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Abstract We propose and experimentally demonstrate a digital twin—based optical network partitioning
strategy on a 7-OMS mesh optical network testbed. By leveraging parallel closed-loop control across
subnets, the proposed approach reduces power re-equalization time by over 80%. ©2026 The Author(s)

Introduction
With the continuous expansion of optical network
scale and the increasing demand for high data
rates and flexible service provisioning, optical
network automation faces growing chal-
lenges [1]. Among various operational parame-
ters, per-channel launch power configuration
plays a critical role in determining transmission
performance, directly affecting the signal-to-
noise ratio (SNR) hence bit error rate (BER) and
ultimately overall network capacity. In practical
deployments, optical networks often operate for
long periods in a “set-and-forget” mode or expe-
rience topology and physical-layer changes after
events such as fibre repair or service reconfigu-
ration. Under these conditions, services’ power
settings gradually deviate from their optimal val-
ues, making periodic power re-equalization nec-
essary [2].

However, in large-scale networks composed
of multiple optical multiplexing sections (OMSs),
power reconfiguration is inherently non-local. Ad-
justing the launch power in a single OMS propa-
gates to downstream sections through optical
amplifiers and fibre spans, introducing inter-OMS
power coupling and nonlinear interactions [3][4].
As a result, conventional sequential and open-
loop power adjustment schemes may cause tran-
sient SNR degradation and even service disrup-
tion, which severely limits their applicability in op-
erational networks. Digital twins (DT) address
these challenges by constructing a high-fidelity
virtual replica of the physical network within the
control plane [5]-[8]: a DT enables real-time state
mirroring and performance prediction prior to ex-
ecuting configuration changes. This capability al-
lows power optimization decisions to be evalu-
ated in advance, significantly improving opera-
tional safety [9]. Nevertheless, DT-assisted
power reconfiguration faces scalability chal-
lenges, including high computational complexity,
long commissioning time, and limited paralleliza-
tion ability [10].

To improve the

scalability of power

reconfiguration in large-scale optical networks,
this paper proposes a network partitioning—based
parallel configuration strategy. By dividing the
original network into multiple weakly coupled sub-
nets and deploying independent DTs for each
subnet, power re-equalization can be carried out
in parallel, substantially reducing optimization
complexity and execution time.

Principles

Power Re-Equalization with DTs

In wavelength-division multiplex (WDM) optical
networks, services, or optical channels (OCHs),
typically traverse multiple OMSs, power varia-
tions introduced in a single OMS propagate
downstream, making power equalization a
global, network-wide optimization problem with
strong interdependencies.

A DT is a high-fidelity virtual representation of
the physical optical network that continuously in-
corporates network topology information, fibre
and amplifier parameters, and monitored channel
power spectra. Based on this information, physi-
cal models, such as the Gaussian Noise (GN)
model [11][12], or data-driven estimators [13] are
used to predict the SNR of all active services un-
der different power configurations.

By leveraging DTs, optical network power
equalization is transformed from a conventional
open-loop and experience-driven operation into a
closed-loop “observe—predict—operation” control
process, shown in Fig. 1. During the power re-
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Fig. 1: Digital twin-enabled close-loop control.



equalization process, the DT first computes the
differences between current and target power
profiles for individual OMSs. Candidate power
adjustment actions are then emulated within the
DT, explicitly accounting for power propagation
across multiple OMSs and the accumulation of
nonlinear impairments. Only when the predicted
results indicate that the SNR of all active services
remains within acceptable limits are the corre-
sponding configurations applied to the physical
network.

This prediction-driven mechanism not only en-
hances the safety and reliability of power recon-
figuration but also establishes a unified founda-
tion for advanced strategies such as multi-step
lookahead [10], parallel configuration, and net-
work partitioning, which are essential for scalable
optimization in large-scale optical networks.

Network Partitioning

As shown in Fig. 2 and Fig. 3, given some integer
K, the proposed partitioning algorithm adopts a
convex edge-based approach to divide a network
into K, subnets. The optical network is modelled
as a weighted multigraph where each node is a
ROADM and each edge is an OMS, which weight
is the number of services using this edge. The
objective is to generate topologically compact
and well-balanced partitions while minimizing the
impact of inter-partition services.

The partitioning process starts by randomly
selecting K,, edges as partition seeds. A multi-
source breadth-first search (BFS) is then per-
formed on the implicit line graph, where nodes
are OMSs, and edges are added whenever 2
OMSs share a ROADM. Through this expansion,
neighbouring edges are progressively assigned
to the same partition, ensuring topological conti-
nuity and convexity. If an edge can be reached by
multiple partition seeds at the same distance, it is
temporarily associated with multiple partitions,
capturing partition boundary ambiguities.

To further improve partition quality, a multi-ob-
jective refinement is applied. Two metrics are
jointly considered: (i) partition size balance J;,.,
quantified by the standard deviation of the num-
ber of edges per partition; (ii) topology proximity
Jorox, OF cOMpactness, measured as the average
distance between edges within the same partition
in the implicit line graph L(G):

Joize = \[,j—pzf”(w — w2, (1)

Jprox = Kipzf”ﬁzmgi deyef) (2
2
where E; is the edge set assigned to partition
subnet i, u is the mean partition size, ('g”) is the
number of unordered pairs of distinct edges
within partition i, d, (e, f) is the shortest-path
(in hops) between edges e and f in L(G).
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Fig. 2: Parallel DT-enabled power re-equalization workflow.
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Fig. 3: Network partitioning workflow.

A greedy refinement iteratively reassigns
edges to partitions to minimize a weighted com-
bination  score = w - Jsjze + (1 = W) * Jprox  Of
these metrics preserving partition connectivity.

This partitioning strategy provides a scalable
and topology-aware foundation for parallel net-
work control and DT-based emulation, enabling
independent and concurrent optimization tasks—
such as power re-equalization—within each sub-
net. By partitioning the network into K, subnets,
the time complexity of DT-enabled multi-step
lookahead algorithm [10] is reduced from

O(Nym) to 0 ((NOMS/KP)K’" ) where Ny is the
number of OMSs in the network and K,, is the

lookahead depth, typically limited to 1 or 2 for
scalability.

Experimental Setup

The proposed technique was experimentally val-
idated on a C-band mesh optical network testbed
using commercial products, shown in Fig. 4. The
network consists of six nodes interconnected in a
mesh topology with 7 OMSs. Each OMS is com-
posed of add/drop WSS, multiple fibre spans with
various of types, and erbium-doped fibre amplifi-
ers (EDFAs) operating in gain-lock mode. All op-
tical power spectra are measured using optical
power monitors (OPMs) installed at the outputs
of booster amplifiers and pre-amplifiers.

A total of 40 end-to-end OCHs are deployed
in the network using ASE loading with a 150 GHz
channel spacing and measured by 800 Gb/s
140GBaud PCS-16QAM real time transponder.
Traffic is distributed among all node pairs, with
two services established for each source—
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Fig. 4: Experimental setup.

0,

No partitioning
(baseline)

® ©

K, =5 K, =6 K, =7
Fig. 5: Network topology and network partitioning.

destination pair. All services are provisioned fol-
lowing the set-and-forget strategy with flat power
target and are established in a random order, re-
sulting in a non-optimized initial power profile and
realistic power imbalance across OMSs.

Based on the DT, the network is partitioned
into Kp=1,...,7 subnets using a partitioning score
weight w=0.5. This enables parallel emulation
and optimization of power re-equalization using a
one-step lookahead with a 1dB adjustment step
size. Telemetry data are collected by distributed
sub-DT controllers to update the corresponding
sub-DTs. For performance evaluation, the
convergence threshold is set to £=0.3/0.5dB in
terms of the maximum absolute error with respect
to the target power profile.

Results
Resulting partitions are shown in Fig. 5. The
evolution of the max and average power error are
shown in Fig. 6. The baseline K,=1 corresponds
to no partitioning. For intermediate values (K,=2—
6), the power error decreases rapidly and
converges within a small number of operations,
demonstrating that parallel  configuration
mitigates power coupling and accelerates
convergence. Whereas, for K, =7, the system
fails to reach the 0.3dB threshold and shows non-
convergent behavior because power adjustments
performed independently in each subnet induce
inter-OMS power propagation that continuously
perturbs previously optimized OMSs, preventing
monotonic error reduction.

Fig. 7 provides a comprehensive view of the
trade-offs introduced by partitioning. As K,
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Fig. 6: Power error evolution vs. normalized time.
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Fig. 7: Quantitative performance metrics with different con-
vergence threshold £=0.3/0.5dB. (a) operation numbers vs.

K. (b) normalized time/step vs. K. (c) normalized total time

vs. K,,. (d) normalized speed (inverse of time) vs. K.

increases, the number of operation steps drops
sharply, leading to a strong reduction in total
commissioning time despite a gradual increase in
time per step due to coordination overhead. This
results in a clear speed-up gain, with the normal-
ized speed peaking around K,=4. Beyond this re-
gion, further partitioning brings diminishing re-
turns as shown in Fig. 7(d) dash bars.

The impact of the convergence threshold is
also evident. The relaxed threshold (0.5dB) con-
sistently requires fewer steps than the stricter one
(0.3dB), highlighting a trade-off between conver-
gence speed and accuracy. In particular, for
K,=7, the system fails to converge under the
stricter threshold, confirming that excessive par-
titioning degrades stability.

Overall, K,=4 emerges as the optimal operat-
ing point, achieving up to 80% reduction in total
time compared to the baseline, while maintaining
reliable convergence.

Conclusions

The proposed approach achieves over 80% re-
duction in power re-equalization time by reducing
the number of operations through parallel parti-
tioning. These results demonstrate that network
partitioning is a key enabler for scalable optical
network automation, with an optimal partitioning
level balancing convergence speed and stability.
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