
 

 

International Research Journal on Advanced Engineering Hub (IRJAEH) 

e ISSN: 2584-2137 

Vol. 03 Issue: 07 July 2025 

Page No: 3219-3229 

https://irjaeh.com 

https://doi.org/10.47392/IRJAEH.2025.0473 

 

    

International Research Journal on Advanced Engineering Hub (IRJAEH) 

                         
3219 

 

Bug Bounty Programs: A Comprehensive Meta-Analytical Review of 

Strategies, Challenges, and Future Directions 
Rushikesh Kadam1, Dr. Bholanath Roy2, Dr. Deepak Singh Tomar3, Rahul Singh4 
1,2,3,4Department of Computer Science and Engineering, Maulana Azad National Institute of Technology, 

Bhopal, India. 

Emails: saikadam123456@gmail.com1, bhola.mact2002@gmail.com2, deepaktomar@manit.ac.in3, 

rahulit0606@gmail.com4   

 

Abstract 

Bug Bounty Programs (BBPs) have become a popular and cost-effective way to discover security 

vulnerabilities by incentivizing hackers who disclose their findings in an ethical manner. This meta-analytic 

overview extracts lessons learned by means of recent research papers considering open-source development, 

e-government, education, etc. The research investigates strategies for governance, incentive structures, 

regulatory and ethical considerations, economic modeling, and diversity in participation. Research highlights 

include the role of a balanced formality and relational governance, the downstream effect of inter-temporal 

rewards, and the role of standardized vulnerability disclosure policies as mandated under legislation such as 

NIS 2. Studies indicate a range of adoption issues, particularly in developing countries. Finally, the paper 

presents practical implications on how to design inclusive, legally compliant, and performance-enhancing 

BBPs. This paper is intended to be a strategic reference for researchers, practitioners, and policymakers to 

enhance the cybersecurity ecosystem with efficient deployment of BBPs. 
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1. Introduction 

traditional perimeter defenses have proven 

insufficient to address the increasing sophistication 

and scale of cyberattacks [1]. Organizations now face 

persistent threats that exploit unknown 

vulnerabilities, often before security teams can react. 

Against this backdrop, Bug Bounty Programs (BBPs) 

have emerged as a proactive, decentralized model of 

vulnerability discovery [2]. BBPs incentivize 

independent security researchers, commonly referred 

to as ethical hackers or white-hat hackers, to identify 

and responsibly disclose software vulnerabilities in 

exchange for monetary rewards or recognition. 

Initially pioneered by technology companies like 

Netscape, Google, and Mozilla, BBPs have expanded 

to a broader range of sectors, including finance, 

healthcare, government, and open-source 

communities. With platforms like HackerOne, 

Bugcrowd, and Gitcoin facilitating large-scale 

coordination between researchers and organizations, 

BBPs have become integral to modern security 

strategies. Governments such as the U.S. Department 

of Defense and Singapore’s GovTech have also 

launched national-level BBPs [3] to secure public 

infrastructure. However, while BBPs offer promising 

benefits, such as scalable vulnerability coverage, cost 

efficiency, and community engagement, they are not 

without challenges. These include strategic hacker 

behavior, legal ambiguities, imbalanced reward 

structures, and participant marginalization. 

Furthermore, regional disparities in cybersecurity 

maturity [4] and the lack of standardized policies 

complicate their effective deployment in developing 

countries and public sector institutions. This review 

aims to provide a comprehensive meta-analysis of 

recent high-impact research published in SCI-

indexed journals and conferences on bug bounty 

programs. By examining the strategic, technical, 

economic, legal, and educational dimensions of 

BBPs, this paper synthesizes best practices and 

identifies critical research gaps. The review also 
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contextualizes BBPs across different domains (e.g., 

e-government, open source, academia) and explores 

how evolving technologies, such as AI, can enhance 

BBP design and execution. Ultimately, this study 

seeks to contribute a structured and evidence-based 

framework for researchers, practitioners, and 

policymakers to understand, evaluate, and optimize 

bug bounty initiatives for robust cybersecurity 

enhancement. The remainder of this paper is 

structured as follows: Section II presents the selection 

of papers for literature review, Section III describes 

literature review, Section IV discusses comparative 

analysis, Section V provides challenges identified 

and recommendations, Section VI describes future 

directions, and Section VII provides a conclusion. 

2. Selection of Papers for Literature Review 

The literature review in this study is grounded in a 

carefully curated set of peer-reviewed research 

papers, chosen through a systematic process to ensure 

academic rigor and thematic relevance. We focused 

exclusively on papers published in Science Citation 

Index (SCI) or SCI-Expanded (SCI-E) indexed 

journals and top-tier IEEE and ACM conference 

proceedings. This captures both foundational and 

emerging perspectives on bug bounty programs 

(BBPs), including developments in ethical hacking 

practices, governance frameworks, reward structures, 

legal policies, and technological integrations. 

Searches were conducted on major academic 

databases such as IEEE Xplore, ScienceDirect, 

SpringerLink, ACM Digital Library, and Google 

Scholar (filtered for SCI-indexed results), using a 

combination of keywords such as 'bug bounty 

programs,' 'ethical hacking,' 'vulnerability 

disclosure,' 'cybersecurity incentives,' and 'white-hat 

hackers.' An initial search yielded over 65 

publications. After removing duplicates and 

screening for relevance and full-text availability, 20 

articles were selected based on their empirical focus, 

methodological quality, and contribution to at least 

one of the core thematic areas of this review. These 

papers span a wide array of disciplines, including 

computer science, information security, law, 

economics, and education, and examine BBPs across 

diverse contexts such as open-source platforms, e-

government systems, developing nations, and 

cybersecurity education. A number of papers address 

more advanced issues (such as inter-temporal reward 

models, contributor diversity, and legal compliance 

in the presence of new regulations such as the EU NIS 

2 directive). This cross-sectional sampling is 

effective in giving this literature both breadth and 

depth, which in turn helps provide a layered 

understanding of the present state of research for bug 

bounty programs. 

3. Literature Review 

In Li and Zhao [5], the authors concentrated on how 

firms can entice and retain white-hat hackers by 

utilizing formal governance mechanisms (rules, 

contracts) in tandem with relational governance 

(trust, responsiveness). What they found—speaking 

from empirical data gathered via HackerOne—is that 

“hacker engagement is driven by clarity, friendly 

support, and sound expectations. They stressed it is a 

question of balance between the two types of 

governance and to not alienate ethical hackers with 

an overzealous grip. In Hou et al. [6], the authors 

presented an inter-temporal reward model by which 

the reward (referred as bounty) is dynamically 

modified per time period. They employed theory-

driven simulation to analyze how asymptotically 

rational ethical hackers react to reward distributions. 

Their results demonstrated that while these reward 

schemes can help to motivate early disclosure, they 

can also incentivize bug hoarding—where bug 

hunters wait longer to report in order to secure larger 

rewards. This is an unsafe practice since things that 

are kept secret are most often not at all ready to try to 

be kept secret for long periods of time. Hata et al. [7] 

analyzed the heterogeneity of contributors in bug 

bounty programs and classified participants into 

various groups according to their commitment and 

activity levels. The motivation varies greatly, the 

report shows, from financial compensation to 

learning to reputation. This diversity influences how 

many and what quality of vulnerability submissions 

you receive and emphasizes the need to design an 

inclusive program that serves different contributor 

types. In Obeidat et al. [8], the emphasis was in 

applying e-government infrastructure adaptive BBPs. 

https://irjaeh.com/


 

 

International Research Journal on Advanced Engineering Hub (IRJAEH) 

e ISSN: 2584-2137 

Vol. 03 Issue: 07 July 2025 

Page No: 3219-3229 

https://irjaeh.com 

https://doi.org/10.47392/IRJAEH.2025.0473 

 

    

International Research Journal on Advanced Engineering Hub (IRJAEH) 

                         
3221 

 

The study noted that there are legal, ethical and trust-

related concerns for government departments when 

they commission external researchers to assess their 

systems. The author presented a model that provided 

regulated participation, limited access rights, 

politically standardized disclosure mechanisms and 

additional insight in order to have data sovereignty in 

action and to build public trust. Zhou et al. [9] 

analyzed bug bounty reports on GitHub via the 

Bountysource platform and found that the timing and 

size of bounties significantly influence issue 

resolution rates. Delayed or low-value bounties 

correlated with unresolved issues, while early and 

well-funded bounties increased engagement. The 

paper highlighted the need for clear alignment 

between reward structures and project priorities. In 

Bothos et al. [10], the authors modeled cyber-risk in 

economic terms, proposing that the quantity and 

pricing of bug bounties reflect the perceived security 

posture of a software platform. They argued that 

platforms offering high bounties for few issues likely 

have stronger baseline security, while low-priced, 

high-volume bounties indicate systemic 

vulnerabilities. Their econometric perspective 

provides a novel lens to assess BBP efficiency. 

Schmeelk and Dragos [11] presented a graduate-level 

penetration testing curriculum that integrates BBPs 

as part of risk assessment education. The course 

emphasized real-world tools and frameworks such as 

NIST, MITRE ATT\&CK, and OWASP. Their 

findings showed improved student engagement and 

preparedness for cybersecurity careers, indicating 

that BBPs can serve both educational and practical 

roles in cyber defense. In Vostoupal et al. [12], the 

authors explored the legal landscape surrounding 

vulnerability disclosure in the EU under the NIS 2 

Directive. The paper discussed the potential criminal 

and civil liabilities facing ethical hackers and 

organizations, emphasizing the urgent need for 

standardized legal protections and disclosure 

guidelines. They identified gaps in current laws, 

particularly around anonymity and public-sector 

consent, which hinder BBP growth in government 

contexts. Ayala et al. [13] investigated OSS 

vulnerability disclosure practices through data from 

the GitHub Advisory Database and the Huntr bug 

bounty platform. Their study found that many 

advisories remain unreviewed and that disclosure 

delays can leave projects exposed. They 

recommended automation tools and dual incentives 

(for reporters and maintainers) to improve patching 

and reduce systemic risk. Yulianto and Caronongan 

[14] examined BBP implementation in the 

Philippines and found that although there is growing 

awareness of proactive cybersecurity practices, 

significant gaps exist due to limited budgets, talent 

shortages, and uneven policy enforcement. The 

authors advocated for public-private collaboration 

and tailored policies to local organizational capacity. 

In Vandervelden et al. [15], the paper titled Managing 

the Cyber World: Hacker Edition explores the 

classification of hackers into white hat, black hat, and 

grey hat categories. The authors emphasized the 

critical role white hat hackers play in identifying 

system vulnerabilities before malicious actors can 

exploit them. The research detailed how bug bounty 

programs are now a significant income stream for 

ethical hackers, and emphasised the importance of 

companies regarding white hats as core to their 

cybersecurity efforts. The conversation on increasing 

black hat communities further highlighted the 

necessity for active defense with ethical hacking. 

Choetkiertikul et al. [16] studied Gitcoin, a crypto 

bug bounty platform extension, and compared it to 

non-crypto platforms such as Bountysource. The 

analysis covered more than 4,000 Gitcoin issues and 

showed that OSS contribution resolution was 

significantly influenced by factors like bounty value, 

issue complexity, and developer experience. The 

author's state that the reward system based on 

cryptocurrency, although novel, needs closer 

coordination and better issue descriptions to keep 

people continuing the interest in contributing to 

solving bugs. Fulton et al. [17] examined how 

underrepresented contributors perceive vulnerability 

disclosure and participation in BBPs. Through 

qualitative interviews and ethnographic data, the 

authors showed how gender, race, and geographic 

location affect access, recognition, and participation 

equity in BBPs. The research also emphasised the 
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value of inclusive platform design, along with 

support for anonymity and effective community 

moderation, in order to create safe, fair environments 

for all contributors. The present work draws attention 

to the understudied social dynamics of BBPs, and 

emphasizes the urgency of diversity-attentive 

policies. In Vishnuram et al. [18], the authors present 

an elaborate theoretical foundation of ethical hacking 

and its essential role in contemporary cybersecurity 

paradigms. The importance of white hat hacking in 

reducing the cyber threat from black hat attackers is 

explored. Its focus is on the moral arguments of 

security practitioners, particularly for those who 

move from bad to good hacking. The research also 

demonstrates the future opportunity for ethical 

hacking as digital infrastructure grows, by ensuring 

that more structured training and regulatory clarity is 

in place to increase confidence in white hat hackers. 

Han et al. [19] present QueryX, a novel symbolic 

analysis tool designed to perform intuitive queries on 

decompiled binary code, enabling effective 

vulnerability detection in closed-source software. 

Unlike traditional tools, QueryX allows analysts to 

work directly with decompiled code, which is more 

human-readable, thus improving usability. The tool 

demonstrated significant success in bug discovery 

across commercial off-the-shelf (COTS) binaries like 

Windows kernels, earning \$180,000 in rewards. The 

integration of callback mechanisms and abstract 

syntax tree (AST)-based queries makes QueryX 

scalable and precise, thus highly suitable for 

integration into bug bounty workflows targeting 

binary analysis. In the study by Bukangwa and 

Uehara [20], the authors explore the role of bug 

bounty programs (BBPs) in developing countries 

using an agent-based simulation in NetLogo. 

Drawing lessons from Japan’s implementation, the 

paper models various BBP scenarios accounting for 

constraints such as funding, talent shortage, and legal 

frameworks typical in developing contexts. The 

findings suggest that BBPs can be effectively adapted 

to developing regions, provided there is support for 

contextual customization and stakeholder 

coordination. The paper highlights scalability and 

sustainability as critical success factors and provides 

valuable insights for governments and mid-sized 

organizations. Chavan et al. [21] examine the 

evolving nature of bug bounty platforms and propose 

a comprehensive framework to analyze platform-

level practices. The study emphasizes the transition 

from closed, in-house vulnerability discovery to 

crowdsourced external engagement through BBPs. It 

identifies five key operational dimensions: scoping, 

timing of crowd engagement, submission quality, 

communication, and hacker motivation. By studying 

leading platforms like HackerOne, the authors 

demonstrate that BBPs are now industry standard and 

offer strategic advantages beyond security, including 

positive public perception and regulatory 

compliance. Kaushik et al. [22] contribute a practical 

solution focused on automating the reconnaissance 

phase for bug bounty hunters using Python. The 

paper introduces a reconnaissance tool that aids 

ethical hackers in information gathering—an 

essential precursor to identifying vulnerabilities. The 

tool aims to improve efficiency and reduce manual 

errors, thereby optimizing the vulnerability discovery 

process. Emphasis is placed on user-friendly libraries 

like Tkinter and docx for GUI and reporting, 

respectively. This contribution is significant in 

supporting novice hackers and enhancing educational 

training for penetration testers. Malladi and 

Subramanian [23] provide a comprehensive review 

of 41 prominent BBPs using grounded theory 

methodology. Their study identifies best practices 

across five operational dimensions and suggests 

improvements to extend BBPs beyond vulnerability 

discovery into long-term defense strategies. Their 

typology categorizes BBPs into institutional, 

platform, and private intermediaries and introduces a 

framework linking BBPs to problem–solution 

scenarios. The authors stress the importance of 

transparency, structured scoping, and maintaining 

researcher motivation through meaningful 

engagement and timely communication. Finally, 

Walshe and Simpson [24] deliver a data-driven 

evaluation of BBPs from both economic and 

operational perspectives. Using data from platforms 

like HackerOne, the authors quantify the cost-

effectiveness of BBPs and show that the yearly cost 
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of running a BBP is typically lower than hiring two 

full-time security engineers. Their analysis also 

reveals that BBPs promote greater vulnerability 

diversity and discover issues often missed by in-

house teams. The study supports the strategic 

incorporation of BBPs into secure software 

development life cycles (SDLCs), especially for 

organizations facing dynamic threat landscapes. 

4. Comparative Analysis 

Figure 1 presents the interaction between three core 

components of effective bug bounty program (BBP) 

management: formal governance, relational 

governance, and hacker motivation. Formal 

governance encompasses contractual rules, audit 

mechanisms, and clearly defined scopes. Relational 

governance involves communication, trust-building, 

responsiveness, and ethical alignment with 

participants. Hacker motivation spans financial 

incentives, skill-building, recognition, and 

community engagement. The central intersection 

area, labeled the Optimal Participation Zone, 

indicates the balanced environment where these three 

factors overlap, encouraging sustained, high-quality 

participation from ethical hackers. Programs that 

effectively integrate these dimensions tend to achieve 

better vulnerability coverage, higher report accuracy, 

and greater contributor retention. Figure 1 shows 

Governance Strategies and Hacker Motivation Figure 

2 shows Reward Timing VS Submission Figure 3 

shows Contributor Types Pie Chart Figure 4 shows 

Legal Risk Distribution Bar 

 

 
Figure 1 Governance Strategies and Hacker 

Motivation 

 
Figure 2 Reward Timing VS Submission 

 

 
Figure 3 Contributor Types Pie Chart 

 

 
Figure 4 Legal Risk Distribution Bar 

 

Figure 2 compares two common bug bounty reward 

strategies—flat rewards and inter-temporal 

rewards—based on their influence on the volume of 

vulnerability submissions over time. Flat reward 

models offer consistent payouts regardless of report 

timing, resulting in a steady but modest submission 

rate. Inter-temporal models increase payouts over 
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time or based on rarity, which can initially lead to bug 

hoarding, as hackers strategically delay submissions 

in hopes of greater compensation. This behavior 

creates a dip followed by a sharp spike in reporting 

activity. The figure illustrates the need for careful 

calibration of reward dynamics to avoid undesirable 

delays in disclosure and maximize program 

responsiveness. Figure 3 categorizes bug bounty 

participants into four distinct groups based on 

behavioral patterns and motivations: One-time 

Opportunists (25%) engage sporadically, usually 

driven by quick rewards. Frequent specialists (35%) 

consistently participate in high-value or technically 

challenging reports. Platform Loyalists (20%) often 

work on the same BBP platforms due to familiarity 

or ongoing incentives. Learning participants (20%) 

include students and new professionals who 

participate for skill development and experience. 

Recognizing this distribution is vital for designing 

engagement strategies that align with the motivations 

and capabilities of each contributor segment. Figure 

4 illustrates perceived legal risk severity across four 

categories relevant to ethical hacking and BBPs: 

criminal liability (35%), civil liability (25%), 

administrative risk (20%), and confidentiality gaps 

(20%). These concerns are frequently cited in legal 

scholarship and practitioner reports as deterrents to 

full participation, particularly in jurisdictions lacking 

formal safe harbor protections. The figure 

emphasizes the need for harmonized legal 

frameworks (such as under the EU's NIS 2 Directive) 

that protect ethical hackers while ensuring 

responsible disclosure practices. Addressing these 

risks is key to expanding the scale and legitimacy of 

BBPs, especially in the public sector and regulated 

environments. Table 1 shows Governance and 

Participation Models in Bug Bounty Programs  

 

 

Table 1 Governance and Participation Models in Bug Bounty Programs  

Study Governance Type 
Participation 

Outcome 
Key Insight 

Li & Zhao 

(2022) 
Formal + Relational 

Increased 

submissions 

Trust + structure improves 

engagement 

Malladi & 

Subramanian 

(2020) 

Community-

Oriented 

Sustained 

interest 

Informal rewards boost 

motivation 

Vostoupal et 

al. (2024) 

Legal-Policy 

Framework 
Conditional 

Legal clarity enables ethical 

hacking 

Obeidat et al. 

(2024) 
Adaptive/Selective 

Limited but 

controlled 

E-Gov BBPs need restricted 

access 

Table 2 Reward Structures and Behavioral Outcomes  

Study Reward Model Behavior Observed Challenges Identified 

Hou et al. (2024, 

2025) 
Inter-temporal Bug hoarding Delay in reporting 

Walshe & 

Simpson (2020) 
Flat rate Steady participation 

Low incentive for 

complex bugs 

Choetkiertikul et 

al. (2023) 
Crypto-based Fast engagement Token volatility 

Zhou et al. 

(2021) 
Crowdsourced Inconsistent responses 

Unresolved low-value 

issues 
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Table 3 Sectoral and Regional Insights into BBP Implementation 

Context Study Key Barriers Recommendations 

E-Govt (Jordan) Obeidat et al. 

(2024) 

Legal + trust 

gaps 

Tailored platforms, policy 

Open Source 

(GitHub) 

Ayala et al. 

(2024) 

Delayed 

reviews 

Incentives for patch 

maintainers 

Philippines Yulianto et al. 

(2024) 

Budget + 

talent gaps 

Public-private partnerships 

EU / NIS 2 Vostoupal et al. 

(2024) 

Legal risk Harmonized EU regulations 

Table 4 Contributor Motivation and Participation Patterns 

Study Contributor Type Motivation Implication 

Hata et al. (2017) Project-based Learning + money Tiered rewards 

Fulton et al. 

(2023) 
Marginalized groups Inclusion + equity 

Anonymity, 

mentoring 

Ayala et al. (2024) OSS reporters Speed + patching delay 
Maintain both sides 

of pipeline 

Schmeelk & 

Dragos (2023) 
Students Education 

Curriculum 

integration 

Table 5 Legal and Ethical Dimensions of Vulnerability Disclosure 

Study Legal Focus Risks Identified Solutions 

Vostoupal et al. (2024) EU NIS 2 Criminal + civil risk Safe harbor, disclosure policy 

Vishnuram et al. (2022) Global ethics Boundary crossing Consent scope, ethics code 

Yulianto et al. (2024) National law 

(PH) 

Weak frameworks National cybersecurity law 

Table 6 Educational Integration of Bug Bounty Programs 

Study Level Approach Outcomes 

Schmeelk & Dragos 

(2023) 
Graduate 

CVSS scoring + 

red team 
Real-world readiness 

Malladi & 

Subramanian (2020) 
Professional Simulated BBPs Ongoing upskilling 

Table 7 Bug Bounty Platform Feature Comparison 

Platform Reward Model Strengths Limitations 

HackerOne Flat + tiered Corporate trust, scale High entry threshold 

Bugcrowd Managed hybrid Scope clarity + triage Limited flexibility 

Gitcoin Crypto-funded Fast OSS engagement Token volatility 

Huntr Dual incentives 
Maintainer + hacker 

reward 
Early stage maturity 
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Table 1 compares different governance approaches 

used in bug bounty programs (BBPs) and their impact 

on hacker participation. The analysis highlights how 

combining formal mechanisms (rules, contracts) with 

relational governance (trust, responsiveness) leads to 

increased engagement. Legal-policy frameworks 

support compliance but may limit openness, while 

adaptive models in government environments allow 

selective participation. This table demonstrates that 

well-balanced governance is key to fostering ethical 

and consistent participation. Table 2 presents an 

overview of various reward models implemented in 

BBPs and their associated behavioral outcomes. 

Inter-temporal rewards may trigger bug hoarding, 

while flat rates offer predictable but less motivating 

compensation. Cryptocurrency-based platforms 

introduce rapid engagement but also financial 

volatility. The comparison underscores the need for 

reward models that align with submission timing, bug 

severity, and platform stability to ensure fair and 

sustainable engagement. Table 3 explores the unique 

challenges and best practices in implementing BBPs 

across different sectors and regions. E-government 

platforms require legal safeguards and tightly scoped 

access. Open-source projects face delays in 

vulnerability triage, while developing countries 

struggle with funding and talent shortages. The table 

highlights that BBP success is contingent on 

contextual adaptation—there is no one-size-fits-all 

model, and regional policies must support local 

implementation needs. Table 4 categorizes 

contributors based on their motivation and 

engagement patterns in BBPs. It distinguishes 

between project-specific hackers, underrepresented 

groups, OSS-focused reporters, and student 

participants. Each group brings unique expectations 

and constraints. Recognizing this diversity is critical 

for program design, as it enables platforms to tailor 

incentives, onboarding processes, and retention 

strategies to each participant type. Table 5 

summarizes the legal risks associated with 

vulnerability disclosure and ethical hacking. It 

includes regulatory perspectives from the EU (NIS 

2), global ethical debates, and national frameworks. 

The risks range from criminal liability to violations 

of consent. The recommendations suggest formal 

safe harbor protections, clearer consent structures, 

and the promotion of standardized disclosure norms 

to protect both hackers and organizations. Table 6 

outlines how BBPs are being integrated into 

educational curricula at graduate and professional 

levels. It shows how academic institutions are using 

real-world BBP scenarios, CVSS scoring systems, 

and red team simulations to teach ethical hacking and 

risk analysis. These programs not only build 

technical skills but also instill responsible disclosure 

practices in future cybersecurity professionals. Table 

7 compares four popular bug bounty platforms—

HackerOne, Bugcrowd, Gitcoin, and Huntr—based 

on their reward models, advantages, and limitations. 

While HackerOne and Bugcrowd offer structured 

environments with triage support, Gitcoin and Huntr 

cater to open-source communities with decentralized 

and dual-incentive structures. Each platform serves 

different contributor and project profiles, and 

understanding these differences helps organizations 

select the most appropriate BBP solution. 

5. Challenges Identified and Recommendations 

Bug bounty programs (BBPs), while increasingly 

adopted across commercial, governmental, and open-

source environments, face a number of significant 

challenges that limit their long-term effectiveness. 

One of the most critical issues is the strategic 

behavior of ethical hackers, particularly bug 

hoarding. As studies on inter-temporal reward 

models reveal, some hackers delay their submissions 

to benefit from increasing reward values, which leads 

to delayed vulnerability disclosure and heightened 

exposure to cyber risks. Additionally, legal 

ambiguities remain a major deterrent to participation. 

In many jurisdictions, ethical hackers risk civil, 

criminal, or administrative penalties, particularly 

when engaging with public-sector systems lacking 

clear vulnerability disclosure policies. Another 

important challenge is contributor marginalization. 

Research shows that individuals from 

underrepresented communities often face barriers to 

entry, such as lack of recognition, anonymity 

concerns, and regional exclusion, which reduces the 

diversity and potential effectiveness of BBPs. In 
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addition, particularly as popular programs receive 

thousands of submissions (most of which are junk or 

duplicates), incoming reports become operational 

bottlenecks. Without tools to automate the process, 

manual triage is not scalable and high resolution 

times impact contributor motivation. Another long-

term problem is the mismatch between the reward 

system and bug difficulty. When high-quality or 

severe bugs are not being rewarded properly, skilled 

hackers may stop submitting to the site or look for 

greener pastures elsewhere. Finally, there are special 

constraints for open-source and the public sector. 

This comprises budget constraints, absence of 

centralized coordination and lack of legal certainty, 

all of which result in a large number of open 

advisories and unpatched vulnerabilities. Some 

readily available approaches can be taken to address 

these problems. First, organizations should create 

balanced and timing-dependent reward mechanisms 

that promote earlier disclosure in the absence of 

incentivizing hoarding. This may such rewards can 

include time-based or first-reported bonuses, and 

recognition-driven incentives such as badges or skill 

certs. Second, there is an urgent call for legal and 

ethical frameworks such as safe harbour laws, 

standard contracts and regulatory alignment with 

regards to directives like the EU’s NIS 2, to reassure 

and protect ethical hackers and provide clarity on 

what constitutes responsible disclosure. Third, BBPs 

should continually strive for inclusiveness; they 

should provide mentorship, be globally accessible, 

and be reported anonymously so that the benefits of 

BBPs are not disproportionately enjoyed by select 

contributor groups. To alleviate operational 

inefficiency, BBPs may rely on AI supported triage 

systems, which automatically classify, deduplicate, 

and prioritize vulnerability reports in terms of the 

severity and historical pattern. Not only does this 

reduce cycle times, it also increases contributor 

satisfaction. In addition, standardized systems for 

vulnerability classification such as CVSS, OWASP 

Top 10, or MITRE ATT&CK should be included in 

BBP scopes to create clear transparency that aligns 

with industry standard practices. Lastly, for open-

source and public-sector deployment, tailored 

frameworks such as community-managed platforms 

(e.g., Huntr), public funding, and collaboration with 

academic or nonprofit institutions can help bridge the 

resource and policy gaps. Implementing these 

recommendations can significantly enhance the 

scalability, effectiveness, and ethical robustness of 

modern bug bounty programs. 

6. Future Directions 

Future research on bug bounty programs (BBPs) 

should focus on developing inclusive, adaptive, and 

policy-aligned models that address current gaps in 

governance, contributor diversity, legal protection, 

and platform interoperability. As BBPs evolve, there 

is a pressing need for AI-assisted triage systems to 

manage report overload, advanced reward systems 

for transparent compensation, and standardized legal 

frameworks—especially in light of regulations like 

the NIS 2 Directive—to safeguard ethical hackers. 

Additionally, future studies should explore 

integrating BBPs into cybersecurity education, 

supporting underrepresented groups in vulnerability 

discovery, and localizing program frameworks for 

the public sector and developing regions. Cross-

platform data sharing, ethical guidelines, and 

automation of patching pipelines will also play 

critical roles in enhancing the scalability, security 

impact, and long-term sustainability of BBPs 

globally. 

Conclusion 

Bug Bounty Programs (BBPs) have emerged as a 

powerful tool in the cybersecurity ecosystem, 

enabling organizations to crowdsource vulnerability 

detection from a diverse and distributed pool of 

ethical hackers. This meta-analytical review, drawing 

from SCI-indexed studies, highlights the 

multifaceted nature of BBPs—spanning governance 

strategies, reward structures, contributor behaviors, 

legal frameworks, economic models, and sector-

specific implementations. While BBPs offer clear 

benefits such as scalability, cost-efficiency, and real-

time threat detection, their effectiveness is highly 

dependent on thoughtful program design, legal 

clarity, and equitable participation. Challenges such 

as strategic bug hoarding, lack of standardization, 

delayed disclosures, and regional disparities must be 
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addressed to ensure program sustainability and 

ethical integrity. Moving forward, integrating BBPs 

with AI-driven tools, regulatory compliance 

frameworks, and educational systems will be 

essential for maximizing their potential. As digital 

infrastructures expand, BBPs will play an 

increasingly critical role in building proactive, 

collaborative, and resilient cybersecurity defenses. 
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