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Abstract

This study addresses hybrid traffic scheduling challenges in time-sensitive networking (TSN) over wide area
networks (WANs) by proposing a dynamic collaborative scheduling algorithm based on cyclic specified queuing and
forwarding ( CSQF ). Fixed resource blocks (FBs) and elastic resource blocks ( EBs) are partitioned to isolate
time-triggered (TT) and audio-video bridging ( AVB) flows. Dynamic cycle scaling and sliding window preemption
further optimize resource efficiency. Simulations show the algorithm achieves 75. 6% AVB flow scheduling success
under 3 000 total flows, reduces resource fragmentation by 28% compared to static strategies, and ensures 100%

TT flow success. Results demonstrate its effectiveness in balancing strict TT delay constraints with enhanced hybrid

traffic performance, offering a practical solution for deterministic WAN transmission.

Keywords time-sensitive networking (TSN) , hybrid traffic scheduling, cyclic specified queuing and forwarding ( CSQF) , dynamic collaboration

1 Introduction

In emerging domains such as industrial Internet,
smart manufacturing, and autonomous driving, TSN
has emerged as a pivotal technology underpinning
real-time communication, leveraging its high-precision
latency control and large-scale data transmission

"', However, the deployment of TSN

capabilities

within  WANs

Traditional scheduling mechanisms (e. g., time-

encounters significant challenges.
aware shaper ( TAS)'?' and cyclic queuing and
forwarding ( CQF )1 )

assumption of negligible propagation latency, typical

inherently rely on the

of local area networks ( LANs). Furthermore, these

mechanisms are constrained by the seven-hop
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limitation imposed by the IEEE 802. 1D protocol *! |
rendering them ill-suited for the inherent latency

characteristics of networks.

Additionally,

synchronization precision, high traffic dynamism, and

long-distance
issues such as insufficient time
intense resource contention within WANs further
impede the large-scale adoption of TSN.

To extend TSN to wide-area environments, the
Internet engineering task force (IETF) deterministic
networking ( DetNet ) Working Group proposed the
CSQF mechanism. It achieves deterministic end-to-end
latency control (jitter less than or equal to 2 cycles)
by partitioning time into fixed-length cycles and
labels'™'.

Nevertheless, CSQF exhibits the following limitations.

annotating packet headers with cycle
1) Its cyclic label stack primarily supports single-flow
linear path scheduling, presenting difficulties in multi-
flow hybrid traffic scenarios; 2 ) the scheduling

problem exhibits nondeterministic polynomial-time hard
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(NP-hard) characteristics, resulting in high modeling
complexity; 3) The diverse quality of service (QoS)
requirements inherent to hybrid traffic exacerbate
resource allocation conflicts. For instance, TT flows
demand strict periodicity and low-latency guarantees,
whereas AVB flows

bandwidth utilization.

place greater emphasis on
Traditional static scheduling
algorithms  struggle to concurrently satisfy these
divergent requirements.

Hybrid traffic encompasses three distinct flow types
TT flows, audio AVB flows, and best-effort ( BE)
flows. TT flows mandate stringent periodicity and
timeliness for transmission, while AVB flows possess
specific requirements for bandwidth and transmission
latency'®. The existing scheduling algorithms ( such as
greedy randomized adaptive search  procedure
(GRASP) and particle swarm-optimization orthogonal
multiple access ( PSO-OMA ) ) exhibit computational
complexity that grows super-linearly with network scale
(O(n’)), making them unable to meet the real-time
scheduling demands for large-scale nodes and traffic in
WANs. For instance, as mentioned in Ref. [7],
topology

constraints of cross-domain traffic in scenarios like the

dynamic changes and  spatio-temporal
fifth generation mobile network (5G) core networks or
cloud-edge collaboration further exacerbate scheduling
difficulties. Ref. [8]
programming ( ILP) formulation for the scheduling

problem and introduced a GRASP-based heuristic for

proposed an integer linear

routing. Ref. [9] presented a hybrid traffic scheduling
mechanism combining TAS and CQF mechanisms; this
mechanism dynamically arranges the overall scheduling
sequence of mixed traffic based on flow laxity while
ensuring the schedulability of TT flows, thereby
guaranteeing efficient scheduling of multiple types of
mixed traffic in TSN. Ref. [ 10 ] proposed dependency-
( DAPS)

algorithms tailored for different link overlap conditions.

aware priority  scheduling adjustment
Refs. [11 -13] designed a probabilistic coloring
algorithm, an hybrid
scheduling and routing ( OHDSR) method, and an

improved PSO-OMA | respectively, to reduce latency

optimized deterministic

and conflicts. However, these methods predominantly

focus on LAN scenarios and suffer from high

algorithmic complexity, making them challenging to
adapt to the scalability demands of WANs.

Consequently, to address the challenges of hybrid
traffic scheduling in WAN environments, this paper
proposes a dynamic cycle-cooperative scheduling
algorithm based on the CSQF mechanism. This
algorithm rationally partitions periodic resource blocks
to jointly accommodate the scheduling requirements of
both TT and AVB flows, ensuring the timeliness
constraints of TT flows are met while concurrently
providing flexible bandwidth allocation strategies for
AVB flows. Furthermore, the algorithm incorporates a
dynamic cycle scaling mechanism to adapt to
fluctuating network loads. Additionally, it employs a
sliding window preemption strategy to mitigate conflicts
among different traffic types, thereby optimizing the
overall scheduling efficacy of the hybrid traffic.

The main contributions of this paper can be
summarized in three points.

1) A separation mechanism for fixed resource blocks
(FB) and elastic resource blocks ( EB) based on
CSQF is
between TT flows and AVB flows; compared with

proposed, achieving physical isolation
traditional CSQF’s single-process scheduling, this
effectively resolves QoS conflicts arising from mixed
traffic.

2) A dynamic period-scaling and sliding-window
pre-allocation coordination strategy is designed;
relative to static-period scheduling methods, it reduces
resource fragmentation by 28% and improves the
scheduling success rate of AVB flows by more than

15%.

3 ) A GPU-accelerated parallel ILP solving
framework is constructed for large-scale WAN
scenarios;  compared  with  existing  ILP-based

scheduling algorithms, it achieves the 3 — 5 times
increase in computational efficiency and markedly
enhances scalability. Compared with representative
approaches, the proposed method overcomes the
limitations of conventional CSQF in mixed-traffic
scheduling, balances the determinism of TT flows with
the elasticity of AVB flows, and is better suited to
WAN environments characterized by long latency and

massive deployment.
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2 System model
2.1 Network model

A TSN is abstracted as a directed graph G = (V,E) ,
where V denotes the set of network nodes comprising
TSN switches and end stations. The set E represents
physical links. Since TSN operates over full-duplex
Ethernet, a physical link between nodes V, and V,
corresponds to two unidirectional links; [ V,,V,] and
(v,,v,]m.

Network traffic is classified into three categories: TT
flows, AVB flows, and best-effort ( BE) flows. This
paper exclusively considers the scheduling of TT and
AVB flows, excluding BE flows from consideration.
Thus, the schedulable flow set F is defined as F =
{ F'l"[‘ ’F/\\'B } .

If a flow f, € Fyp, it is characterized by the seven-
tuple ,
fi= 48D T e LD P T (1)

where S! denotes the source node of the TT flows, D!

denotes the destination node, T' denotes the

i_cycle
transmission period, L denotes the frame size (in B) ,
D! denotes the deadline of the flow, P! denotes the

path information of the flows, T/ . denotes the offset
time of the flows.

If a flow f; € Fy, it is characterized by the five-
tuple ,
fi=18',D} B D" P} (2)
where Sf denotes the source node of the AVB flows,
D_f\ denotes the destination node, B/A denotes the
bandwidth requirement, D]A denotes the deadline of the

flow, P;‘ denotes the path information of the flows.
2.2 Hybrid traffic scheduling model

The CSQF mechanism divides the transmission time
at an output port into a series of equal intervals, each

called a cycle T Among the multiple queues

slot*
participating in scheduling, only one queue serves as
the transmission queue ( Tx) per cycle, while the
others function as reception queues ( Rx). Reception
queues exhibit differential waiting times based on their

positional offset from the queue (Tx)'"'. The queue

resource blocks at each port across different cycles can
be defined as R(T(V;)_ v, » Where T(t) denotes the current
cycle within the sequence of time slices, and (V,,V,)
represents the network link between nodes V, and V.
A hybrid traffic scheduling model designed using the
CSQF mechanism must accommodate the QoS

requirements  of diverse traffic types''*’.  This
necessitates partitioning resources into two categories;
FB and EB, allocated to distinct traffic classes''”’.
Specifically, FB guarantee deterministic transmission
for TT flows. EB are allocated to bandwidth-sensitive
traffic, namely AVB flows. As illustrated in Fig. 1,
assume the CSQF scheduling model utilizes N queue
resources. The first K queues are allocated to TT
flows, while the remaining N — K queues are assigned
to AVB flows. Upon arrival, TT flows are prioritized to
enter the reception queues closer to the Tx queue. This
minimizes their waiting time ( requiring fewer cycles) ,
aligning with their stringent low-latency requirements.
Conversely, AVB flows, possessing lower priority and
more relaxed latency constraints, are directed to
rearward reception queues. Each queue has a finite
capacity L. When a queue accumulates sufficient
packets and exhausts its capacity, it becomes unable to
receive further data. In this scenario, the system must
select a rearward queue with available capacity for
incoming traffic. Failure to locate such a queue result

in a buffer overflow, ultimately causing packet loss.

fv,:F'rl ]

Rx
=l | = W Yin

Fig. 1 Hybrid traffic scheduling model based on CSQF

As illustrated in Fig. 2, an example demonstrates
the scheduling scenario for TT flows and AVB flows
within a two-hop network when N =3. Dashed lines in

the figure denote waiting for transmission, while solid
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lines indicate the ongoing transmission of current

traffic. Assuming both flows (one TT flow and one

Node C, the TT flow, possessing higher priority, is
transmitted preferentially during the T}, cycle, while the

AVB flow) traverse from Node A through Node B to AVB flow waits in the subsequent queue.
. I:S RXNodc BatT, &\(’N()dﬁ AarT, ‘g
= Wl 1T & Ax | iRy |
X |
L IR N R e e
A " NodéBaiT,} || NedeBatT, | Node Bal T,
Rx ; ! X N
— B T X | —_
i M5 [T o B o = A O
i e TR ™.
B Node Cat 7, " Node Cat T, |
Rx— Rx —¢ i
I | R i
="
¢ T, T T, T, T,
Fig. 2 Illustration of hybrid traffic scheduling with CSQF

According to the operational principle of the CSQF
mechanism, the queue states cycle periodically, with
each queue taking turns to have its gating mechanism

the  transmission
the WAN

propagation delay is non-negligible, it is accounted for

opened to  become queue.

Furthermore, given scenario  where
that traffic incurs a propagation delay equivalent to one
cycle duration before arriving at the next node.
Consequently, at T,, the queue containing the AVB
flow at Node A becomes the transmission queue and
commences transmission; simultaneously, at Node B,
the TT flow enters the foremost receiving queue (which
is scheduled to become the transmission queue in the
next cycle). During T,, the AVB flow arrives at Node
B and enters a receiving queue; if no TT flow is
currently pending scheduling at Node B, it may enter
the foremost receiving queue for priority handling.
Meanwhile, the TT flow departs from Node B. The
scheduling process during T, mirrors that of T, at
which point the TT flow arrives at Node C and
completes its scheduling. At T,, the AVB flow also
arrives at Node C and completes its scheduling.

From this sequence, the cycle tag for the TT flow is
derived as <0, 2). In this specific instance, both
types of

simultaneously at initialization. Due to the AVB flow

traffic enter their respective queues

occupying a lower-priority queue, it ultimately

experiences a scheduling delay greater than that of the

TT flow by Az, equivalent to 1 T, duration. Under
CSQF  hybrid

independent

slot

this traffic scheduling mechanism,

queues for each traffic are

type
guaranteed, and resource allocation is dynamically
adjusted based on traffic demands and network load
conditions to maximize network resource utilization

efficiency.
2.3  Model assumptions

The scheduling model in this paper is based on the
following assumptions.

1) BE traffic scheduling is not considered for now:
BE traffic has no strict QoS requirements and can be
transmitted opportunistically using residual bandwidth
in actual deployments. This paper focuses on the
hybrid scheduling optimization of TT and AVB flows.
Support for priority scheduling mechanisms for BE

traffic can be extended in the future.

2 ) The mnetwork has sub-microsecond clock
synchronization; this relies on the IEEE 1588 PTPv2
precise clock synchronization protocol. In WAN

scenarios, sub-microsecond synchronization accuracy
has been achieved through optical fiber transmission
and clock correction techniques.

3) A centralized control architecture is adopted:
global resource scheduling is implemented based on a
( SDN )
controller, which aligns with the WAN deterministic

centralized  software-defined  networking
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transmission control architecture recommended by the
DetNet working group.

A reasonable deployment scenario for the above
assumptions should meet the following characteristics.
First, it requires high real-time and deterministic
transmission performance, with priority given to

guaranteeing the QoS characteristics of TT/AVB flows;

second, it should feature controllable network
infrastructure  that can  deploy the  PTPv2
synchronization protocol and an SDN controller;

additionally, it should have a low proportion of BE
traffic or accept opportunistic transmission delays.
scenarios include; industrial

Specific  deployment

Internet backbone networks, wide-area measurement
systems in smart grids, and cloud-edge collaborative

manufacturing networks.
3 Algorithm design

3.1 Problem modeling

In WAN environments, the scheduling demands for
mixed traffic primarily manifest in balancing the

transmission efficiency and resource allocation between

TT flows and AVB flows, which exhibit NP-hard

[18]

characteristics TT flows typically require stringent

delay control, while AVB flows prioritize bandwidth

[19

utilization™'. Driven by these divergent requirements,

conventional  scheduling  methods  struggle to

simultaneously satisfy the heterogeneous characteristics
of both traffic types, particularly under resource-
constrained conditions. To address the needs of both
traffic types and enable efficient —mixed-traffic
transmission, this chapter proposes a scheduling
scheme based on the CSQF mechanism. This scheme
high-efficiency transmission

ensures cooperative

through precise resource allocation and dynamic

scheduling strategies, as depicted in Fig. 3.

CSQF

independent queue resources for each traffic type, via

Specifically,  the mechanism  allocates
dynamic adjustments, guarantees the timeliness of TT
flows while maximizing the bandwidth utilization of

AVB flows.

[ Hybrid traffic flow scheduling model based on CSQF J

| |

TT flow scheduling LD AVB‘ﬂon]‘scl'tledu]in%
1. TLP-based fixed bandwidth - ynamic aqustment o
. elastic period
reservation

2. Cycle label alignment 2. Sliding window preemption
! for EB

x ] ’
4 ~ . N\
Global resource orchestration
1. Periodic synchronization
L 2. Conflict detection and remapping )

Fig. 3 Collaborative transmission process of TT and

AVB flows

To achieve this objective, the following optimization
goals are defined.

1) Ensure all TT flows complete end-to-end
transmission within their deadlines. That is, TT flows
must transmit all packets on time within the specified
cycle without exceeding the predefined delay
constraints.

2) Maximize the number of successfully scheduled
AVB flows, scheduling as many AVB flows as possible
to meet their bandwidth requirements. AVB flows are

therefore, without

AVB flow

remaining

generally more delay-tolerant;

compromising TT flow transmission,

should  fully

bandwidth resources. Define S, as an indicator for

scheduling leverage the
whether the AVB flows are successfully scheduled,
1; if f; € F\yp schedulable

9

S, = (3)

0; Otherwise

9

Further, the optimization objective is formalized as

max Z S, (4)

To ensure that the scheduling process satisfies dual
requirements of real-time constraints and bandwidth
utilization , it is necessary to fulfill a series of constraint
conditions. The following outlines primary constraints

for different traffic types.

3.1.1

Constraints for TT flows

1) Strict deadline constraint

All packets of every TT flow must complete
transmission within their specified delay limits. For a
TT flow f;, its end-to-end delay from the source to the

destination node, denoted as f;

i_delay »

must be strictly

less than or equal to its deadline D. Thus, all TT
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flows must satisfy the following delay constraint,
ﬁ_delay sD;r; v.f; € FTT <5)
where f, ., represents the end-to-end delay of the

flow, and D denotes the maximum allowable delay,
the deadline.

2) Period lower bound constraint

i.e.,

Each TT flow’s packets must complete transmission
within its predetermined period to meet latency
requirements. The lower bound must guarantee that all
packets stored in the queue can be scheduled within
this duration. This duration includes the processing
delay f, .., queuing delay f, .., and transmission

delay f; ... The lower bound constraint is expressed

as
min Tslnt = Iif;fprnc + (f;iquouc + iJrans) —I g
M
(fi_pmp + ﬁ/w (6)

where L denotes the maximum queue capacity, M
denotes the maximum packet size, and BW denotes the
link capacity.

3) Period upper bound constraint

To ensure system stability and enable effective
scheduling of all TT flows, the upper bound of the
period length must guarantee that the periods of all TT
flows in the system are divisible by this bound. This
upper bound equals the greatest common divisor
(GCD) of all flow transmission periods. The constraint
is formalized as
=6( Trlll(*,yf',lc s T;;nyclc » " TiT,cyclc) (7)
denotes the period of a TT flow.

max T.

slot

where T7

i_eycle
Typically, T, exceeds its minimum value and must be
divisible by the hypercycle ;
THypcrcynlc = L( Tpl[;cyclc ’ T;pyclc 2" Tzeycle) (8 )
Tigpereycte mod Ty, =0 (9)
4) Offset time constraint
The bias determines the initial transmission cycle
time for each stream, defined as the time when the
stream begins transmission from the ingress switch
(first switch ) at the source node to the terminal
node'™ . This bias must not exceed the stream’s cycle

TT flow must be fully

forwarded within the current transmission cycle to

duration.  Furthermore,

prevent flow interference between adjacent cycles,

T
O<T e <7 (10)
- Ty,
5) Bounded queue length constraint
The number of TT flow data packets cached in a
single queue must not exceed the total queue capacity
L, thereby preventing overflow-induced packet loss. As
TT flows utilize FBs, their queue capacity requires
independent management. This constraint ensures that
each FB queue remains non-overloaded during any
cycle

QTT(t’m) $L;

3.1.2 AVB flow constraints

Yi,m<K (11)

1) Bandwidth constraint

During transmission, the minimum bandwidth B,\ for
the AVB flow must be guaranteed. This requires the
allocation of continuous or discrete periodic blocks
within elastic resource blocks. The quantity of these
blocks is determined by converting the bandwidth

requirements,

BT,
N= (’7} (12)

8
2) Elastic resource block constraints
To prioritize the transmission of TT flows, the

dynamic resource acquisition for AVB flows must not
occupy the fixed resource blocks allocated to TT flows,
thereby avoiding interference with the deterministic
Define the

resource allocation matrix R(t¢), where r(t,m) =1

transmission of time-sensitive flows.
indicates that queue m is occupied at cycle, and r (i,
m) =0 otherwise. Let M, denote the fixed resource
block set dedicated to TT flows. The constraint is
formalized ;
r(t,m) =0; Vi,meM, (13)

This constraint ensures strict isolation between EB
and FB.

3) Preemption window constraints

AVB flows are permitted to preempt elastic resources
only within a finite future horizon via a sliding window
strategy, preventing long-term occupation that could
affect future reservations for TT flows. Let W denote
the preemption window size (in units of cycles). If the

current cycle is £, AVB flows may preempt EB resource
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blocks solely within the interval [¢,¢ + W]. Define
N, (1) as the number of EB resource blocks allocated
to the flow at a cycle ¢. The constraint is given as
Ny () =05 Yi'>t+W, VfeF,, (14)
4) Delay constraint
The maximum latency for AVB flows from queue
entry to scheduling must satisfy an upper bound to
prevent excessive queuing of low-priority traffic. Let
D/A denote the maximum allowable delay for an AVB
flow. This constraint is formalized as
i detay ngA s VeF (15)
Combined with queue mapping rules, AVB flows are
inserted into

lower-priority queues, resulting in

significant queuing delay expressed as N, T,,,-
3.2 TT flow scheduling based on fixed resource
blocks

The ILP-based TT flow scheduling algorithm is

designed to achieve  high-precision  end-to-end
transmission for TT flows in WANs, while balancing
low computational complexity and high reliability. This
algorithm integrates shortest weighted path routing with
a periodic scheduling mechanism. Through link delay
compensation, periodic label assignment, and queue
capacity verification, it resolves latency fluctuations
and resource contention issues during TT flow
transmission.

To explicitly formalize the scheduling problem, the
proposed ILP model is defined by the following key
elements. The primary decision variable is denoted as

x a binary variable that equals 1 if the packet of

)
TT flow f; is transmitted by node n in cycle ¢, and 0
otherwise. The objective function aims to minimize the
total scheduling time slots used, thereby compacting
the schedule to reserve maximum contiguous space for
AVB flows. The model is subject to three critical sets
of constraints; uniqueness and consistency constraints,
which ensure that each flow is scheduled exactly once
per period on its path and strictly follows the cycle
defined by (Eq. (10));

capacity and conflict-free constraints, ensuring that the

sequence link delays

number of packets assigned to a specific queue g does

not exceed its physical buffer capacity C, (Eq. (11))
and that fixed resource blocks are not oversubscribed;
and hard real-time constraints, which enforce that the
cumulative end-to-end latency, including processing
and propagation delays, strictly adheres to the flow’s
deadline D,(Eq. (5)).

The detailed algorithmic framework of the ILP-TT
flow scheduling scheme based on shortest weighted
path  routing is
Algorithm 1.
Algorithm 1  ILP-TT flow scheduling scheme based
on shortest weighted path routing

presented in  pseudocode as

Input: Network topology G = (V,E), link weight, flow set Fy,
to be scheduled and flow parameters.
Output; Path selection and time slot allocation for f; € Fyp,
i. e. , successful scheduling of the TT flow set F" .
1. For each TT flow f, € Fry, from source node S! to
destination node D! do
2. Use the shortest weighted path algorithm to select the
optimal transmission P! considering link delay and
bandwidth
For each node V, in path P do
4. Calculate the link propagation delay 7 between current
node V, and next node V,
5. Compute the required period offset AT; based on delay
7, and strictly verify if the current queue capacity C, is
sufficient to accommodate the frame size of f;.

if verification fails then

7 Mark as “No feasible route, scheduling failed” and
break
end if

9 end for

10 Construct the ILP model by applying constraints for

strict deadline adherence, periodic flow isolation, and
maximum queue buffer limits, referencing Eqgs. (5) —
(11).

11 Execute the ILP solver to determine the precise time

slot allocation and queue mapping for flow f;.

12 if a feasible solution S, is found then

13 Update the set of successfully scheduled flows S«
SwUIf )

14 Update the occupied link time slot resource blocks

in the global reservation matrix

15 else
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16 “No available slots, scheduling failed” this algorithm depends on the number of network
17 end if nodes, the number of TT flows, and the complexity of
18 end for

19 return S,

The algorithm initially selects the optimal path for
each TT stream using the shortest path algorithm with
weighted links. This path selection comprehensively
considers both the physical topology of the network and
the weights of the links (e. g., link delay), thereby
ensuring that the chosen path provides low latency and
high bandwidth utilization during transmission.

Subsequently, slot allocation is performed through

an ILP formulation?"’.

Periodic label assignment is
executed for each node V along the current path. The
link propagation delay L., , , between the current

node V, and the next node V_, is computed, followed

by the calculation of the period offset A =
L(VaV,.) .
T’i based on this delay.

slot
If the current node V, is the source node, an initial
periodic label (T, Q.> is assigned, where T, denotes
the period identifier and (), represents the queue
identifier. For non-source nodes, the periodic label is
inherited from the previous hop as T, =T, -1 + Aa -
1, and the queue position Q, = (Q, -1 +1)mod M is
allocated based on the queue identifier of the preceding
node.

Upon completing the periodic label assignment, the
algorithm verifies whether the queue capacity C (Q,)
satisfies the requirements of the TT flow. Should the
queue capacity prove insufficient to accommodate the
data volume Q. (T,,Q,) +L(V,,V,.,) >Cr(Q,) of
the current stream, the period offset and periodic label
are recalculated to ensure scheduling validity.

Finally, the algorithm updates the resource
reservation matrix Ry, with the computed periodic

labels

information of flow f; in the corresponding queue

and queue identifiers. This stores the

position, guaranteeing scheduled transmission in future
cycles. Successfully scheduled flows are recorded in
the set of successfully scheduled TT flows F"

suc *

The runtime of the ILP solver for TT flow planning in

the constraints. In the experimental environment (Intel
(R) Core(TM) i5-8300H CPU + NVIDIA RTX-2080-
Ti GPU) , when there are 200 TT flows and 16 network
nodes, the average runtime of a single ILP solve is
0. 87 s; when the number of TT flows increases to 500
while the node count remains at 16, the average
runtime rises to 2. 31 s.

To ensure practicality for large-scale problems, the
algorithm incorporates the following optimizations.
1) It employs shortest weighted path routing to pre-
select candidate paths, thereby reducing the number of
decision variables in the ILP model. 2) It introduces a
period label alignment and queue capacity pre-
validation mechanism to discard infeasible solutions in
3) It
leverages GPU parallelism to accelerate the ILP solving

advance, decreasing unnecessary iterations.

process, processing multiple TT flow ILP models
concurrently with multi-threading, which yields a 3 -5
times efficiency gain compared with serial CPU
computation. Experimental results demonstrate that,
even when the number of network nodes increases to 50
and the number of TT flows reaches 1 000, the
algorithm can complete the scheduling plan within
10 s, satisfying the real-time scheduling requirements

of WAN scenarios.

3.3 AVB flow scheduling optimization based on

dynamic elastic cycles

To maximize the number of successfully scheduled
AVB flows in hybrid traffic scheduling, this study
proposes an AVB flow scheduling algorithm based on
dynamic period adjustment and elastic resource block
allocation. This algorithm dynamically adjusts cycle
times according to network load, rationally allocates
resource blocks, and effectively addresses resource
fragmentation  issues,  thereby  enhancing the
transmission performance of AVB flows in mixed-traffic
environments. The AVB flow scheduling scheme based
on dynamic cycle adjustment and elastic resource block

allocation is detailed in pseudocode as Algorithm 2.
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Algorithm 2 AVB flow scheduling scheme based on
dynamic cycle adjustment and elastic resource block

allocation.

Input: Network topology G = (V, E), link bandwidth BW,

network load factor L flow set F,y, to be scheduled and flow

load »

parameters, cycle T

slot 2

scheduled the TT flow set F"

suc ®

sliding  window W, successfully

Output: Bandwidth and period allocation for f; € Fyyy, i.e.,
successful scheduling of the AVB flow set F*

s

with dynamic

cycle length T, ...
1. Calculate the current network load factor based on the
usage of fixed and elastic resource blocks. Compare the
load against congestion thresholds ( 0.7/0.3) to
dynamically expand or compress the elastic cycle length
elastic *
2. for each AVB flow f; € 'y, do
Determine the required number of elastic resource
blocks N; by dividing the flow’s bandwidth requirement
by the bandwidth capacity of a single block.
to T + W do

4. for cycle ¢ from T current
if sufficient available elastic resource blocks exist in

current

(9,

cycle ¢ then

6: Tentatively allocate the resource blocks to flow f;
7 Update the global resource reservation matrix M
8 break (proceed to conflict check)

9 else (Insufficient resources)

10 Trigger the token bucket rate-limiting mechanism

to constrain the bandwidth demand of f;, recalculate the
required block count IV;, and re-attempt allocation.

11 end if

12 Conflict detection: verify if the current allocation
conflicts with fixed resource blocks reserved for TT flows
(Spp)-

13 if a temporal conflict is detected then

14 Shift the allocation to the next valid slot within

the sliding window to avoid the conflict

15 else

16 Confirm the reservation and maintain current
allocation

17 end if

18 end for

19 end for

20 return S,,; with updated T

elastic

The algorithm initially computes the network load

factor according to

Nrs +NEB
N,

where N, denotes the number of used FB resource

Lluad = ( 16)

total

blocks, Ny, denotes the number of used EB resource
blocks, N
blocks.
parameter T ..

Ty, (1+a); Ly,,>a
Te]aalit‘ - Tslnt(l _ a) ; Lmd <b

to adapt to current network conditions.

i denotes the total number of resource

Subsequently, it dynamically adjusts the

based on
(17)

When the
network experiences heavy-load conditions (L, ,, >a),
the cycle is prolonged to ensure adequate bandwidth
allocation for AVB flows. Conversely, under light-load
scenarios (L, <b), the cycle is shortened to enhance
resource utilization.  Referencing the congestion
threshold design principles of transmission control
protocol (TCP) vegas'”' and data center transmission
control protocol ( DCTCP)'®’ | link utilization below
30% 1is classified as a light-load state, while utilization
exceeding 70%  triggers  congestion  avoidance
mechanisms. Consequently, the experimental design in
this chapter adopts the thresholds @ =0. 7 and b =0. 3.

For AVB flows, the number of required resource
blocks N; is calculated according to

B TW

N S (1)
where S, represents the bandwidth of a single
resource block. The sliding window mechanism is then
employed to search for available elastic resource blocks
over T future cycles. If sufficient available resource
blocks are found within the sliding window, these
resources are allocated to the AVB flow, and the

updated. If

insufficient resource blocks are available, the algorithm

resource allocation matrix R,, is
triggers the token bucket rate-limiting mechanism. This
adjusts the bandwidth demand of the AVB flow through
token bucket quotas and recalculates the required
number of resource blocks .

Additionally, the algorithm checks for resource
conflicts with successfully scheduled TT flows. Should
any resource conflict exist, the AVB flow is deferred to
the next safe time window.

Upon completing the scheduling process, the

algorithm broadcasts the updated elastic cycle T

elastic
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and the resource allocation matrix R,,, across all
network nodes via the centralized network architecture.
This ensures coordinated consistency throughout the
entire network.

The complete algorithm flowchart is illustrated in
Fig. 4. The time complexity primarily depends on the
dynamic cycle scaling and elastic resource allocation
processes. Within a single network node, dynamic
cycle scaling traverses the resource block states within
the current cycle window, resulting in a time
complexity of O(N). Sliding window preemption only
requires querying the states of K queues, exhibiting a
complexity of O (K).
utilizes a proportional-integral controller for real-time
bandwidth
computational overhead of O (1). Consequently, the
O(N+K),
significantly lower than traditional centralized ILP

scheduling methods ( O (2")).

scenarios involving M nodes, the overall complexity

Elastic resource allocation

adjustment,  incurring a  constant

per-node  algorithm  complexity s

For large-scale

scales to O(M(N +K) ), demonstrating linear growth
with the number of nodes. This aligns with the

requirements for large-scale design.

[ Input topology and flow set]

information, start

1

Traffic classification

and feature analysis

Algorithm 1

Allocating fixed resource
blocks with strictest priority

Adopting shortest weighted
routing method

for path selection

)

Solving time slots

using ILP solver

Elastic resource block
allocation via sliding window

|

Further optimizing AVB stream
scheduling with sliding window

preemption strategy

Detecting
temporal allocation
conflicts?

[<

Fig. 4 Hybrid traffic scheduling method flowchart

4 Simulation experiments and results analysis

4.1 Simulation environment design

The simulation environment was implemented using
Python programming, with computations executed on a
local computer enhanced by graphics processing unit
( GPU) The hardware configuration
comprised an Intel(R) Core (TM) i5-8300H CPU @
2.30 GHz ( 8-core processor) and 16GB random
access memory ( RAM).
offloaded to an NVIDIA RTX 2080 Ti GPU to leverage

parallel processing capabilities, thereby accelerating

acceleration.

Computational tasks were

algorithm  performance  and  expediting  model

convergence.

The acceleration mechanism of the RTX 2080 Ti
GPU is primarily realized through the compute unified
( CUDA)

parallelization strategies covering four aspects: task

device architecture architecture, with

partitioning,, data parallelism algorithmic
optimization, and communication optimization. Task
partitioning separates the ILP solving tasks for TT-flow
scheduling from the resource-block allocation tasks for
AVB flows into independent parallel task sets. The ILP
solving tasks are grouped by TT flow, with each GPU
core handling the ILP model of 1 —2 TT flows, while
the AVB-flow allocation tasks are grouped by link and
processed in parallel. Data parallelism stores global
information such as the network topology and the
resource reservation matrix in GPU shared memory.
Parallel tasks access the data through a memory pool,
enabling  high-efficiency reads and eliminating
redundant data-transfer overhead. Algorithmic parallel
optimization uses the single-instruction-multiple-thread

( SIMT ) during ILP

constraint-validation = module

architecture solving.  The

evaluates  multiple

Data and Code Availability Statement

The datasets generated and analyzed during the current study, along
with the complete source code implementing the proposed CSQF-based
hybrid traffic scheduling method and GPU-acceleration components, are
available in the GitHub repository: https: // github. com/xzcvvbxzfd/
CSQF_Hybrid_Scheduler.
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candidate solutions concurrently, and the dynamic
period-adjustment module computes each link’s load
status in parallel-speeding up period parameter

optimization. Communication optimization employs
asynchronous data transfer, allowing the CPU and GPU
to  handle different of the

simultaneously and reducing waiting time associated

stages workflow
with data movement.

modeled after the
[24]

The network topology was
Internet2 backbone network architecture'™", a widely
adopted framework for simulating wide-area network
scenarios. This topology consists of 16 nodes: 8 edge
host nodes ( denoted hO —h7) representing industrial
terminal equipment (e. g. , sensors, controllers) and
8 core switch nodes (labeled 0 —7). These nodes
full-duplex  links

propagation delays ranging from 0. 15 ms to 6. 77 ms.

interconnect  via exhibiting
The 0. 15 ms delay corresponds to short-range links
typical of intra-factory device communication, while
the 6. 77 ms delay emulates long-distance transmission
characteristics, analogous to the approximate 5 ms
unidirectional fiber delay between Beijing and
Shanghai. The topology was constructed as a directed
weighted graph using the NetworkX library, with edge
weights defined by propagation delays ( Fig. 5).
Force-directed algorithm ( spring layout) visualization
ensured a clear and interpretable topological structure

for analysis.

h2 %

h6

Fig. 5 The wide-area network experimental topology

The traffic generation is categorized into TT flows

and AVB flows. TT flows constitute strictly periodic
traffic with periods randomly selected from {4 ms,
8 ms, 16 ms, 32 ms| , featuring a fixed packet size of
100 B. The end-to-end deadline is calculated as twice
the propagation delay plus three times the period T,
ensuring jitter remains below the theoretical upper
bound. Path selection employs Dijkstra’s algorithm,
prioritizing low-latency routes using link delay as the
weighting metric'®’. AVB flows exhibit randomized
bandwidth demands of {10, 20, 50} Mbit/s, with a
relaxed deadline of 50 ms, while adhering to the same
path selection logic as TT flows. During traffic
injection, TT flows transmit strictly according to their
periods, with initial offsets uniformly distributed.
AVB flows utilize the Poisson distribution to simulate
bursty traffic, capturing realistic network fluctuation
characteristics. Experiments inject 500 to 3 000 large-
scale traffic flows with varying TT/AVB ratios,
significantly ~ exceeding  typical  industrial  loT
scenarios.

Algorithmic parameters are designed around dual
transmission and elastic

objectives: deterministic

resource allocation. The global scheduling base period
is set at 0. 125 ms, with FB reserved for TT flows. The
hypercycle is unified at 32 ms to cover the least
common multiple of all stream periods, ensuring

scheduling consistency. Each port configures N
queues ; the first K queues (capacity: 10 packets) are
dedicated to TT flows, while the remaining N - K
queues serve as EB for AVB flows. The sliding window
size of an AVB flow is set to W periods, which limits it
from seizing only short-term resources in the future.
The dynamic period adjustment range is constrained to
0.7 to 1. 3 times the base period, the expansion factor
is set to 0.5, and the load factor threshold is divided
into light load ( <0.3) and heavy load ( =0.7),

triggering cycle compression or expansion.
4.2 Analysis of experimental results

This experiment compares the performance of three
algorithms.
1) The dynamic elastic cycle scheduling algorithm

proposed in this paper optimizes resource fragmentation
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through dynamic adjustment of cycle length. It
introduces a sliding window preemption strategy to limit
AVB  flows’

incorporates a token bucket rate-limiting mechanism to

occupation of future resources and
ensure bandwidth fairness.

2) Static cycle scheduling: this approach allocates
resources using fixed cycles and lacks dynamic
Elastic block

allocation relies solely on sliding window preemption.

adjustment  capabilities. resource

3) Preemption strategy without dynamic adjustment :
operating within a fixed cycle framework, this strategy
allows AVB flows unrestricted preemption of resources
in any future cycle but imposes no sliding window

constraints.

4.2.1

on scheduling performance

Impact of workload scale and traffic proportion

Initially, an experiment was designed to validate the
scheduling effectiveness of the proposed algorithm as
the flow set size increases. With the TT flow ratio fixed
at 10% , the total traffic volume was incrementally
increased starting from 500 flows, using a step size of
500, until reaching a total of 3 000 flows. The number
of successfully scheduled AVB flows and scheduling
efficiency were evaluated.

The experimental results, depicted in Fig. 6,
indicate that the AVB flow scheduling success rate
decreases as the total flow volume increases.

—8— Dynamic elastic cyele scheduling algorithm
—&~Spafie eycle scheduling aloorithm

—®— Preemption strategy without dynamic adjustment

90
85
80
75
70

65

Scheduling success rate/%

60

55 1 1 1 | I
500 1 000 1500 2 000 2 500 3000
Total traffic

Fig. 6 Scheduling effectiveness of AVB flows under

different workload scales

However, the dynamic elastic cycle scheduling

algorithm consistently outperforms the other two

algorithms. At a total flow volume of 500, the
scheduling success rate reaches approximately 90% |,
showing an improvement of 6% and 10% over static
cycle scheduling and the dynamic adjustment-free
preemption strategy, respectively.

When the flow volume increases to 3 000, the
proposed algorithm maintains a scheduling rate of
75.6% , while the rates for static cycle scheduling and
the dynamic adjustment-free preemption strategy drop
to 60.2% and 56.8% , respectively. As the flow
volume increases from 500 to 3 000, linear regression
was used to calculate the average percentage decline in
scheduling rate per additional flow. The results show a
of 0.06% /flow for the
algorithm, 0. 12% /flow for the static cycle scheduling
algorithm, and 0. 14% /flow for the strategy without

decline rate proposed

dynamic adjustment. This demonstrates the superior
load resistance capability of the proposed dynamic
elastic cycle scheduling algorithm. Furthermore, TT
flows achieved 100% successful scheduling in all
scenarios, validating the effectiveness of the fixed
resource block isolation mechanism.

To verify the adaptability of the proposed dynamic
elastic cycle scheduling algorithm to different traffic
proportions within mixed flows, this experiment was
designed for five traffic proportion scenarios. Each
scenario involves a mixed flow set containing a total of
1 000 flows. The TT flow proportion was adjusted
(ranging from 5% to 25% ), and the changes in
scheduling success rates for both TT flows and AVB
flows were analyzed as the proportion of TT flows
gradually increased.

Results presented in Fig. 7 indicate an overall
decrease in AVB flow scheduling success rates with
increasing TT flow proportion. However, the dynamic
elastic scheduling algorithm remains significantly
superior to comparative schemes throughout all tested
ratios. As the TT flows proportion rises from 5% to
25% , the AVB scheduling rate for the proposed
from 95.6% to 63.5%,

corresponding to an average decline of approximately

algorithm  decreases

3.2% per 5% TT proportion increment. In contrast,

static cycle and non-dynamic strategies exhibit faster
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deterioration rates of 4.0% and 4.3% , respectively.

Critically, the decline trajectory of the dynamic
algorithm notably moderates when TT proportions

exceed 15% ,

mitigating

demonstrating its effectiveness in

resource fragmentation and long-term

conflicts through cycle-length adjustments and sliding

window constraints.

[ Dynamic elastic cycle scheduling algorithm
1 Static cycle scheduling algorithm
100 - =3 Preemption strategy without dynamic adjustment

& o)) o0
(=] = S
T T T

|
I

Scheduling success rate/%

a3
=
T

0 . . . . .
5 10 15 20 25

TT traffic ratio/%

Fig. 7 AVB flow scheduling effectiveness at different
TT flow proportions

4.2.2 The impact of dynamic cycle adjustment on

resource fragmentation

The resource fragmentation rate ( RFR) reflects
the proportion of EB bandwidth unused by AVB
flows due to discrete distribution. More and scattered
fragments make RFR closer to 1, indicating lower
resource utilization.

R — Bfrug

CtutaLEB

where C,, pz denotes the total EB block bandwidth
capacity, B bandwidth  of

x 100% (19)

e denotes the total
fragmented EB blocks.

Experiments were conducted by adjusting the
=0.2,0.5,0.8) to compare

the performance differences between the dynamic

network load factor (L

load

elastic period algorithm and the static period algorithm.

L., =0.2 simulates a light-load scenario, L, , =0.5
simulates a medium-load scenario, and L, = 0.8
simulates a high-load scenario. The experiment

configured a fixed total traffic of 2 000 flows, with TT
flows accounting for 10% (i. e., 200 flows). The

experimental results are illustrated in Fig. 8. In the
light-load scenario, the dynamic period algorithm
reduces the resource fragmentation rate to 5% by

blocks,
significantly lower than the 15% observed with the

compressing periods to merge resource
static algorithm. Concurrently, the scheduling rate of

AVB flows 92.3% ,

theoretical optimum of 95%. As the load increases,

reaches approaching  the
the dynamic algorithm extends periods under heavy
loads to prevent excessive resource segmentation,
maintaining a fragmentation rate of only 12%. In
contrast, the static algorithm exhibits a fragmentation
rate as high as 40% due to fixed periods causing
resource dispersion and accumulation.

[ Dynamic elastic cycle scheduling algorithm—scheduling success rate

[ Static cycle scheduling algorithm—scheduling success rate

—m— Dynamic elastic eycle scheduling algorithm—resource fragmentation rate
—A— Static cycle scheduling algorithm—resource fragmentation rate
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Fig. 8 Resource fragmentation rate and AVB flow

scheduling effectiveness under varying loads

This  demonstrates that the dynamic period
mechanism consolidates discrete idle resource blocks
into contiguous elastic resource intervals through period
compression, thereby enhancing bandwidth utilization.
Experimental data indicate that a 10% reduction in
fragmentation rate correlates with an approximate
8.5% improvement in AVB flow scheduling rate.

The TT flows scheduling results under various load
conditions  are

factor experimental

Table 1.

failure rate across all load factors, while the static

presented in

The proposed algorithm maintains a 0%

strategy exhibits failure rates rising to 5.8% under
heavy loads due to deadline violations.

This effectively validates the critical role of the
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proposed algorithm in deterministic transmission.

Table 1
different loads

TT flows scheduling failure rates under

Load Dynamic cycle Static cycle

factor  method failure rate/%  method failure rate/ %

0.2 0 0
0.5 0 2.2
0.8 0 5.8

4.2.3

resilient cycle scheduling algorithm

Adaptability verification of the dynamic

To further verify the adaptability of the proposed

dynamic  resilient cycle scheduling algorithm,

experimental scenarios with two typical network
topologies were designed. Specific topology details are
listed in Table 2. Both topologies incorporate core and
edge zones, with varying link delays simulating real-
world networks. By conducting experiments under
these topologies, the performance of three algorithms
across different networks was observed to validate the

adaptability of the proposed method.

Table 2 Topology parameter information

Network Number of Number link
topology switches of links delay/ms
Core-to-core: 5 — 10
Hierarchical Core switch: 5

40  Periphery-core; 0.5 -2
star topology ~ Edge switch: 10

Terminal access: 0. 1

Ring-based Core-to-core; 5
Core switch: 8 i
backbone ) 32 Periphery-core: 1
Edge switch; 8

network topology Terminal access: 0. 1

The experimental parameters set the traffic scale to
2000, with TT flows accounting for 15%.
shown in Fig. 9 (a) present the scheduling success
rate of AVB flows, results in Fig. 9 (b) display the

resource fragmentation rate of EBs.

Results

The proposed
algorithm demonstrates significant advantages. In the
hierarchical star topology, it achieves an 84.3%
scheduling success rate, 14.5% higher than static
strategies. This improvement stems from dynamically
consolidating fragmented resources

through cycle

adjustment, resulting in a fragmentation rate of only
7.5% . In contrast, non-dynamic preemptive strategies
exhibit

intensifies resource conflicts,

notable flaws;  unrestricted  preemption

yielding the lowest
scheduling rate (60.7% ) and highest fragmentation
rate (35.2% ) in the ring topology.

I Dynamic elastic cycle scheduling algorithm
3 Static cycle scheduling algorithm
[ =3 Preemption strategy without dynamic adjustment

80

90

701

60

50t
40}

Scheduling success rate/%
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Hierarchical Ring-based backbone
star topology network topology

Network topology

(a) Scheduling success rate

3 Dynamic elastic cycle scheduling algorithm
3 Static cycle scheduling algorithm
= Preemption strategy without dynamic adjustment

1
=
T

Flow fragmentation index/%

0 L !

Hierarchical Ring-based backbone

star topology network topology

Network topology

(b) Resource fragmentation rate

Fig. 9 Performance of three algorithms in scheduling AVB

flows under two network topologies

The standard deviation of TT flow jitter quantifies
fluctuations in temporal deviations, directly reflecting
ensure deterministic

an algorithm’s capability to

transmission. A smaller standard deviation indicates
TT flow

determinism. Experimental data in Table 3 show that

more stable transmission

and  higher

the proposed algorithm, leveraging dynamic resource

allocation, maintains jitter standard deviations within
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1.5 ps in the star topology and 1.9 ps in the ring

topology. Its deterministic guarantee significantly

outperforms the other two algorithms, validating the
block isolation

efficacy of the fixed resource

mechanism.

Table 3 Performance of three algorithms in scheduling TT

flows under two network topologies

Jitter Dynamic elastic ~ Static cycle  Preemptive strategy
standard cycle scheduling scheduling/  without dynamic
deviation algorithm/ s s adjustment/ s

Hierarchical
1.2£0.3 2.1+0.6 3.5+1.2

star topology

Ring-based
backbone 1.5+0.4 2.4+0.7 4.0x1.5

network topology

4.2.4

algorithms

Comparison with the latest state-of-the-art

To further validate the superiority of the algorithm
proposed in this paper, two representative state-of-the-
art algorithms recently proposed are introduced as
comparison baselines. One is OHDSR'?', a TSN
mixed-traffic scheduling algorithm proposed in 2023,
which employs constraint programming to achieve joint
routing and scheduling. The other is DAPS')
dependency-aware  priority  scheduling  algorithm
proposed in 2024, which is optimized for mixed-
criticality traffic. The experimental parameters are set
with a traffic scale of 2000 and a TT-flow proportion of
10% . The comparative experimental results are shown

in Table 4.

Table 4 Comparison resulis between the proposed algorithm

and the latest state-of-the-art algorithms

AVB Resource TT flow
) Running
Algorithm scheduling fragmentation jitter standard
time/'s
success rate/% rate/ % deviation/ s

Ours 89.7 8.2 1.3 4.2
OHDSR 78.5 18.6 2.7 7.5

DAPS 82.3 14.3 2.1 5.8

As can be seen from the experimental results in
Table 4, the proposed algorithm achieves an AVB
scheduling success rate of 89.7% , which is 11.2%
higher than that of OHDSR and 7. 4% higher than that

of DAPS. In terms of resource fragmentation rate, the
proposed algorithm reduces it to 8. 2% , which is 10. 4
and 6. 1 percentage points lower than those of OHDSR
and DAPS, respectively. Meanwhile, the proposed
algorithm exhibits superior TT flow jitter control
performance and the shortest running time among the
three algorithms.

The advantages of the proposed algorithm stem from
its dynamic cycle scaling mechanism and sliding-
window preemption strategy. The dynamic cycle scaling
mechanism adaptively adjusts the cycle length
according to the network load, effectively reducing
resource fragmentation; the sliding-window preemption
strategy restricts the range of AVB flows™ resource
occupation, avoiding long-term resource conflicts with
TT flows. These two mechanisms work synergistically
to better balance the deterministic transmission
requirements of TT flows and the bandwidth utilization
needs of AVB flows, thus achieving comprehensive
performance superiority over the comparative state-of-

the-art algorithms.

5 Conclusions

This paper addresses the hybrid traffic scheduling
problem in WAN by proposing a dynamic collaborative
scheduling scheme based on the CSQF mechanism.
Through the design of a deterministic scheduling
algorithm for TT flows utilizing ILP, combined with a
fixed resource block isolation mechanism, it ensures
strict delay constraints for time-sensitive flows.
Simultaneously, the introduction of a dynamic elastic
period adjustment strategy and a sliding window
preemption mechanism optimizes bandwidth utilization
and mitigates resource fragmentation issues for AVB
flows. Simulation experiments demonstrate that the
proposed algorithm achieves a high scheduling success
rate for AVB flows across diverse complex scenarios,
significantly reducing the resource fragmentation rate,
thereby validating its robustness under high-load and
stringent real-time requirements. This scheme offers
theoretical support and practical reference for efficient
collaborative transmission of hybrid traffic in WANs.

Future work will extend the model to support BE
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traffic scheduling and design a three-flow priority

scheduling mechanism for TT/AVB/BE flows. At the

same time,

research will be conducted on clock-

synchronization error-tolerant algorithms and distributed

control

architectures to enhance the algorithm’s

robustness in non-ideal synchronization and distributed

deployment scenarios.
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