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Abstract

Fine-grained optical transport networks (fgOTNs) have attracted increasing interest in re-
cent years for their ability to deliver small-granularity services with high flexibility and
efficiency. To further improve the performance of fgOTNs in delivering small-granularity
services having diverse delay requirements, this paper proposes and investigates a node-
selective cross-layer service routing (NSCR) algorithm. By selecting a path based on both
wavelength occupation and the quantity of currently active services that can be aggre-
gated in the last optical hop, and by selecting proper intermediate nodes to participate in
fgOTN layer exchange and aggregation under service delay constraints, the service block-
ing rate is reduced and resource utilization is maximized. Further, a variation of the pro-
posed NSCR scheme is investigated that incorporates load balancing by selecting a path
based on wavelength occupation, currently active service routes, and the remaining band-
width. The performance of the two schemes is evaluated under both the NSFNET and
Cost239 topologies, and the results demonstrate the superiority and effectiveness of the
proposed schemes in terms of wavelength utilization rate and service blocking rate while
satisfying the diverse delay requirements of different services.

Keywords: fine-grained OTN; routing; resource scheduling; delay-sensitive service;
service blocking rate; resource utilization

1. Introduction

Due to their low cost, high capacity, and high reliability advantages, optical transport
networks (OTNs) are now the key platform to carry network services. In recent years, with

the rapid development of intelligent society, increasing numbers and types of network
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Published: 2 July 2026 granularity and high-quality services, such as industrial control and power grid control

[1,2].
Fine-grained optical transport networks (fgOTNs), as a new generation of OTN tech-

services are emerging, resulting in current OTNs evolving not only toward high band-
width and high capacity but also toward flexibility and high efficiency in delivering small-
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introducing a new optical payload structure and time-slot multiplexing mechanism, sup-
porting fine-grained, hard-isolated, and flexible bandwidth-adjustable dedicated bearers.
This feature not only retains the TDM-based deterministic transmission advantages of
OTNs but also realizes on-demand matching of service bandwidth, which is suitable for
carrying high-density, small-granularity, and QoS-sensitive services.

To date, the service routing and scheduling strategy of f{gOTNs usually follows the
strategy of traditional OTNs, where the source-destination path is selected based on the
shortest path policy and delay-sensitive services are prioritized by scheduling a single
optical hop path, as shown in Figure 1 [6]. However, the fitness of this policy may degrade
for future fgOTN environments. This is because for fgOTNs, the main clients (i.e., small-
granularity services) are close to end-users, and depending on the service and different
user-end time budgets for data processing, the true delay budget left to the fgOTN domain
can vary from service to service. Also, with the further development of intelligent society,
more and more advanced services can emerge on the fgOTN and be categorized as delay-
sensitive, which means that simply adopting the traditional strategy can result in a dom-
inant number of services requiring a single optical hop path. Consequently, without in-
volving these delay-sensitive services in cross-layer routing (i.e., electrical exchange and
aggregation in the fgOTN layer at an intermediate node, hereinafter referred to as fgOTN
cross-connection), overuse of wavelength resources and underutilization of optical pay-
load unit (OPU) resources are inevitable, thereby increasing the blocking rate of services.
Therefore, developing a service routing policy that comprehensively considers service de-
lay constraints, node fgOTN cross-connection processing delay, wavelength resource uti-
lization, and remaining bandwidth (i.e., remaining fine-grain tributary slot (fgTS)) is ben-
eficial for the effective and efficient operation of future fgOTNs.

User fgOTN fgOTN fgOTN fgOTN fgOTN User
end Cross Cros§ Cross cnoss Cross end
Optical Optical Optical Optical Optieal
Cross Cross Cross Cross cross
Source Destination

node node node
node node
Delay sensitive Delay tolerant

Figure 1. Common service routing and scheduling strategy of fgOTNss.

This paper proposes and investigates a node-selective cross-layer service routing al-
gorithm (NSCR) for f{gOTNs. The proposed NSCR scheme considers the service delay tar-
get of the incoming fgOTN service and integrates wavelength occupation and currently
active service-based path selection from the K-shortest path (KSP), intermediate node se-
lection for fgOTN cross-connection, and load balancing-aware wavelength allocation dur-
ing service path selection and resource scheduling. By (a) selecting a proper path based
on delay target, wavelength occupation, and the quantity of services that can be aggre-
gated in the last optical hop, (b) setting appropriate intermediate nodes for participating
fgOTN cross-connection and service convergence, and (c) prioritizing the usage of a low-
load active wavelength during per-hop resource scheduling, the proposed NSCR scheme
reduces the optical layer switching pressure and improves wavelength utilization, thereby
reducing the service blocking rate and wavelength occupation rate while satisfying the
delay target of each service. Moreover, an NSCR scheme variation that selects paths con-
sidering both load balancing and service aggregation potential is proposed and investi-
gated. The main contributions of this paper are as follows:
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A node-selective cross-layer service routing algorithm for fgOTNs is proposed,
which includes path selection based on both wavelength occupation and the quantity of
current active services that can be aggregated in the last optical hop and intermediate
fgOTN cross-connection node selection. The scheme realizes collaborative scheduling of
path, optical layer wavelength resources, and fine-grained layer bandwidth resources to
decrease the service blocking rate and wavelength occupation rate.

For the path selection phase in the proposed scheme, another variation that selects a
path based on the remaining bandwidth, wavelength occupation, and routes of currently
active services is proposed and investigated, which further enhances the resource utiliza-
tion of the proposed scheme.

A complete set of simulation results under the NSFNET and Cost239 topologies with
three classes of service having diverse delay targets are presented. The superiority of the
proposed schemes over the traditional scheme in terms of service blocking/acceptance rate
and wavelength occupation rate is verified.

The rest of this paper is organized as follows. Section 2 introduces related work. Sec-
tion 3 details the proposed NSCR scheme and its variation. Section 4 gives the simulation
results and analysis. Section 5 summarizes the paper.

2. Related Work

In recent years, research on fgOTNs has mainly focused on system architecture, pro-
tocol design, resource scheduling, and typical scenario applications. Zhao et al. proposed
a service-oriented optical network architecture based on an fgOTN and designed a re-
source scheduling strategy based on multi-layer collaboration to perform differentiated
scheduling for services with different priorities [6]. Lian et al. addressed the resource al-
location problem of geo-distributed machine learning tasks supported by fgOTNs, con-
structed a mixed integer linear programming model, and proposed a genetic algorithm-
based resource allocation scheme, which significantly improved the task completion rate
[7]. For power communication networks, Lu et al. proposed a unified transmission archi-
tecture, which used the fgOTN hard-isolated plane to guarantee deterministic low-latency
transmission for critical control services while leveraging the optical service unit elastic
bandwidth plane to improve bandwidth utilization for ordinary services [1]. Jiang et al.
investigated fgOTN-based VR service provisioning and developed a weighted multi-fac-
tor scheduling algorithm that jointly considered bandwidth demand, path load, and bot-
tleneck status, effectively reducing the service blocking rate [8]. To support large-model
inference services, Yu et al. proposed a burst-aware dynamic path-slot protection scheme
for fgOTNs, which minimized idle resource reservation during low-demand periods and
ensured adequate protection during traffic surges or failure-prone conditions [9]. Jiang et
al. [10] proposed a multi-user latency synchronization algorithm based on f{gOTN-enabled
optical cloud networks, which jointly optimized cloud node selection and a routing strat-
egy to maximize immersive metaverse service experience. He et al. analyzed the applica-
tion prospects of fgOTNs in power system communication networks and proposed SDH-
to-fgOTN and OTN-to-fgOTN evolution schemes for power communication networks
[11]. Rahimi et al. designed a standards-compliant platform integrating fgOTN and PON
slicing, enabling end-to-end on-demand quality provisioning for latency-sensitive cloud
AR/VR services [12]. Zhao et al. systematically analyzed the key technologies of fgOTNs
and discussed the future evolution of fgOTNs for the power industry [13]. Liu et al. pro-
posed a maximum bandwidth segmented shared protection scheme for fgOTNs, ensuring
uninterrupted transmission of services and rapid recovery after failure [14]. Yu et al. de-
veloped an entropy-coupled incremental learning framework with hierarchical deep Q-
network to optimize fgOTN resource mapping for Al computing services, significantly
reducing latency and improving resource utilization [15].
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Clearly, these studies have greatly benefited the development of fgOTNs. However,
for fgOTNSs, service routing algorithms that simultaneously consider service delay con-
straints, paths, and fgOTN cross-connection node selection to enhance service aggrega-
tion, service acceptance, and resource utilization are still lacking investigation, which fi-
nally motivated us to propose and investigate the NSCR scheme for fgOTNs.

Notably, although recent studies show a trend of incorporating machine learning in
network management and optimization, we still chose to investigate heuristic-based al-
gorithms in this paper because such algorithms can provide fully traceable and stable de-
cisions even under unexpected network scenarios. Moreover, heuristic-based algorithms
can be efficient sample generators for facilitating the development of machine learning-
based algorithms. Therefore, the value of heuristic-based algorithms remains significant.

3. Node-Selective Cross-Layer Service Routing Algorithm

The proposed NSCR scheme operates as follows. Here, we consider a network man-
ager (NM) that keeps the information (including source node, destination node, interme-
diate node arrangement, bandwidth (i.e., f{gTS) occupation, and path delay) of the cur-
rently active service of the network and controls the routing and scheduling of incoming
fgOTN services. The notations used are organized in Table 1.

Table 1. Notation explanations.

Notation Description
S The service awaiting scheduling
SRC Source node of service S
DST Destination node of service S
BW Bandwidth requirement of service S
DT Delay target of service S
k The number of paths generated by KSP
i Candidate path index
Di The single optical hop delay of path i
p Node processing delay for performing fgOTN cross-connection
jm,l Node index
NSm Node score of node m
AW Average adjacent node wavelength occupation rate for the segment from
SRC to the last optical hop start node on the candidate path i
- The number of intermediate nodes to find based on the wavelength avail-
’ ability and service convergence score
Wi Wavelength availability rate for the connection from node I to the next

node on the path

Quantity of current active services whose first optical hop starts at SRC
SC and ends at node ! and the remaining bandwidth on the wavelength of
the hop can afford service S

The maximum SC: value for the nodes on the SRC to the last optical hop

MSC
start node segment

. Total node number on the SRC to the last optical hop start node segment on
the selected path

e Total node number on the selected path

MPC The maximum SC: value for the nodes on the selected path

PL The length of the selected path

v The speed of light

g The total number of intermediate nodes for the selected path
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The average adjacent node wavelength occupation rate for the segment from

MW SRC tonode j on path i
BAR The bandwidth availability rate on the wavelength of the last optical hop of
service R

When a fgOTN service S arrives, the NM first obtains the basic information of the
service, which includes source node SRC, destination node DST, bandwidth requirement
BW, and delay target DT. Then, the NM starts the path calculation and corresponding
intermediate node selection for service S and decides whether to accept the service
through three steps, as follows.

Step 1: Attempt to adopt path and intermediate node arrangement from currently active ser-
vice. The NSCR scheme first tries to derive a path and the corresponding intermediate
node arrangement for service S from currently active services. In this step, the NM
searches all services that are currently active, and from the active services that satisfy the
criteria (a) the service has the same source and destination nodes as service S, (b) on each
optical hop of the service, the remaining bandwidth (i.e., remaining fgTS) on the wave-
length carrying the service can afford service S, and (c) the path delay of the service satis-
fies the delay target of service S, the NM finds the service that has the maximum value in
terms of the minimal remaining bandwidth (i.e., the minimal remaining fgTS among the
remaining fgTS of each optical hop of the service) on the wavelengths carrying the service,
and sets the path as well as the intermediate node arrangement of this service as the se-
lected path and intermediate node arrangement for service S.

Step 2: Attempt to create path and intermediate node arrangement based on currently active
service. If the NM cannot find any active services satisfying the requirements in step 1, the
NM creates a path and intermediate node arrangement for service S as follows.

Step 2.1: Path selection. The NM first generates k candidate paths based on the conven-
tional KSP algorithm. Next, for each candidate path, the NM calculates the score of each
path through the following process.

For a candidate path (e.g., path i), if the single optical hop delay D: (i.e., end-to-end
optical propagation delay without participating fgOTN cross-connection) of the candidate
path i cannot satisfy the delay target of service S (i.e., Di> DT), the score of path i is set to
-1. Otherwise, the NM initializes the score of path 7 as 0. Then, if path i can also satisfy D:
+ P < DT, where P is the node processing delay for performing fgOTN cross-connection
on anode, the NM further initializes the score of each node on path i as 0 and then searches
all currently active services having DST as the destination node. Once the NM finds a
currently active service R destined to DST that satisfies the criteria (a) the start node of the
last optical hop of the path of service R is also a node (e.g., node j) on path i, and (b) the
remaining bandwidth (i.e., remaining fgTS) on the wavelength of the last optical hop of
service R can afford service S, the NM increases the score of node j by 1. After searching
all of these currently active services, if there is a node on path i having a node score higher
than 0, the NM finds the node having the highest score (e.g., node m, and its node score is
NSu), notes the node as the last optical hop start node (LOHN) for path i, and calculates
the average adjacent node wavelength occupation rate AJW for the segment from SRC to
the LOHN on path i. Then, the score of path i is updated using formula (1):

Score of path i = NS, x(1- AJW), (1)
Clearly, the formula simultaneously reflects the service aggregation potential on the
last optical hop (i.e., by NSu) and the probability of successfully finding resources to ac-

commodate service S on path i (i.e., by (1 — AJW)), and is therefore designed for path score
evaluation.
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Step 2.2: Intermediate node selection. Then, if service S is not rejected, the NM deter-
mines the corresponding intermediate nodes on the selected path.

If the selected path has a score larger than 0, the corresponding LOHN (i.e., the node
having the highest node score on the path) is first selected as an intermediate node. Then,
the NM further selects n intermediate nodes for the SRC to the LOHN segment, where n
is calculated using formula (2):

n=min(DT-D,)/P-1,r-2), @)

where r is the total node number on the SRC to the LOHN segment. To select these n nodes,
the NM calculates the wavelength availability and service convergence score (WS score)
for each node (e.g., node I) on the segment (except SRC and the LOHN) using formula (3):

WS score for node I = EW, + SC, / max(MSC,1) , 3)

where £ is the wavelength availability rate (calculated by inactive wavelength num-
ber dividing total wavelength number) for the connection from node [ to the next node on

the path; SCi s the quantity of current active services whose first optical hop starts at
SRC and ends at node I and the remaining bandwidth (i.e., remaining fgTS) on the wave-

length of the hop can afford service S; and MSC is the maximum SCi value for the nodes
on the segment. Then, the n nodes with the highest scores are selected.

If the selected path has a score of 0, the NM selects u intermediate nodes for the se-
lected path, where u is calculated using formula (4):

u=min(DT-D,)/P,e-2), (4)

where e is the total node number on the selected path. To select these u nodes, the NM
calculates the WS score for each node (e.g., node [) on the selected path (except SRC and
DST) using formula (5):

WS score for node [ = EW, + SC, / max(MPC,1), (5)

where MPC is the maximum SC,

value for the nodes on the path. Then, the # nodes with
the highest scores are selected.

Step 3: Assign wavelength and bandwidth for service S. After selecting path and interme-
diate nodes for service S, the corresponding optical hops can be obtained, and the NM
schedules wavelength and bandwidth (i.e., fgTS) resources for the service on each optical
hop. For each optical hop of the selected path, the NM finds the wavelength that is cur-
rently active, can accept service S, and has the largest remaining bandwidth to accommo-
date service S on the hop. If none of the active wavelengths can accept service S, a new
wavelength is activated to accommodate the service. If no new wavelength is available,
service S is rejected. For each hop, after successfully finding a wavelength, the NM adopts
the first fit policy to assign bandwidth (i.e., f{gTS) on the wavelength for service S.

After these three steps, the path, the intermediate nodes for participating cross-layer
exchange, the wavelength, and fgTS resource assignment of each optical hop are decided
for service S, and then the service can be accepted. Also, the NM calculates the path delay
of the service using formula (6):

Path delay = PL/v+gxP, (6)
where PL is the length of the selected path, v is the speed of light, and g is the total number
of intermediate nodes selected (which equals n + 1 if the path has a score larger than 0, or

equals u if the path has a score of 0). The path delay, the path, and the intermediate node
selection information of the service are saved until the service is terminated.
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To further enhance load balancing during the path selection phase of the NSCR
scheme, a variation of the NSCR scheme, called NSCR-load balancing (NSCR-LB), is pro-
posed. The basic operation process of the NSCR-LB scheme is similar to that of the NSCR
scheme, and the main difference is that in the NSCR-LB scheme, the path selection phase
(i.e., step 2.1 in the NSCR scheme) is modified as follows.

Step 3.1 for the NSCR-LB scheme: The NM first generates k candidate paths based on
the conventional KSP algorithm. Next, for each candidate path, the controller calculates
the score of each path through the following process.

For a candidate path (e.g., path i), if the single optical hop delay Di of the candidate
path i cannot satisfy the delay target of service S (i.e., Di > DT), the score of path i is set to
-1. Otherwise, the NM initializes the score of path 7 as 0. Then, if path i can also satisfy D:
+ P < DT, the NM further searches all currently active services having DST as the destina-
tion node. Once the NM finds a currently active service R destined to DST that satisfies
the criteria (a) the start node of the last optical hop of the path of service R is also a node
(e.g., node j) on path i and the last optical hop path overlaps with the node j to DST seg-
ment of path i, and (b) the remaining bandwidth (i.e., remaining fgTS) on the wavelength
of the last optical hop of service R can afford service S, the NM calculates a score using
formula (7):

Score = (1- MJW)+ BAR, (7)

where MJW is the average adjacent node wavelength occupation rate for the segment from
SRC to node j on path i, and BAR is the bandwidth (i.e., fgTS) availability rate on the
wavelength of the last optical hop of service R. Clearly, the logic behind this scoring for-
mula is that it can comprehensively represent both the probability of successfully finding
resources to accommodate service S on path i and the preference for greater available
bandwidth on the wavelength of the last optical hop. Then, if the calculated score is higher
than the current score of path i, the score of path i is updated to the calculated score, and
node j is recorded as the LOHN for the path. After searching all of these currently active
services, the score of path i can be obtained, and a LOHN for the path can be also obtained
if the score is larger than 0.

After calculating the score of each candidate path, if there is a path having a score
larger than 0, the path having the highest score is selected for service S. If none of the paths
have a score larger than 0 but there are one or more paths having a score of 0, the shortest
path having a score of 0 is selected for service S. If none of the paths have a score larger
than or equal to 0, service S is rejected.

It is worth mentioning here that the NSCR-LB scheme is not proposed as a superior
alternative to the NSCR scheme but rather as a parallel design to simultaneously show
whether a load balancing-oriented path scoring design can affect performance. As will be
shown in the simulation results, the two schemes exhibit comparable service blocking per-
formance, while the NSCR-LB scheme shows certain advantages in wavelength occupa-
tion rate under specific conditions.

For a better understanding of the operations of the NSCR and NSCR-LB schemes, the
pseudo-code listings describing the detailed operation processes of the NSCR and NSCR-
LB schemes are organized in Appendix A.

4. Simulation Results and Discussions

In this section, the performances of the proposed NSCR and NSCR-LB schemes are
evaluated using MATLAB 2022b. We consider both the 14-node NSFNET network topol-
ogy and the 11-node Cost239 network topology, and the network node connections and
distances (i.e., link fiber lengths, in kilometers) are shown in Figure 2. Note that in Figure
2, the number beside each link refers to the length of that link. Considering that fgOTNs
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are usually adopted for providing provincial area services, we scale the node distances by
1/10 compared to the conventional values. Node connections are all bidirectional, and in
each direction of a connection, the capacity is 8 wavelengths, with each wavelength sup-
porting a bandwidth of 10 Gbps (i.e., ODU2). The node fgOTN cross-connection pro-
cessing delay is set to 100 us. We adopt Yen's algorithm for generating k shortest paths
[16], and k is set to 3. We consider three types of fgOTN services, with type 1 services
having the most stringent delay constraint, type 2 services having a slightly less stringent
delay constraint, and type 3 services having no delay constraint. The proportion of the
three types of services in the network is 1:1:1. The number of services generated in a sec-
ond follows a Poisson distribution. For each service, its source and destination nodes are
randomly selected, and the bandwidth requirement is randomly generated in the range
of 10 Mbps to 300 Mbps (i.e., from 1 to 30 fgTSs). Service duration follows a negative ex-
ponential distribution, with an average value of 200 s. In Table 2, we organize the basic
simulation parameters. Data collected in the first 400 s is ignored as we consider this pe-
riod to be the system warmup period.

Table 2. Simulation parameters.

Parameter Value/Description
Network topology NSENET (14 nodes, 21 bidirectional connections);
Cost239 (11 nodes, 26 bidirectional connections)
Propagation delay 5 us/km

Capacity per connection per direc- 8 wavelengths,
tion 10 Gbps per wavelength

Node processing delay for perform-

100
ing fgOTN cross-connection HS

Type 1 (delay sensitive)
Services Type 2 (delay sensitive)
Type 3 (delay tolerant)
10-300 Mbps,
uniform distribution

Service bandwidth requirement

. . 200 s,
Service duration . 1 g
negative exponential distribution

. . 2 ms (NSENET),

Type 1 1 t

ype 1 service delay constrain 1 ms (Cost239)

. . 2.5 ms (NSFNET),

Type 2 service delay constraint 1.2 ms (Cost239)

Simulation time 800 s

K-shortest path Yen's algorithm, with k=3

Based on ref. [6], a conventional scheme is derived for comparison, which schedules
an incoming service S as follows: (a) first, the NM finds currently active services that have
the same source and destination nodes and the same service type as the service S and the
remaining bandwidth on the wavelengths carrying the services can afford service S; (b) if
the finding result is not empty, from the services found, the NM adopts the path of the
service that has the maximum value in terms of the minimal remaining bandwidth on the
wavelengths carrying the service for service S; (c) if the finding result is empty, the NM
generates k candidate paths using the conventional KSP algorithm and adopts the path
that has the lowest average adjacent node wavelength occupation rate for service S; (d)
after path decision, the NM adopts the single optical hop scheduling policy for delay-
sensitive services (i.e., type 1 and type 2 services) and adopts the one optical hop per
neighboring node connection scheduling policy for delay-tolerant service (i.e., type 3 ser-
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vices); (e) finally, the allocation of wavelength and bandwidth (i.e., fgTS) follows the same
policy as that in the NSCR scheme.

Figure 2. Network topology: (a) NSENET topology; (b) Cost239 topology (Link lengths are marked
beside each link).

4.1. Performance Under the NSFNET Topology

For simulations under the NSFNET topology, considering the maximum path length,
we set the delay constraints for type 1 and type 2 services to 2 ms and 2.5 ms, respectively.

Figure 3 presents the network average wavelength occupation rate performance of
the conventional scheme, the NSCR scheme, and the NSCR-LB scheme when the network
load grows from 20 service arrivals per second to 80 service arrivals per second (i.e., from
4000 erlang to 16,000 erlang). As shown in the figure, the wavelength occupation rates of
all three schemes grow as the network load increases. It can be seen that both the NSCR
and NSCR-LB schemes show lower wavelength occupation rates than the conventional
scheme, especially under low-load conditions. This is because the two proposed schemes
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properly select paths and adopt intermediate nodes to enhance path overlapping and ser-
vice aggregation on the overlapped segment, thereby efficiently utilizing wavelength re-
sources and reducing wavelength usage. Moreover, as the NSCR-LB scheme further in-
corporates load balancing in path selection, it alleviates the use of heavily loaded wave-
lengths and paths, and therefore presents a lower wavelength occupation rate than the
NSCR scheme under low-load conditions.

(B conventional IINSCR [ INSCR-LB

100 -
90
80
70

60 [

50

Wavelength occupation rate (%)

20 40 60 80
Average service arrivals per second

Figure 3. Network wavelength occupation rates under the NSFNET topology.

Figure 4 presents the service blocking rate performance of the three schemes as the
network load grows from 20 service arrivals per second to 80 service arrivals per second.
As shown in Figure 4a,b, for both type 1 and type 2 services, the conventional scheme
shows a much higher service blocking rate than the NSCR and NSCR-LB schemes. This is
because the conventional scheme follows the single optical hop scheduling policy for type
1 and type 2 services, and therefore under the NSFNET topology with limited node con-
nectivity and wavelength resources, available wavelengths are used up easily, resulting
in a low probability of finding an available wavelength for scheduling a single optical hop
path from source to destination for an incoming service. By contrast, as the NSCR and
NSCR-LB schemes properly select paths and employ intermediate nodes for fgOTN layer
exchange and aggregation, the two schemes ensure a high probability of finding an avail-
able wavelength for each optical hop on the selected path, and therefore significantly out-
perform the conventional scheme in terms of type 1 and type 2 service blocking rates,
especially under low-load conditions. For the type 3 service blocking rate, Figure 4c shows
that as the conventional scheme allows a type 3 service to perform fgOTN layer exchange
and aggregation on all nodes on the path. Therefore, the type 3 service blocking rate of
the conventional scheme is much lower than the type 1 and type 2 service blocking rates
under low-load conditions. However, as the conventional scheme inevitably results in a
low wavelength utilization efficiency due to the single optical hop routing policy for type
1 and type 2 services, the wavelength availability for type 3 services is affected. Therefore,
the type 3 service blocking rate of the conventional scheme is still higher than those of the
NSCR and NSCR-LB schemes under low-load conditions and also higher than the type 1
and type 2 service blocking rates under high-load conditions. In Figure 4d, we present the
average service blocking rates of all services. Clearly, the NSCR and NSCR-LB schemes
reduce the average service blocking rate by around 10% to around 30% across the consid-
ered load conditions compared to the conventional scheme, proving the significant value
of the two proposed schemes.
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Figure 4. Service blocking rates under the NSFNET topology: (a) type 1 services; (b) type 2 services;

(c) type 3 services; (d) average of all services.

Note that the results shown in Figures 3 and 4 only present performance under satu-
rated network conditions. To further evaluate the performance of the proposed schemes
under unsaturated network conditions, we reduce the average service duration to 50 s,
and present the performance under a service arrival rate of 20 average service arrivals per
second (i.e., 1000 erlang) in Figure 5. Considering that under low-load conditions the ser-
vice blocking rate can be close to 0, here we present the service acceptance rate as a sub-
stitution. As shown in Figure 5a, comparing to the conventional scheme, both the NSCR
and NSCR-LB schemes show an over 30% reduction in terms of network average wave-
length occupation rate, and the NSCR-LB scheme further outperforms the NSCR scheme
by 6% due to its load balancing based path selection policy. In terms of service acceptance
rate, Figure 5b shows that the conventional scheme only accepts less than 60% of type 1
and type 2 services, whereas the NSCR scheme accepts over 99% of type 1 and type 2
services. Notably, the NSCR-LB scheme accepts 100% of type 1 and type 2 services. For
type 3 services, all three schemes show a 100% service acceptance rate. Overall, as the
conventional scheme inevitably overuses wavelength resource due to its single optical
hop scheduling policy for type 1 and type 2 services, its average service acceptance rate
only reaches 70.8%. By contrast, by properly selecting paths and employing intermediate
nodes for performing fgOTN layer exchange and aggregation, the NSCR and NSCR-LB
schemes show average service acceptance rates of 99.7% and 100%, respectively, high-
lighting the superiority of the proposed schemes under unsaturated load conditions.
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Figure 5. Performance under 20 service arrivals per second with 50 s average service duration (un-

der the NSFNET topology): (a) network wavelength occupation rate; (b) service acceptance rate.

In Table 3, we present the maximum delay of each type of service under the NSENET
topology with the considered load conditions. It is obvious that although the NSCR and
NSCR-LB schemes show higher delays for type 1 and type 2 services than the conventional
scheme due to intermediate nodes for fgOTN layer exchange and aggregation, the maxi-
mum delay value still satisfies the delay constraint. Therefore, the proposed NSCR and
NSCR-LB schemes can be considered proper solutions for scheduling future fgOTN ser-
vices with diverse delay constraints.

Table 3. Maximum delays of accepted services (NSFNET).

Scheme (Average Service Arrivals Per

Second, Average Service Duration) Type1(us)  Type2(ps)  Type3 (us)

Conventional (20, 200) 2000 2400 2925
Conventional (40, 200) 2000 2325 2925
Conventional (60, 200) 2000 2025 2925
Conventional (80, 200) 1900 2025 2925
Conventional (20, 50) 2000 2100 2975
NSCR (20, 200) 2000 2500 2975
NSCR (40, 200) 2000 2500 2925
NSCR (60, 200) 2000 2500 2925
INSCR (80, 200) 2000 2500 2825
NSCR (20, 50) 2000 2500 2825
NSCR-LB (20, 200) 2000 2500 2975
NSCR-LB (40, 200) 2000 2500 2975
NSCR-LB (60, 200) 2000 2500 2925
NSCR-LB (80, 200) 2000 2500 2925
NSCR-LB (20, 50) 2000 2500 2825

4.2. Performance Under the Cost239 Topology

For simulations under the Cost239 topology, considering the maximum path length,
we set the delay constraints for type 1 and type 2 services to 1 ms and 1.2 ms, respectively.

Similarly, here we first consider saturated load conditions and set the network load
to vary from 40 service arrivals per second to 100 service arrivals per second (i.e., from
8000 erlang to 20,000 erlang). Note that the load range is higher than that for the NSENET
topology, as the Cost239 topology has a much higher connectivity than the NSENET to-
pology. Figure 6 presents the network average wavelength occupation rate performance
of the three schemes. As shown in Figure 6, both the NSCR and NSCR-LB schemes reduce
wavelength usage in the network with respect to the conventional scheme, and under the
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40 service arrivals per second scenario, up to 16.6% and 16.3% of wavelength resources
are saved by the NSCR and NSCR-LB schemes, respectively. Note that compared to the
result under the NSFNET topology (i.e., Figure 3), the low wavelength occupation rate
advantage of the NSCR-LB scheme over the NSCR scheme under low-load conditions dis-
appears under the Cost239 topology because increased node connectivity under the
Cost239 topology inherently results in higher path diversity and fewer bottleneck links,
thereby minimizing the benefit of considering load balancing during path selection.

(Il conventional BINSCR [ INSCR-LB |
100 .

70 .

60 [ .

Wavelength occupation rate (%)
[=2]
o

50
40 60 80 100

Average service arrivals per second

Figure 6. Network wavelength occupation rates under the Cost239 topology.

Figure 7 presents the corresponding service blocking rate performance of the three
schemes. As shown in Figure 7a,b, for type 1 and type 2 services, the NSCR and NSCR-LB
schemes still show lower service blocking rates than the conventional scheme. However,
due to the enhanced node connectivity, the advantage is not as significant as that under
the NSFNET topology and is negligible when the network load increases to 100 service
arrivals per second. For the type 3 service blocking rate, the conventional scheme still un-
derperforms the NSCR and NSCR-LB schemes by more than 8.5% due to wavelength oc-
cupation by the type 1 and type 2 services. Clearly, this result proves the superiority of
the NSCR and NSCR-LB schemes by properly selecting paths and selectively employing
intermediate nodes for enhancing fgOTN layer exchange and aggregation while consid-
ering the delay target of each service. In terms of average service blocking rate, compared
to the conventional scheme, the NSCR and NSCR-LB schemes achieve up to 7.3% and 8.8%
reductions (60 service arrivals per second), respectively.

The performance of the three schemes under the Cost239 topology with unsaturated
load conditions is presented in Figure 8. Here, we adopt a network load of 40 service ar-
rivals per second, with an average service duration of 50 s (i.e., 2000 erlang). As shown in
Figure 8a, in terms of network average wavelength occupation rate, the NSCR and NSCR-
LB schemes save 45.4% and 46.6% of wavelengths compared to the conventional scheme,
respectively, showing the significant wavelength utilization efficiency of the proposed
schemes under low-load conditions. In terms of service acceptance rate, Figure 8b shows
that the NSCR and NSCR-LB schemes achieve a 100% service acceptance rate for all three
types of services, whereas the conventional scheme only accepts 92.1% of type 1 services
and 92.6% of type 2 services.
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Figure 7. Service blocking rate under the Cost239 topology: (a) type 1 services; (b) type 2 services;
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Figure 8. Performance under the 40 service arrivals per second with 50 s average service duration

(under the Cost239 topology): (a) network wavelength occupation rate; (b) service acceptance rate.

In Table 4, we present the maximum delay of each type of service under the Cost239
topology with the considered load conditions. It is easy to understand that for the NSCR
and NSCR-LB schemes, the maximum delay of type 1 services and the maximum delay of
type 2 services are higher than those of the conventional scheme due to the employment
of intermediate nodes for fgOTN layer exchange and aggregation. Nevertheless, the de-
lays are still within the acceptable range, and the type 1 and type 2 services are served
well.

Overall, these results prove that the NSCR and NSCR-LB schemes improve the ser-
vice acceptance rate while simultaneously reducing the use of wavelength resources, mak-
ing them suitable for fgOTN services with diverse delay requirements.
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Table 4. Maximum delay of accepted services (Cost239).

Scheme (Average Service Arrivals Per

Second, Average Service Duration) Typel(us) Type2(ps)  Type3(us)

Conventional (40, 200) 905 870 1210
Conventional (60, 200) 905 830 1145
Conventional (80, 200) 910 905 1210
Conventional (100, 200) 910 910 1210
Conventional (40, 50) 910 910 1210
INSCR (40, 200) 975 1130 1210
NSCR (60, 200) 975 1145 1210
NSCR (80, 200) 975 1145 1210
NSCR (100, 200) 975 1145 1210
NSCR (40, 50) 975 1145 1210
NSCR-LB (40, 200) 975 1130 1210
NSCR-LB (60, 200) 975 1145 1210
NSCR-LB (80, 200) 975 1145 1210
NSCR-LB (100, 200) 975 1145 1210
NSCR-LB (40, 50) 975 1145 1210

5. Conclusions

In this paper, we propose and investigate the NSCR and NSCR-LB schemes for
fgOTN s to facilitate the accommodation of diverse delay requirement services with low
service blocking rates and high resource efficiency. The two proposed schemes select
paths based on the routes of currently active services and select proper intermediate nodes
to participate in fgOTN layer exchange and aggregation under the constraint of service
delay target, thereby reducing the service blocking rate and improving network resource
utilization. Specifically, the NSCR scheme selects a path based on the quantity of currently
active services that can be aggregated in the last optical hop and wavelength occupation,
whereas the NSCR-LB scheme selects a path based on the currently active service that can
be aggregated in the last optical hop, the remaining bandwidth, and wavelength occupa-
tion. The two proposed schemes are evaluated under both the NSFNET and Cost239 to-
pologies, and the results prove that while satisfying the diverse delay requirements of
different services, the proposed schemes achieve substantial wavelength occupation and
service blocking rate reductions.

In future, we will incorporate artificial intelligence in selecting paths and intermedi-
ate nodes and design a service routing algorithm with further consideration of node ex-
change capability and service protection.

Author Contributions: Conceptualization: X.D., Y.W., Y.L,, and S.Y.; methodology: X.D., Y.L., and
S.Y.; software: X.D., Y.W.,, and Y.L.; validation: X.D. and Y.W; formal analysis: X.D., Y.W., Y.L., and
S.Y.; investigation: Y.W., Y.L., and S.Y.; resources: X.D. and Y.W.; data curation: X.D. and Y.W;
writing —original draft preparation: X.D., Y. W., and Y.L.; writing—review and editing: X.D., YW,
Y.L, and S.Y.; visualization: X.D. and Y.W.; supervision: X.D. and S.Y.; project administration: X.D.
and S.Y.; funding acquisition: X.D. and Y.W. All authors have read and agreed to the published

version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China under
Grant 62475064 and in part by the Natural Science Foundation of Zhejiang Province under Grant
LMS26F010003.

Institutional Review Board Statement: Not applicable.

https://doi.org/10.3390/photonics13070645


https://doi.org/10.3390/photonics13070645

Photonics 2026, 13, 645 16 of 18

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the observations of this work would be made
available by the corresponding author upon reasonable request.

Acknowledgments: The authors sincerely thank the State Grid Zhejiang Electric Power Company
for providing practical network data and valuable technical insights that supported this study.

Conflicts of Interest: Authors Xin Du and Yuhui Wang were employed by the company State Grid
Zhejiang Electric Power Co., Ltd. The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed as a potential con-

flict of interest.

Appendix A

The pseudo-code of the NSCR scheme is presented in Algorithm A1, and that of the
NSCR-LB scheme is presented in Algorithm A2.

Algorithm A1 Process of scheduling fgOTN service S using the NSCR scheme

1.

Obtains SRC, DST, BW, and DT of service S
Searches all currently active services, and finds services that (a) have the same source and destination nodes as service S, (b)
on each optical hop of the service, the remaining bandwidth on the wavelength carrying the service can afford service S, and (c)
the path delay of the service satisfies DT
If the finding result is not empty
From the services found, further finds the service that has the maximum value in terms of the minimal remaining bandwidth
on the wavelengths carrying the service, and sets the path and the intermediate node arrangement of this service for service S
Else
Generates k candidate paths using the KSP algorithm
For each candidate path i, do
If Di>DT
The path is scored with -1
Else
Initializes the score of the path with 0
If the path can also satisfy Di+ P <DT
Initializes the score of each node on path i with 0
For each currently active service having DST as the destination node, do
If the start node of the last optical hop of the service is a node on path i and the remaining bandwidth on the
wavelength of the last optical hop of the service can afford service S
Increases the score of the node by 1
End
End
Finds the highest score node on path i and notes the node as the LOHN for the path, and calculates AJW for the
segment from SRC to the LOHN on the path
Updates the score of path i using (1)
End
End
End
If none of the paths have a score larger than or equal to 0
Rejects service S and ends the process
Else
If there is a path having a score larger than 0
Selects the path having the highest score for service S
Else
Selects the shortest path having a score of 0 for service S
End
If the selected path has a score larger than 0
Selects the LOHN of the path as an intermediate node, and then from the SRC to the LOHN segment, further selects n
nodes as intermediate nodes by calculating node WS score using (3) and choosing the nodes having the highest scores
Else
From the selected path, selects u nodes as intermediate nodes by calculating node WS score using (5) and choosing
the nodes having the highest scores
End
End
End
For each optical hop of the selected path, do
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40. Find a wavelength that is currently active, can accept service S, and has the largest remaining bandwidth for service S
41. If no active wavelength can accept service S but an inactive wavelength is available for accepting service S

42. Activate a new wavelength to accommodate service S on the optical hop

43. Else

44. Rejects service S and ends the process

45. End

46. Assign bandwidth on the selected wavelength for service S on the optical hop

47.  End

48.  Accepts service S and saves the relative information in the NM

Algorithm A2 Process of scheduling fgOTN service S using the NSCR-LB scheme

1. Obtains SRC, DST, BW, and DT of service S
Searches all currently active services, and finds services that (a) have the same source and destination nodes as service
2. S, (b) on each optical hop of the service, the remaining bandwidth on the wavelength carrying the service can afford service
S, and (c) the path delay of the service satisfies DT
3. If the finding result is not empty
From the services found, further finds the service that has the maximum value in terms of the minimal remaining band-
4, width on the wavelengths carrying the service, and sets the path and the intermediate node arrangement of this service for
service S
5 Else
6. Generates k candidate paths using the KSP algorithm
7. For each candidate path i, do
8 If Di>DT
9. The path is scored with -1
10. Else
11. Initializes the score of the path with 0
12. If the path can also satisfy Di+P<DT
13. For each currently active service having DST as the destination node, do

If the start node of the last optical hop of the service is also a node (e.g., node j) on path i, and the remaining

14. bandwidth on the wavelength of the last optical hop of the service can afford service S
15. Calculates a score using (7)
16. If the calculated score is higher than the current score of path i,
17. Updates the score of path i by the calculated score, and records node j as the LOHN for the path
18. End
19. End
20. End
21. End
22. End
23. End
24, If none of the paths have a score larger than or equal to 0
25. Rejects service S and ends the process
26. Else
27. If there is a path having a score larger than 0
28. Selects the path having the highest score for service S
29. Else
30. Selects the shortest path having a score of 0 for service S
31. End
32. If the selected path has a score larger than 0
Selects the LOHN of the path as an intermediate node, and then from the SRC to the LOHN segment, further
33. selects 7 nodes as intermediate nodes by calculating node WS score using (3) and choosing the nodes having the
highest scores
34. Else
35 From the selected path, selects 1 nodes as intermediate nodes by calculating node WS score using (5) and choos-
) ing the nodes having the highest scores
36. End
37. End
38. End
39. Same as step 39~47 in Algorithm Al
40. Accepts service S and saves the relative information in the NM
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