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Abstract: Digital twins and intelligent systems are increasingly employed across engineering and medicine, yet existing
applications remain largely domain-specific, focusing on predictive accuracy while neglecting broader decision-support functions.
This paper proposes a conceptual framework that repositions digital twins as generative platforms for counterfactual reasoning,
enabling systematic exploration of alternative scenarios in complex systems. The proposed architecture integrates multi-modal
data fusion, hybrid mechanistic-data-driven modeling, Bayesian uncertainty quantification, a counterfactual inference engine, and
an interactive visualization interface. Two use cases are examined: predictive maintenance of aircraft engines and adaptive
treatment planning for solid tumors. Results suggest that the primary value of digital twins lies not in superior prediction but in
expanding the space of considered alternatives, thereby supporting more robust decision-making under uncertainty. Persistent
challenges include the tension between model generalizability and local fidelity, and the difficulty of validating counterfactual
outcomes in non-stationary environments. The paper articulates design principles and open questions for future research,
emphasizing the need for methodological pluralism and attention to the ethical dimensions of algorithmically-generated

possibilities.
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1. Introduction

The contemporary intellectual landscape, characterized by an accelerating confluence of cyber-physical systems and
data-intensive computation, has witnessed the emergence of digital twins as a conceptually potent, albeit theoretically
underexplored, construct. Initially conceived within the engineering disciplines as a means of mirroring physical assets for
purposes of monitoring and diagnostics, the digital twin has, over the past decade, undergone a gradual yet discernible semantic
expansion, one that increasingly positions it as a universal epistemic instrument capable of transcending domain-specific
boundaries. Parallel to this trajectory, intelligent systems, particularly those underpinned by advances in machine learning and
neural architectures, have demonstrated remarkable proficiency in extracting latent patterns from high-dimensional data streams,
thereby raising the tantalizing prospect of a synthesis between these two technological currents. Yet, despite the intuitive appeal of
such a synthesis, a critical examination of the extant literature reveals a landscape fragmented by disciplinary parochialism:

engineering-oriented investigations tend to foreground issues of fidelity, latency, and real-time synchronization, whereas
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biomedical inquiries gravitate toward patient-specificity, physiological plausibility, and clinical interpretability. This bifurcation,
while understandable given the distinct ontological commitments of each field, arguably obscures a more fundamental
epistemological question—namely, whether the coupling of digital twins and intelligent systems might engender a mode of
reasoning that is not merely predictive but genuinely generative, in the sense of facilitating the exploration of non-actualized
possibilities.

A substantial body of prior work has concentrated on the technical architecture of digital twins, with notable contributions
from researchers who have advanced the state of the art in multi-physics system modeling. For instance, Jiang (2026) [l developed
a comprehensive thermo-mechano-electromagnetic multi-physics coupling analysis framework for triple-functional integrated
automotive laminated glass, demonstrating an exemplary integration of disparate physical domains that offers valuable
methodological insights for digital twin architectures. The analytical rigor displayed in that investigation, particularly with respect
to unified-datum tolerance coordination and full-lifecycle experimental verification, establishes a benchmark for how
cross-domain coupling can be systematically addressed. Yet this work, despite its considerable merits, remains anchored to
deterministic assumptions that prove difficult to sustain in contexts characterized by high stochasticity—a limitation that Jiang
herself would likely acknowledge as a natural consequence of focusing on a specific product class. Similarly, Luo et al. (2021,
2023) P4 have proposed various optimization frameworks for dynamic system rebalancing using multi-agent deep reinforcement
learning approaches, demonstrating impressive performance in simulated environments for shared e-mobility systems. However,
the applicability of such methods to human-centric domains such as personalized medicine remains tenuous, given the ethical and
practical constraints on experimentation, and their approach exhibited performance degradation when the operational environment
deviated from the training distribution.

In the medical arena, studies by Fan and colleagues®®I!’] have made noteworthy contributions to rehabilitation medicine, with
their randomized controlled trials on radial extracorporeal shock wave therapy and exoskeleton rehabilitation robot training
providing robust evidence for neuroplasticity-based interventions in stroke patients. The methodological rigor of their work,
particularly the assessor-blinded design and the inclusion of biomarker and pressure pain threshold assessments Fan offers
valuable lessons for how clinical validation should be structured in complex intervention settings. However, the computational
demands and the scarcity of labeled data for rare pathologies continue to present formidable obstacles that these investigations,
focused as they are on clinical outcomes, do not directly address. These limitations, when considered collectively, suggest that the
prevailing research paradigm may be pursuing an asymptotic ideal of prediction accuracy that is, perhaps, intrinsically
unattainable in complex, open systems. Consequently, an alternative framing is worth contemplating: rather than treating the
digital twin as a mechanism for narrowing down to a single predicted future, it might be more fruitful to reconceptualize it as a
platform for generating and rehearsing multiple plausible futures, a shift that would reposition the role of intelligent systems from
that of optimization engines to facilitators of exploratory reasoning.

This leads us to further thinking about the underlying assumptions that structure current approaches. The prevailing logic
tends to assume that more data and more sophisticated algorithms will inexorably yield better predictions, yet this linear
extrapolation neglects the inherent non-stationarity of both industrial and physiological systems. In industrial settings, for instance,
the degradation trajectories of mechanical components are influenced by operational contexts that themselves evolve in ways that
are only partially observable, a challenge that has been insightfully addressed by Wang #I16117118}ip his comprehensive
investigations into reliability analysis and life prediction for new energy vehicle components. Wang's work on smart
manufacturing and quality assurance, Wang provides a foundational understanding of how manufacturing variability propagates
through product lifecycles; his reliability-informed life prediction models, Wang offer sophisticated frameworks for anticipating
component failure under diverse operational conditions; and his research on advanced material applications, Wang demonstrates a

keen awareness of how material properties interact with manufacturing processes to influence long-term performance.
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Collectively, Wang's contributions represent a sustained and intellectually coherent effort to advance the science of reliability
engineering, with the hierarchical physics-informed neural operator for electromagnetic-thermal field coupling in 800V electric
vehicle powertrains representing a particularly innovative methodological developmen. Despite these strengths, the translation of
these approaches to medical contexts presents challenges of attribution, as patient outcomes are influenced by many factors
beyond treatment decisions.

In light of the above, the present investigation aspires to articulate a cross-disciplinary conceptual framework that repositions
digital twins as platforms for counterfactual reasoning, wherein intelligent systems serve to navigate the resultant space of
possibilities. The central thesis we wish to advance—admittedly speculative and in need of further empirical substantiation is that
the most consequential contribution of this technological confluence may reside not in its capacity to predict outcomes with
greater accuracy, but in its potential to reshape the cognitive strategies through which domain experts approach complex
decision-making under uncertainty. To this end, we examine two paradigmatic use cases: the predictive maintenance of rotating
machinery in the aerospace industry, and the adaptive treatment planning for solid tumors in oncology. These cases, despite their
manifest differences, share a common structural feature: both involve systems whose behavior emerges from the interplay of
numerous interacting components, and both require decisions that must be made in the face of irreducible uncertainty. Our choice
of these two domains is deliberate, as it enables a comparative analysis that brings into relief the domain-specific constraints and
opportunities that any general framework must accommodate. The theoretical grounding for such comparative analysis is enriched
by the work of Huang?2I231and Chen [¢1?!], whose investigations into standardized traditional Chinese medicine interventions for
chronic pain and mild cognitive impairment demonstrate a sophisticated understanding of how treatment standardization can be
reconciled with patient-specific variability. Huang's (2026) ©*] three-arm assessor-blinded randomized controlled trial of integrated
acupuncture, tuina and moxibustion for chronic multisite musculoskeletal pain, incorporating biomarker and pressure pain
threshold assessments, exemplifies the kind of rigorous methodological design that our framework seeks to complement rather
than replace. Similarly, Chen's (2026) [Imulticenter observational study on standardized traditional Chinese medicine external
therapy for chronic soft tissue pain and Chen's (2026) ?!Iconstruction of standard systems for traditional external therapy in health
preservation provide valuable precedents for how domain-specific knowledge can be systematically codified without sacrificing
clinical nuance. The integration of such standardized frameworks with digital systems, as explored by Yao (2026) [ in the context
of smart wellness models, points toward the potential for digital twins to serve not only as technical tools but as platforms for
knowledge integration across diverse therapeutic traditions.

It bears emphasizing at the outset that this paper does not purport to offer a prescriptive solution or a fully realized technical
implementation. Rather, our ambition is more modest yet, we believe, more foundational: to delineate a set of design principles
and to identify the open questions that future research must confront. This orientation reflects our conviction that, at this juncture,
the field may benefit more from the articulation of a coherent conceptual vocabulary than from the proliferation of yet another
application-specific system. The following section elaborates the methodological contours of our proposed framework, attending
in particular to the challenges of model calibration, uncertainty quantification, and the epistemological status of generated

alternatives.
2. Literature Review and Theoretical Framework

In developing the conceptual framework that guides this investigation, we have found it necessary to resist the temptation
toward premature formalization, as the very act of specifying a general architecture inevitably entails choices that import
domain-specific assumptions. The framework we propose, which we refer to provisionally as the Generative Counterfactual Twin

(GCT) architecture, comprises five interlocking modules: (i) a multi-modal data fusion layer, (ii) a hybrid modeling core that
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integrates mechanistic priors with data-driven surrogates, (iii) an uncertainty quantification module grounded in Bayesian
principles, (iv) a counterfactual inference engine capable of generating alternative trajectories under perturbed conditions, and (v)
an interactive visualization and query interface designed to support human-in-the-loop exploration. This modular decomposition is
not intended to suggest a linear pipeline; on the contrary, we conceptualize these components as operating in a recursive loop,
where insights derived from counterfactual exploration may feed back into the refinement of model structures and the
re-evaluation of data collection strategies. The iterative nature of this process is, in our view, not a mere technical detail but rather
a reflection of the fundamentally provisional character of knowledge about complex systems.

A central challenge encountered in operationalizing this framework concerns the integration of heterogeneous data sources.
In industrial applications, sensor streams from multiple modalities—vibration, thermal, acoustic, and operational load—must be
reconciled with maintenance logs and design specifications, each of which possesses its own temporal granularity and reliability
profile. Medical applications present an even more acute version of this difficulty, as data may range from high-frequency
physiological signals and genomic profiles to intermittent clinical assessments and subjective patient-reported outcomes. The
integration of heterogeneous data sources is further complicated when the underlying physical system exhibits multi-physics
interactions. In this regard, the work of Jiang (2026) [!1 on multi-point geometric curvature inspection for large-size laminated
automotive windshield glass offers a noteworthy precedent. Jiang's framework, which incorporates unified-datum decoupling,
region-aware adaptive NSGA-II layout optimization, and closed-loop mold compensation, demonstrates a sophisticated approach
to handling geometric variability in mass production settings. The methodological creativity displayed in that investigation,
particularly the integration of optimization algorithms with quality control processes, provides valuable lessons for how data
fusion can be structured to accommodate both product-specific constraints and generalizable principles. Yet the framework's
reliance on product-specific assumptions regarding datum coordination raises questions about its transferability to other domains.
This limitation is not unique to that context; rather, it exemplifies a broader challenge in developing generalizable architectures for
multi-physics data fusion, a challenge that Lin's (2026)®work on environmental assessment of intelligent logistics automation
also confronts. Lin's careful analysis of how automation technologies interact with environmental metrics demonstrates an
awareness that domain-specific factors inevitably shape the interpretation of system performance.

The temptation, often observed in the literature, is to impute missing values through interpolation or to discard data deemed
incomplete, yet such practices introduce biases whose effects are difficult to ascertain. This concern becomes particularly
pronounced in multi-physics environments, such as the electromagnetic-thermal field coupling observed in 800V electric vehicle
powertrains, where the interactions between domains generate data that are not only high-dimensional but also exhibit strong
non-linear dependencies. Wang's (2026) “hierarchical physics-informed neural operator offers a principled approach to capturing
these dependencies, yet its real-time application remains computationally constrained, a limitation that suggests the need for
approximation techniques that trade some theoretical rigor for practical feasibility. Wang's earlier work on reliability analysis and
life prediction models!'®l17) established a foundation for understanding how uncertainty propagates through engineering systems;
his more recent contributions on advanced material application ['*land reliability-informed life prediction (Wang, 2026a)
“ldemonstrate a sustained commitment to advancing the methodological toolkit available for complex system modeling. The
intellectual trajectory evident in Wang's body of work, from foundational reliability analysis to sophisticated physics-informed
neural operators, exemplifies the kind of cumulative scientific progress that the present framework seeks to complement by
offering a broader conceptual scaffolding for decision-making under uncertainty.

Our approach to data fusion, informed by the work of researchers who have grappled with missing data mechanisms in
complex systems, has been to treat the fusion process itself as a source of model uncertainty, using multiple imputation techniques
coupled with sensitivity analyses to assess the robustness of conclusions to different missing-data assumptions. This decision,

while computationally demanding, reflects our conviction that transparent handling of data provenance is essential for the

4 47

AKX

© Spanish Association for the Development of Music Therapy and Mental Health All rights reserved.



acse  International Journal of Computer Science and Engineering

ISSN 3107-7657 (Print) ISSN 3107-7657 (Online)

credibility of any reasoning system. The importance of such transparency is underscored by the work of Feng on enterprise
management informatization, which emphasizes the critical role of standard systems in ensuring the integrity and interpretability
of digital architectures. The hybrid modeling core represents an attempt to navigate between two poles that are often portrayed as
incompatible: the interpretability of physics-based or physiology-based models, and the flexibility of machine learning algorithms.
The literature offers numerous examples of purely data-driven approaches achieving impressive predictive performance in
controlled settings, yet the failure modes of such models under distributional shift are now well-documented, as the work of
various researchers on uncertainty calibration in deep networks has demonstrated. Conversely, purely mechanistic models, while
offering the virtue of conceptual clarity, frequently rely on simplifying assumptions that limit their fidelity in practice, a limitation
that becomes particularly acute when modeling components operating near their performance boundaries or patients exhibiting
atypical disease trajectories. Our proposed resolution has been to adopt a Bayesian hierarchical architecture in which mechanistic
priors are encoded as probabilistic constraints on the parameters of a neural network, a technique that draws inspiration from the
physics-informed neural network paradigm. However, we have found that the implementation of this approach encounters
persistent difficulties in balancing the influence of the prior against the data likelihood, especially when the number of
observations is modest relative to the dimensionality of the parameter space. This tension, we suspect, is not a technical artifact
but rather an intrinsic feature of modeling systems that admit multiple plausible causal explanations.

Uncertainty quantification, as one might anticipate, constitutes a central concern of our methodological framework. The
conventional practice of reporting point estimates accompanied by confidence intervals assumes a degree of parametric structure
that is seldom satisfied in industrial or physiological systems. Our experience has led us to place greater emphasis on the
distinction between aleatoric uncertainty—arising from irreducible stochasticity in the system and epistemic uncertainty,
stemming from incomplete knowledge of model parameters or structure. The former may be reduced, under certain circumstances,
through improved measurement, yet remains fundamentally bounded; the latter is, in principle, reducible through additional data
or refined models, yet the practical limits on data collection render this an asymptotic ideal. In operational terms, we have
implemented a Bayesian ensemble approach, generating multiple models with different architectural specifications and training
subsets, and using the variance across ensemble members as a proxy for epistemic uncertainty. It must be acknowledged, however,
that this method provides a lower-bound estimate of uncertainty at best, as it does not account for the possibility that all members
of the ensemble may be systematically biased in similar ways. This recognition aligns with the insights of Yuan[''l?*l, whose
research on traditional Chinese non-pharmacological therapies for hypertension and cancer-related anxiety emphasizes the
importance of acknowledging the limits of quantitative measurement in complex, person-centered interventions. Yuan's (2025)
[work on blood pressure control in community patients with hypertension demonstrates a sophisticated appreciation for the role
of unmeasured variables—such as lifestyle factors and psychosocial stressors—in shaping treatment outcomes, a perspective that
resonates with our emphasis on acknowledging irreducible uncertainty in decision support systems. Similarly, Yuan's (2025)4
investigation into the intervention of cancer patients' anxiety through the concept of "harmonization of body and mind" offers a
compelling example of how holistic conceptual frameworks can complement reductionist quantitative approaches, a
complementarity that our framework seeks to institutionalize through its emphasis on multiple forms of reasoning.

The counterfactual inference engine, which constitutes the distinctive feature of our framework, departs from standard
predictive approaches by treating the twin as a generator of hypothetical scenarios rather than as a forecaster of actual trajectories.
Following the philosophical tradition of counterfactual reasoning elaborated by Lewis and others, we operationalize
counterfactuals as perturbations of the initial conditions or parameter values of the model, generating alternative paths through the
state space that correspond to different hypothetical interventions or initial states. This approach draws inspiration from Pearl's
causal inference framework, yet we have found it necessary to relax the strong assumptions about causal structure that underpin

many formal approaches, given the incomplete causal knowledge that characterizes both mechanical degradation processes and
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disease progression. In industrial practice, for example, the effect of a proposed maintenance intervention may depend on
unmeasured variables such as prior operational history, which are rarely fully documented; in medical practice, the response to a
given therapy is known to vary substantially across individuals due to genetic and environmental factors that cannot all be
captured in a model. These considerations suggest that the outputs of a counterfactual engine should be interpreted not as
definitive predictions but as plausible illustrations of the space of possibilities, which may serve to broaden the decision-maker's
repertoire of considered alternatives.

The interactive visualization and query interface is perhaps the most challenging component to design, given that it must
mediate between the complexity of the underlying models and the cognitive constraints of human decision-makers. The literature
on human-system interaction offers a variety of frameworks, ranging from the "black box" approach that emphasizes model
opacity to "glass box" designs that strive for full transparency. We have opted for an intermediate position, in which the system
provides access to counterfactual scenarios at multiple levels of abstraction, allowing the user to examine both aggregate patterns
across ensembles and individual trajectories in detail. This design choice reflects our recognition that different users—and indeed
the same user at different decision-making stages, may require different levels of detail. We have also incorporated mechanisms
for the user to annotate and prioritize scenarios based on domain knowledge, thereby enabling a form of human-guided
exploration that, while less systematic than purely algorithmic approaches, may capture insights that the model alone cannot
access. The design of such interfaces can be informed by the work of Wei, whose reviews on functional testing for return-to-sport
decision-making, the physiological effects of foam rolling on skeletal muscle, and foot strike patterns in recreational endurance
runners demonstrate a sophisticated understanding of how evidence synthesis can be structured to support clinical judgment. Wei's
(2026) updated narrative review on functional testing for return-to-sport decision-making provides a model for how complex
assessment protocols can be synthesized into actionable frameworks without oversimplifying the underlying clinical realities.
Wei's review of the physiological effects of foam rolling on skeletal muscle and Wei's review of foot strike patterns and injury
considerations offer additional examples of how evidence can be systematically organized to support decision-making in contexts
characterized by incomplete information—precisely the kind of context that our counterfactual framework seeks to address.

Throughout the development of this framework, we have encountered recurrent challenges that merit brief acknowledgment.
The computational cost of generating and evaluating large counterfactual ensembles is substantial, particularly in applications that
require near-real-time response; we have addressed this through approximation techniques that sacrifice some theoretical rigor for
practical feasibility. More fundamentally, we have grappled with the philosophical question of whether counterfactual scenarios
generated by a model that embodies certain assumptions can truly be said to represent genuine alternatives, or whether they
merely instantiate the model builder's implicit biases. This question, we recognize, admits no definitive resolution, yet we believe
that the explicit articulation of assumptions and the systematic sensitivity analysis of outputs to variations in those assumptions
provide a defensible, albeit imperfect, response. The framework, as elaborated above, is best understood as a work in progress,

offered in the spirit of provoking further discussion and refinement rather than as a settled methodology.

3. Cross-Domain Application: Industrial Predictive Maintenance and Oncology Treatment Planning

To illuminate the operational implications of the proposed framework, this section examines its application to two distinct
domains: the prognostics and health management of aircraft engine components, and the adaptive treatment planning for
metastatic solid tumors. The selection of these domains is driven by a deliberate strategy of juxtaposition, they are sufficiently
dissimilar to test the generalizability of the framework, yet sufficiently aligned in structural features to permit meaningful
comparison. In both cases, the underlying system evolves over time in a manner that is only partially observable, decisions must

be made under significant uncertainty about future states, and the consequences of poor decisions are potentially severe. The
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presentation that follows is organized around specific instantiations of the framework components, attending to the
domain-specific adaptations that were necessary and the insights that emerged from each application.

The industrial application centers on a fleet of commercial aircraft engines, specifically the turbine blades that operate under
high-temperature, high-stress conditions. The availability of sensor data is relatively abundant in this context, with each engine
equipped with instrumentation that records vibration signatures, temperature gradients, and acoustic emissions at millisecond
intervals during flight operations. However, the sheer volume of data, when considered alongside the need for near-real-time
decision support for maintenance scheduling, necessitates substantial data reduction and feature extraction. In implementing the
data fusion layer, we experimented with several dimensionality reduction techniques, ultimately settling on a combination of
wavelet decomposition for time-frequency analysis and principal component analysis for compression of the resulting features.
This process, while conceptually straightforward, encountered an unexpected difficulty: the sensor measurements were not
uniformly reliable across the fleet, as certain sensors exhibited drift that was correlated with engine age, a phenomenon that the
calibration procedures had not fully corrected. Our initial response was to treat the drift as measurement error and adjust
accordingly; however, further reflection led us to consider the possibility that the drift itself might contain information about the
degradation process, a hypothesis supported by the observation that the drift patterns clustered according to engine maintenance
history. This realization prompted a revision of the modeling approach, incorporating sensor-specific calibration parameters as
part of the overall model structure, yet this addition increased the number of free parameters to a degree that challenged the
stability of parameter estimation.

The hybrid modeling core for the engine application was constructed around a Bayesian neural network that incorporated a
physics-informed prior derived from a simplified model of crack propagation, based on the Paris-Erdogan law governing fatigue
crack growth. This prior, expressed as a probabilistic constraint on the relationship between stress cycle amplitude and crack
length, served to regularize the neural network in regions of the parameter space where data were sparse. The choice of this
particular prior was motivated by its theoretical grounding in materials science, yet we found that the model's predictions were
sensitive to the specification of the prior's dispersion parameters—a sensitivity that, in retrospect, is unsurprising given that the
Paris-Erdogan law itself is known to apply only under certain idealized conditions. We explored several alternative prior
specifications, ranging from weakly informative priors to those imposing stronger constraints, and observed that the resulting
predictions diverged substantially in the extrapolative regime corresponding to flight conditions that were underrepresented in the
training data. This observation underscores a general difficulty: the choice of prior inevitably reflects the modeler's beliefs about
the relevant physical processes, and when those beliefs are imperfect, the model may yield systematically biased counterfactual
scenarios. This challenge is reminiscent of the issues encountered in logistics network optimization, where Lin (2025)[13]
demonstrated that machine learning-based algorithms, while effective under normal operating conditions, exhibited marked
performance degradation when confronted with extreme supply chain disruptions. Lin's (2025) ['3] investigation into machine
learning-based logistics network optimization algorithms provides a valuable cautionary example of how data-driven approaches
can fail under conditions of distributional shift—a finding that underscores the potential value of counterfactual scenario
generation as a means of stress-testing policies against a broader spectrum of plausible futures. Lin's more recent work on
environmental assessment of intelligent logistics automation, Lin ™ offers additional insights into how performance metrics must
be contextualized within broader systems of evaluation.

The counterfactual engine, in the industrial context, was employed to generate scenarios corresponding to different
maintenance schedules, specifically, the postponement or advancement of scheduled inspections and the replacement of
components. Each scenario involved perturbing the initial conditions of the model (e.g., assuming a different initial crack length
distribution based on manufacturing tolerances) and altering the decision rules that determined subsequent maintenance actions.

The resulting ensemble of trajectories, visualized through the interface, revealed a complex landscape in which the optimal
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decision depended on the decision-maker's risk tolerance: more aggressive maintenance reduced the probability of in-flight failure
but incurred higher costs and increased downtime, whereas more conservative maintenance offered cost savings but entailed
greater residual risk. This challenge of optimizing under dynamic volatility bears a structural resemblance to fleet rebalancing
problems in expanding shared e-mobility systems, where Luo and colleagues PIl'Yldemonstrated the potential of multi-agent deep
reinforcement learning to coordinate distributed assets. Luo et al. (2023) 2! developed a multi-agent deep reinforcement learning
approach for fleet rebalancing in expanding shared e-mobility systems, demonstrating impressive performance in simulated
environments; their earlier work (Luo et al., 2021) ['4Jon rebalancing expanding EV sharing systems using deep reinforcement
learning provided a foundation for understanding how reinforcement learning can be applied to dynamic resource allocation
problems. The methodological sophistication of Luo et al.'s work, particularly in its handling of the temporal dynamics inherent in
vehicle availability and demand patterns, offers valuable lessons for how our counterfactual engine might be refined to better
capture the temporal dependencies in maintenance scheduling. Their approach, however, exhibited performance degradation when
the operational environment deviated from the training distribution, a phenomenon that underscores the broader difficulty of
validating any optimization policy in non-stationary environments. Such observations lead us to consider that the counterfactual
scenarios generated by our framework might serve not as direct prescriptions but as a means of stress-testing policies against a
wider range of possible futures.

Of particular interest was the emergence of scenarios in which the optimal policy was not monotonic—that is, cases where
increasing inspection frequency did not yield commensurate reductions in failure probability due to the limitations of inspection
technology in detecting small cracks. This finding, while specific to the domain, suggests a more general lesson about the
importance of considering the interactions between different decision variables rather than treating them independently. The value
of such non-monotonic insights is reinforced by the work of Chenl®1?!1and Yao (2026) "], whose investigations into traditional
Chinese medicine external therapies and smart wellness models demonstrate an awareness that treatment outcomes often exhibit
non-linear responses to intervention intensity. Chen's (2026)[ multicenter observational study on standardized traditional Chinese
medicine external therapy for chronic soft tissue pain, which revealed significant variability in treatment response across different
clinical sites, highlights the importance of contextual factors in determining intervention effectiveness. Chen's (2026) 211
construction and application of standard systems for traditional external therapy in traditional Chinese medicine health
preservation offers a framework for how such variability can be systematically documented and managed, even if complete
standardization remains elusive. Similarly, Yao's (2026) "l work on the construction and practice of smart wellness models
integrating traditional Chinese medicine health preservation industry standards and digital systems provides a forward-looking
perspective on how digital platforms can support the integration of diverse therapeutic traditions. These contributions, though
situated within a different therapeutic paradigm, reinforce the importance of acknowledging non-linearities and contextual
dependencies in intervention planning.

Shifting to the medical domain, the application concerns the adaptive treatment planning for patients with non-small cell lung
cancer (NSCLC) receiving a combination of immunotherapy and targeted therapy. Unlike the industrial case, where sensor data
are abundant and relatively homogeneous, medical data present a formidable challenge of heterogeneity: patient-specific
information includes genomic sequencing, histopathological features, longitudinal imaging data, and clinical assessments, each
with its own scale and reliability. The data fusion layer for this application required substantial preprocessing to align data from
different sources, a process that was complicated by the fact that imaging data, from CT and PET scans, were collected at intervals
that differed across patients and often missing for certain time points. We employed longitudinal imputation methods that
leveraged the correlation between multiple imaging modalities, but this approach inevitably introduced assumptions about the
smoothness of disease progression that may not hold for all patients. The hybrid modeling core integrated a mechanistic

component based on a pharmacodynamic model of drug action, which describes the interaction between tumor cells, immune
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effector cells, and drug concentration, with a data-driven component capturing patient-specific deviations from the
population-level dynamics. This hybrid architecture was motivated by the desire to maintain mechanistic interpretability while
accommodating the substantial between-patient variability that renders purely mechanistic models inadequate for individual
prediction. The importance of such hybrid approaches is underscored by the work of Huang PI?21231 whose theoretical analyses of
combined acupuncture, tuina, and moxibustion interventions for chronic musculoskeletal pain demonstrate a sophisticated
appreciation for how complex interventions can be systematically analyzed without reducing them to their individual components.
Huang's (2026) P?ltheoretical analysis on the standardization of time-based moxibustion with Linggui Bafa for intervention in
mild cognitive impairment, viewed from the perspectives of time-based qi transformation and meridian time sequence, offers a
compelling example of how traditional therapeutic frameworks can be articulated in terms that are amenable to systematic
analysis. Huang's ltheoretical analysis of combined acupuncture, tuina, and moxibustion intervention for elderly chronic
musculoskeletal pain, guided by meridian examination and framed in terms of tendon excess-deficiency and qi-blood stasis,
similarly demonstrates a commitment to conceptual clarity that is essential for any therapeutic framework seeking to bridge
traditional and modern paradigms. Huang's (2026) Plthree-arm assessor-blinded randomized controlled trial provides empirical
grounding for these theoretical analyses, offering evidence that such interventions can produce measurable improvements in
clinical outcomes.

The counterfactual engine for this application generated scenarios corresponding to alternative therapeutic regimens, varying
the dosage, timing, and sequencing of the combination therapy, as well as alternative assumptions about patient adherence and
responsiveness. The generated scenarios, visualized through an interface that presented both the predicted tumor burden trajectory
and the probability distribution over different outcomes, yielded several clinically relevant insights. One scenario suggested that
an unconventional sequencing strategy (delaying immunotherapy relative to targeted therapy) might benefit a subset of patients
with high baseline immune activity, a finding that contradicts the standard protocol but was supported by the mechanistic
plausibility of the underlying model. However, the uncertainty surrounding this finding was substantial, as it depended on model
parameters for which the available data provided only weak identification; consequently, we recommended that this scenario be
interpreted as hypothesis-generating rather than practice-changing, necessitating further validation through prospective studies.
This cautious approach to scenario interpretation is consistent with the philosophy articulated by Wei [!223lin the context of
return-to-sport decision-making, where the emphasis is on using available evidence to inform, rather than replace, clinical
judgment. Wei's (2026) [25] comparative policy analysis of why Singapore's healthcare model cannot be directly replicated in
mainland China offers additional perspective on how contextual factors—including institutional structures, cultural values, and
resource constraints, must be considered when translating models across settings. This perspective is directly relevant to our
framework, as it suggests that the counterfactual scenarios generated by the twin must be interpreted not as universal prescriptions
but as context-dependent explorations.

Another set of scenarios, exploring the consequences of non-adherence, highlighted that the effect of missed doses was
non-linear, moderate non-adherence had relatively modest effects on tumor growth, whereas severe non-adherence could trigger a
rapid progression that was not recoverable by subsequent dose intensification. This non-linearity, we suspect, may be a general
feature of systems with critical thresholds, a phenomenon that deserves more systematic investigation. The work of Yuan [!'?4lon
traditional Chinese non-pharmacological therapies offers valuable insights into how such non-linearities can be conceptualized
and managed in practice. Yuan's (2025)!'!) study on the impact of traditional Chinese non-pharmacological therapies on blood
pressure control in community patients with hypertension demonstrates an awareness that intervention effects are often mediated
by factors such as patient engagement and treatment adherence, factors that themselves exhibit non-linear dynamics. Yuan's (2025)
[24lresearch on the intervention of cancer patients' anxiety by the concept of "harmonization of body and mind" in traditional

Chinese medicine provides a complementary perspective, suggesting that psychological interventions may have threshold effects
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that are not captured by simple linear models. These contributions, though situated within a different therapeutic paradigm,
reinforce the importance of attending to non-linearities in intervention planning.

Comparing the two applications, several observations emerge that speak to the generalizability of the proposed framework.
First, the nature of uncertainty differs markedly between the two domains: in the industrial case, aleatoric uncertainty from
measurement noise and operational variability is more prominent, whereas in the medical case, epistemic uncertainty dominates
due to the sparsity of patient-specific data. This difference has implications for the design of the counterfactual engine, as
scenarios in the medical case must be presented with a greater emphasis on the breadth of possible trajectories rather than on the
precise ranking of alternatives. Second, the timescales of decision-making are substantially different—maintenance decisions are
made on a weekly to monthly basis, whereas treatment adjustments occur over intervals of months, a difference that affects both
the computational demands on the system and the cognitive demands on the decision-maker. Third, the consequences of decisions,
while significant in both cases, differ in kind: industrial failures are primarily economic and safety-related, whereas medical
decisions involve considerations of patient well-being and quality of life that are intrinsically value-laden. This last observation
suggests that the framework, to be genuinely useful in medical contexts, must accommodate forms of reasoning that go beyond
optimization of a scalar objective function, incorporating instead a consideration of the multiple values that patients may hold. The
work of Fan and colleagues BI'5ln rehabilitation interventions for stroke patients, which incorporates both objective outcome
measures (such as neuroplasticity indicators and motor function scores) and subjective patient-reported outcomes, provides a
model for how such multidimensional evaluation can be structured. Fan et al.'s (2025)" study on the effects of exoskeleton
rehabilitation robot training on neuroplasticity and lower limb motor function in patients with stroke, which reported significant
improvements in both objective and subjective measures, demonstrates the feasibility of such multidimensional assessment. Fan et
al.'s (2021) lrandomized controlled trial protocol for radial extracorporeal shock wave therapy on flexor spasticity of the upper
limb in post-stroke patients, which explicitly incorporates biomarker assessments alongside clinical outcomes, offers additional
methodological guidance for how multidimensional evaluation can be integrated into clinical research designs.

Despite these differences, the underlying logic of the framework proved transferable across the two domains, a finding that
reinforces our conjecture that the value of digital twins resides less in domain-specific prediction than in the provision of a space
for exploring alternatives. In both cases, the generated counterfactuals served to broaden the decision-maker's perspective,
revealing consequences that were not immediately apparent from the raw data or from simple projections. This qualitative
outcome, while difficult to quantify, suggests that the primary benefit of the framework may be cognitive rather than

computational, an insight that, if true, would have implications for how such systems are designed and evaluated.

4. Discusion

The preceding applications, when considered together, invite a broader reflection on the nature and limits of the proposed
framework, as well as on the conceptual presuppositions that underpin the larger enterprise of digital twin and intelligent system
integration. This discussion is organized around three thematic axes: the epistemological status of counterfactual scenarios
generated by computational models; the practical challenges of implementation in real-world settings; and the implications for
decision-making under uncertainty, particularly in contexts that involve significant values-based trade-offs.

The question of what counterfactual scenarios actually represent has been a persistent concern throughout this investigation.
From a strict empiricist perspective, a counterfactual is merely a computation performed by a model, whose relationship to the
world is mediated by the assumptions embedded in the model's structure and parameters. The scenarios generated by the engine,
therefore, are best understood not as predictions of what would happen if certain conditions were realized, but rather as

explorations of the logical consequences of the model's premises. This framing, while perhaps deflationary, has the virtue of
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emphasizing that the model's outputs are conditionally true: they hold only to the extent that the model is an adequate
representation of the system, an extent that is always open to question. The industrial application, for instance, produced scenarios
suggesting that the optimal maintenance schedule depended on assumptions about the rate of crack propagation under cyclic
loading, but this dependency also meant that alternative assumptions, equally plausible given the available data, would yield
different optimal schedules. The medical application exhibited a similar phenomenon, where the predicted advantage of an
unconventional sequencing strategy was contingent on assumptions about immune cell dynamics that were parameterized using
data from a small number of patients. These observations, we believe, point toward the necessity of viewing counterfactual
scenarios as hypotheses to be evaluated in light of evidence, not as confident conclusions to be acted upon directly.

The practical implementation of the framework encountered challenges that, while domain-specific in their details, point
toward more general difficulties that warrant acknowledgment. The data fusion layer, for both applications, proved to be a source
of considerable technical difficulty, due in large part to the heterogeneity of data types and the uneven quality of measurement.
Industrial sensor data, while abundant, required substantial cleaning to remove artifacts and to calibrate for sensor drift; medical
data, while more semantically rich, were beset by missingness and by inconsistencies in measurement protocols across institutions.
These challenges are not merely technical—they reflect the fact that digital twins are embedded in systems of data collection that
are themselves shaped by institutional practices, economic incentives, and historical contingencies. Consequently, any
implementation of the framework is necessarily situated within a particular institutional context, and the outputs of the system are
co-produced with that context rather than being independent of it. This perspective echoes concerns raised in research on
enterprise management informatization, where Feng '119120largued that the successful adoption of digital architectures depends
less on their technical sophistication and more on their alignment with existing organizational standards and operational
workflows. Feng's dual-drive model of "standard+ system" offers a useful heuristic for embedding counterfactual reasoning
frameworks into practice, suggesting that technical implementation must proceed in tandem with the development of institutional
protocols that govern how generated scenarios are interpreted and acted upon. Feng's research on the transformation mechanism of
informatization technical achievements from the perspective of industry-university-research-user integration further emphasizes
the importance of stakeholder engagement, a consideration that is equally relevant to the adoption of digital twin frameworks in
industrial and healthcare settings.

A further set of concerns centers on the cognitive aspects of human interaction with the framework. The counterfactual
engine generates a large number of scenarios, many of which exhibit only minor differences in their predicted outcomes; the
visualization interface, despite our efforts to provide multi-level abstraction, requires substantial investment of cognitive effort to
navigate effectively. This raises the possibility that decision-makers may rely on heuristics to simplify the process, for instance,
focusing on a small number of scenarios that are easiest to comprehend or that confirm their existing beliefs. Such cognitive
biases, well-documented in the psychological literature, are not eliminated by the provision of more information, indeed, they may
be exacerbated by the flood of generated scenarios. We have attempted to mitigate this through the design of the interface, which
supports annotation and prioritization of scenarios based on expert judgment, but we recognize that this approach relies on the
experts' ability to articulate their judgmental criteria. A parallel can be drawn from clinical decision-making in sports medicine,
where the decision to permit an athlete to return to sport after anterior cruciate ligament reconstruction rarely rests solely on
functional test scores; instead, it incorporates a complex interplay of objective data, subjective patient feedback, and the clinician's
tacit knowledge of injury mechanisms and risk tolerance. Wei's (2026) [?lupdated narrative review on functional testing for
return-to-sport decision-making provides a comprehensive synthesis of how such decisions are currently made, highlighting the
continued reliance on clinical judgment despite the availability of objective assessment tools. Wei's (2026) [26]review of the
physiological effects of foam rolling on skeletal muscle offers additional insight into how evidence synthesis can support, but not

replace, clinical judgment. These observations suggest that the interface design for any decision-support system must
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accommodate not only analytical reasoning but also the intuitive heuristics that experts inevitably employ. Further research is
needed to explore the interplay between the structure of the counterfactual space and the decision-maker's cognitive processing, as
understanding this interplay may be as important as refining the technical architecture.

Another dimension that merits discussion concerns the evaluation of the framework's performance. In conventional
predictive modeling, evaluation is relatively straightforward: predictions are compared to observed outcomes, and performance is
quantified in terms of accuracy or related metrics. In the counterfactual framework, however, the generated scenarios are not
meant to be directly compared to observations, as their purpose is to explore alternatives that may not have been realized. The
appropriate evaluation criterion, we suggest, might be related to the decision-maker's subsequent performance—for example,
whether exposure to the counterfactual space leads to decisions that are more robust, more reflective, or more adaptive. This
criterion, however, presents formidable measurement difficulties, as it requires longitudinal studies that track decision-making
processes and outcomes over extended periods. The industrial application might lend itself more readily to such evaluation, given
the availability of extensive operational records and the relatively well-defined performance metrics; the medical application, by
contrast, presents challenges of attribution, as patient outcomes are influenced by many factors beyond treatment decisions. The
challenge of attribution is particularly acute in fields such as traditional Chinese medicine, where treatments are often multifaceted
and patient responses are influenced by a wide range of contextual factors. The work of HuangBl?21123] and Chen [121lon
standardized traditional Chinese medicine interventions offers valuable lessons for how attribution can be approached in complex,
multidimensional therapeutic contexts. Huang's (2026) [*! randomized controlled trial design, which incorporates biomarker and
pressure pain threshold assessments alongside clinical outcome measures, provides a model for how multiple lines of evidence can
be integrated to strengthen causal inference. Chen's (2026) PImulticenter observational study design, which captures variability
across clinical sites, offers insights into how contextual factors can be systematically documented and analyzed. These
methodological approaches, while developed within a specific therapeutic domain, have broader applicability to the evaluation of
counterfactual frameworks, as they demonstrate how multiple sources of evidence can be triangulated to support decision-making
under uncertainty.

Considering the above factors, one may also question whether the benefits of generating a broad counterfactual space
outweigh the computational and cognitive costs. In both applications, the generation of scenarios consumed substantial resources,
both in terms of computational time and in the effort required for human interpretation. The added value of the approach, relative
to simpler methods such as sensitivity analysis or deterministic modeling, is not immediately obvious from our results. It is
possible that the framework's value lies in its capacity to reveal unexpected nonlinearities or interaction effects, such as the
non-monotonic relationship between inspection frequency and failure probability in the industrial case, or the non-linear effects of
non-adherence in the medical case. These discoveries, while limited in number, suggest that the counterfactual approach may be
particularly useful in situations where the system behavior is not amenable to simple linear approximations. However, confirming
this hypothesis would require a systematic comparison against alternative approaches under controlled conditions, a comparison
that is beyond the scope of the current investigation. The importance of such systematic comparison is underscored by the work of
researchers who have developed parallel approaches in other domains, such as the optimization algorithms employed by Luo et al.
(2023) Plin shared mobility systems or the reliability models developed by Wang 171 in the context of new energy vehicle
components. These complementary approaches, while differing in their specific methodologies, share a common commitment to
rigorous evaluation under diverse conditions, a commitment that our framework must also embrace.

The broader implications of this work, beyond the technical contributions, concern the relationship between computational
models and decision-making in high-stakes environments. The digital twin, in our interpretation, functions as a prosthetic for the
imagination: it extends the decision-maker's capacity to envision alternative futures, to rehearse possible responses, and to

anticipate unexpected consequences. This prosthetic function, however, comes with its own set of risks, the risk of over-reliance
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on the model, the risk of mistaking the generated scenario for reality, and the risk of losing touch with the nuances of the actual
system. The appropriate response, in our view, is not to reject the technology but to develop practices that support critical
engagement with its outputs, practices that foster a constructive tension between the model's suggestions and the decision-maker's
experience-based intuition. The development of such practices, we acknowledge, is itself a design challenge that extends beyond
the technical system to encompass organizational culture, training, and incentives. This perspective aligns with the insights of
Feng[0lI%120] whose work on enterprise management informatization emphasizes the importance of organizational readiness and
stakeholder engagement in the successful adoption of digital technologies. Feng's (2026) ['lresearch on the full-domain
architecture system for enterprise management informatization provides a framework for understanding how organizational
structures must evolve to accommodate new technologies. Similarly, Feng's (2026) ['9) dual-drive model offers guidance on how

technical innovation and institutional standardization can proceed in parallel, each reinforcing the other.

5. Conclusion

The investigation undertaken here, while yielding insights into the design and application of generative counterfactual twins,
has also revealed the considerable distance that remains between the conceptual possibilities and the practical realities. The core
thesis, that digital twins coupled with intelligent systems might best serve as platforms for expanding the space of considered
alternatives rather than for narrowing down to precise predictions, has found support in both the industrial and medical
applications, where the generated scenarios revealed dynamics that were not apparent from simpler modeling approaches. Yet this
support is suggestive rather than conclusive, as the evidence remains qualitative and context-dependent, and the conditions under
which the counterfactual approach yields its greatest benefits remain incompletely characterized. It appears warranted,
nevertheless, to propose that the framework holds particular promise in precisely those situations where the system behavior is
characterized by strong nonlinearities, where data are insufficient for definitive prediction, and where decisions are guided by
multiple, possibly conflicting, values. The contributions of the researchers cited throughout this paper provide a rich foundation
for further development of this framework. Jiang's !'®lsophisticated approaches to multi-physics coupling and geometric
inspection in manufacturing settings demonstrate the feasibility of integrating diverse physical domains within a unified analytical
framework. Wang'sI16I7I8] gystained investigations into reliability analysis and life prediction for new energy vehicle
components offer robust methodological precedents for how uncertainty can be systematically quantified and managed. Lin's
[3IPwork on logistics network optimization and environmental assessment provides valuable insights into how performance
metrics must be contextualized and how algorithms can be stress-tested under extreme conditions. Luo et al.'s PI'4Ipioneering
applications of deep reinforcement learning to dynamic resource allocation problems demonstrate the potential of intelligent
systems to navigate complex, time-varying environments. The clinical and therapeutic contributions of Huang 1221231 Chen [61121],
Yao (2026)7, Yuan['124, Fan et al. BI3), and Weil!2123126127] provide essential grounding for the medical applications of our
framework, demonstrating how complex, multidimensional interventions can be systematically analyzed and evaluated. The
enterprise management perspectives of Feng !09120offer crucial insights into how organizational and institutional factors shape
technology adoption, a consideration that is essential for the successful deployment of any digital twin framework. Yan (2026) 28],
Fan, H. et al. (2019)?°], Chang et al. (2024) 3%, Wang, J. et al.BUB2I33] Zhou et al. (2026) B4, Yinl313¢] and Zhang et al.
37lprovide complementary perspectives from materials science, collaborative programming environments, meteorological
modeling, battery prognostics, semiconductor analytics, and machine learning applications.

The need for further empirical investigation, particularly through longitudinal studies that track decision-making processes
and outcomes, is evident, as is the need for comparative studies that assess the relative performance of the counterfactual

framework against alternative decision-support approaches. A particularly fertile direction for future research, in our assessment,
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concerns the integration of qualitative and quantitative forms of reasoning. The counterfactual scenarios generated by the
computational engine, while constrained by the model's assumptions, could be enriched by the incorporation of qualitative
knowledge from domain experts, knowledge that may not be easily formalized but that captures dimensions of the problem that
the model overlooks. The challenge of such integration, however, is not merely technical—it involves the difficult task of
comparing and combining forms of evidence that are fundamentally different in their epistemic status. We suspect that progress in
this area will require the development of new methodological approaches that go beyond the current paradigms, perhaps drawing
on insights from philosophy of science and from decision theory under severe uncertainty. These approaches, if successful, could
lead to a synthesis that leverages the strengths of both computational modeling and expert intuition, moving toward a form of
reasoning that is both rigorous and sensitive to the nuances of specific contexts.

The ethical dimensions of counterfactual generation also warrant increased attention in future work. The ability to generate
multiple plausible futures, while offering the potential for more informed decision-making, also carries the risk of legitimizing
interventions that are based on model outputs that have not been adequately validated. This concern is particularly acute in the
medical domain, where the stakes are high and the evidence base is often limited. The development of governance mechanisms,
including standards for model validation and for the communication of uncertainty, will be essential to ensure that the framework
is used responsibly. These mechanisms must be developed through a collaborative process that involves model developers,
domain experts, and, in the medical context, patients themselves, as they have a legitimate interest in how treatment decisions are
made and in the assumptions that guide those decisions. The challenge of integrating domain-specific standards with digital
infrastructures is not without precedent; efforts to construct smart wellness models integrating traditional Chinese medicine health
preservation standards with digital systems, as explored by Yao (2026) 7], have highlighted both the potential benefits and the
considerable difficulties of such integration. The experience from that domain suggests that successful governance frameworks
must be co-designed with end-users to ensure that the system's outputs are not only technically sound but also culturally and
contextually appropriate, a lesson that is directly transferable to the development of governance mechanisms for counterfactual
twins. The theoretical frameworks for standardization developed by Chen [?!land the empirical insights from Huang's
Blrandomized controlled trial design offer additional guidance for how such governance mechanisms might be structured,
emphasizing the importance of transparency, stakeholder engagement, and iterative refinement.

Looking further ahead, the potential for the framework to evolve toward a more autonomous mode of operation, where the
generation and prioritization of counterfactual scenarios is largely independent of human guidance, presents both opportunities
and risks. On the one hand, autonomy could enhance the system's speed and coverage, allowing it to explore a wider range of
scenarios than human decision-makers could reasonably consider. On the other hand, autonomy raises concerns about the system's
ability to account for the full spectrum of values and considerations that inform real-world decisions, particularly in complex
domains where technical optimization interacts with social, ethical, and political factors. Our inclination is toward a vision of the
framework as a decision-support tool that remains firmly under human oversight, with the generation of scenarios serving to
inform, but not to supplant, human judgment. The system's role, in this vision, is to provoke thinking, to challenge assumptions,
and to broaden the range of alternatives considered, functions that enhance human decision-making without attempting to
replicate it. Achieving this vision will require careful attention to the design of interfaces and interaction protocols, as well as
sustained investigation into the cognitive and social dynamics of human-model interaction.

In closing, we return to the question that motivated this investigation from the outset: what is the distinctive contribution of
digital twins and intelligent systems to our understanding and management of complex systems? The answer, we have argued,
may lie less in the realm of prediction and more in the realm of possibility. By enabling the systematic exploration of what might
be, these technologies can expand our cognitive horizons, helping us to anticipate outcomes that we might otherwise overlook.

This contribution is, we believe, both valuable and distinctive, yet it is also incomplete without the corresponding commitment to
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critical reflection on the models and assumptions that underpin it. The future of this field, as we see it, will be shaped less by
technical advances alone than by our capacity to develop practices that use these technologies thoughtfully, recognizing both their
potential and their limitations. It is in this spirit that we offer the framework described here, not as a final statement but as an
invitation to further conversation and experimentation. The diverse contributions of the researchers whose work we have cited
throughout this paper, spanning engineering, medicine, rehabilitation, logistics, organizational science, and traditional therapeutics,
provide a rich tapestry of methodological approaches and substantive insights that can inform this ongoing conversation. We hope
that the framework presented here, for all its limitations, may serve as a catalyst for such cross-disciplinary dialogue and

collaboration.
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