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Abstract—Maritime cyber—physical systems increasingly inte-
grate navigation, control, sensing, and heterogeneous communi-
cation technologies, requiring simulation frameworks that accu-
rately capture interactions across widely different time scales.
However, conventional co-simulation approaches with a uniform
communication step fail to represent the millisecond-level timing
of transport-protocol events while simultaneously accommodating
the second-level evolution of vessel motion and control processes.
This paper proposes a protocol-aware dynamic synchronization
method for multi-rate maritime co-simulation. The method
leverages internal protocol-state information to switch between
fast and slow execution modes, selectively activates only the
FMUs relevant to each mode, and emulates event-driven ac-
tuator activation without requiring advanced clock semantics.
Numerical experiments demonstrate that the proposed method
restores realistic TCP handshake latency under varying network
delay and packet-loss conditions while significantly reducing the
computational load associated with slow-scale physical models,
achieving the fidelity of fine-step simulations at a fraction of the
cost.

Index Terms—Co-simulation, Dynamic Synchronization, FMI

I. INTRODUCTION

The Functional Mock-up Interface (FMI) has become a
widely adopted standard for the co-simulation of heteroge-
neous cyber—physical systems (CPS) [1], [2]. With the in-
creasing digitalization and autonomy of maritime operations—
exemplified by the ongoing discussion on Maritime Au-
tonomous Surface Ships (MASS) in the International Mar-
itime Organization (IMO) [3]—there is a growing interest in
integrating ship dynamics, communication networks, remote
control algorithms, and cloud-based decision modules into a
unified simulation environment. FMI enables modular integra-
tion across such domains while preserving the encapsulation
of domain-specific solvers.

A central challenge in maritime co-simulation is that the
constituent subsystems operate on fundamentally different
temporal scales. Communication modules that model TCP-
like handshakes, transport-layer retransmission mechanisms,
or gateway behavior towards satellite links may require mil-
lisecond or even sub-millisecond resolution, because the exact
timing of protocol events directly influences message delays
and control-loop responsiveness. In contrast, ship dynamics
evolve at time scales of seconds due to large mass and inertia,
and actuator modules may require event-triggered execution
only when command packets arrive.

ISBN: 979-11-88428-14-4

At the same time, not all maritime communication services
are designed for low-latency interaction. Narrowband systems
such as the VHF Data Exchange System (VDES) [4] and
satellite-based maritime broadband links often operate with
relatively low data rates and substantial propagation delay;
geostationary satellite paths, for example, naturally exhibit
round-trip times on the order of several hundred millisec-
onds [5]. For slow telemetry, monitoring, or periodic reporting,
a coarse effective sampling period is acceptable and there is
little benefit in driving the communication FMU at a sub-
millisecond step size. However, the onset of critical events—
such as the transfer of control to a remote operator, the
initiation of a collision-avoidance maneuver, or the delivery of
fail-safe commands—still requires fast detection and reaction
at the scale of the transport protocol. Thus, a realistic maritime
co-simulation must support short communication steps during
such bursts of activity, even if the average traffic pattern is
sparse or high-latency.

Traditional FMI-based co-simulation typically relies on a
uniform global communication step. However, this assumption
becomes untenable for multi-rate maritime systems. If the
global step is large (e.g., 1s), packet exchanges are artificially
delayed and TCP handshake latency becomes unrealistically
inflated, masking the true impact of RTT and packet loss on
control performance. If the step is small (e.g., 1 ms), slow
FMUs such as ship-dynamics must be called at an excessively
high frequency, resulting in substantial computational over-
head and limiting the scalability to multi-ship scenarios.

Therefore, a new synchronization strategy is required—one
that can dynamically adapt to communication patterns, activate
only the relevant FMUs at the required time scale, and avoid
wasteful updates of slow FMUs. This paper addresses this need
by proposing a communication-aware dynamic synchroniza-
tion framework that enables realistic co-simulation of ship—
shore TCP communication and slow-scale ship-motion FMUs
within existing FMI 2.0 infrastructures, without requiring full
migration to FMI 3.0 or specialized discrete-event extensions.

II. RELATED WORK
A. FMI Co-Simulation and Its Limitations

FMI 2.0 Co-Simulation is widely used to integrate hetero-
geneous simulators, where each unit is advanced by master-
issued doStep calls [1]. However, its two structural con-
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straints pose challenges for systems that mix fast communi-
cation processes with much slower physical dynamics. First,
FMI 2.0 enforces a single global communication step, forcing
all components to update on the same discrete time grid re-
gardless of their natural time scales. Second, the standard lacks
explicit clock or event semantics, so event-driven behavior
must be emulated through frequent polling, which becomes
inefficient when only a subset of components requires high-
frequency updates.

These limitations become critical in maritime scenarios
where protocol events (e.g., TCP transitions, retransmissions,
or gateway behavior toward VDES or satellite links) oc-
cur at millisecond scale, while physical dynamics evolve
slowly and communication traffic may be sparse or highly
delayed. A realistic simulation must support short steps during
bursty communication activity and long steps during idle
periods—capabilities that the FMI 2.0 execution model does
not provide directly.

Despite these drawbacks, FMI 2.0 remains the dominant
interface in maritime digitalization efforts. The Open Simu-
lation Platform (OSP), widely adopted for ship and system-
of-systems verification, relies on FMI 2.0 and hosts a large
ecosystem of existing models and tools [6]. Migrating these
assets to FMI 3.0 is costly and non-trivial, due to differences
in clock semantics and hybrid interfaces.

Thus, practical maritime tool chains continue to require
synchronization strategies that operate within FMI 2.0 while
supporting realistic multi-rate communication—dynamics cou-
pling. The method proposed in this paper addresses this need
by enabling protocol-aware, dynamically adaptive execution
without modifying existing FMI 2.0/OSP models.

B. Multi-rate Co-simulation

Co-simulation surveys such as Gomes et al. [2] and Hafner
et al. [7] classify master algorithms, interpolation schemes,
and numerical issues in multi-domain simulation. These works
highlight multi-rate scheduling, where fast and slow com-
ponents use different step sizes, often coordinated through
extrapolation or interpolation. Palensky et al. [8] emphasize
the importance of multi-rate frameworks for cyber—physical
energy systems, in which ICT events occur faster than electri-
cal or mechanical states.

However, these approaches generally rely on numerical
criteria (local error, stability bounds) or static configuration.
They do not consider protocol-level semantics, such as TCP
state transitions, retransmissions, or handshake phases, to drive
dynamic step-size selection. Thus, they cannot detect when
fine-grained communication timing is required, nor do they
reduce computation when communication is idle.

C. Event-based and Hybrid Synchronization

FMI 3.0 introduces explicit clocks and event-triggered acti-
vation, enabling masters to advance only the FMUs whose
clocks tick [9]. This greatly improves synchronization for
hybrid systems that mix continuous dynamics and discrete
events.
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However, most existing maritime tool chains remain
tied to FMI 2.0, including commercial naval simulators,
communication-system FMUs, and ship-control testing plat-
forms. Under FMI 2.0, there is no native support for event-
triggered communication; the master must repeatedly call
doStep at a short step size to “discover” communication
events. This produces unnecessary updates to slow FMUSs
when the communication FMU is the only component requir-
ing high-frequency attention.

D. Co-simulation of Communication and Dynamics

Communication-aware co-simulation has been studied
mainly in smart grids and automated vehicles. Palensky et
al. [8] show that coupling power dynamics with ICT simula-
tors is essential to evaluate latency and loss effects. Rehtanz
et al. [10] demonstrate that realistic ICT delays significantly
affect wide-area protection systems. Kim ef al. [11] show that
co-operation approach with heterogeneous network simulator
by employing a standardized interface and open-source tools.

These studies confirm that combining fast communication
and slow physical dynamics is necessary, but they do not
address:

o maritime-specific communication characteristics (e.g.,
VDES low bitrate, satellite RTT 300-800ms, bursty
control events),

« FMlI-specific constraints such as lack of event clocks in
FMI 2.0,

o protocol-phase—dependent execution, where only the
communication FMU should run at high rate.

Thus existing approaches cannot provide a mechanism for
communication FMUS to trigger dynamic fast-mode execution
while allowing ship-dynamics FMUs to remain in slow mode.

E. Gap Addressed in This Work

Across the literature, there is a clear recognition that het-
erogeneous time scales must be supported, but there is no
FMI 2.0-compatible method that:

o leverages the internal protocol state of a communication
FMU (e.g., SYN, SYN/ACK, ACK, timeout, retransmis-
sion) to drive synchronization,

o dynamically reconfigures the active FMU set (fast vs.
slow clusters) during simulation,

o preserves millisecond-scale timing accuracy for com-
munication without forcing ship-dynamics FMUs into
millisecond-step evaluations,

« explicitly targets maritime communication environments,
where bursty short events occur on top of high-latency,
low-rate channels.

The present work fills this gap by proposing a
communication-aware dynamic synchronization algorithm
that: (1) detects communication activity via protocol-state
variables, (2) switches execution to fast-mode only during
communication-critical intervals, and (3) holds slow FMUs
using zero-order hold to avoid unnecessary computation.
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III. PROPOSED METHOD

This section presents the proposed communication-aware
dynamic synchronization method for FMI-based co-simulation
of maritime systems. The key idea is to exploit protocol-level
information from the communication FMU to (i) dynamically
switch between fast and slow execution modes and (ii) selec-
tively activate only the FMUs that are relevant at each mode,
while holding the state of slow FMUs via zero-order hold.

A. Cluster-Based Partitioning of FMUs
We explicitly partition the FMUs into two clusters as shown
in Fig. 1:
Crst = {A, B, C, (E when commanded)}, (D
Cslow = {D} (2)

We denote the fast and slow communication step sizes by Hi,g
and Hyoy, respectively, with Heg < Hgow (€.2., Hpase = 1 ms,
Hgow = 1 s). The master algorithm will selectively advance
either Cp, or Cyow depending on the current communication
activity.

B. Protocol-Aware Mode Switching

The Communication FMU B exports a Boolean signal
active € {true, false}, 3)

which indicates whether TCP handshake or packet exchange is
currently ongoing. This signal is derived from the internal pro-
tocol state machine of the Communication FMU (e.g., SYN-
SYN/ACK-ACK, retransmissions, or active data transfer).
The master uses active to select the execution mode:

(Hfash Cfast) )
(HSIOW7 Cfast U Cslow)>

(H.Co) if active = true,
act) — .
’ otherwise,

“)
where H denotes the step size for the current macro-step and
Cact the set of FMUs to be advanced in that step as shown in
Fig. 2.

C. Zero-Order Hold for Slow Dynamics

When the system is in fast mode, the ship-dynamics FMU D
is not advanced in every fast step. Instead, its latest state

xp(tk) (5)

computed at the last slow step ¢; is held constant for ¢ €
[tk,tk+1) and provided to FMUs A and E as a zero-order
hold (ZOH) approximation:

xp(t) = xp(te), tr <t <tpt1 =1tk + Hoow. (6)

This approximation is justified because ship motion changes
negligibly over millisecond intervals compared to the second-
level dynamics.
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Fig. 2. Fast/slow mode switching controlled by comm_active.

D. Event-Driven Activation of the Actuator FMU

The actuator FMU E is activated only when the ship-control
FMU A issues a new command. FMU A outputs a Boolean
flag command_valid along with the command payload. The
master interprets this signal as a pseudo-clock in an FMI 2.0
environment and only calls FMU E when

command_valid = true. @)

This emulates the event-triggered behavior of FMI 3.0 clocks
without requiring FMI 3.0 support.

E. Algorithm Description

Algorithm 1 summarizes the proposed communication-
aware synchronization strategy. The master operates by select-
ing, at every macro-step, the appropriate time step size and the
subset of FMUs that must be advanced.

At each iteration, the master queries the Communication
FMU B to obtain the Boolean flag active, which reflects
whether the underlying transport protocol is currently engaged
in handshake, retransmission, or data exchange. This signal
drives the choice between fast and slow execution modes.

When active is true, the master enters fast mode: it uses
the fine step size Hp, and advances only the fast cluster Cpy.
The slow ship-dynamics FMU D is not evaluated in this phase;
its most recent state is supplied to the fast FMUs using a zero-
order hold, enabling millisecond-level communication fidelity
without the computational cost of updating slow dynamics.

When active becomes false, the master switches to slow
mode. The step size increases to Hyyy, and both the fast and
slow clusters are advanced. FMU D is evaluated only at these
slow-mode boundaries, and its updated state becomes the new
ZOH value for subsequent fast-mode intervals.
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Algorithm 1 Communication-Aware Dynamic Synchroniza-
tion Master

1: Initialize all FMUs and set ¢t < 0.

2: Obtain initial ship state xp from FMU D.

3: while ¢ < Ti,q do

4 Read active from FMU B.

5: if active = true then > Fast mode
6: H «+ Hfast; Cact — Cfast-

7 Provide held xp to FMUs A and E.

8 else > Slow mode
9: o« Hslow; Cacl ~ Cfast U Cslow~

10: end if

11: for all FMUs F' € C, do

12: Call doStep (F', t, H).

13: end for

14: Read command_valid and command from FMU A.
15: if command_valid = true then

16: Advance FMU E with the new command.

17: Update the force/moment input to FMU D.

18: end if

19: if comm_active = false then

20: Update xp from FMU D at the slow step.
21: end if

22 t+—t+ H.
23: end while

In addition to mode switching, the master supports event-
driven activation of the actuator FMU E. Whenever the ship-
control FMU A asserts the command_valid flag, FMU E
is executed immediately, regardless of the current mode. This
behavior effectively emulates clocked execution from FMI 3.0
while remaining compatible with FMI 2.0.

In summary, the algorithm performs high-frequency co-
simulation only when communication activity demands it,
while minimizing unnecessary evaluations of slow FMUs.
This protocol-aware scheduling differs fundamentally from
uniform-step or purely numerically driven multi-rate ap-
proaches by exploiting explicit protocol state to dynamically
reconfigure the active FMU set.

IV. PERFORMANCE EVALUATION

This section evaluates the proposed communication-aware
synchronization method using five groups of experiments:
(i) baseline comparison of handshake latency, (ii)) FMU D
invocation count, (iii) sensitivity to network round-trip time
(RTT), (iv) impact of packet loss under low RTT (10 ms), and
(v) impact of packet loss under high RTT (100 ms).

All experiments simulate a TCP-like three-way handshake
followed by a command transmission from the shore station
controller (FMU C) to the ship station controller (FMU A),
which then triggers the actuator FMU E and affects the slow
ship-dynamics FMU D. Three synchronization strategies are
compared:

o Global-1s: a uniform global macro-step H = 1s.
o Global-1ms: a uniform step H = 1 ms.
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A. Baseline Comparison: Handshake Latency

Fig.3 compares the completion time of the SYN-
SYN/ACK-ACK handshake. As expected, Global-1s produces
an inflated latency of approximately 3s because each packet
event is quantized to the I-second step boundary. Global-
Ims eliminates quantization error and achieves a realistic
millisecond-scale handshake. The proposed method achieves
nearly identical latency to Global-1ms because it enters fast
mode only during active packet exchange. This confirms that
protocol timing fidelity can be preserved without globally
applying a fine step size.

B. Invocation Count of FMU D

Fig.4 reports the number of calls to the slow ship-dynamics
FMU D over a 10-second simulation. Global-1ms calls FMU D
at every millisecond, producing more than 9,000 invocations
and rendering it computationally impractical for high-fidelity
vessel models. In contrast, Global-1s and the proposed method
invoke FMU D only during slow-mode intervals. The proposed
method thus achieves the same realism in communication
timing as Global-1lms while maintaining the computational
load close to Global-1s—demonstrating the key benefit of
communication-driven clustering.
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Fig. 5. Handshake Latency

C. Effect of Increased RTT

To evaluate behavior under maritime network conditions,
Fig.5 illustrates handshake latency as a function of one-way
RTT from 50 to 800 ms.

o For low RTT (50-200 ms), Global-1s remains bounded at
~ 1s, dominated by macro-step quantization rather than
physical delay.

o For RTT > 400 ms, Global-1s begins reflecting the actual
network delay, but still with large step-level distortions.

o Global-1ms accurately tracks RTT growth.

e The proposed method closely follows Global-1ms, con-
firming that fast-mode activation correctly adapts to in-
creased RTT.

This result demonstrates that the proposed method scales
correctly with real maritime communication delays, whereas
Global-1s masks or distorts physical latency trends.

D. Packet Loss Sensitivity at Low RTT (10ms)

Fig.6 examines packet loss rates from 0% to 20% under
RTT = 10ms. Global-1s again shows a fixed latency near
1's, unable to capture retransmission effects or small delay
increments. Global-1ms and the proposed method both exhibit
a gradual increase in handshake duration as retransmissions
occur. The proposed method remains nearly identical to
Global-1ms, validating that retransmission timers inside the
communication FMU trigger fast-mode execution correctly.

E. Packet Loss Sensitivity at High RTT (100 ms)

Fig.7 presents the same packet-loss experiment with RTT
= 100 ms. Here, retransmission delays are significantly larger
due to longer RTT and RTO intervals. The proposed method
closely traces the Global-1ms trend, exhibiting linear growth in
latency as the loss probability increases. Global-1s consistently
overestimates latency and shows stepwise distortion due to 1-
second quantization.

These results demonstrate that the proposed method remains
robust under both loss-free and high-loss maritime network
regimes, accurately reflecting transport-layer timing without
excessive slow-FMU computation.
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Handshake latency vs. packet loss (RTT = 10.0ms)
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FE Summary

Across all five experiments, the proposed method:
o preserves millisecond-level communication fidelity,
« avoids unnecessary slow-FMU invocations,
« scales correctly under varying RTT and packet-loss con-
ditions,
« and eliminates quantization artifacts inherent in uniform
large-step co-simulation.
This confirms that protocol-driven synchronization is essen-
tial for maritime scenarios where communication and physical
dynamics span different time scales.

V. DISCUSSION

The experimental results across five scenarios demon-
strate the importance of communication-aware synchroniza-
tion in maritime co-simulation environments. Maritime com-
munication links—such as VDES, Inmarsat-based satel-
lite paths, ship-to-shore microwave relays, and coastal
LTE/5G—typically exhibit higher latency, larger jitter, and
non-negligible packet loss compared to terrestrial networks.
Under these conditions, a uniform macro-step in FMI 2.0
co-simulation fails to represent protocol timing accurately:
a large step size leads to severe quantization of handshake
and retransmission events, while a small step size causes
unnecessary computational load on slow FMUs such as ship-
dynamics.
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The proposed method overcomes this limitation by making
the communication FMU’s internal protocol state a first-class
input to the master algorithm. When the Communication FMU
reports active protocol behavior (e.g., during TCP connection
establishment, retransmissions, or command transfer), the mas-
ter enters fast mode and advances only the fast cluster using
the fine-grained step Hpg. When communication becomes
idle, the master switches to slow mode with step Hgow,
invoking both the communication-related FMUs and the ship-
dynamics FMU D.

This design yields several benefits. First, handshake latency
is no longer dominated by numerical quantization; the ob-
served latencies almost match those of a global millisecond-
level configuration even when RTT or packet loss varies.
Second, because FMU D is evaluated only in slow mode, the
number of its invocations stays close to that of a global 1s
configuration, avoiding thousands of redundant computations.
Third, under conditions of high RTT or non-zero packet
loss, the proposed method accurately reproduces timeout and
retransmission effects without exaggeration or distortion.

These findings highlight the key insight of this work:
protocol-driven synchronization, in which FMUs are sched-
uled based on their internal semantic activity rather than
purely on numerical properties of the solvers, is essential
for realistic and efficient modeling of coupled communica-
tion—control-dynamics systems in maritime digital twins. The
approach is particularly valuable under the communication
characteristics found in MASS (Maritime Autonomous Surface
Ships) scenarios, where large RTTs, intermittent links, and
multi-hop ship—port—cloud paths are common.

VI. CONCLUSION

This paper presented a protocol-aware dynamic synchro-
nization method for multi-rate co-simulation in maritime sys-
tems. Traditional uniform-step execution cannot capture both
the millisecond-scale timing of communication protocols and
the second-scale evolution of physical dynamics. The proposed
approach overcomes this issue by clustering fast and slow
components, switching execution modes based on protocol-
state information, and emulating event-driven behavior through
zero-order hold and pseudo-clock mechanisms within an FMI-
compatible workflow.

Across five experiment groups, the method preserved re-
alistic TCP timing even under large RTT and packet-loss
variations, while keeping slow-dynamics computations close
to those of a coarse-step baseline. Compared to a global
millisecond-level simulation, it avoids excessive evaluations
of slow FMUs; compared to a global second-level approach,
it eliminates quantization artifacts in handshake and retrans-
mission timing. These results confirm that protocol-driven
scheduling significantly enhances both fidelity and computa-
tional efficiency.

Looking forward, several research directions emerge:

o FMI 3.0 Adoption: Replacing pseudo-clock mechanisms
with native clocked interfaces would improve abstraction
and interoperability.
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o Adaptive Step Management: Dynamically tuning Hp,g,
Hgow, and cluster membership based on network condi-
tions or CPU load could improve efficiency.

o Scalable Maritime Digital Twins: Extending the ap-
proach to multi-ship, multi-port, and cloud-integrated
scenarios would support large-scale validation of MASS
operations.

o Hardware-in-the-Loop Integration: Incorporating real
maritime communication devices (VDES, L-band, 5G)
would support certification-oriented testing and hybrid
simulation.

In summary, protocol-aware dynamic synchronization pro-
vides a practical and effective method to improve fidelity and
efficiency in maritime co-simulation environments built around
FMI-compatible tool chains such as OSP. This work lays
the foundation for next-generation semantics-aware master
algorithms for autonomous and remote maritime operations.
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