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Abstract

Ship stability is the fundamental guarantee of maritime safety, with research and practice evolving from passively meeting static regulatory criteria to encompassing a proactive, lifecycle-oriented systems engineering approach to safety. Driven by the dual imperatives of safety and efficiency, this paper systematically reviews the modern technological framework for ship stability enhancement. It first traces the evolution of stability theory from static stability assessment and dynamic analysis to the dynamic system-safety paradigm embodied in the IMO Second Generation Intact Stability Criteria. Building on this foundation, the paper proposes an integrated "Design-Control-Management" (DCM) analytical framework. At the design level, it examines the intrinsic influence of hull form parameters on the righting lever (GZ) curve and reliability-based optimization methods. At the control level, it elaborates on the progression from passive roll damping to intelligent decision-making and system coordination for active anti-heeling. At the management level, the focus is on real-time monitoring and risk warning based on digital twins and artificial intelligence. Finally, the paper critically examines the limitations of existing methods in terms of techno-economics, lifecycle effectiveness, and adaptability to extreme scenarios. Future research directions, including multidisciplinary coupling, certification of intelligent algorithms, and uncertainty quantification, are outlined. This review not only synthesizes the state-of-the-art but also provides the integrative DCM framework as a strategic roadmap, aiming to catalyze the development of next-generation, resilient safety systems for ships.
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1. Introduction
Ship stability, defined as a vessel's ability to return to equilibrium after disturbance, is a core scientific problem in naval architecture and marine engineering. Major maritime disasters throughout history—such as the sinking of the Titanic, the capsize of the Herald of Free Enterprise, and the listing of the Costa Concordia—recurrently highlight the complexity and systemic nature of stability issues. Research shows that stability-related accidents are a leading cause of maritime casualties and property loss[1]. These events have driven a shift in the perception of stability from a static attribute to a dynamic safety state encompassing design, operation, environment, and management.
Currently, the shipping industry is undergoing profound transformations characterized by globalization, decarbonization, and digitalization, presenting multiple challenges to ship stability. On one hand, the drive for efficiency promotes the continuous evolution of hull forms, such as ultra-large container ships and luxury cruise liners, leading to higher centers of gravity, increased windage areas, and consequently, compressed stability safety margins [2]. On the other hand, the green transition introduces new energy sources like LNG and liquid hydrogen; the free surface effect and phase-change behavior of their fuel tanks pose fundamental challenges to traditional stability models [3]. Furthermore, the opening of Arctic routes exposes ships frequently to sea ice, extremely low temperatures, and complex sea states, demanding stability assessment tools with greater environmental adaptability and risk prediction capabilities [4].
To address these challenges, the IMO has promulgated the "Second Generation Intact Stability Criteria," marking a significant paradigm shift in stability assessment from static, deterministic rules toward a dynamic, probabilistic framework [5]. These criteria emphasize the direct numerical simulation and probabilistic evaluation of five failure modes, including dead ship stability and parametric rolling, effectively treating the ship as a nonlinear dynamic system strongly coupled with a random environment. This transition necessitates that strategies for stability enhancement expand from isolated design optimization to an integrated, lifecycle-spanning system covering design, control, and management. This paper aims to systematically elucidate the evolution, integration pathways, and development trends of modern stability technologies by constructing an integrated "Design (D) – Control (C) – Management (M)" framework, providing a theoretical reference for the synergistic enhancement of ship safety and efficiency.
2. Evolution of Theoretical Paradigms in Ship Stability Assessment
A deep understanding and application of stability enhancement technologies 

must be grounded in the historical evolution of its assessment theories. This evolutionary trajectory reflects the scientific progression from static, deterministic analysis to dynamic, probabilistic assessment, and ultimately toward an understanding of safety in complex systems.

2.1 Static Stability Framework and Deterministic Criteria: Foundation and Limitations
    Traditional stability theory centers on the static righting lever (GZ) curve, which characterizes the variation of the righting moment with the heeling angle under static conditions. Key parameters derived from this include the metacentric height (GM), maximum righting lever, range of stability, and area under the curve. International regulations have long relied on such parameters to establish deterministic criteria, such as minimum area under the GZ curve, thresholds for the maximum righting lever, and weather criteria based on equivalent static wind pressure [6]. This paradigm offers the advantages of clear logic, simple calculation, and ease of regulation, providing a clear static safety baseline for ship design. However, its fundamental flaw lies in simplifying the complex dynamic wave excitation in real sea states into an equivalent static heeling moment. Consequently, it fails to capture nonlinear motion responses in waves (e.g., large-amplitude rolling), periodic variations in righting lever (the cause of parametric excitation), and dynamic instability phenomena such as pure loss of stability and broaching. Therefore, static stability criteria are primarily used to assess a ship's inherent stability potential but are inadequate for accurately predicting its true safety state under dynamic sea conditions.
2.2 Dynamic Stability Research and the Introduction of Probabilistic Methods: Toward Dynamics and Randomness
    In the mid-to-late 20th century, several sudden capsize accidents in severe sea states (particularly involving fishing vessels and ro-ro ships) prompted the academic community to recognize the critical role of dynamic effects in stability failure. Research subsequently shifted toward understanding dynamic failure mechanisms such as parametric rolling (caused by periodic changes in righting lever when wave length is close to ship length) and pure loss of stability (a sharp decrease in effective stability at wave crests) [7]. Concurrently, probabilistic methods were introduced into damage stability assessment, exemplified by the probabilistic approach in SOLAS 2009 rules, which quantifies a ship's average probability of survival across all possible random damage scenarios by calculating the attained subdivision index A. This marked a shift in the concept of stability safety from a binary judgment of "compliance or not" to a continuous measure of "level of risk," enhancing not only the scientific rigor of assessment but also laying the groundwork for handling other uncertainties like sea state and loading conditions.
2.3 IMO Second Generation Intact Stability Criteria: Direct Assessment and a Systems Perspective
    The IMO Second Generation Intact Stability Criteria represent the culmination and future direction of current stability assessment theory [2]. These criteria target five dynamic failure modes: dead ship condition, parametric rolling, pure loss of stability, surf-riding, and excessive acceleration. Their core advocates the use of the Direct Assessment Method: constructing a high-fidelity, coupled ship-environment dynamic system model and employing nonlinear time-domain numerical simulations to directly compute the ship's motion response in representative sea states, statistically estimating the probability of reaching a hazardous state (e.g., roll angle exceeding limits, loss of speed control). This requires the model to couple six-degrees-of-freedom motion equations, nonlinear restoring forces, wave radiation and diffraction forces (based on potential flow theory or CFD), rudder and propeller forces, and stochastic wind excitation. This formally defines the stability problem as a safety risk assessment problem for a nonlinear stochastic dynamic system. This approach has profound implications: first, it emphasizes in-depth simulation of the physical failure mechanisms rather than reliance on empirical parameters; second, it internalizes the randomness of environment and operation as essential assessment elements; third, it requires that all stability enhancement measures be validated for effectiveness within this systems framework, thereby driving related technologies toward a profound transformation from scattered "empirical improvements" to model-based "system integration."
Therefore, the systemic and probabilistic nature of modern stability assessment, as mandated by the Second Generation Criteria, inherently demands a commensurate systemic response in engineering practice. This response is the integrated DCM framework, which translates the theoretical paradigm into a tripartite engineering strategy encompassing inherent safety design (D), dynamic operational control (C), and proactive risk management (M).(see Figure 1)
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Figure 1. Horizontal layout of the DCM integrated framework for ship stability enhancement, illustrating the sequential flow and feedback mechanisms across design, control, and management layers.

3. Design (D) Level: Reliability-Based Optimization of Inherent Stability
Within the ship safety system, design constitutes the primary and most 

cost-effective stage for establishing inherent safety. Modern ship stability optimization has evolved from experience-dependent qualitative adjustments to a systematic, quantitative optimization process based on multidisciplinary analysis and reliability theory.

3.1 Intrinsic Influence Mechanisms of Design Parameters on Stability Characteristics
    A ship's fundamental stability is determined during the conceptual design phase by principal dimensions, hull form coefficients, and general arrangement. The intrinsic mechanisms can be understood through analysis of the static righting lever (GZ) curve. Ship breadth (B) is the most sensitive parameter influencing the initial metacentric height (GM), directly determining the gradient of the righting moment at small angles. However, excessive breadth may impair speed and seakeeping performance. Moulded depth (D) and freeboard primarily govern stability at large angles and the range of stability, with sufficient freeboard providing the final safeguard of reserve buoyancy against capsizing. Regarding hull form, the waterplane area coefficient (Cwp) and transverse section shape (e.g., flare) collectively influence the change in waterplane inertia moment during heeling, thereby shaping the GZ curve. Optimized flare design can provide greater righting moments in the intermediate-to-large angle range. Among all parameters, the vertical center of gravity (KG) is the most critical; lowering KG directly and linearly improves the righting lever across all heel angles, representing the most effective means of enhancing stability [6]. Consequently, modern design places high importance on achieving a lower KG through layout optimization and material selection.
3.2 Modern Hull Form Optimization Paradigm for Dynamic Safety
To meet dynamic probabilistic requirements like the IMO Second Generation 

Stability Criteria, the design optimization paradigm is undergoing a profound transformation:
From Deterministic Optimization to Reliability-Based Design Optimization (RBDO): Traditional optimization uses deterministic parameters like GM value as constraints, whereas RBDO incorporates the probability of stability failure itself (e.g., probability of parametric rolling occurrence) as a constraint or objective [8]. This necessitates embedding computationally expensive nonlinear time-domain stability assessments within the optimization loop, driving the application of efficient surrogate models (e.g., Kriging) and intelligent optimization algorithms (e.g., Bayesian optimization).
Multidisciplinary Design Optimization (MDO): Stability must be balanced and traded off with multiple conflicting objectives such as speed, seakeeping, cargo capacity, structural strength, and economics. MDO aims to find Pareto-optimal solutions in this high-dimensional, conflicting design space, for instance, evaluating the trade-off between increased flare for better stability and the consequent increase in wave-making resistance.
3.3 Case Review and Reflection
The design process integrates CFD, potential flow theory, and time-domain 

simulation to meet the stringent dead ship stability requirements of the Second Generation Criteria[9]. Optimization variables extended to bilge keel design and superstructure aerodynamic shape. Ultimately, through precise adjustments to the waterplane shape and transverse section flare, an improved GZ curve was "sculpted" within the critical angle range, satisfying dynamic stability requirements while controlling the increase in the Energy Efficiency Design Index .
    This case also reveals deeper contradictions: first, the "safety margin paradox," where excessively high stability margins preset for extreme sea conditions may burden the ship with an efficiency "penalty" throughout its lifecycle; second, the "model reliability challenge," questioning the prediction accuracy of the nonlinear hydrodynamic models that optimization relies on under extreme conditions. Therefore, future directions lie in developing high-fidelity yet efficient simulation tools and establishing a closed-loop "design-operation" iterative mechanism that incorporates feedback from actual ship operations, enabling design decisions to be based on data that continuously approximates reality.

4. Control (C) Level: Intelligent Decision-Making and Synergy in Active Disturbance Rejection
During ship operation, the stability state is dynamically influenced by multiple 

factors such as loading, navigation, and environment. The core at this stage is the real-time or predictive management and intervention of the ship's state through decision algorithms and execution systems to ensure it remains within safe operational boundaries.

4.1 Intelligent loading: From Compliance Checking to Multi-Objective Collaborative Decision-Making
    Modern ship stability management has evolved from digital loading manuals to intelligent decision support systems. These systems essentially constitute a multi-objective, multi-constraint Mixed-Integer Nonlinear Programming problem. Decision variables encompass the weight distribution, location, and consumption strategy of cargo. Optimization objectives involve the collaborative optimization of stability safety margins, operational economy, ship energy efficiency, and port operational efficiency, all while satisfying all stability, strength, draft, and lashing constraints. Solving this problem requires the integration of operational research optimization algorithms, real-time data fusion, and high-precision stability calculation models. The current frontier involves introducing a Model Predictive Control framework. This approach, based on sea state forecasts for future voyage segments, performs rolling-horizon optimization of loading and ballast strategies to achieve "predictive stability maintenance," such as pre-adjusting the GM value in anticipation of forecasted strong winds [10]. For navigation decision support systems in complex environments, systematic reviews of theories and methods have been formed in recent years [11].
4.2 Active Control: From Roll Damping to Heel Recovery
Active control systems apply control moments via actuators (e.g., fin stabilizers, 

rudders, anti-heeling pumps) to counteract external disturbances. Their development presents two levels:
Classical Control Level (Roll Damping): Exemplified by fin stabilizers, this employs Proportional-Integral-Derivative-based control strategies to suppress periodic rolling, aiming to improve comfort and operational safety.
Modern Control Level (Anti-Heeling): Targeting the risk of large-angle heeling, the control objective upgrades to heel angle stabilization and recovery. Strategies include rudder-fin combined control or multi-actuator coordination (e.g., in dynamic positioning vessels), employing nonlinear or optimal control algorithms to handle system nonlinearities and optimize energy allocation [12]. For active anti-heeling tanks, control must specifically account for the nonlinear dynamics of large-amplitude fluid sloshing.
4.3 Control-Management Integration: Architectural Synergy and System Challenges
    Achieving dynamic stability assurance throughout the operational cycle requires constructing an intelligent "control-management integration" architecture, which includes:
Decision Layer (Intelligent loading System): Based on macro-level mission planning and forecast information, this layer formulates global loading and stability baseline plans on an daily scale.
Execution Layer (Active Control System): Receiving instructions, this layer performs closed-loop control based on real-time sensor data on a second scale to maintain the ship's state within the safety envelope.
Key challenges lie in: standardizing information interfaces between systems, smooth switching and conflict resolution between automatic and manual control authority, and clear delineation of human-machine responsibilities in abnormal situations. Excessive automation may lead to the degradation of crew situational awareness and skills, potentially introducing new risks.
4.4 Case Review and Systems Engineering Perspective
COSCO SHIPPING's "Ship Energy Efficiency and Stability Intelligent 

Management and Control System" embodies the concept of control-management synergy [13]. Based on weather routing predictions, the system pre-adjusts ballast to optimize GM value and rolling period, achieving a closed loop of pre-event optimization and in-process monitoring. This case also reveals new safety issues in the era of intelligent shipping: whether highly integrated software systems undergo certification for software reliability, cybersecurity, and failure mode analysis that is as rigorous as that for hardware systems. This is a fundamental problem that must be addressed in the digitalization process of stability assurance.

5. Management (M) Level: Proactive Risk Management Based on Digital Twins and Artificial Intelligence
Ship stability management is undergoing a paradigm shift from "monitoring and 

alerting" to "predictive health management." Its core lies in utilizing sensor data, advanced models, and artificial intelligence algorithms to construct a high-fidelity, dynamic mirror of the physical ship—a ship stability digital twin—that operates in real-time synchronization and can simulate future scenarios, thereby enabling advanced risk perception and intelligent decision-making.

5.1 Ship Stability Digital Twin: Construction, Validation, and Challenges
The digital twin is a key enabling technology for advanced stability risk 

management. Recent comprehensive reviews have surveyed its architectures, applications, and persistent challenges in the maritime context [14]. Its typical architecture comprises three layers
Data Layer: Responsible for integrating multi-source, heterogeneous real-time data, such as motion attitude, tank liquid levels, structural stress, meteorological information, and equipment status.
Model Layer (The Core): Requires the integration of multi-physics coupling models, encompassing parametric geometry and hydrostatic calculations, nonlinear ship motion and hydrodynamic models, structural response models, and control system models. A "model family" balancing fidelity and efficiency is constructed for different application scenarios (e.g., routine monitoring, extreme condition simulation).
Service Layer: Provides application functions such as stability status display, historical data analysis, future condition simulation, and risk warning.
A key challenge for this technology is the continuous verification and evolution of the models. An online calibration mechanism based on data assimilation technology needs to be established, enabling the digital twin to continuously learn from and track the actual ship's performance degradation through measured data, thus becoming an adaptive, highly credible "living" model [15].
5.2 Application of Artificial Intelligence in Risk Identification and Prediction
Artificial intelligence provides powerful tools for processing the 

high-dimensional, nonlinear data generated by digital twins:
Supervised Learning can be used to establish mapping relationships between key stability parameters (e.g., GM) and easily measurable motion variables, enabling soft sensing of parameters.
Unsupervised Learning and Anomaly Detection achieve early warning for latent risks, such as cargo shift or local flooding, by identifying deviations from the ship's normal "behavioral pattern."
Reinforcement Learning is suitable for learning sequential decision-making strategies for optimal anti-heeling control or route optimization in uncertain environments.
Physics-Informed Neural Networks, by embedding physical laws into neural network training, can provide physically consistent and more reliable extrapolative predictions even under extreme conditions where data is scarce [16].The application of such physics-informed machine learning approaches represents a growing and promising frontier in ocean engineering, as highlighted in recent reviews [17].
5.3 Uncertainty Quantification and Dynamic Risk Boundaries
Modern warning systems need to upgrade from binary alarms to providing 

probabilistic risk information.
Uncertainty Propagation Analysis: Systematically quantifies the impact of uncertainties in inputs (e.g., sea state parameters, model coefficients) on the distribution of output risk indicators (e.g., capsize probability).
Dynamic Safety Boundaries: Safety boundaries should transition from fixed values to probability contours that vary dynamically with sea state, loading, and speed. The system should evaluate in real-time the "probabilistic distance" of the current state from high-risk zones, providing graded risk levels and confidence intervals [18].
5.4  Case Review and Human-Machine Collaboration
The "SAVE CUBE" system by Deltamarin and Rolls-Royce in Finland provides 

probabilistic warnings by inverting sea state from radar data and performing short-term motion simulations [19]. An intelligent platform developed by the Shanghai Ship and Shipping Research Institute utilizes knowledge graph technology to provide diagnostic reasoning for specific risks [20].
These cases also highlight a fundamental challenge: how to effectively convert warning information into action. False alarms can lead to a "cry wolf" effect, while complex information may exceed the crew's cognitive load during emergencies. Therefore, future system design must place human-machine interaction at its core, ensuring that humans remain the most resilient and ultimately responsible element in the safety loop through intuitive visualization, clear alarm strategies, and well-defined human-machine authority and responsibility.

6. Conclusion
The DCM framework synthesized in this review establishes a fundamental paradigm shift: it reconceptualizes ship stability from a static property to be verified into a dynamic system capability that must be actively managed throughout the vessel's lifecycle. This systemic perspective simultaneously exposes inherent contradictions and integration challenges at each level, such as the trade-offs between design and efficiency, control and complexity, automation and human factors, and the enduring gap between models and the real operational environment. Future progress must therefore transcend isolated technological advancements, focusing instead on key interdisciplinary frontiers: theoretical innovation for extreme conditions, multi-physics collaborative control, the certification of trustworthy AI, the quantification of lifecycle resilience, and the development of integrated ship-shore intelligent networks. Critically, the DCM framework offers distinct yet interconnected guidance for all stakeholders—regulators, designers, operators, and technology developers—demanding a concerted effort to translate this systemic vision into practical standards, tools, and protocols. By fostering this collaborative, multidisciplinary integration, a closed-loop "design-operation-redesign" iterative mechanism can be realized. This will ultimately facilitate the construction of a resilient ship safety system that is robust, adaptive, and trustworthy in confronting the enduring uncertainties of the ocean.
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