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Abstract—The deployment of maritime autonomous surface
ship (MASS) is accelerating across various domains, driven by
an expanding range of use cases. In non-military applications,
MASS are utilized for oceanographic research, marine resource
exploration, environmental monitoring, search and rescue op-
erations, and commercial shipping [1]. In the military domain,
MASS are employed for missions such as intelligence gathering,
surveillance, deception, protection, and offensive operations
targeting maritime infrastructure. A critical concern shared
across these domains is the ability of an autonomous vessel on
the high seas to adhere to the Convention on the International
Regulations for Preventing Collisions at Sea (COLREGsS), or
the “Rules of the Road” [2]. Our work employs typed first
order logic with arithmetic and a large ontology along with
automated theorem proving to create a decision support system
for navigation that is compliant with the COLREGs.

Index Terms—COLREGs, ontology, logic, decision support
system, theorem proving

I. INTRODUCTION

We used the Suggested Upper Merged Ontology (SUMO)
[3], [4], and associated inference technology [5]-[7] to de-
velop a decision-aid framework for autonomous vessels that
ensure COLREGs-compliant navigation.

SUMO is a comprehensive upper-level ontology and col-
lection of domain ontologies that provides a framework for
integrating knowledge across domains. It captures founda-
tional concepts such as time, space, events, and objects, and
offers a platform for structuring domain-specific data. SUMO
employs higher-order logic [8], enabling knowledge engineers
to declare constraints on actions through formal rules [3].
These declarative rules allow for validation through theorem
proving [9], creating systems that can reason and justify
decisions autonomously. By embedding decision-making pro-
cesses within the logic itself, SUMO eliminates the need for
external procedural implementation, streamlining the devel-
opment of decision-support systems. SUMO’s large inventory
of concepts and definitions provides for reuse, lessening the
burden of formalizing concepts. By creating new content
within the context of a large ontology, it ensures that changes
in scope or context of the project do not expose hidden
assumptions that would break existing models [10]. SUMO
will be explained further in section II-C.
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The primary objective is to formalize the decision-making
logic necessary for autonomous vessels to identify and navi-
gate close-quarters scenarios in compliance with applicable
COLREGs rules. By representing these rules in a formal
logic, the research aims to bridge the gap between theoretical
maritime regulations and practical autonomous navigation, en-
abling MASS to reason about and execute collision-avoidance
maneuvers with transparency and traceability.

This research relies on several key assumptions:

« Situational Awareness: The autonomous vessel is as-
sumed to have situational awareness (SA) of its own
position, course, speed, and that of surrounding vessels
in its vicinity.

o Sensor Inputs: It is presumed that the vessel’s radar and
sensor systems provide accurate real-time inputs, such
as closest point of approach (CPA), course over ground
(COG), speed over ground (SOG), range and relative
bearings of nearby vessels.

o Focus on Decision-Making: The scope of this research
is confined to formalizing the decision-making process
using ontology and automated reasoning tools, specifi-
cally for identifying COLREGs scenarios and determin-
ing compliant actions. Path replanning and maneuver
execution are outside the scope of this work.

If integrated with onboard radar systems, the ontology and
reasoning engine could evaluate navigational scenarios in real-
time, offering several benefits:

o Rule Applicability Assessment: The system identifies
which COLREGs rule applies to a given situation, re-
ducing ambiguity for operators.

o Collision Avoidance Recommendations: By analyzing
vessel dynamics and relative positioning, the system
suggests actionable maneuvers, such as altering course
or speed, to avoid collisions.

« Enhanced Situational Awareness: The tool provides
clear, rule-based insights to operators, enabling more
informed and confident decision-making.

o Training: This tool, coupled and integrated with simu-
lation software, could provide direct Rules of the Road
training for maritime navigators.

Unlike traditional procedural software testing, which relies



on partial coverage through test cases, formal logic allows
for rigorous, static validation, ensuring that the reasoning
processes are provably error-free. If a logical contradiction
is found, theorem proving provides a proof that precisely
describes the inconsistency. This guarantees a higher degree
of reliability and robustness, essential for the high-stakes
environment of maritime navigation.

II. BACKGROUND
A. COLREGs

The crux of almost every close-quarters situation between
two vessels at sea is that of COLREGs. The International
Maritime Organization (IMO) formalized The Rules of the
Road in 1972 and they came into effect in 1977, and since
then there have been over 60 amendments to these rules. The
United States adopted the International Rules in 1977 and
later developed the Inland Rules in 1981; this research will
focus on the International Rules [2]. COLREGs consist of 38
rules split between five sections (A-E): General, Steering and
Sailing Rules, Lights and Shapes, Sound and Light Signals,
and Exemptions. This research will focus on a decision aid
for portions of Part B, Steering and Sailing Rules. COLREGs
are built around two vessels interacting in a one-on-one
encounter, leaving ambiguity for a situation involving more
than two vessels. This responsibility normally falls on the
Ship’s Master to safely apply the rules to avoid collisions. Part
of this research will be to both aid in the COLREGs-compliant
decision making as well as investigate how an ontology can
adjudicate complex and abstract situations.

B. Ontology Languages

“An ontology defines a set of representational primitives
with which to model a domain of knowledge” [11]. The prim-
itives in this case are the relationships between vessels on the
high seas that can be modeled to represent the knowledge of
COLREGs. The current research in this field primarily utilizes
the Semantic Web standards such as Resource Description
Framework (RDF) and Web Ontology Language (OWL) to
assist autonomous vessels. These standards are effective for
certain applications but employ a limited logic (description
logic) that is less expressive than well-known formalisms like
first order logic. An expressive logic can better represent the
definitions of abstract concepts such as time, space, events,
and objects whereas the Semantic Web operates at a more
granular level of machine-readable metadata. This research
aims to improve on prior work by presenting a novel approach
to collision avoidance decision aids for autonomous vessels
by use of SUMO.

C. Ontologies and MASS

Prior work in this area has typically provided a set of
concepts with a type structure and relationships. That ap-
proach does not fully capture rules that define the concepts.
If the logic used is not as expressive as first order logic,
definitions of terms must be either expressed informally as
English comments, omitted entirely and left to intuition about

the term names, or encoded in a separate procedural language
that is not subject to static proof of consistency.

The research described in [12] proposes an ontology-based
approach to enhance MASS navigation safety and collision
avoidance decision-making. The authors construct an ontol-
ogy model for navigation scenarios, integrating structured
representations of scene elements, such as autonomous ships,
environmental factors, and obstacles. The model captures
entity attributes and relationships to facilitate semantic un-
derstanding of navigation scenes. [13] explores the use of on-
tologies as a foundational framework to enhance autonomous
ship functionality, focusing on semantic data integration,
improved SA, and effective decision-making. [14] explores
the integration of ontologies within the 4D/RCS (Real-Time
Control System) architecture to enhance decision-making in
autonomous vehicles and improve path planning and collision
avoidance. The study introduces an ontology-based model to
represent environmental objects and their attributes, such as
rigidity, movability, and crushability. These attributes support
the system in collision damage assessment, guiding path
replanning, and real-time decision making. The work in [15]
explores the application of ontology-based methods to en-
hance semi-automatic communication in collision avoidance
scenarios at sea. The authors developed ontologies tailored
to navigational and communication processes to facilitate
automated generation and interpretation of messages, incor-
porating elements of IMO’s Standard Marine Communication
Phrases.

D. SUMO and Reasoning

The SUMO! is a comprehensive ontology that includes an
domain-independent upper ontology and dozens of domain-
specific ontologies that are all mutually compatible. Originally
proposed by the IEEE-sanctioned Standard Upper Ontology
(SUO) Working Group, SUMO was developed to address the
need for a shared, formal representation of knowledge across
diverse domains, including engineering, philosophy, artificial
intelligence (AI), and information science [3].

One of the core original purposes of SUMO was to provide
a formalized foundation for domain-specific extensions. These
extensions enable the ontology to adapt to specialized fields
while maintaining interoperability with its general structure.
SUMO has since been extended for applications in biology,
transportation, military logistics, medicine and dozens of
other domains [3].

The development and application of SUMO is supported
by the Sigma Knowledge Engineering Environment (Sig-
maKEE), a platform designed to facilitate ontology brows-
ing, editing, and reasoning [16]. SigmaKEE integrates with
external resources such as WordNet [17] to enhance its
natural language processing capabilities, enabling semantic
interpretation and linguistic reasoning.

SigmaKEE automatically converts SUMO into the Thou-
sands of Problems for Theorem Provers (TPTP) family of log-
ical languages, making it compatible with standard automated
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reasoning tools. These transformations, explained in [5], [18],
[19], enable SUMO to support logical verification, decision
support, and system validation, expanding its applicability to
domains requiring rigorous formal reasoning.

We employ the Vampire theorem prover [20] for reasoning
with SUMO. Vampire is an automated theorem prover (ATP)
designed to automate the proof-search process for logical
theories. It supports first-order logic (FOL) as well as several
different logics beyond first order. It is typically the winner in
most of the divisions it competes in at Computer Automated
Systems Competition (CASC) [20]. Vampire supports a range
of reasoning tasks, including theorem proving, model genera-
tion, and satisfiability checking, making it particularly suitable
for applications in formal verification, artificial intelligence,
and knowledge representation [21].

III. IMPLEMENTATION

The formalization process for the COLREGs is structured
into three key components. First, foundational definitions and
attributes are established, providing the essential building
blocks for the system. Next, specific rules from COLREGs,
such as head-on, crossing, and overtaking situations, are trans-
lated into formal logic to enable systematic reasoning. Finally,
helper functions and auxiliary mechanisms are introduced
to facilitate the application of these rules in dynamic and
complex maritime scenarios.

Building on this principle, it is assumed that the vessels
in the generated scenarios are mutually visible at time X and
concurrently translocating at time X. These assumptions are
represented in the code snippets by the predicates:
(mutuallyVisibleAtTime ?VES1 ?VES2 ?TIMENOW)
(concurrentTranslocationAtTime

?VES1 ?VES2 ?TIMENOW)
These assertions are currently hard-coded to establish that,
at time ?TIMENOW, ?VES1 and ?VES2 are visible to one
another and underway.

A. Radar Inputs

The reasoning software is presumed to receive a range
of inputs from an onboard radar system, enabling real-
time decision-making. These inputs pertain to both the user
vessel (denoted with the attribute OwnVessel) and the other
vessel involved in the interaction (denoted with the attribute
TargetVessel). Since maritime conditions are dynamic,
all input data is tied to specific vessels and evaluated as
snapshots in time. The formal definitions of various terms
summarized below can be found in [22].

The radar inputs include:

e SOG: The speed of the vessel in relation to the ground.

e COG: The course the vessel is following with respect to
true north.

o CPA: The minimum distance between two vessels if they
continue on their current courses and speeds.

o CPAt: The time until CPA (CPAt) is the time remaining
until the vessels reach their closest point. It is common

for radar systems to display a negative value for CPAt if
it as already passed.

o Relative Bearing: The angle between the two vessels,
relative to own vessel.

o Range: The distance between the two vessels.

The user input includes:

« Captain’s Thresholds for CPA and CPAt: Defined as
cpaThresh and cpaTThresh, these parameters de-
termine what constitutes a close-quarters situation based
on the Captain’s judgment. For example, a cpaThresh
and cpaTThresh of 2nm and 10 minutes respectively
would indicate that risk of collision exists if there’s
another vessel with a CPA of less than 2nm in less than
10 minutes.

These inputs form the foundational dataset for the reason-

ing engine, enabling it to assess compliance with COLREGs
and to recommend or execute appropriate maneuvers.

B. Vessel Types

The types of vessels that are defined in COLREGs that
this work considers are power-driven vessels (PDVs), Sailing
Vessel, Vessel Engaged in Fishing, Vessel Constrained by
Draft, Vessel Restricted in Her Ability to Maneuver, and
Vessel Not Under Command. The relationship between these
vessels and who has the right-of-way is mostly defined by
Rule 18. The exception to Rule 18 is Rule 13 (overtaking),
and the handling of that will be discussed shortly.

In SUMO, there is a class WaterVehicle; all the vehicle
types mentioned above are instances of this class and the
different vehicle types are modeled as attributes. In SUMO,
entities may not have different class membership during their
lifetimes. The vehicle types above are not their own class
because a vessel could at one point in time be a PDV, but as
soon as it puts up a sail and turns off its engine it becomes
a Sailing Vessel. At all times, these vessels are instances of
the class of water vehicles, and, at a certain time they have
only one vessel type Attribute.

An PDV is represented in SUO-KIF as:

(=>
(and
(instance ?VES1 WaterVehicle)
(attribute ?VES1 PowerDrivenVessel))
(not

(or
(attribute ?VES1 NotUnderCommand)
(attribute ?VES1l RestdInAbilToManeuver)
(attribute ?VES1 ConstrainedByDraft)
(attribute ?VES1 VesselEngagedInFishing)
(attribute ?VES1 SailingVessel))))

This can be read in plain English as, if there is an instance
of a Water Vehicle, and that vehicle has the attribute of a
PDV, then it does not have the attribute of a vessel not under
command, restricted in her ability to maneuver, constrained
by draft, engaged in fishing, or sailing.

C. Hierarchy

Rule 18 establishes the hierarchy between vessels and the
only exception to this rule is overtaking. For example, a PDV



is to keep out of the way of a Sailing Vessel, however, if
the Sailing Vessel is overtaking the PDV, the roles reverse
and the PDV is to maintain course and speed and the Sailing
Vessel shall give-way and pass at a safe distance.

Below is the formalization for a Sailing Vessel in SUO-
KIF. A similar definition exists for all vessel types. Some
term names are shortened due to space constraints.

(=>
(and
(instance ?VES1 WaterVehicle)
attribute ?VES1l SailingVessel)
instance ?VES2 WaterVehicle)
mutuallyVisAtTime ?VES1 ?VES2 ?TIMENOW)
or

(attribute ?VES2 NotUnderCommand)

(attribute ?VES2 RestdInAbilToManeuver)

(attribute ?VES2 ConstrainedByDraft)

(attribute ?VES2 VesselEngagedFishing))

(not

(overtakingSitn ?VES2 ?VES1 ?TIMENOW)))
(and
(giveWayVessel ?VES1 ?VES2 ?TIMENOW)
(standOnVessel ?VES2 ?VES1 ?TIMENOW)))

(
(
(
(

(=>

(and

(instance ?VES1 WaterVehicle)
(attribute ?VES1 SailingVessel)
(instance ?VES2 WaterVehicle)
(attribute ?VES2 PowerDrivenVessel)
(mutuallyVisAtTime ?VES1 ?VES2 ?TIMENOW)
(not
(overtakingSitn ?VES1 ?VES2 ?TIMENOW)))
(and

(giveWayVessel ?VES2 ?VES1l ?TIMENOW)

(standOnVessel ?VES1 ?VES2 ?TIMENOW)))

In an effort to not explain code line-by-line, this section
handles a hierarchy situation for a sailing vessel, where
either the target vessel is not overtaking the sailing vessel,
or the Sailing Vessel is not overtaking the target vessel. By
explicitly indicating an overtaking situation does not exist, the
reasoner will land on a refutation for who gives-way to who
in accordance with Rule 18 (hierarchy).

D. Conclusive Terms

Several terms used throughout these axioms are considered
conclusive, meaning they provide the operator (or route-
planning software of a MASS) with the information needed
to make a decision. These terms represent key questions, such
as am I the give-way vessel? or What is my next obligatory
action?

The conclusive terms include:

« Obligatory Next Action: Specifies the baseline action a
vessel is expected to take in accordance with COLREGs.
Examples include:

— Alter course to starboard
— Slow down

Back-down engines

Pass port-to-port

Pass at a safe distance

— Maintain course and speed

o Give-way Vessel: Identifies the vessel required to take
proactive measures to avoid a collision, as per Rule 16.

o Stand-on Vessel: Identifies the vessel expected to main-
tain its course and speed, as per Rule 17, unless circum-
stances necessitate otherwise.

Each rule is articulated through multiple definitions to ac-
count for all possible variations of the scenario. For instance,
an overtaking situation can manifest as I am overtaking
another vessel or I am being overtaken by another vessel.
Additionally, it is essential to explicitly define the negation
of each rule, such as I am NOT overtaking them or I am
NOT being overtaken by them. Formalizing these negations is
critical to ensure the reasoning engine can evaluate scenarios
comprehensively and determine when a rule does not apply.

It should be mentioned that classical logic does not have
the default method of negation by failure, such as is found in
the logic programming language Prolog. In Prolog and similar
languages, if a system cannot conclude X then it will conclude
(not X). This is expedient, since proving that something is
not true is not guaranteed to terminate in first order logic. By
taking this shortcut, Prolog optimizes performance, but this
is at the potential cost of reaching unjustified conclusions.

IV. EVALUATION

The evaluation of the developed ontology and reasoning
framework follows a structured and iterative process to ensure
logical consistency and validate scenario-based rule compli-
ance. The steps undertaken are outlined below:

1) Base Ontology Conversion:

« Convert the foundational ontologies into typed first-
order form (TFF) format.

« This initial TFF file does not contain any scenario-
specific data but includes the defined axioms and
the minimal SUMO ontology necessary for reason-
ing.

2) Scenario Generation:

o Construct an itemized database of test scenarios
covering a range of probable maritime situations.

« Format the necessary scenario-specific parameters
into TFF syntax.

o Generate a corresponding visual representation of
each scenario for verification and interpretability.

3) Scenario Integration:
« Append the scenario-specific TFF data to the base
TFF file.
4) Consistency Checking:
« Execute Vampire on the combined TFF file, with
no conjecture, to check for logical consistency.
5) Conjecture Execution:
« Append one conjecture at a time to the scenario.
« Run Vampire for each query individually.
« Catalog the output, including Vampire refutation
outcomes and execution times.



6) Iteration Across Scenarios:

o Repeat steps 3—5 for all test scenarios to ensure
comprehensive evaluation.

7) Result Compilation:

o Aggregate all recorded results into a structured
.csv file.

o The compiled results serve as the basis for perfor-
mance evaluation, statistical analysis, and valida-
tion of the reasoning framework.

V. MODEL CONSISTENCY AND SATISFIABILITY

Ensuring the validity of the model requires evaluating
both its consistency and satisfiability. A set of axioms is
satisfiable if there exists at least one interpretation in which
all statements hold true [23]. Conversely, a model is consid-
ered consistent if no contradiction can be derived from its
axioms. While these concepts are closely related, they are
distinct: a consistent model may still be unsatisfiable, and
proving satisfiability is often significantly more challenging
than demonstrating consistency.

A. What Can be Said: Local Consistency

This research establishes that the model exhibits local
consistency—meaning within the scope of tested conjectures,
no contradictions arose. Specifically, every conjecture formu-
lated as a theorem to be proven yielded the expected results,
with Vampire providing refutations and correct logical con-
sequences. This indicates that the subset of axioms involved
in each proof was internally consistent.

Furthermore, at no point did the model produce a counter-
satisfiable result. That is, no refutation was found that negated
a previously established theorem. This reinforces the notion
that the axioms, at least within the bounds of individual
proofs, maintain local consistency.

The following conjectures were applied to each scenario:

1) Crossing Situation: Is there an X and Y in a crossing
situation?

2) Head-on Situation: Is there an X and Y in a head-on
situation?

3) Overtaking Situation: Is there an X overtaking a Y?

4) Give-way Vessel: Is there an X that is required to give-
way to Y?

5) Stand-on Vessel: Is there an X that is required to stand-
on to Y?

6) Own Vessel’s Obligation: What is the obligatory next
action of own vessel?

7) Target Vessel’s Obligation: What is the obligatory next
action of the target vessel?

It should be noted that not every conjecture will yield
an answer for every scenario. Only one of the first three
conjectures (1-3) may return a result, as a scenario can
only represent one type of situation at a time. COLREGs
does discuss special situations with more than one vessel,
however, that is beyond the scope of this work. The remaining
conjectures (4—7) generally return results for all applicable

scenarios, provided the situation necessitates a give-way or
stand-on action.

B. Example Crossing Situation: Give-way

The scenario shown in Figure 1 represents another type
of crossing situation between Blue and Red. The parameters
defining the scenario are as follows:

e Blue: COG = 293°, SOG = 16 knots

e Red: COG = 245°, SOG = 6 knots

o Relative Bearing of Red from Blue: 45°
e CPA: 2 nm

o CPAt: 18 minutes

« Range: 4 nm

Polar Plot: Vessel Course Vectors —— MCB Course Vector
0 —— LKC Course Vector

Fig. 1. Example of a Crossing Situation as the Give-way.

The relative bearing of 45° and aspect angle indicate that
Red is approaching Blue from its starboard side. This scenario
aligns with a crossing situation where the vessel on the
starboard side (Red) is the stand-on vessel, while the vessel
on the port side (Blue) is the give-way vessel.

Although from a birds-eye view this can be considered
the same type of situation as the previous crossing example.
However, in first-person point of view, specifically from the
perspective of the Blue vessel, this is different in that own
vessel is now to give-way instead of stand-on.

C. Summary of Validating Requirements

The final test set included 288 distinct scenarios, with
the distribution of scenario types summarized in Table I.
The distribution was not perfectly balanced across different
scenario types.



TABLE I
SUMMARY OF SCENARIO TESTS

Situation Type Count | Situation Variation | Count

Crossing Situations 88 Blue Stand On 38
Red Stand On 50

Overtaking Situations 68 Blue Stand On 3
Red Stand On 65

Head On Situations 16

No Situation Found 116

Total Scenarios 288

Average Time to Refutation | 0.531s

The model demonstrated a high level of accuracy, with
171 of the 172 scenarios that resulted in a refutation yielding
the expected results—representing a 99.4% true positive rate.
Only one scenario produced an unexpected outcome, corre-
sponding to a false positive rate of 0.58%. The cause of this
anomaly is currently unknown.

It is important to note that the evaluation of results involves
a degree of subjectivity. Unlike traditional classification tasks
with an absolute ground truth, maritime scenarios often in-
volve context-dependent judgment. The model’s results are
closely tied to the author’s interpretation of COLREGs, which
may differ from another mariner’s perspective. This subjectiv-
ity is especially relevant in scenarios where no situation was
identified. While many of these outcomes were objectively
correct—such as scenarios with a negative CPAt, indicating
that the vessels had already passed their closest point of
approach—others could be open to interpretation depending
on the evaluator’s experience and judgment.

This work aims to reduce such ambiguity by formalizing
COLREGs in a machine-interpretable framework. However,
this does not imply universal consensus among maritime
professionals regarding all outcomes.

VI. CONCLUSION

The validation testing demonstrated that the model effec-
tively adheres to the Rules of the Road. No evidence of logical
contradictions was observed, confirming local consistency
within the tested scenarios. While the model successfully
identified crossing, overtaking, and head-on situations, it also
correctly determined when no formal COLREGs situation
existed.

This research demonstrates the feasibility and effective-
ness of formalizing COLREGs within an ontology-based
framework to support autonomous vessel decision-making.
By leveraging the Vampire ATP and the SUMO ontology,
the model successfully identifies and classifies maritime situ-
ations with a high degree of accuracy, while adhering to the
logical principles of COLREGs. The findings of this study
lay the foundation for future advancements in transparent
autonomous maritime navigation, contributing to safer and
more efficient operations at sea.
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