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Abstract

This position paper proposes a research agenda at the inter-
section of Artificial Intelligence and Law (AI-LAW), neuro-
symbolic Al (NeSy), and world models, focusing on the com-
plex demands of international commercial practice. Cross-
border transactions, Al-enabled supply chains, and arbitra-
tion increasingly rely on opaque foundation models, while
emerging regulatory regimes, notably the EU Al Act, im-
pose stringent risk-based obligations on high-risk Al systems.
Purely neural models struggle to provide the explainability,
reliability, and regulatory alignment required in these high-
stakes environments. We argue that hybrid neuro-symbolic
architectures and simulation-based world models offer a con-
crete pathway to more trustworthy legal Al. We introduce the
concept of Regulation-Aware Neuro-Symbolic Legal World
Models (R-NSLWMs): systems that integrate (i) extensive
legal, regulatory, and contractual knowledge graphs aligned
with benchmarks like LegalBench; (ii) domain-specific com-
mercial world models (Legal Digital Twins) that simulate
contractual performance and regulatory environments; and
(iii) neuro-symbolic reasoning layers that enforce legal and
physical constraints while generating human-legible explana-
tions. We outline a four-layer architecture for R-NSLWMs,
discuss use cases in Al-regulation-aware contracting and ar-
bitration support, and propose a roadmap for developing the
necessary benchmarks and methodologies. This agenda aims
to bridge the gap between abstract regulatory principles and
concrete technical implementations in global commerce.

1 Introduction: The Need for Structure in
Legal Al

The integration of foundation models, particularly Large
Language Models (LLMSs), into legal practice marks a trans-
formative shift. LLMs are rapidly being deployed in legal re-
search platforms, contract drafting tools, and dispute resolu-
tion systems (Choi, Monahan, and Schwarcz 2024; Lai et al.
2023). This adoption promises significant productivity gains
and the potential to narrow access-to-justice gaps (Chien
et al. 2025). However, the reliance on purely neural, opaque
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models introduces substantial risks. Hallucinations, embed-
ded biases, and the inability to provide structured, verifiable
explanations are critical shortcomings in high-stakes legal
environments (Bommasani et al. 2021; Regalia 2024).

In international commercial law, these risks are ampli-
fied. Al systems are integral to complex, cross-border op-
erations, including sanctions screening, Anti-Money Laun-
dering (AML), credit scoring, and supply-chain optimiza-
tion. The reliability and explainability of these systems di-
rectly impact enforceability, liability, and regulatory expo-
sure (Wagner 2023). Furthermore, the emergence of com-
prehensive regulatory frameworks, most notably the EU Al
Act (Regulation (EU) 2024/1689), mandates a risk-based
approach, imposing strict obligations on providers and de-
ployers of high-risk Al systems (RAND Corporation 2024;
Almada 2025). Ensuring compliance requires Al systems
that are not merely accurate on average, but demonstrably
trustworthy, fair, and transparent (Alsagheer et al. 2025).

The limitations of current LLMs suggest that "trustworthy
AI” cannot be achieved through scaling laws alone (Kamb-
hampati 2022). This realization has fueled the resurgence of
neuro-symbolic Al (NeSy), which seeks to integrate the ro-
bust learning capabilities of neural networks with the struc-
tured reasoning and interpretability of symbolic methods
(Garcez et al. 2022). NeSy approaches aim to make founda-
tion models more deterministic, interpretable, and reliable
by incorporating explicit knowledge graphs (KGs), logical
rules, and constraints (DeLong et al. 2023; Cunnington et al.
2024).

Concurrently, the field of world models has matured
significantly. Systems like Genie (Bruce et al. 2024) and
DreamerV3 (Hafner et al. 2023) demonstrate the ability to
learn complex, interactive environments from raw data, en-
abling simulation and planning in virtual spaces. In domains
like Al-for-Science, these models serve as “digital labora-
tories,” integrating multimodal data with scientific KGs to
simulate experiments and enforce physical constraints (Rue-
den et al. 2023; Guo et al. 2024).

Our position is that international commercial law de-
mands a synthesis of these trends. This synthesis aligns
with the goals of initiatives like the AAAI AI-LAW Bridge
(AIL 2025) and the NeusymBridge workshop (Neu 2025).
We propose the development of Regulation-Aware Neuro-
Symbolic Legal World Models (R-NSLWMs). These sys-



tems move beyond treating law as a textual corpus for
LLMs. Instead, R-NSLWMs embed legal and regulatory
structures directly into hybrid Al architectures. They com-
bine (1) comprehensive legal KGs; (2) commercial world
models that simulate the dynamics of international trade and
finance; and (3) neuro-symbolic reasoning layers that en-
force constraints and generate legally intelligible explana-
tions.

This paper outlines a vision and research agenda for R-
NSLWMs. We articulate a four-layer architecture, explore
key use cases, and identify critical research challenges. By
grounding legal reasoning in structured knowledge and sim-
ulation, R-NSLWMs offer a concrete pathway toward Al
systems that can navigate the complexities of global com-
merce while adhering to evolving regulatory mandates.

2 Background and Converging Trends

The proposed R-NSLWM framework draws upon three dis-
tinct but converging research areas: Trustworthy Al in legal
contexts, Neuro-Symbolic Al and Knowledge Graphs, and
Foundation World Models.

2.1 Trustworthy Al and Legal Benchmarks

The discourse surrounding Al in law has increasingly cen-
tered on trustworthiness, encompassing explainability, fair-
ness, accountability, and regulatory compliance (Balcioglu,
Celik, and Altindag 2025). This focus is driven by the high-
stakes nature of legal decisions and the potential for Al-
driven errors or biases to cause significant harm (Wagner
2023).

A critical component of evaluating trustworthiness is
the development of specialized benchmarks. Initiatives like
LegalBench (Guha et al. 2023) and LexGLUE (Chalkidis
et al. 2022) provide standardized tasks for measuring legal
reasoning capabilities in LLMs, covering areas such as statu-
tory interpretation and contract analysis. These benchmarks
highlight that while LLMs excel at information retrieval,
they often struggle with complex, multistep legal reasoning
and consistency (Lai et al. 2023).

Furthermore, the regulatory landscape is rapidly evolving.
The EU Al Act represents the most comprehensive attempt
to regulate Al based on risk (RAND Corporation 2024). For
high-risk systems, the Act mandates stringent requirements
for data governance, documentation, human oversight, and
robustness. Compliance necessitates systems capable of pro-
viding transparent explanations and audit trails, require-
ments that purely data-driven models struggle to meet (Al-
mada 2025).

2.2 Neuro-Symbolic AI and Knowledge Graphs

Neuro-Symbolic AI (NeSy) addresses the limitations of
purely neural models by combining deep learning with sym-
bolic knowledge representation and reasoning (Garcez et al.
2022). The goal is to create hybrid systems that are more in-
terpretable, data-efficient, and robust (Kambhampati 2022).

Knowledge Graphs (KGs) are central to many NeSy ar-
chitectures. KGs provide a structured representation of en-
tities and their relationships, encoding domain knowledge

in a machine-readable format (Hogan et al. 2021). In NeSy
systems, KGs can be used to constrain the output of neural
models, inject domain knowledge during training, or provide
a symbolic structure for interpreting the model’s reasoning
process (DeLong et al. 2023).

Recent work explores various integration strategies.
These include differentiable reasoning frameworks like
Logic Tensor Networks (LTNs) (Badreddine et al. 2020),
neural theorem provers, and architectures that distill sym-
bolic rules from LLMs (Cunnington et al. 2024). In high-
stakes domains such as medicine and Al-for-Science, hy-
brid models integrating KGs with foundation models are
already being used to enhance interpretability and enforce
constraints (Vidal et al. 2025; Rueden et al. 2023). For in-
stance, in drug discovery, knowledge-augmented graph ma-
chine learning demonstrates how domain KGs can guide
the exploration of molecular structures (Perdomo-Quinteiro
et al. 2024; Ding et al. 2025).

The structured nature of legal and regulatory knowledge
makes it a prime candidate for NeSy approaches. Represent-
ing laws and contracts as KGs can enable more precise and
verifiable legal reasoning than relying solely on the latent
representations of LLMs.

2.3 World Models and Legal Digital Twins

World models learn representations of environments and
their dynamics, enabling agents to simulate future states and
plan actions (Hafner et al. 2023). The emergence of foun-
dation world models, such as Genie (Bruce et al. 2024),
demonstrates the capability to generate complex, interactive
virtual environments from unlabeled data. Commercial plat-
forms like Marble are also emerging for spatial Al applica-
tions (World Labs 2025).

In Al-for-Science, world models are utilized as digital
laboratories to simulate complex systems, often integrating
multimodal data and domain-specific KGs (Guo et al. 2024;
Lépez et al. 2025).

We propose the analogous concept of a Legal Digital
Twin: a world model of a commercial ecosystem (e.g., a
supply chain, financial network, or infrastructure project)
that is constrained not only by physical and economic dy-
namics but also by legal and regulatory rules. An R-NSLWM
integrates the legal KG directly into the simulation environ-
ment, allowing for the real-time evaluation of contractual
performance and regulatory compliance under varying con-
ditions.

3 The R-NSLWM Architecture
We define a Regulation-Aware Neuro-Symbolic Legal
World Model (R-NSLWM) as a hybrid system designed to
model, simulate, and reason about international commer-
cial activities within a multi-jurisdictional regulatory frame-
work. The architecture consists of four interlocking layers.

3.1 Layer 1: Legal, Regulatory, and Contractual
Knowledge Graphs

The foundational layer is a comprehensive, multi-
jurisdictional Legal Knowledge Graph (LKG). This



KG moves beyond simple ontologies to represent the
complex structure of international law and commerce.

Structure and Content Nodes in the LKG represent reg-
ulatory provisions (e.g., EU Al Act articles), international
law (e.g., CISG, UNCITRAL model laws), contractual ele-
ments (clauses, warranties), and jurisprudence (key arbitral
awards).

Edges encode precise relationships, such as “imple-
ments,” “derogates from,” or “’is interpreted by.” Attributes
capture critical metadata, including jurisdiction, temporal
validity, risk classification, and roles (e.g., Al provider vs.
deployer).

Alignment and Reasoning The LKG is explicitly aligned
with legal benchmarks (Guha et al. 2023; Chalkidis et al.
2022). Benchmark tasks are reformulated as KG queries
or inference problems. Technically, this layer leverages ad-
vancements in KG integration and neuro-symbolic reason-
ing (Hogan et al. 2021). Techniques such as graph neural
networks with logical constraints can be adapted to reason
over the LKG (DeLong et al. 2023). Recent work on causal
Al in legal language processing suggests methods for repre-
senting causal relationships (e.g., actions leading to regula-
tory violations) within the graph (Tritto and Ponce 2025).

3.2 Layer 2: Commercial and Infrastructural
World Models

The second layer consists of domain-specific world models
(Legal Digital Twins) that simulate the commercial and in-
frastructural systems relevant to international trade. These
models are inspired by foundation world models (Bruce
et al. 2024; Hafner et al. 2023) but are tailored to represent
contractual performance, operational events, and regulatory
states.

Examples include models of global supply chain dynam-
ics (simulating delays and disruptions) and financial ecosys-
tems (simulating credit events and macroeconomic scenar-
108).

These world models integrate multimodal data and lever-
age techniques from Al-for-Science, where KGs are used to
guide representation learning and ensure consistency with
domain knowledge (Ding et al. 2025). Crucially, the states
within the world model are annotated with pointers to the
LKG. A simulated logistics delay might link to relevant con-
tractual clauses (e.g., liquidated damages) or regulatory obli-
gations.

3.3 Layer 3: Neuro-Symbolic Constraint and
Explanation Layer

This layer connects the LKG (Layer 1) and the World Mod-
els (Layer 2) via neuro-symbolic constraints. It treats legal
and physical rules as explicit predicates over world-model
trajectories and agent policies.

Constraint Enforcement Neuro-symbolic Al provides
the tools to encode and enforce these constraints during sim-
ulation and planning (Garcez et al. 2022). This includes legal
constraints (e.g., banned Al practices, mandatory procedural

steps, fairness metrics (Alsagheer et al. 2025)) and opera-
tional constraints (e.g., performance thresholds).
Frameworks like Logic Tensor Networks (Badreddine
et al. 2020) or differentiable rule systems can be used to de-
fine constraint losses or logical satisfaction objectives. This
ensures that simulations remain faithful to both the physi-
cal reality and the legal framework. Causal Al methods can
be employed to trace how specific actions lead to regulatory
violations within the simulation (Tritto and Ponce 2025).

Legally Intelligible Explanations Because the con-
straints are symbolic and grounded in the LKG, the system
can generate structured, legally intelligible explanations. For
any simulated scenario, the R-NSLWM can articulate *why*
a particular outcome occurred, referencing both the world-
model dynamics and the triggering legal rules. This directly
addresses the explainability requirements crucial for regula-
tory compliance and dispute resolution (Vidal et al. 2025).

3.4 Layer 4: Agentic Workflows for Commercial
Practice

The final layer instantiates concrete workflows where human
experts interact with neuro-symbolic agents operating on top
of the R-NSLWM.

Examples include:

* Regulation-Aware Drafting: Agents assist in draft-
ing Al-related contractual clauses by simulating perfor-
mance under different regulatory scenarios (Layer 2) and
ensuring compliance with the LKG (Layer 1).

* Benchmark-Aligned Evaluation: Agents use standard-
ized benchmarks to evaluate Al systems used in a trans-
action, mapping performance to regulatory obligations.

* Dispute Resolution Support: Agents assist arbitrators
in evaluating counterfactual scenarios within the world
model, providing evidence grounded in both factual sim-
ulation and legal constraints.

In these workflows, the agent explicitly surfaces its rea-
soning, allowing human experts to validate or override the
outputs, ensuring meaningful human oversight (RAND Cor-
poration 2024).

4 Use Cases in Cross-Border Commerce

The R-NSLWM framework offers significant potential
across international commercial practice. We highlight three
key use cases.

4.1 Al-Regulation KG for Transnational Deals

The complexity of navigating Al regulations across multiple
jurisdictions poses a significant challenge for transnational
deals. The EU AI Act, with its extraterritorial reach, exem-
plifies this challenge (Almada 2025).

An R-NSLWM can support this by utilizing a special-
ized Al-Regulation KG. This KG would integrate the EU Al
Act, national statutes, and sector-specific guidelines, encod-
ing risk categories, obligations, and timelines (RAND Cor-
poration 2024).



Practitioners can leverage this system for deal structuring
and due diligence (automatically classifying Al systems and
identifying obligations) and clause generation (drafting war-
ranties and covenants that reflect regulatory requirements).
The system can validate proposed clauses against the KG to
ensure consistency. Furthermore, the world model layer can
simulate the impact of anticipated regulatory changes on ex-
isting contracts, allowing for proactive adaptation.

4.2 Explainable Risk Modeling in Trade Finance

Financial institutions heavily rely on Al for credit scoring,
AML, and portfolio risk modeling. Many of these applica-
tions may be classified as high-risk, requiring high levels
of transparency and fairness (Balcioglu, Celik, and Altindag
2025).

An R-NSLWM for trade finance would combine a world
model of credit portfolios with a KG of financial regula-
tions across jurisdictions. The neuro-symbolic layer would
enforce constraints related to fairness metrics and regulatory
triggers.

The system can simulate credit decisions under vari-
ous scenarios, flagging instances where constraints are vi-
olated. Crucially, it generates human-readable explanations
for portfolio-level risk exposures, grounded in both the sim-
ulation dynamics and the underlying legal rules. These ex-
planations are essential for internal risk management and
regulatory reporting (Vidal et al. 2025).

4.3 World-Model-Based Arbitration Support

International arbitration frequently involves complex factual
disputes concerning contractual performance, causation, and
damages. Evaluating these disputes requires sophisticated
counterfactual reasoning.

The R-NSLWM provides a powerful tool for supporting
arbitration through Legal Digital Twins. By simulating the
relevant commercial environment (e.g., a logistics chain)
constrained by the contractual terms and applicable laws,
the system allows counsel and tribunals to explore “what if”’
scenarios.

For example, the system can evaluate the impact of dif-
ferent clause interpretations on liability allocation. Because
the simulations are generated by a neuro-symbolic system,
the results are accompanied by explanations that link the
simulated events to specific legal provisions. This enhances
the transparency and rigor of the arbitration process (Tritto
and Ponce 2025). We also propose the development of new
benchmark tasks tailored to arbitration workflows, extend-
ing the scope of existing benchmarks (Guha et al. 2023).

S Research Agenda and Challenges

The development of R-NSLWMs presents a rich interdis-
ciplinary research agenda, requiring addressing significant
challenges in representation, inference, and evaluation.

5.1 Representation and Semantics

A fundamental challenge lies in the representation of legal
norms within KGs and symbolic constraint languages. Le-
gal concepts are often open-textured (e.g., "reasonableness,”

”good faith”), resisting straightforward formalization (Lai
et al. 2023). Research is needed to develop representation
techniques that capture the nuance of legal language while
remaining computationally tractable.

Furthermore, aligning the semantics of legal norms (dis-
crete, symbolic) with the continuous representations of
world models is non-trivial. This requires developing ab-
stractions that map raw world-model trajectories (e.g., event
logs) to legally relevant facts (e.g., breach, causation). Tech-
niques from symbolic scene-graph extraction may offer
starting points (Hafner et al. 2023).

5.2 Neuro-Symbolic Inference and Learning

Selecting and adapting neuro-symbolic frameworks for the
legal domain is a key research area. Candidates include
Logic Tensor Networks (Badreddine et al. 2020) and causal
NeSy architectures (Rueden et al. 2023). The challenge is to
train these hybrid models such that they remain faithful to
explicit legal constraints while generalizing effectively from
data. Multi-objective training strategies combining predic-
tive accuracy and constraint satisfaction will be crucial.

Moreover, exploiting causal Al methods to draw robust
causal conclusions from world-model simulations is essen-
tial, particularly when using simulated evidence in arbitral
or regulatory contexts (Tritto and Ponce 2025).

5.3 Benchmarks, Evaluation, and Governance

To drive progress, we need benchmarks that specifi-
cally capture “regulation-aware legal reasoning” in cross-
border commerce. Existing benchmarks (Guha et al. 2023;
Chalkidis et al. 2022) must be extended to include tasks re-
lated to Al regulation and counterfactual reasoning in world
models.

Evaluating the explanations generated by R-NSLWMs is
also critical. Metrics must assess legal soundness, complete-
ness, and usefulness to human decision-makers. This re-
quires empirical studies on human-Al interaction in legal
contexts (Chien et al. 2025).

Finally, the governance of the Legal KGs and world mod-
els themselves poses significant challenges. Ensuring the in-
tegrity, currency, and fairness of these foundational compo-
nents is paramount to the trustworthiness of the overall sys-
tem (Alsagheer et al. 2025).

6 Conclusion

The increasing complexity of international commerce and
the stringent requirements of emerging Al regulations de-
mand a paradigm shift in legal Al. Purely neural approaches
lack the structural guarantees, explainability, and regula-
tory alignment necessary for high-stakes cross-border en-
vironments. We have proposed Regulation-Aware Neuro-
Symbolic Legal World Models (R-NSLWMs) as a pathway
to trustworthy legal Al. By integrating comprehensive le-
gal knowledge graphs, dynamic commercial world mod-
els, and neuro-symbolic reasoning, R-NSLWMs provide a
framework for modeling, simulating, and explaining com-
plex commercial activities within their legal context, while
enhancing compliance, transparency, and the rule of law.
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