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Abstract—

Autonomous surface vehicles (ASVs) increasingly use waypoint-based navigation for hydrographic surveys,

environmental observation, and other unmanned maritime missions. However, navigation performance is commonly presented as
numerical tracking error, which provides limited information for shore-side operators when route consistency must be assessed
during mission execution. The objective of this paper is to develop and evaluate a VTS-oriented route deviation monitoring method
using waypoint-tracking telemetry and navigation alerts. The method uses planned waypoint coordinates, actual GPS position,
heading, speed, mission status, and telemetry availability. Waypoint error, heading deviation, speed behavior, and telemetry
continuity are evaluated through rule-based navigation status classification. Ten simulation trials and ten real-world waypoint
missions were analyzed. The simulation trials produced a mean waypoint error of 0.49 m and a mean heading error of 4.21°, while
the field trials produced 1.15 m and 10.8°, respectively. All waypoint missions were completed, although the field trials showed
larger navigation variations than the simulation trials. The results demonstrate that waypoint-tracking telemetry can provide
practical route-conformance information and support navigation alert generation for remote ASV supervision in restricted and

coastal waters.
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1. INTRODUCTION

Autonomous Surface Vehicles (ASVs), also referred

to as Unmanned Surface Vehicles (USVs), are
increasingly used for hydrographic survey, coastal
observation, environmental monitoring, and maritime
surveillance. These platforms enable unmanned
operation in shallow, restricted, or hazardous waters
while reducing direct human exposure and operational
cost [1], [2]. Their development is also supported by the
growing use of unmanned platforms for marine fauna
monitoring, shallow-water bathymetric mapping, and
integrated coastal observation [3], [4].

The operational capability of ASVs depends on the
integration of navigation sensors, onboard computing,
communication links, and remote monitoring systems.
Internet of Things and digital-twin-based observation
studies have shown that real-time data acquisition and
distributed monitoring are important for modern marine
systems [5], [6]. In autonomous marine vehicles,
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waypoint-based mission execution and onboard
autonomy frameworks have also been widely used to
support  navigation, supervision, and  mission
management [7], [8].

Although waypoint navigation is a fundamental
capability, route-following performance may still be
affected by environmental disturbance, control
uncertainty, and vehicle dynamics. Previous studies on
station keeping and USV control have shown that wind,
current, displacement uncertainty, and drag variation can
influence the behavior of unmanned marine vehicles
during operation [9], [10]. Experimental ASV studies
have also demonstrated that platform integration and sea-
trial validation are required to ensure practical
autonomous performance in real operating conditions
[11],12].

From a shore-based perspective, Vessel Traffic
Services (VTS) provide a useful conceptual basis for
monitoring vessel movement, route behavior, and
operational safety. The VTS concept emphasizes traffic
observation and navigational assistance, while
international discussions on Maritime Autonomous
Surface Ships have highlighted the need for reliable
supervision of unmanned and remotely operated vessels
[13], [14]. Although small and medium ASVs may not
always operate directly within formal VTS
infrastructure, VTS-oriented monitoring logic can be
adapted to transform waypoint-tracking telemetry into
operator-oriented route deviation alerts.

Several supporting technologies have been developed
for unmanned maritime operation, including IoT-based
monitoring, wireless sensor networks, and real-time
communication systems. Smart environment monitoring
and ocean IoT studies demonstrate the importance of
sensor-based data acquisition and remote supervision in
marine applications [15], [16]. Wireless sensor networks
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and satellite-USV  systems further show that
communication and observation infrastructure are
essential for persistent maritime data collection [17],
[18]. However, communication and visualization alone
do not provide route safety interpretation unless
telemetry data are processed into operational indicators.
Previous studies have contributed important elements
related to ASV monitoring, testing, routing, data
acquisition, safety, and command systems. Modular
autonomous-vehicle testing and maritime [oT detection
provide useful foundations for validation workflow and
radius-based supervision [19], [20]. Other studies have

addressed buoy-based monitoring, real-time
environmental  observation, independent fail-safe
modules, command and control units, autonomous

waypoint navigation, multi-agent routing, and IoT-based
USV monitoring, as summarized in Table 1.

A practical problem remains between autonomous
waypoint execution and remote mission supervision.
Navigation controllers typically report position, heading,
waypoint error, and mission state, but these quantities are
not directly expressed as operational route-conformance
information. Consequently, an ASV may still complete
its waypoint mission while experiencing increasing
heading deviation, delayed progress, or degraded
telemetry that is not immediately apparent from the
waypoint error alone. For remote operators, the problem
is therefore not only whether the vehicle reaches its
target waypoint, but also whether the developing
navigation condition requires additional attention or
intervention.
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waypoint error, heading deviation, speed behavior,
mission status, and telemetry availability are combined
within a hierarchical navigation-status assessment. Third,
numerical navigation records are translated into
operational alert information that can be interpreted
during remote mission supervision. The method is
evaluated using simulation and real-world waypoint
missions from a catamaran-type ASV testbed.

II. METHOD
A. Research Design

This research applied an engineering-design and
telemetry-based evaluation approach. The method was
organized to identify available navigation telemetry,
define route-monitoring variables, formulate deviation
indicators, classify navigation conditions, and evaluate
the resulting alert interpretation using simulation and
real-world waypoint mission records. This workflow
follows the need for real-time marine monitoring,
autonomous mission supervision, and shore-based
observation in unmanned maritime systems [5], [6].

The research workflow consists of five stages:
telemetry source identification, data model definition,
route deviation indicator formulation, navigation alert
classification, and scenario-based evaluation. First, the
available ASV telemetry streams are identified from the
waypoint navigation, monitoring, and communication
subsystems. Second, relevant navigation variables are
selected to represent the vessel’s route-following

TABLE 1.
COMPARISON OF PREVIOUS STUDIES AND THE PROPOSED CONTRIBUTION

Study Category Main Focus

Limitation for Route Deviation

Main Data or Output ..
Supervision

Modular test framework for
autonomous systems [19]

Modular autonomous-vehicle
testing

Maritime IoT detection Ship radius detection using IoT-

based maritime application [20]

Buoy and shallow-water
monitoring

Fixed marine monitoring
platforms and buoy systems [21],
[22]

Real-time marine observation and
impact monitoring [23]

Real-time environmental
observation

Fail-safe system Battery and lost-link safety

response [24]

Command and control unit Sensor acquisition and water-

observation interface [25]

Waypoint navigation Autonomous waypoint mission

execution [26]

Route optimization Multi-agent vehicle routing

algorithm [27]

IoT-based USV monitoring Web-integrated USV monitoring

and control [28]

VTS-oriented route deviation
monitoring

This study

Test architecture and validation
workflow

Radius-based detection and
communication experiment

Environmental data and
communication performance

Observation system and
environmental data stream

Battery status, heartbeat
detection, and safety action
GPS location, depth data, sensor
data, and user interface
Waypoint error, heading error,
and field-test results

Route planning and allocation
method

Sensor accuracy, GPS
monitoring, dashboard response

Waypoint-tracking telemetry and
navigation alert levels

Does not address ASV route
deviation alerting

Does not evaluate planned
mission route conformance

Not focused on mobile ASV
route supervision

Does not classify ASV navigation
status

Focuses on emergency response,
not route deviation monitoring

Does not convert waypoint
telemetry into route alerts

Focuses on onboard navigation
performance

Does not address shore-side ASV
telemetry supervision

Does not classify route deviation
conditions

Provides shore-side interpretation
of route deviation tendency

Based on this gap, the objective of this paper is to
develop and evaluate a VTS-oriented route deviation
monitoring method using waypoint-tracking telemetry.
The novelty lies in three aspects. First, mission-relative
telemetry is used to evaluate route conformance rather
than only onboard navigation accuracy. Second,

condition.

Third, waypoint-tracking

indicators

are

formulated to evaluate deviation tendency, heading
consistency, speed behavior, and telemetry availability.
Fourth, these indicators are mapped into navigation alert
levels. Finally, the proposed monitoring framework is
evaluated using simulation and real-world waypoint
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mission datasets obtained from a catamaran-type ASV
testbed [25], [26].

B. System Architecture

The system architecture consists of three functional
layers: onboard navigation, telemetry communication,
and shore-side monitoring. The onboard layer includes
the ASV platform, autopilot controller, companion
computer, GPS receiver, inertial sensor, and propulsion
system. The communication layer sends navigation
telemetry from the vessel to the monitoring station
through a real-time data stream. The shore-side layer
receives the telemetry, calculates route-deviation
indicators, and presents the navigation status to the
operator.

The onboard navigation system remains responsible for

-------------- SIMULATION VALIDATION (SITL) N
i
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[16]. In addition, lightweight communication
technologies and remote data streams have been widely
used to support persistent maritime observation and
unmanned vehicle supervision [17], [18]. In the proposed
framework, these communication capabilities are used
not as the main contribution, but as the data pipeline for
navigation alert generation. Figure 1 illustrates the
overall architecture of the proposed monitoring
framework, covering the simulation validation stage, the
real-world  ASV  testbed, waypoint telemetry
transmission, and shore-side monitoring functions.

C. Telemetry Data Model

The proposed method uses waypoint-tracking telemetry
as the primary data source. The selected variables consist
of timestamp, active waypoint identification, planned
waypoint coordinates, actual GPS coordinates, heading,
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Figure 1. Overall architecture of the proposed VTS-oriented route deviation monitoring framework.

waypoint execution, stabilization, and propulsion
control. The monitoring station does not generate
steering or thrust commands; it evaluates whether the
vessel movement remains consistent with the planned
mission. This separation follows the general principle
that autonomous vehicle systems require both onboard
autonomy and supervisory monitoring to maintain
operational awareness [7], [8].

The architecture is also consistent with recent ASV
monitoring studies that combine sensor acquisition,
telemetry transmission, and web-based visualization.
Previous loT-based marine monitoring systems have
shown the importance of transmitting vessel and sensor
data to a remote interface for operator supervision [15],

speed, mission mode, waypoint error, and telemetry
status. These variables are selected because they
represent the minimum information required for shore-
side route deviation monitoring. Position and waypoint
information are wused to evaluate route-following
progress, heading data are used to evaluate directional
consistency, speed data are used to detect abnormal
movement, and telemetry status is used to determine
whether the monitoring layer receives sufficient data for
operator supervision. Table 2 presents the telemetry
variables used in the proposed route deviation
monitoring framework and explains the function of each
variable in supporting shore-side navigation supervision.
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The telemetry variables are consistent with previous

ASV and USV studies that use GPS, heading, mission

TABLE 2.

e h = [wrap(y_ref-y_actual)/

TELEMETRY VARIABLES USED IN THE PROPOSED ROUTE DEVIATION MONITORING FRAMEWORK
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@)

Variable Description

Function in Monitoring Framework

Timestamp

Active waypoint ID

Planned waypoint coordinates
Actual GPS coordinates

Heading
Speed

Mission mode
Waypoint error

Telemetry status

Time of telemetry reception

Current target waypoint in the mission
Latitude and longitude of the target waypoint
Real-time ASV position

Vessel orientation from compass or IMU
Vessel speed during mission execution

Autonomous, manual, hold, return, or fail-safe
state

Distance between actual position and waypoint
target

Availability or interruption of data stream

Synchronizes route and alert analysis
Identifies the navigation task being executed
Defines the intended mission reference
Evaluates route-following condition
Evaluates directional consistency

Detects stagnation or abnormal motion

Interprets operational context
Measures waypoint-tracking deviation

Determines monitoring reliability

Alert level Normal, caution, warning, or danger Provides operator-oriented safety status
status, and communication data for navigation,
monitoring, and control. Waypoint navigation  where e h is the heading deviation, y_ref is the desired

experiments have commonly used waypoint error and
heading error as the main metrics for evaluating mission
execution [26]. Web-integrated monitoring and
command systems have also used GPS location, sensor
data, and dashboard-based display to support water
observation and remote supervision [25], [28].

D. Route Deviation Indicators

Since cross-track error is not explicitly available in the
current dataset, this study formulates route deviation
monitoring based on waypoint-tracking telemetry. The
route deviation tendency is evaluated using four
indicators: waypoint error, heading deviation, speed
behavior, and telemetry availability. These indicators are
selected because they can be derived from the available
mission logs and represent the main observable
conditions for shore-side supervision.

The waypoint error is used to measure the distance
between the actual ASV position and the active waypoint
target. It is calculated using the Haversine distance
between the current GPS coordinate and the target
waypoint coordinate:

d wp = 2R arcsin N(si? ((p- - 91)/2) + cos @1 oS 2
sin’((2 -11)/2)) (1) (1)

where d_wp is the waypoint error, R is the earth radius,
¢ and M1 are the latitude and longitude of the actual ASV
position, and ¢2 and Az are the latitude and longitude of
the target waypoint. This distance-based formulation is
widely used in GPS-based waypoint navigation because
it can estimate the geographic distance between two
coordinate points on the earth surface [26].

The heading deviation is calculated from the difference
between the desired bearing to the active waypoint and
the actual vessel heading:

heading angle toward the active waypoint, and y_actual
is the actual heading of the ASV. The wrap function is
used to keep the angular difference within a valid
circular heading range. This indicator is important
because a vessel may still move toward a waypoint while
showing directional inconsistency due to current, wind,
steering delay, or control uncertainty [9], [10].

The speed behavior is evaluated to detect abnormal
mission conditions such as stagnation, excessive speed
reduction, or unexpected motion. Let v_actual be the
measured vessel speed and v_ref be the expected mission
speed. The normalized speed deviation is expressed as:

e v=[v.actual - v_ref] /v_ref 3)

where e v is the normalized speed deviation. This
indicator is not intended to evaluate propulsion
performance, but to support route supervision by
identifying whether the vessel movement remains
consistent with the expected mission behavior. Speed
abnormality is particularly important in autonomous
operation because delayed movement or unexpected
deceleration may indicate environmental disturbance,
controller limitation, or mission interruption [117], [12].
Telemetry availability is evaluated by observing the
continuity of incoming data. If telemetry packets are
received within the allowed time interval, the monitoring
condition is considered available. If no telemetry is
received beyond the predefined timeout threshold, the
monitoring status is degraded. This indicator is essential
because shore-side supervision depends on data
availability. Previous fail-safe studies have shown that
lost-link and heartbeat monitoring are important
indicators for operational safety in USV missions [24].

E. Navigation Alert Classification
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The proposed framework converts waypoint-tracking
indicators into four navigation alert levels: normal,
caution, warning, and danger. The alert classification is
rule-based because the objective is to provide transparent
and interpretable information for shore-side operators.
Rule-based classification is selected instead of a black-
box model because route supervision must be
understandable, auditable, and easy to configure for
different operating areas. Table 3 summarizes the
proposed navigation alert classification rule, which maps
route-following conditions into four operator-oriented
alert levels.

The alert logic combines the four indicators using a
hierarchical rule. Telemetry loss and unexpected mission

1318

G. Performance Metrics

The performance of the proposed monitoring
framework is evaluated using four metrics: alert
correctness, alert consistency, alert latency, and route
supervision interpretability. Alert correctness indicates
whether the generated alert corresponds to the expected
condition in each scenario. Alert consistency evaluates
whether similar navigation conditions produce the same
alert level. Alert latency measures the time required for
the system to generate an alert after telemetry data are
received. Route supervision interpretability evaluates
whether the alert level can be clearly interpreted by a

TABLE 3.
NAVIGATION ALERT CLASSIFICATION RULE

Alert Level Condition Description Operator Interpretation

Normal Waypoint error, heading deviation, speed behavior, and Vessel movement is consistent with the planned mission
telemetry status are within acceptable limits

Caution One indicator begins to deviate from the expected Operator should increase attention
condition but remains below the critical limit

Warning Route-following inconsistency persists or two indicators Operator should prepare intervention or mission
deviate simultaneously adjustment

Danger Telemetry is lost, mission mode changes unexpectedly, or ~ Operator should initiate emergency response or fail-safe

severe deviation occurs

action

mode changes are treated as high-priority conditions
because they directly affect operator awareness.
Waypoint error and heading deviation are then evaluated
to determine whether the ASV remains consistent with
the intended route. Speed behavior is used as a
supporting indicator to distinguish between normal
movement, delayed progress, and abnormal stopping.
The overall alert level is determined by the highest risk
condition among the monitored indicators.

F. Scenario-Based Evaluation

The proposed framework is evaluated using existing
simulation and real-world waypoint mission datasets
from a catamaran-type ASV testbed. The simulation
dataset is used to observe the monitoring response under
controlled conditions, while the real-world dataset is
used to evaluate the framework under practical operating
conditions. Previous waypoint navigation experiments
reported that simulation and field testing are useful for
validating autonomous mission execution and comparing
the difference between ideal and real operating
environments [26].

The evaluation focuses on three aspects. First, the
baseline waypoint-tracking performance is analyzed
using waypoint error and heading error. Second, the
same telemetry variables are reinterpreted using the
proposed alert classification framework. Third, the
resulting alert levels are analyzed to determine whether
the framework can provide meaningful shore-side
supervision information. This evaluation approach
allows the proposed study to extend previous navigation
performance analysis into a VTS-oriented monitoring
perspective  without duplicating onboard controller
development.

shore-side operator.

The proposed evaluation does not aim to replace
onboard waypoint-navigation performance metrics.
Instead, it complements them by translating waypoint-
tracking telemetry into operational safety information.
This distinction is important because VTS-oriented
supervision requires interpretable status information
rather than only numerical navigation error. Therefore,
the proposed method bridges autonomous waypoint
navigation and shore-side operator awareness through
structured navigation alert generation [13], [14].

III. RESULTS AND DISCUSSION
A. Dataset and Telemetry Readiness

The evaluation used waypoint-navigation records and
telemetry data from a catamaran-type ASV testbed. The
records included simulation trials, real-world waypoint
missions, telemetry communication logs, monitoring
interface data, and onboard mission logging. Table 4
summarizes the datasets used to evaluate route deviation
monitoring readiness.

The dataset contains the minimum variables required
for route supervision: planned waypoint, actual position,
heading, mission status, and telemetry availability.
Previous waypoint-navigation evaluation used waypoint
error and heading error as navigation performance
indicators [26]. In this paper, those variables are treated
as supervision indicators that help the operator interpret
whether the ASV remains within an acceptable mission
condition.

B.  Baseline Waypoint-Tracking Performance
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The waypoint-tracking performance was first
analyzed to establish the baseline route-following
capability of the ASV. The simulation dataset showed
smaller navigation error because the environment did not
include real disturbances such as wind, current, water-
surface ripple, GPS uncertainty, and maneuvering
dynamics. In contrast, the real-world dataset showed
larger deviations because the ASV operated under
practical field conditions. Table 5 summarizes the
waypoint and heading performance used as the baseline
for the proposed alert interpretation.

As shown in Table 5, the simulation results produced
a mean waypoint error of 0.49 m and a mean heading
error of 4.21°. These values indicate that the waypoint
navigation system could maintain stable route-following
behavior under controlled conditions. The waypoint error
remained below 1 m in all simulation trials, showing that
the simulated ASV could consistently approach the
target waypoint locations.

The real-world results showed a mean waypoint error
of 1.15 m and a mean heading error of 10.8°. The
waypoint error ranged from 0.473 m to 1.837 m, while
the heading error ranged from 0.4° to 17.4°. These
values are higher than the simulation results, which is
consistent with previous findings that field operation
introduces GPS uncertainty, vehicle dynamics, and
environmental disturbances [9], [10]. Nevertheless, all
missions were completed successfully, indicating that the
observed deviations represent route-following variation
rather than complete mission failure.

C. Route Deviation Interpretation

The real-world mean waypoint error of 1.15 m
remains acceptable for small ASV missions such as
environmental monitoring, water-quality observation,
and inland water inspection. However, shore-side
operators need more than a numerical error value. The
same waypoint deviation must be linked to the vessel’s
operational status, especially when heading deviation,
speed anomaly, or telemetry degradation occurs during
mission execution.

The proposed monitoring framework interprets route
deviation tendency using waypoint error, heading
deviation, speed behavior, mission status, and telemetry
availability. In this evaluation, waypoint error and
heading deviation served as the two primary indicators
because they were directly available in the waypoint-
navigation dataset. Speed behavior and telemetry
availability were used as supporting indicators to
determine whether the ASV movement and monitoring
condition remained operationally  valid.  This
interpretation is aligned with the VTS-oriented concept
in which vessel monitoring should support route
awareness and operator decision-making, not only
position visualization [13], [14].

The difference between simulation and real-world
results also shows the importance of field-based route
supervision. In simulation, the heading error remained

1319

within a narrow range, indicating predictable vehicle
orientation. In real-world testing, however, the heading
error increased up to 17.4°, which suggests that the
vessel may still progress toward the waypoint while
experiencing directional inconsistency. For shore-side
monitoring, this condition is important because a
moderate waypoint error combined with a high heading
deviation may indicate a developing route deviation
tendency.

D. Navigation Alert Generation

The proposed alert logic classified the route-
following condition into four levels: normal, caution,
warning, and danger. The classification was based on the
relationship between waypoint error, heading deviation,
speed behavior, mission status, and telemetry
availability. Since no telemetry loss or emergency
mission state was observed in the evaluated waypoint-
navigation dataset, the danger level was reserved for
severe deviation, unexpected mode change, or loss of
telemetry. Table 6 presents the navigation alert
interpretation derived from the evaluated waypoint-
tracking conditions.

Table 6 shows that the simulation trials were
classified as normal because the waypoint error remained
below 1 m and the mean heading error was 4.21°.
Several real-world conditions also remained normal
when waypoint and heading deviations were low. Larger
waypoint error or heading deviation shifted the status to
caution or warning, depending on the severity and
persistence of the deviation.

The most important result is not only the absolute
magnitude of waypoint error, but the operational
meaning of the deviation. A waypoint error of
approximately 1 m may still be acceptable for mission
completion, but if it is accompanied by increasing
heading deviation, delayed progress, or unstable
telemetry, the operator should receive a higher alert
level. This interpretation makes the framework more
suitable for shore-side supervision than a conventional
waypoint-performance table alone.

E.  Telemetry and Monitoring Support

The proposed framework depends on the availability
of real-time telemetry because navigation alerts cannot
be generated without position, heading, mission status,
and communication data. Previous monitoring and
communication studies have shown that web-based

telemetry  infrastructure can  support real-time
supervision  through  browser-based  interfaces,
MQTT/WebSocket communication, and dashboard

visualization [21], [22]. In the evaluated ASV system,
telemetry information such as vehicle position, heading
orientation, waypoint status, and mission progress could
be transmitted and monitored with low delay [26].
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The web-integrated monitoring infrastructure also
supports the proposed framework by providing real-time
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waypoint missions were completed. Therefore, larger
navigation errors in the field should not automatically be

TABLE 4.
EXPERIMENTAL DATASETS USED FOR ROUTE DEVIATION MONITORING EVALUATION

Dataset Data Source

Main Variables Function in This Study

SITL and Gazebo-based mission
validation

Simulation waypoint mission

Real-world waypoint mission Catamaran-type ASV field test

Telemetry monitoring stream Web-based monitoring and

telemetry infrastructure

Monitoring and control interface =~ Browser-based operator station

Mission logging record Onboard logging infrastructure

Provides baseline route-
following behavior under
controlled conditions

Target waypoint, actual position,
waypoint error, heading error

Evaluates route deviation
tendency under practical
operating conditions

Target waypoint, actual GPS
position, heading, waypoint
error, mission status

Position, heading, speed, mission
status, communication response

Supports shore-side supervision
and alert delivery

Mission visualization, vehicle
state, operator display

Provides the interface layer for
navigation alert presentation

Timestamped sensor and
navigation records

Supports post-mission analysis
and route supervision validation

data visualization and operator interaction. Previous

interpreted as mission failure. They instead define an

TABLE 5.
EXPERIMENTAL DATASETS USED FOR ROUTE DEVIATION MONITORING EVALUATION
. Number of Waypoint Error Mean Waypoint Heading Error Mean Heading Mission
Test Condition . I
Trials Range Error Range Error Completion
Simulation waypoint 10 0.31-0.63 m 0.49 m 3.5°-5.1° 4.21° Completed
mission
Real-world waypoint 10 0.473-1.837 m 1.15m 0.4°-17.4° 10.8° Completed
mission
TABLE 6.
EXPERIMENTAL DATASETS USED FOR ROUTE DEVIATION MONITORING EVALUATION
Condition Observed Indicator Alert Level Operator Interpretation
Simulation route Waypoint error below 1 m and heading Normal The ASV follows the planned mission under
following error near 4° controlled conditions
Real-world low Waypoint error below 1 m and low Normal The ASV remains consistent with the planned
deviation heading deviation route
Real-world moderate Waypoint error around 1.0-1.5 m or Caution Operator should increase attention to route-
deviation heading deviation above simulation following behavior
baseline
Real-world high heading  Heading error above 10° while mission Warning Operator should monitor possible route deviation
deviation remains active or prepare intervention
Severe route Large waypoint error, abnormal speed Danger Operator should initiate intervention or fail-safe

inconsistency behavior, unexpected mode change, or

telemetry loss

response

testing reported GPS positional error, data-fetching
response, and data-transmission performance that are
sufficient for general marine observation and remote
monitoring applications [28]. Therefore, the proposed
route deviation monitoring framework can be
implemented as an additional interpretation layer above
the existing monitoring infrastructure rather than as a
replacement for the telemetry system.

F. Discussion of VTS-Oriented Route Supervision

The difference between simulation and field
performance provides the first important finding. The
mean waypoint error increased from 0.49 m in
simulation to 1.15 m during field operation,
corresponding to an increase of approximately 134.7%.
The mean heading error increased from 4.21° to 10.8°, or
approximately 156.5%. Despite these increases, all

intermediate operational condition in which the vehicle
remains functional but deserves greater supervisory
attention.

This observation also explains why a single
waypoint-error threshold 1is insufficient for route
supervision. A vehicle may remain relatively close to the
target waypoint while temporarily exhibiting a large
heading deviation, or it may show moderate positional
error while its speed decreases and mission progress
slows. Combining waypoint error with heading
deviation, speed behavior, mission state, and telemetry
continuity provides a richer representation of route
conformance than  waypoint  distance  alone.
Environmental disturbances, positioning uncertainty, and
vehicle dynamics reported in previous ASV studies
further support the need for multi-indicator interpretation
[9], [10].
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The finding differs from conventional path-following
research, where navigation error is primarily used to
evaluate or improve controller performance [29], [30].
Maritime trajectory-surveillance studies, on the other
hand, commonly identify deviations from historical or
learned vessel traffic patterns [31], [32]. The
contribution of the present work lies between these two
approaches: the reference is an explicitly planned ASV
waypoint mission, while the output is navigation-status
information intended for operational supervision. This
allows existing waypoint telemetry to serve not only as a
controller-performance record but also as a mission-
conformance indicator.

The current alert thresholds should nevertheless be
interpreted as preliminary operational rules rather than
universal safety limits. The field results were obtained
from a small ASV in restricted waters, and GPS
uncertainty, environmental conditions, vessel size,
mission speed, and waypoint spacing can affect the
observed deviation. Additional experiments are therefore
required before the same thresholds can be transferred to
other platforms or operating areas. Continuous route-
segment deviation, larger field datasets, and operator-
response testing would provide stronger validation of the
alert boundaries.

G. Limitations

Several limitations should be acknowledged. First,
the current evaluation uses waypoint error and heading
deviation rather than cross-track error because
continuous route-segment deviation data were not
explicitly available in the evaluated dataset. Second, the
alert thresholds were formulated as a rule-based
classification and should be refined through additional
field trials in more diverse operating conditions. Third,
the evaluated dataset represents small ASV missions in
restricted water environments, so the results should not
be generalized directly to large autonomous vessels or
high-density traffic areas. Future work should include
navigation corridor modeling, continuous trajectory-
based route deviation calculation, operator response-time
analysis, and integration with collision-risk surveillance.

IV. CONCLUSION

This study aimed to develop and evaluate a VTS-
oriented route deviation monitoring method using
waypoint-tracking telemetry from autonomous surface
vehicle missions. The evaluation used ten simulation
trials and ten real-world waypoint missions and
considered waypoint error, heading deviation, speed
behavior, mission status, and telemetry availability as
route-conformance indicators.

The simulation trials produced a mean waypoint error
of 0.49 m and a mean heading error of 4.21°, whereas the
field trials produced 1.15 m and 10.8°, respectively.
Although field operation increased both navigation
errors, all missions were completed. The results therefore
show that route supervision should consider the
combined behavior of several navigation variables rather
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than interpret waypoint error alone as an indication of
mission success or failure.

The main contribution is the use of mission-relative
waypoint telemetry as operational route-conformance
information for remote ASV supervision. The method
provides an intermediate interpretation between onboard
waypoint-navigation performance and conventional VTS
trajectory monitoring. Its current limitation is that the
assessment relies on waypoint and heading errors rather
than continuous cross-track or route-segment deviation.
Future work should wvalidate continuous trajectory
deviation, adaptive alert thresholds, larger field datasets,
and operator response to navigation alerts.
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