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ABSTRACT

The complexity and velocity of modern cyber threats expose the limits of static,
compliance-driven risk assessments. Synthetic Risk Environments (SREs) offer
dynamic, digitally constructed ecosystems that simulate adversarial behavior, sys-
tem vulnerabilities, and socio-technical interdependencies. Integrating Al-driven
scenario generation, digital twins, cyber ranges, and generative modeling, SREs
enable organizations to anticipate multi-vector attacks, evaluate cascading fail-
ures, and test resilience in realistic conditions. This chapter reviews the theoretical
foundations, methodologies, and strategic applications of SREs, discusses emerging
trends and challenges, and positions SREs as essential tools for proactive, adaptive,
and resilience-oriented cybersecurity.

1. INTRODUCTION

Overthe pastdecade, cybersecurity has evolved from a primarily technical concern
into a systemic challenge affecting organizations, governments, and critical infra-
structures alike. The increasing digitization of industrial processes, public services,
supply chains, and societal communication has created deeply interconnected socio-
technical systems whose exposure to cyber threats is both persistent and expanding
(Schwab, 2015; ENISA, 2023). At the same time, adversaries have become more
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adaptive, coordinated, and capable of exploiting not only technical vulnerabilities
but also organizational dependencies, human behavior, and cross-sector intercon-
nections (Tounsi & Rais, 2018; Bada & Nurse, 2019). As a consequence, cyber risk
can no longer be understood as a set of isolated incidents affecting individual assets;
rather, it must be approached as a dynamic and systemic phenomenon shaped by
continuous interaction between attackers, defenders, and infrastructures.

Traditional cybersecurity risk assessment methods have made important con-
tributions to governance, compliance, and control. Frameworks such as NIST SP
800-30and ISO/IEC 27005 provide structured procedures for identifying, analyzing,
and treating cyber risks, while threat intelligence reports by institutions such as
ENISA offer up-to-date insights into evolving attack patterns (NIST, 2018/2023;
ENISA, 2023). However, these approaches remain limited in important respects.
Most conventional models rely heavily on historical evidence, static threat assump-
tions, or checklist-based assessments, and are therefore insufficient for capturing
the adaptive, uncertain, and interconnected character of contemporary cyber threats
(Tounsi & Rais, 2018; Bada & Nurse, 2019). Empirical evidence from recent cyber
incidents, such as large-scale supply chain compromises and ransomware attacks,
demonstrates that the most severe impacts often arise from cascading effects and
systemic disruption rather than isolated vulnerabilities (Cebula & Young, 2010;
Klasa et al., 2021).

Against this background, this chapter argues that Synthetic Risk Environments
(SREs) represent a promising next-generation approach for cybersecurity risk anal-
ysis and resilience assessment. SREs can be understood as digitally constructed and
dynamically configurable environments that simulate adversarial behavior, system
vulnerabilities, and socio-technical interdependencies under controlled yet realistic
conditions (Salvi, Spagnoletti & Noori, 2022; Ani et al., 2025). They build upon
advances in cyber ranges, digital twins, and simulation modeling, and increasing-
ly incorporate artificial intelligence techniques such as generative modeling and
reinforcement learning to emulate adaptive attackers and defenders (Ligo, Kott &
Linkov, 2021; Goodfellow et al., 2014).

The central premise of this chapter is that the value of SREs lies not merely in
their technological sophistication, but in their ability to bridge a long-standing gap
between governance-oriented cyber risk management and experimentally grounded
cyber resilience testing. Existing research has highlighted the limitations of classi-
cal risk frameworks in dealing with uncertainty, interdependence, and adversarial
adaptation (Cebula & Young, 2010; Naghshbandi et al., 2020). At the same time,
advances in resilience engineering and complex systems theory emphasize the need
to understand cyber systems as adaptive and interdependent environments rather
than static infrastructures (Hollnagel, Woods & Leveson, 2006; Holland, 1995).
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