) / length members 

    foreach members [ ?1 -> 

      ask ?1 [ set capital capital + amount-to-distribute ] ] 

    ask hq [ set capital initial-capital ] ] 

  if [capital] of hq < 0 [ dissolve-network ] 

end 

to dissolve-network 

  foreach members [ ?1 -> 

    ask ?1 [set net nobody ] ] 

  ask hq [ exit ] 

  die 

end 

to do-admin 

  set previous-partners (turtle-set previous-partners partners) 

  set age age + 1 

  if capital < 0 [ exit ] 

end 

to exit 

  if net != nobody [ 

    ask net [ set members remove myself members ] 

    if not hq? and length [members] of net <= 1 [ 

      ask net [ dissolve-network ] ]] 

  ask firms [ 

    set partners partners with [ myself != self ] 

    set previous-partners previous-partners with [myself != self ]  ] 

  ask firms with [member? myself suppliers or member? myself customers] [ 

    set customers remove myself customers 

    set suppliers remove myself suppliers 

    set trading? false  ] 

  die 

end 
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to create-start-ups 

  if count firms = 0 [ stop ] 

  if not Start-ups [ stop ] 

  let biggest-reward max [last-reward] of firms 

  if biggest-reward > reward-to-trigger-start-up 

    [ repeat log biggest-reward 10 [ make-start-up ] ] 

end 

to make-start-up 

  create-firms 1 [ 

    set capital  initial-capital 

    initialise-firm 

    let best-firm max-one-of other firms [ last-reward ] 

    clone-kene best-firm 

    set research-field [research-field] of best-firm 

    set core-competency ([core-competency] of best-firm) * 0.6 

    set research-orientation [research-orientation] of best-firm 

    set biz-plan-quality ([biz-plan-quality] of best-firm) * 0.6 ;;the quality of biz plan, will be part of core-

competency 

    set race [race] of best-firm 

    make-innovation-hypothesis 

    make-advert 

    manufacture 

    move-to one-of patches 

    set total-startups total-startups +  

    set age 0 

    set shape "person" 

    set size 1.5 

    ifelse race = "AAE" 

    [set color green] 

    [set color yellow]  ] 

end 

to clone-kene [ firm-to-clone ] 

  let ih-pos 0 

  repeat min list (length [ih] of firm-to-clone) (ln ((capital / capital-knowledge-ratio) + 1) + 1) [ 

    let triple-pos item ih-pos [ih] of firm-to-clone 

    set capabilities fput (item triple-pos [capabilities] of firm-to-clone) capabilities 

    set abilities fput (item triple-pos [abilities] of firm-to-clone) abilities 

    set expertises fput (item triple-pos [expertises] of firm-to-clone) expertises 

    set ih-pos ih-pos + 1 ] 

end 

 

//////////////////code ends/////////////////////////////////// 
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APPENDIX III: RESEARCH ETHICS AND COMPLIANCE 

• Introduction 

 

This research is in compliance with the federal, ethical, and legal standards established for 

human subjects and governed by the University of Bridgeport Institutional Review Board (UB-

IRB). The purpose of the UB-IRB is to protect human subjects and support the design and 

oversight of sound research by reviewing and approving IRB submissions for new applications, 

amendments, and continuing reviews. The university human research protection program is 

detailed in the document, “UB HRP-101 - Human Research Protection Program Plan Rev. 

1.2.2019.” 

 

There are three main levels of IRB review: exempt, expedited, and full-board, 

corresponding to the categories defined by Code of Federal Regulations Title 45: Public Welfare, 

part 46: Protection of Human Subjects under United States Law (1974) (45 CFR 46). Federal 

regulation 45 CFR 46 provides protection for human subjects in research carried out or supported 

by most federal departments and agencies. It must be noted that researchers must engage in 

practices that ensure privacy and that minimize risks to participants for any level of IRB review. 

 

IRB Exempt Review 

Research can be approved as “exempt” if it is no more than “minimal risk” and corresponds 

to one of the exempt review categories as defined by federal regulations 45 CFR 46. These 

categories include: 

 

1. Education research 

2. Surveys, interviews, educational tests 

3. Public observations (that do not involve children) 

4. Benign behavioral interventions 

5. Analysis of previously collected, identifiable info/specimens 

6. Federal research/demonstration projects 

7. Taste and food evaluation studies Expedited Review 

 

Exempt reviews are conducted by a university IRB appointee (a member of the university 

IRB staff or the IRB coordinator). Research in technology management typically falls under 

categories 1 and 2 above and hence only requires IRB exempt reviews. A completed university 

form “UB HRP-215 FORM Request for Exemption Updated Jan.2019” must be submitted. 

Exempt reviews do not require a convened IRB committee meeting.  

 

UB-IRB also requires Human Subjects Research training for all levels of IRB review. This 

is online training by the Collaborative Institutional Training Initiative ((CITI - 

www.citiprogram.org) human subjects online training program. CITI Training Completion 
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Certificate must be submitted at the time of the IRB application. The training is valid for a three-

year period. 

 

This research requires only an Exempt Review, but the expedited and full reviews are 

summarized for completeness. The IRB process for the latter two is much more involved. 

 

IRB Expedited Review 

If research does not fall into the Exempt Review level, then Expedited Review may be 

considered. This typically involves a review of the application by a subset of the IRB. This is not 

a “quick review” but is a means for IRB to determine if a proposal requires expedited or full 

review. Expedited review may be considered if there no more than minimal risk to the participants 

and complies with other standards such as exclusion of protected classes or vulnerable populations. 

Expedited review may also be used for minor changes to existing research projects. 

 

IRB Full Review 

This review level requires a majority of the IRB members to meet and vote on the proposal. 

The Full Review typically involves research projects that expose human subjects to more than 

minimal risk or that involve sensitive topics or vulnerable populations [160]. 

 

• Completion of UB-IRB Requirements 
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