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Abstract. Data sovereignty starts before data leaves a user’s device. As data pro-
cessing moves toward the edge, future Web applications will need to evaluate rules,
policies, and explanations locally, rather than delegating every decision to server-
side infrastructure. At the same time, data will increasingly flow across organi-
zations, applications, and regulatory contexts. We argue that such flows must be
interoperable across ecosystems, legally compliant with applicable policies, and
trustworthy to end-users. This requires a rule language that independent engines
can implement consistently. In this paper, we introduce 1k+ Notation3 compliance
tests for validating implementations against the Notation3 specification, developed
in parallel with Eyeling: a JavaScript, browser-deployable reference implementa-
tion for interoperable in-browser trust engines. Applied to cwm, EYE, and jen3,
the suite reveals conformance gaps with the published specification, while Eyeling
reaches full conformance and shows that LLM-driven synthesis can bootstrap spec-
compliant rule engines from a specification and conformance suite. These results
suggest that in-browser semantic rule engines can provide a practical foundation
for evaluating interoperability, legal compliance, and trust where data is accessed
and used. While some may see Semantic Web tooling as deprecated in the era of
genAl our work can serve as an example of a symbiosis leveraging the best from
both worlds.

Keywords. Notation3, rule engine, Javascript, LLM code generation, Neurosymbolic
Al

1. Introduction

The future Web will not be organized around a single global data model, a single integra-
tion platform, or a single trusted authority. Data will flow across organizations, applica-
tions, sectors, and regulatory contexts, while remaining shaped by the local needs of the
actors that produce, manage, and consume it. In such an environment, data sovereignty
starts before data leaves a user’s device: users and applications must be able to under-
stand, evaluate, and act on data locally, rather than delegating every decision to remote
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infrastructure. This requires building Web applications in which interoperability, legal
compliance, and end-user trust are taken into account [5].

Interoperability cannot depend solely on prior agreement. Organizations will con-
tinue to use different vocabularies, schemas, policies, and operational assumptions.
Rather than forcing all actors into a common model from the start, interoperability needs
to be achieved progressively, when concrete integration needs arise. This idea of even-
tual interoperability shifts the problem from universal standardization to explicit inter-
pretation: mappings, alignments, constraints, and transformations must be expressed in
a form that other systems can inspect, reuse, and execute. Semantic rules are a natural
fit for this role. They make translation assumptions explicit, provide a formal account of
how one representation is interpreted in terms of another, and allow heterogeneous data
to be aligned without erasing local semantics.

The same need for explicit, executable interpretation appears in legal compli-
ance [29]. Data flows are constrained not only by technical formats, but also by permis-
sions, prohibitions, obligations, purposes, legal bases, and contextual conditions. Policy
languages such as the Open Digital Rights Language (ODRL) [19] and vocabularies such
as the Data Privacy Vocabulary (DPV) [24] make it possible to describe aspects of these
constraints in machine-interpretable form. However, descriptions alone are not enough.
Applications must be able to evaluate whether a given data use is allowed, whether addi-
tional obligations apply, or whether access should be denied under a specific policy. For
such evaluations to be interoperable across implementations, the underlying rule seman-
tics must be shared, testable, and independent of a single proprietary engine.

Trust then becomes a question of execution as much as representation. If interop-
erability mappings and compliance policies are evaluated only by remote services, users
and applications must trust those services before they can trust the outcome. Client-side
reasoning changes this relation. Rules, policies, input data, and derivations can be exe-
cuted and inspected close to the user, for instance inside a browser, a data wallet, or an
edge application. Yet this only helps if the local engine itself can be trusted. A client-
side rule engine must therefore be validated against a shared specification and through
implementation-independent compliance tests.

Contributions. This paper addresses that need by leveraging the decades of work
done creating Notation3 (a first team submission was published in 20082, that was later
adopted by the Notation3 W3C Community Group). We present a Notation3 confor-
mance test suite of more than thousend cases, each traceable to a specific normative
clause of the N3 specification, publicly released for community use. Applied to the es-
tablished reasoners cwm [2], EYE [6], and jen3 [30], the suite quantifies the confor-
mance gap between current implementations and the published specification. We further
present Eyeling, a Notation3 reasoner constructed via human-in-the-loop LLM synthesis
directly from the specification text, supporting both forward and backward chaining with
complete coverage of the N3 built-in functions and achieving 100% on the suite. Beyond
the system itself, our work illustrates a broader methodological pattern: well-scoped Se-
mantic Web specifications, paired with compliance tests, can serve as a viable basis for
Al agents to implement core interoperable infrastructure.

’https://www.w3.org/TeamSubmission/2008/SUBM-n3-20080114/
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2. Symbolic rules for trust and interoperability in the age of Al

Assertions and alignments Interoperability and trust are closely related. Every assertion
is made relative to a vocabulary, a context, and an intended interpretation. When an orga-
nization states that something is true, it implicitly commits to the meanings of the terms
used, the modelling choices behind them, and the conditions under which others may
rely on the statement. Across ecosystems, different actors may use different identifiers
for similar concepts, reuse the same term with different assumptions, or publish data at
different levels of abstraction. By using a rule language and engine, one enables eventual
interoperability®. Alignments, mappings, constraints, and rules express how one actor’s
assertions may be understood in another actor’s context, and under which assumptions
additional knowledge may be inferred. A rule can state that, for a specific purpose, a
locally used class or property can be treated as corresponding to another one; that a value
must be normalized before comparison; or that a conclusion only follows if a particular
provenance, permission, or policy condition is present. For these resulted alignments and
assertions to be trusted, one certainly also needs to trust the rule engine used, which thus
needs heavy testing.

Agent spaces In an idea coined by Polleres et al. [26], data agents are a further evolution
of data spaces, where not only data assets, metadata, policies, contracts, and credentials
are first-class citizens, but also knowledge graphs, services, tools, and agentic language
models. Their central observation is that simply allowing LLM-based agents to operate
over data spaces does not by itself preserve sovereignty or trust: agents may discover
data, call tools, compose services, and act on behalf of humans or organizations, but their
non-deterministic behavior also makes it harder to guarantee which data was used, for
which purpose, under which policy, and with which justification. The proposed answer
is a neuro-symbolic architecture in which agentic models are governed by symbolic
policy guardrails. Such guardrails make policies, constraints, contracts, and process
rules explicit and executable, so that an agent may propose an action, formulate a query,
or mediate between heterogeneous sources, while a deterministic symbolic component
checks whether the action is permitted, whether the relevant constraints hold, and which
derivation justifies the result. In this view, symbolic rules are the mechanism through
which agent spaces can become controllable, explainable, and policy-compliant: they
define the boundary between what an agent can suggest and what the surrounding space
can accept as valid, allowed, or trustworthy.

Executable Legal Compliance Deterministic rule engines in the form of programming-
language-based formalisms have recently gained renewed interest as foundations for pol-
icy and rights languages such as ODRL [10,25,8], eFLINT [3], and LegalRuleML [13,
11,27]. Their expressive power enables the modeling of complex conditions found in law,
regulations, and data-sharing agreements: conditions that cannot be captured by OWL
alone. While OWL offers a starting point for interoperability, no single-logic implemen-
tation has emerged that can express all legal requirements; existing approaches therefore
resort to cumbersome combinations of OWL with SPARQL, SHACL, and ASP. What is
needed instead is a unified logic that can express both the policies and their consequences
within a single formalism [18].

3Eventual interoperability was coined by Pieter Colpaert in a blog post published in January 2026 https:
//pietercolpaert.be/interoperability/2026/01/08/eventual-interoperability
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Notation3 (N3), as a Semantic Web language, can express rules over existing le-
gal and policy vocabularies such as ODRL [9] and DPV [24]. Combined with semantic
annotations of Terms of Service, N3 rules can infer the presence, absence, or inconsis-
tency of legally relevant clauses, such as missing safeguards for cross-border transfers
or missing transparency provisions for profiling and automated decision-making [21].
Its support for rule chaining, date-time arithmetic, string parsing, cryptography, and
(scoped) negation-as-failure (SNAF) makes it possible to express policies and conse-
quences within one deterministic execution environment, rather than relying on combi-
nations of OWL, SPARQL, SHACL, and ASP. Recent attempts to apply Notation3 in
legal compliance use-cases can be found in [28,29,18,33,22].

Thus, whether it’s about scaling up trust in data sources expressed using heteroge-
neous data models, about providing safeguards for agents in agent spaces, or for provid-
ing legal compliance, the basis for trust anywhere is a well-tested rule engine.

3. Notation3 Conformance Test Suite

The Notation3 specification is accompanied by an official conformance test suite 4, which
provides a valuable foundation for any compliance evaluation of N3 implementations.
The suite was, however, assembled during the drafting phase and has not been revised
alongside subsequent editorial and normative changes. As a consequence, some tests re-
flect intermediate drafts of the specification, deprecated language features, or the behav-
ior of early reference implementations such as cwm [2], rather than the normative con-
tent of the team submission published in July 2023 [31]. Conversely, several grammar
and built-in requirements introduced, or refined in the later stages of standardization re-
main unexercised. In addition the original test suite contains tests for built-ins and lan-
guage features that did not make it into the team submission. This motivates the revised
conformance test suite presented in this article.

To test the adherence of emerging N3 reasoners against the published N3 specifica-
tion, we developed a new handcrafted test suite, notation3tests [15] (two of us are
part of the Notation3 Community Group). The suite provides extensive coverage of N3
grammar, semantics, and adherence to the official list of built-in functions [32] together
with their argument modes and datatype casting. Each test case exercises a single, atomic
grammar feature, semantic feature, built-in, argument mode or datatype cast, and cites
the normative section of the specification it covers. Test outcomes are partitioned into
four categories:

* conformant : the reasoner produces the expected output;

* non-conformant : the reasoner produces an output where none is expected;
* incomplete : the expected output is absent from the reasoner’s response;

* crash : the reasoner terminates during execution.

Within the crash category, the suite further distinguishes expected crashes, those
arising from tests that deliberately introduce grammar errors or contradictions in the
input theory, from unexpected crashes, which indicate implementation defects.

As of April 29, 2026, notation3tests comprises 972 test cases (today this is over
1000). The results of running the compliance suite against three principal existing N3

“https://w3c.github.io/N3/tests/
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Table 1. Overview of compliance tests results for the cwm, EYE and jen3 N3 reasoners (as of April 29,2026).

Test (N=972) cwm EYE jen3
conformant 681 (70%) 786 (81%) 735 (76%)
non-conformant 20 (2%) 22 (2%) 48 (5%)
incomplete 220 (23%) 147 (15%) 146 (15%)
crashed 51 (5%) 17 2%) 43 (4%)

implementations (cwm commit 7a71cfd [2], EYE v11.23.10 [6], and jen3 commit
3e6c¢c11d [30]) are presented in Table 1.

These three scores indicate a conformance gap between the existing implementa-
tions and the final published N3 specification, but the gap is not a measure of imple-
mentation quality. Each reasoner completed its main development cycle before the final
Notation3 community group report was available, and each project validates against its
own project-specific test suite or against the original W3C conformance suite mentioned
at the start of this section.

In order to bridge the conformance gap and provide a fully compliant implementa-
tion, we set out to create a new N3 reasoner using LLM-driven synthesis, with our test
suite made available to the LLM from the outset. The resulting Eyeling reasoner (de-
scribed in detail in Section 4) reached a near-100% pass rate by version 1.6.13 using the
live version of notation3test that existed at that time (the 73rd version in chronologi-
cal order). At that point, 440 of the eventual 972 tests had been written, so this milestone
reflects compliance against roughly 45% of the final suite.

Eyeling reasoner — test outcomes over tagged versions
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Figure 1. Eyeling conformance over tagged versions. Top: share of failing tests broken down by failure mode
(crashed, non-conformant, incomplete) on a logarithmic axis. Bottom: percentage of conforming tests over the
same versions.

This headline figure, however, overstates true compliance: the suite was incremen-
tally extended by the testing team throughout the project, so each historical version of
the Eyeling reasoner was scored only against the tests that existed at the time. A more
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faithful measure can be obtained post factum, by running the 972-test suite against every
historical version of the Eyeling reasoner. The results of this retrospective evaluation of
notation3tests are shown in Figure 1 (up to April 29, 2026). The single outlier visible
in the figure is version 1.11.10 (the 167th version, chronologically), for which the LLM
synthesis run did not yield an executable reasoner.’

Eyeling’s seemingly “100%” score is a consequence of its development being car-
ried out in lockstep with the compliance suite. This co-development is an obvious lim-
itation of our compliance claims. To provide confidence in our results, two authors not
involved in the prompting sessions reviewed the parser, rule normalizer, and built-in dis-
patch module for case-specific branches and test-string matching (such as the names of
test cases, names of predicates used in the test cases). No such patterns were found,
which suggest a genuine reasoning behavior rather than overfitting to the test results.
As an additional external check, on May 20, 2026 we ran the latest Eyeling version at
that time, v1.24.27, against the official W3C N3 Turtle and syntax tests; it passed 308
of 339 (91%). Some of the remaining failures correspond to language features the team
submission excluded, as discussed in Section 3.

We hope that publishing our compliance suite will encourage the development of
further comparable implementations and provide a common benchmark against which
their conformance can be measured.

4. Eyeling

Eyeling is an LLM-driven synthesized N3 reasoner produced by the project’s reasoning
team using GPT-5 Extended Thinking (using versions 5.1, 5.2, 5.4 and 5.5) throughout
the course of the project. The inputs used to develop the Eyeling reasoner comprised
the three N3 specifications [31,32,1] and our notation3tests compliance test suite.
Beyond compliance, the synthesis had to produce a mature implementation whose per-
formance was on par with the EYE reasoner. This required thousands of prompts guided
by human feedback. When the LLM was stuck, selected fragments of the EYE prolog
source were provided as hints. Eyeling is therefore not a translation of EYE: the underly-
ing V8 engines (Eyeling) and SWI-Prolog (EYE) differ in ways that materially affect im-
plementation choices, clause indexing as the most consequential. As of April 29, 2026,
this process had produced 294 chronological versions.®

Rule Engine

Norm. C Emitter

N3 AST

Eyeling

Figure 2. High-level architecture of the Eyeling reasoner.

5The LLM-driven synthesis run produced source code that could not be executed, because the resulting file
lacked the required executable permission bits. The testing team chose not to correct the synthesized reasoner
even for such simple cases.

OThis corresponds to approximately five months of human-assisted development time.
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Figure 2 provides a high-level architectural overview of the Eyeling reasoner. Eye-
ling accepts one or more N3 documents as input, each parsed individually into an internal
AST representation. A Rule Normalization step then applies blank node normalization
to the AST, promoting blank nodes appearing in rule premises to universally quantified
variables, as required by the N3 specification. This step also handles RDF collections,
ensuring that both rdf : first/rdf :rest chains and native N3 list notation are treated
uniformly throughout the reasoning pipeline. The normalized rules and initial facts are
then passed to the reasoning engine, which iteratively applies forward and backward
chaining until a fixpoint is reached. Derived solutions are emitted as N3 output in a
streaming fashion.

Both forward and backward chaining are supported within a single N3 input doc-
ument, in accordance with the N3Logic semantics as specified in [1]. In addition, the
synthesized reasoner implements complete coverage of the N3 Built-in Functions speci-
fication.

Despite its LLM-driven synthesis, Eyeling has no runtime dependencies on any lan-
guage model: every execution consists entirely of deterministic symbolic reasoning steps.
Once generated, Eyeling operates as a fully self-contained deterministic symbolic N3
reasoner. The implementation is written in pure JavaScript and has no external dependen-
cies and no runtime requirements (e.g., no WebAssembly runtime). It can be executed as
a command-line tool, consumed via an API, or embedded directly in a web browser.’

In addition to its score on the compliance suite (Section 3), Eyeling was also the
fastest of the four N3 implementations (eye, eyeling, cwm and jen3) on the compliance-
suite throughput. These timings should be read with caution: the compliance suite is
correctness-oriented and does not exercise the math-heavy or large-scale workloads that
engines like EYE are typically used for.

We compared the latest Eyeling version (v2.35.9 at the time of writing) against
four benchmark families: Deep Taxonomy [23], LUBM(1) [14], OpenRuleBench
(joinl/tc/sg) [20], and eight Gabriel compute kernels [12]. On LUBM(1), Eyeling an-
swers all fourteen queries correctly at its parse floor and is the fastest of the N3 reasoners
tested (EYE, jen3, cwm), though still about 10x slower than the fastest Datalog engines.
On join-heavy Datalog workloads it is 6-18 x slower than the best Datalog engine.

5. Discussion: AI-Assisted Semantic Infrastructure

Eyeling is a symbolic component that can be embedded next to Al agents. In an agent
space, an LLM may communicate with users and services, but a N3 reasoner such as
Eyeling can act as a meaning boundary: it decides which conclusions follow from the
formalized knowledge available to the system. The LLLM can help author, refactor, or
explain N3 rules, but the rule engine remains responsible for deterministic derivation
and validation. This separation is particularly important for trust, because the outcome
of a policy or interoperability decision should not depend solely on a probabilistic model
invocation.

A browser-native rule engine further strengthens this trust relation. If a remote server
is the only place where policies are evaluated, then the user must first trust that server
before trusting the decision it returns. By contrast, an in-browser reasoner allows facts,

"https://eyereasoner.github.io/eyeling/playground
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policies, checks, and explanations to be evaluated close to the user and close to the data.
For example, an agent may ask whether it may use a dataset for a given purpose, whether
a planned action is compatible with a contract, or which facts justify a recommendation.
Eyeling can represent the relevant data, rules, checks, and answers in one N3 artifact,
enabling governed and inspectable decisions without requiring the user to expose all raw
data to a remote policy engine.

This also suggests an alternative to unconstrained data sharing in agent spaces. In-
stead of giving agents broad access to raw data, a local rule engine can derive narrow,
purpose-limited, and auditable insights. The Answer—Reason Why—Check pattern sup-
ported by Eyeling follows this idea: the system can compute an answer, provide the
derivation that explains why the answer follows, and verify constraints that must not
be violated. Such a pattern is well suited to agent spaces, where agents should operate
over governed insights rather than unrestricted data dumps. It allows symbolic policies
to determine not only whether an action is allowed, but also which explanation can be
exposed to the user, another agent, or an auditor.

Finally, agent spaces require portability. Symbolic guardrails are only useful if they
can be deployed where agents actually run: in Web applications, data-space connectors,
policy editors, sandboxed runtimes, personal data stores, and client-side agent environ-
ments. Eyeling targets this requirement by providing a JavaScript implementation of N3
reasoning that can run in browsers and standard Node.js environments.

A natural question is whether this synthesis methodology generalizes beyond Eye-
ling’s JavaScript target. As a check, we used Claude Opus 4.7 to synthesize a C++ N3
reasoner from the W3C specifications, the notation3tests suite, and Eyeling’s source,
with minimal human input [17]. After 29 commits and about six hours we had a spec-
compliant reasoner: it matches Eyeling on compliance, but not on maturity or perfor-
mance. One caveat: the N3 specification leaves room for interpretation, and the C++ im-
plementation resolved the ambiguous cases the same way Eyeling does, so agreement on
the test suite is not independent conformance. Still, the experiment suggests that once a
reference implementation exists, porting to new platforms via LLM synthesis is feasible
and cheap. Independent LLM-generated N3 reasoners have since appeared in Rust [7],
Python [4] and Go [16], each with different features and performance.

6. Conclusion

We position the role of interoperable rule engines, like Eyeling, as a solution for sym-
bolic guardrails in agent spaces, as a solution for automating legal compliance, and as a
solution for scaling up assertions across data sources using heterogeneous data models.
This requires a rule language with extensive tests, for which in this case we’ve chosen
the RDF-native N3 language, and made sure running those rules becomes inspectable,
portable, and testable across implementations. The results presented in this paper in-
dicate that such rule engines can be built for the browser, validated against a shared
conformance suite, and even synthesized with substantial assistance from LLMs when
the underlying specification is precise enough. The blue-sky vision emerging from this
research is that GenAl does not deprecate Semantic Web infrastructure, but become a
means to accelerate the construction of the deterministic components needed for building
trustworthy data ecosystems.
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