Singapore Maritime Research Conference x MTEC/ICMASS Conference 2026 10P Publishing
Journal of Physics: Conference Series 3299 (2026) 012013 doi:10.1088/1742-6596/3299/1/012013

Formal Specification of COLREG Steering and Sailing
Rules

Anna Austel*, Nina Wetzig and Bernd Westphal

Institute of Systems Engineering for Future Mobility,
German Aerospace Center (DLR), Oldenburg, Germany

E-mail: anna.austel@dlr.de

Abstract.

In the context of Maritime Autonomous Surface Ships (MASS), rules on vessel
navigation as given by the International Regulations for Preventing Collisions at
Sea (COLREGS) evolve from instructions to experienced personnel to technical
requirements for automated systems.

In their original form, COLREG steering and sailing rules are informal and open
to expert interpretation. There is a lack of clear formal requirements important
for the design and validation of automated maritime systems.

In this paper we aim to address this issue by presenting a formal specification
of relevant COLREG steering and sailing rules in terms of requirements on the
navigation of a power-driven vessel on the open sea. We further discuss how this
formalisation may support design, verification, validation and online monitoring

of MASS.

1 Introduction

For Maritime Autonomous Surface Ships (MASS) to take over navigational tasks, they need to
interact safely with their environment and other vessels, both autonomous and conventional.
In particular, like all vessels, they need to adhere to traffic rules, prominently including the
International Regulations for Preventing Collisions at Sea (COLREGs) [9]. These regulations
consist of 6 parts, including, besides more technical requirements on lights, shapes and sound
signals, a part on steering and sailing. As the rules in this part were originally intended as
instructions for human operators, they are informal and leave room for interpretation and expert
judgement. For instance, they explicitly refer to “good seamanship” in multiple instances.

For MASS, this part of COLREG evolves from instructions to experts to system require-
ments. The open and informal description is not suitable for this purpose. It does not provide an
objective criterion to distinguish correct from incorrect behaviour, e.g., for testing, certification
or monitoring during operation.

A precise and formal specification of the rules is needed to enable objective evaluation and
provide clear goals for the design of MASS. Specifically, a complete formalisation of the steering
and sailing rules as they apply to a power-driven vessel operating on the open sea is necessary.
It should specify the rules in terms of requirements on the behaviour of the own vessel. Further,
it should not over-specify the rules in the sense that each violation of the specification should
correspond directly to a violation of some aspect of the original rule text.

While different parts of the COLREGs have been formalised before, to the best of our knowl-
edge, none of the formalisations have all of these properties. Some are exclusively concerned
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with categorization of different types of encounters and do not detail the corresponding require-
ments for vessel navigation and others simplify or over-specify the rules as appropriate for their
specific application purposes.

In this work we aim to provide a formal specification of the COLREG steering and sailing
rules as they apply to a motorized vessel navigating the open sea with the aforementioned
properties, using Maritime Traffic Sequence Charts (MTSCs)[1, 2, 3, 4, 7.

We continue this paper with a discussion of related work in Section 2. Then, we give an
introduction to the MTSC language in Section 3. We present our formalisation of COLREG
rules in Section 4 and discuss it in Section 5. In Section 6 we conclude.

2 Related Work
A host of previous efforts for COLREG formalisation can be found in literature.

Many are restricted to encounter classification, i.e., the distinction of different types of ship
encounters involving a risk of collision based on which rule (Head-On, Overtaking or Crossing)
is subsequently applicable [6, 15, 13, §].

There are various works on generating COLREG compliant trajectories in different settings.
For instance Kuwata et al. [12] extend the concept of velocity obstacles for ship encounters to
further exclude actions in violation of the rules. Meyers et al. [5] do something similar through
virtual obstacles, blocking regions to be avoided according to the rules. Neither one of these
works however explicitly formalises the rules themselves and they mostly encourage passing
other vessels on the correct side in give-way scenarios.

Woerner et al. [17] define a metric to measure COLREG compliance in vessel encounters.
Based on encounter classification they provide a framework to score vessel behaviour according
to its compliance with the rules. For instance a stand-on vessel’s score is determined based on
the total change of its course and velocity over the duration of the encounter. While the score
does take into consideration all relevant aspects of the original rule text and provides valuable
insight into shortcomings of vessels after the fact, it does not in fact provide a clear notion of
satisfaction or violation of the rules.

A more direct approach to COLREG formalisation is presented by Torben et al. [16]. Here,
some aspects of the rules on motorized vessel encounters are formalised using Signal Temporal
Logic. This is applied to automatic evaluation of simulation based tests of autonomous ships.
Based on a robustness metric for requirement satisfaction and Gaussian processes this work pro-
vides a way to estimate confidence for rule compliance across a space of potential test scenarios
for efficient selection of additional test scenarios. However the formalisation of the actual rules is
limited to only some aspects of the original rule text. For instance, it disregards all requirements
for stand-on vessels and the notion of early and substantial actions.

Finally, Althoff et al. [10, 11] provide a substantial formalisation of COLREG steering and
sailing rules using Metric Temporal Logic. They define a traffic rulebook describing relevant
collision avoidance rules for encounters of two power-driven vessels in an open-sea context with no
traffic separation zones. Their description is based on a model of vessels limited to a position,
orientation and orientation-aligned velocity. They decide risk of collision purely based on a
velocity-obstacle, i.e., an insufficient distance at closest point of approach under the assumption
of (nearly) constant course and velocity for both vessels without determining the relation of
this notion to the criteria listed for risk of collision in COLREG. Moreover they consider an
encounter resolved as soon as their criterion for risk of collision is no longer satisfied for any
length of time, while the original rule text requires appropriate evasive action until past and
clear.
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3 Specification Language - Maritime Traffic Sequence Charts
In this work we use Maritime Traffic Sequence Charts (MTSCs) for the formalisation of COLREG
steering and sailing rules.

MTSCs are a visual language for the formal specification of abstract maritime traffic scenarios
and scenario-based rules. They model traffic participants, infrastructure and elements of the
environment as objects over an object model. An object model defines a set of basic types for
physical properties of objects and their relations. In particular, as MTSCs are designed for
the specification of spatial properties, there are a couple of dedicated basic types for spatial
properties; position, direction, angle, and distance. An object model further defines a set
of object types and for each object type a finite set of basic typed attributes. For an example of
an object model refer to Section 4.

Objects involved in a scenario are modelled as instances of an object type. To provide
visual notation for objects, a symbol dictionary declares an object symbols for each object type.
Attributes of position and direction type can be visually represented as position and direction
anchors respectively. Figure 1 shows a symbol dictionary including a symbol definition for
objects of type Vessel including a position anchor for an attribute pos and two direction
anchors for attributes cog and hdg.

MTSCs use spatial views to visually specify abstract traffic situations, i.e., conditions on
the states and relations of involved objects at a given point in time. A spatial view consists
of object symbols arranged on a rectangular canvas, annotated with predicate arrows, distance
lines. direction arrows, angle arrows and supplementary position and direction anchors. The
presence of an object symbol signifies the presence of a corresponding object in the traffic
situation. Predicate arrows are connected to either one or two object symbols and annotated
with a predicate on the attributes of the represented objects (see Figure 3a). Distance lines
connect a pair of position anchors and are annotated with a constraint on the distance between
the corresponding positions (see Figure 3b). Direction arrows connect an ordered pair of position
anchors and represent the direction from the first position to the second (see Figure 3c). Angle
arrows connect an ordered pair of direction anchors or arrows and are annotated with a constraint
on the (clockwise) angle from the first direction to the second (see Figure 3d).

MTSCs were designed as an extension of Traffic Sequence Charts (TSCs) for the maritime
domain. As TSCs were originally designed for the automotive domain, where the order of object
positions along and across roads is a crucial spatial property, spatial views originally implicitly
specify orders on all included position anchors according to their placement in the spatial view
form bottom to top and left to right. In most maritime situations this order has no significance
and we may choose to exclude it from a spatial views semantics. This is annotated in spatial
views using this % symbol.

MTSCs (just like TSCs) specify scenarios and scenario-based rules in terms of phases with
invariant conditions specified by spatial views. To identify a given object symbol with a fixed
object across a whole chart, it can be listed in the bulletin board. Object symbols not listed
in the bulletin board signify the presence of any object of the object symbol’s type when they
appear in a spatial view and this role may be satisfied by different objects at different times.
For an example of a bulletin board, see Figure 2.

Spatial views are arranged in a chart to specify the temporal and logical structure of the
scenario. A basic chart is constructed from invariant nodes (see Figure 5a) annotated with a
spatial view using the temporal constructs sequence and duration constraints (see Figure 5b)
as well as the logical operations concurrency (see Figure 5¢) and choice (see Figure 5e). The
semantics of basic charts are defined recursively: An invariant node is satisfied by a concrete
traffic scenario on a time interval [b, e] if and only if b < e and at each time ¢ with b <t < e its
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spatial view is satisfied. The sequence of two basic charts C; and Cs is satisfied on time interval
[b, €] if there is a time m € [b, €] such that C; is satisfied on [b,m] and Cj is satisfied on [m, €].
A basic chart C' annotated with a duration constraint < d (or > d) is satisfied on [b, €] if and
only if C' is satisfied on [b,e] and e —b < d (or e — b > d). Concurrency and choice function as
the logical operations and and or.

A chart may consist of a single basic chart (scenario chart, see Figure 5a) or two basic charts
history and consequence (rule chart, see Figure 5b). A rule chart specifies that when on an
interval [b, m] the history is satisfied, there must be a time e > m such that the consequence is
satisfied on [m, €.

A complete MTSC consists of a chart and a header. The header specifies an activation
mode and a quantification mode. The activation mode is either initial in which case the chart
is required to be satisfied on time intervals starting at 0 or always in which case the chart must
be satisfied on time intervals starting at any time. The quantification mode is either exists in
which case there must be at least one end time and one assignment of objects to bulletin board
symbols for which the chart is satisfied or forall in which case the chart must be satisfied for all
end times and all valid assignments of objects to bulletin board symbols. Typically rule charts
have an always, forall header and scenario charts an initial, exists header.

4 COLREG Formalisation

The International Regulations for Preventing Collisions at Sea (COLREGs) are a set of rules
for the operation of vessels on the high sea and connected waters navigable by seagoing vessels,
established by the International Maritime Organisation. They are an essential tool for ensuring
safe navigation.

The COLREGS consist of 6 sections specifying 41 rules in total. Part A defines the scope of
the regulation, defines responsibilities and provides some general definitions referred to in later
parts. Part B on steering and sailing covers requirements on the navigation of vessels in general
and when encountering other vessels. Parts C and D cover specifics regarding lights, shapes and
signals. Parts E and F define exemptions and requirements for verifying compliance with the
rules.

In this work we are concerned with formalizing rules regarding proper navigation of vessels,
as, with the advent of MASS, this type of rule can no longer be considered purely as instructions
to expert seafarers but must additionally take on the role of system requirements for autonomous
vessels and assistance systems to interact safely with other vessels, autonomous as well as con-
ventional. The informal and intentionally incomplete description provided by the original rule
text is not appropriate for this purpose, as it does not provide a clear and objective criterion for
system design, evaluation and monitoring in the field. We consequently are primarily interested
in Part B, the steering and sailing rules, supplemented with general definitions from Part A,
Rule 3 as appropriate.

Due to space limitations, we restrict ourselves to rules regarding open-sea navigation outside
narrow channels and traffic separation schemes in good visibility. Part B consists of Rules 4 to
19. Out of these, Rules 6, 13, 14, 15, 17 and 18, supplemented with additional details from rules
7, 8, 11 and 16 specify requirements on the navigation of a power-driven vessel not restricted in
its manoeuvrability in this setting. Specifically, in terms of requirements on the behaviour of a
power-driven vessel OS, these rules require that:

e Rg: OS must always travel at a safe speed.

e Ri3: Whenever encountering another vessel within sight (R11) from more than 22.5 degrees
abaft her beam, OS must keep out of the way of the other.
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e Ry4: Whenever encountering the bow aspect of another power-driven vessel within sight
(R11) nearly ahead, OS must alter her course to starboard and pass the other vessel on
the port side.

e Ri5: Whenever encountering another power-driven vessel within sight (R;;) on the star-
board side as to involve a risk of collision, OS must take action to avoid collision and
cross behind the other vessel.

e Ri7: Whenever (a) encountering another vessel within sight from more than 22.5 degrees
abaft her own beam (see R;3) or (b) encountering another power-driven vessel within sight
on the port side (see Rj5), OS must keep her course and speed until either the other vessel
is past and clear or the other does not take appropriate action to avoid collision on its
own, i.e., it enters close range. In the latter case, OS should take action to avoid collision.
However, if crossing a vessel on the port side, OS must not alter her course to port.

e Rig: OS must keep out of the way of vessels within sight (R11) that are for any reason
restricted in manoeuvrability (e.g. fishing, and sailing vessels, vessels not under command).

For deciding whether there is a risk of collision, for taking action to avoid collision and for
keeping out of the way, rules 7, 8 and 16 further specify, that:

e R7: Whenever there is another vessel approaching and (a) its compass bearing does not
appreciably change, (b) the other vessel is very large, or (c) the other vessel is at close
range, a risk of collision must be assumed.

e Rg: Any action to avoid collision must be made early, consist of a significant change in
course, result in passing at a safe distance and may only considered done once past and
clear.

e Ri5: When required to keep out of the way a vessel must take early and substantial action
to keep well clear.

These rules refer to a variety of basic traffic properties that we collect in Table 1. Here, we
refer to the own vessel as OS (own ship) and any vessel it encounters as TS (target ship). We
sort these properties by the following types: first we list all properties that only refer to the
current state of OS and then those that refer to the state of T'S. Next, we list all that refer to the
distance between OS and TS. Afterwards we list properties regarding the bearing of TS from
OS and the reverse. Then we collect all other properties. Finally, we define risk of collision as
a composite of previous properties.

We formalise these properties using spatial views over an object model with 2 object types
Vessel and Environment. The vessel type has attributes {len : distance, pos : position, hdg :
direction, cog : direction, rot : velocityang, sog : velocity, pri : priority}, where
D(velocityang) = {r°/min|r € R}, D(velocity) = {rkn|r € R}, D(priority) = N. Here len
is a vessels overall length, pos, hdg, cog, rot and sog are its position, heading, course over
ground, rate of turn and speed over ground respectively and pri is its priority due to manoeu-
vrability (here simply 2 for power-driven vessels not restricted in manoeuvrability and 1 for all
other vessels). Environment has a single attribute vis of type distance describing the current
maximum distance at which vessels and their lights can be visually perceived.

We use the symbol dictionary presented in Figure 1 and a standard bulletin board as shown
in Figure 2 for all of our formalisations.
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Table 1: Traffic properties mentioned in COLREG rules regarding encounters of power-driven

vessels on the open sea

Name ‘ Property Description Relevant Rules
SAFE SPEED OS travelling at a safe speed 6
COURSE CHANGE OS changing course significantly 8
STARBOARD MANOEUVRE | Altering course to starboard 14
STAND ON OS course and speed roughly constant 17

NO PORT MANOEUVRE OS does not alter course to port 17
LARCE VESSEL TS is very large 7
PRIORITY TS is restricted in manoeuvrability 18
APPROACHING TS approaching 7
CLOSE RANGE TS at close range 7,17
IN SIGHT TS within sight 13, 14, 15, 17, 18
STANDING BEARING Compass bearing of T'S does not change 7
VESSEL ON PORT TS on own port side 14, 16
VESSEL ON STARBOARD TS on own starboard side 15
OVERTAKEN TS more than 22.5 degrees abaft own beam 13, 17
OVERTAKING more than 22.5 degrees abaft the beam of TS | 13
ABAFT BEAM OS abaft beam of TS 15
PAST AND CLEAR Past and clear of TS vessel 8 (17)
HEAD ON bow aspect of another vessel nearly ahead 14
SAFE PASSING (Action resulting in) passing at a safe distance | 8
COLLISION RISK APPROACHING and (STANDING BEARING 7

(STANDING BEARING or LARGE VESSEL
or CLOSE RANGE)
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d .
..% . Vessel

Environment

Figure 1: Symbol dictionary for object types Vessel and Environment.

oa» s
TS
ENV

Figure 2: Standard bulletin board for our formalisation declaring symbols for vessels OS and
TS and environment ENV.

Out of the properties listed in Table 1, the first and second block of properties can be
formalised in a spatial view using a single predicate arrow attached to a vessel symbol. Each
property from the third block can be formalised with a single distance constraint on the positions
of two vessels. We show how to formalise these properties as spatial views in Figure 3a and 3b.
Here the predicates and distance constraints for the different properties are

SAFE SPEED : ¢ = 508 < SO0Z.ate (1)
COURSE CHANGE : ¢ = |rot| > rot, (2)
STARBOARD MANOEUVRE : p=rot >0 (3)
STAND ON : ¢ = |rot| < rots A |sog’| < sog; (4)
NO PORT MANOEUVRE : p=rot >0 (5)
LARGE VESSEL : ¢ =len > len; (6)
PRIORITY : p=pri=1 (7)
APPROACHING : p=d <0 (8)
CLOSE RANCE : ¢ =d < derit (9)
IN SIGHT : ¢ = d < ENV.vis (10)

1

(11)
The properties from the fourth and fifth section of the table concern the absolute and relative

bearing from one vessel to the other. We show how to formalise them in Figures 3c to 3f.

We now get to the properties from the sixth section of Table 1. We present spatial views for
these in Figure 4. Note that for SAFE PASSING, we consider a manoeuvre to result in passing at
a safe distance if it results in (i) a projected distance at closest point of approach (DCPA) larger
than the minimum safe passing distance until (ii) the time to closest point (TCPA) of approach
falls (and stays) below 0.
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(a) Vessel state (b) Distance constraint (c) STANDING BEARING
ﬂé [O7 180]0 ' € [ 67.5,67. 5] S
(d) VESSEL ON STARBOARD (e) OVERTAKING (f) ABAFT BEAM

Figure 3: Spatial views formalising properties from (a) first and second and (b) third, (c-f) fourth
and fifth section of Table 1. For properties from the second section, replace the OS symbol in
(a) with the TS symbol. As VESSEL ON PORT is symmetrical to VESSEL ON STARBOARD and
OVERTAKEN is symmetrical to OVERTAKING we omit them here. Partially adapted from [1].

S [90, 270]0 = [_as,as]o

€ [180 — ag, 180 + ag)°

(b) HEAD ON

90, 270]°

O.sog 104 y.s0g " 10s g O.sog . 104 y.S08 " 10s

%

(c) SAFE PASSING(i): safe DCPA (d) sAFE PASSING(ii): TCPA <0

Figure 4: Spatial views formalising properties from sixth part of Table 1. Partially adapted
from [1].
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In our specification we reference a variety of parameters for which appropriate values have
to be chosen depending on the specific vessel and the intended application of the specification:

® SOggsafe: Max speed over ground considered safe for OS under current conditions
o dgafe: min distance two vessels must keep for safe passage

e d jear: min distance for a vessel to be considered clear of another

e d..it: max distance for a vessel to be considered critically close

e len;: min length for a vessel to be considered very large

e rot;: min absolute rate of turn considered significant and clearly noticeable

e rotg: max absolute rate of turn, at which the course is still nearly constant

e s0g.: max absolute change in sog still considered nearly constant sog

. BS: max absolute change of bearing still considered insignificant

e a5 max angle between directions still considered nearly identical

In deciding appropriate values for these parameters, one has to take into account expert
knowledge, historical traffic data and case law. Additionally one may rely on simulation and
real world experiments to fine tune.

Given the formalisations of basic properties we can finally formalise Rules 6, 13, 14, 15, 17
and 18 as MTSCs. We use the bulletin board from Figure 2 and header forall, always in each
MTSC.

5 Discussion

In the previous section we have formalised the COLREG steering and sailing rules as they apply
to a power-driven vessel not restricted in its manoeuvrability outside narrow channels and traffic
separation schemes. Our formalisation is closely based on the original rule text and takes into
account all aspects specified thereof. By formalising the rules as requirements on the own vessel,
each violation of the specification corresponds to behaviour of the own vessel in violation of the
rules.

The use of MTSCs in our formalisation has the added benefit of providing a specification
comprehensible without a deep understanding of complex mathematical notation and tools and
techniques for playout [7], i.e., the generation of concrete scenarios satisfying the specification,
and runtime monitoring of vessel traffic with respect to the specification [2, 14].

This supports the use of our formalisation in a variety of applications. The rules could for
example inform the design of automated collision avoidance systems. The strict formal semantics
further provides the basis for the formal verification or automated experimental validation of such
systems with respect to COLREG rules. Runtime monitors can be used both in the automated
evaluation of test runs in acceptance testing and the detection of COLREG violations by the
own as well as other vessels in the field. This can for instance be used to trigger an emergency
response, e.g., handover of control to a remote operator.

To practically apply our formalisation, appropriate parameter values need to be decided,
depending among other things on the dimensions and dynamics of the involved vessels. Se-
lected parameter values should further be validated based on historical traffic data and expert
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(a) Rule 6. Basic chart consisting of single invariant node.
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(b) Rule 13. Rule chart where history is single node annotated with duration constraint and consequence

a sequence of three nodes.
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(g) Rule 18.

Figure 5: MTSCs formalising Rules 6, 13, 14, 15, 17 and 18.
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knowledge to make sure they match the intentions of COLREG and expectations of nautical
practitioners. In this context, playout may be applied to explore different possibilities in simu-
lation and monitoring may be used to automate evaluation against historical traffic data.

The monitoring of compliance of other vessels with COLREG is complicated by data avail-
ability on the one hand and the limitation of our specification to requirements on power-driven
vessels not restricted in their manoeuvrability on the other hand. Relevant data for most other
vessels should be available at least via AIS. It remains future work to extend the specification
to other vessel types and to include rules for narrow channels and traffic separation schemes.

6 Conclusion

In this work we present a formal specification of rules from the International Regulations for
Preventing Collisions at Sea (COLREGs) for the navigation of power-driven vessels not restricted
in their manoeuvrability on the open sea using Maritime Traffic Sequence Charts (MTSCs). We
formalise the rules in terms of requirements on the behaviour of the own vessel.

Such a formalisation provides an important resource for the development, validation and
operation of Maritime Autonomous Surface Ships (MASS). For MASS to interact safely with
their environment and other, conventional and autonomous, vessels, they need to adhere to
traffic rules, including specifically COLREG.

In their original form, COLREG steering and sailing rules are informal and intentionally
leave room for judgement as they are intended as instructions to expert seafarers. This form is
not suitable to provide clear requirements for automated systems like MASS. It does not, for
instance, provide an objective criterion to decide satisfaction or violation of rules as is necessary
for testing, certification or monitoring during operation.
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