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ABSTRACT: Mobile edge services require deterministic communication across Time-Sensitive Networking (TSN)
and 5G access, where the standardized integration architecture exposes the 5G System (5GS) to the TSN controller
as a logical bridge. We study dynamic admission of time-triggered (T'T) flows using reported 5GS bridge delay and
TSN-to-5GS Quality of Service (QoS) mapping in route selection and Gate Control List (GCL) scheduling. Arrivals
and departures can split available transmission time into noncontiguous windows. Online insertion preserves admitted
schedules but may reduce subsequent schedulability, whereas full recomputation can restore schedulability but changes
many routes and GCL entries, complicating coordinated activation. Coupling routing and GCL scheduling under
timing, bridge-delay, QoS-mapping, and a bound on changes to admitted schedules yields an NP-hard problem. To
address it, we propose a two-timescale scheduling mechanism. The fast timescale uses current 5GS bridge information
to place arrivals without modifying admitted flows. Fragmented windows, repeated insertion failures, or changes in
reported 5GS state invoke the slower timescale, which sequentially reschedules a bounded subset of admitted flows
and commits only feasible improvements. At 0.95 offered load across A380, CEV, and Ring6, admission improves by
14.8-18.5 percentage points over online-only scheduling and remains within 1.7-2.2 points of full recomputation, while
per-event runtime falls by over one order of magnitude with limited GCL changes.

KEYWORDS: Mobile edge computing; 5G-aware scheduling; time-sensitive networking; time-triggered flow; gate
control list; online admission; selective rescheduling

1 Introduction

Industrial and mobile applications increasingly run latency-sensitive control and data processing close
to users, machines, and production systems. Mobile Edge Computing (MEC) supports this shift by moving
computation, storage, and service control from remote cloud data centers toward nearby edge servers. MEC
surveys and European Telecommunications Standards Institute (ETSI) specifications describe this shift as
a way to support low-latency services through nearby computing and edge resource management [1,2].
For many applications, however, nearby computation creates value only when the communication path can
deliver predictable service.
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Proximity to computation is therefore not enough. A control task may run on an edge server, but its
deadline still depends on the network path between the device, the 5G access segment, the Time-Sensitive
Networking (TSN) domain, and the edge node. Harmatos and Maliosz studied 5G, TSN, and edge-computing
integration for smart manufacturing [3], while Rost and Kolding analyzed performance issues in integrated
5G and TSN networks [4]. These studies reflect the same practical requirement: industrial MEC services
need bounded latency, time synchronization, and traffic isolation on the communication path.

TSN supplies the scheduling machinery for this deterministic communication. The Institute of Elec-
trical and Electronics Engineers (IEEE) 802.1AS standard supports time synchronization, IEEE 802.1Qbv
defines scheduled traffic through the Time-Aware Shaper (TAS) and Gate Control List (GCL) configurations,
and IEEE 802.1Qcc supports centralized configuration [5-7]. In 5G-TSN, the 5G System (5GS) can be
exposed to the TSN control plane as a 5GS logical bridge through Device-side TSN Translator (DS-
TT), Network-side TSN Translator (NW-TT), and TSN Application Function (TSN AF) entities [8,9]. The
controller then schedules over bridge and port management information, bridge delay, Quality of Service
(QoS) mapping configuration, and forwarding availability, rather than over 5G physical-layer details.

Dynamic time-triggered (TT) admission introduces two coupled problems. Runtime flow churn can
leave enough total idle slots but no contiguous window for a new frame. Moreover, a route crossing the 5GS
logical bridge must satisfy the reported bridge-delay, QoS-mapping, and forwarding-availability state. The
problem is therefore 5G-aware at the TSN controller, without extending its decision space to radio scheduling
or allocation.

Existing joint routing and scheduling methods are effective when the TT-flow set is known in
advance or when the controller can afford batch recomputation. Prior studies considered traffic scheduling
for integrated 5G-TSN systems and learning-assisted end-to-end optimization [10,11]. Online scheduling
reduced current-flow decision latency [12], but a foreground-only inserter may gradually consume scarce
contiguous windows. Full recomputation can recover schedulability, but it may change many routes and
GCL entries. Deploying such a broad update requires coordinated activation across the affected bridges
and end systems. If activation is non-atomic or mistimed, packets may encounter inconsistent old and new
routes or gate states, causing transient queuing, loss, reordering, or deadline violations. Dynamic admission
must therefore balance fast decisions and future schedulability against the scope and coordination cost of
schedule transitions.

To balance these requirements, we develop a two-timescale, 5G-aware mechanism. Foreground
bounded search filters routes using current 5GS information and places GCL windows without moving
admitted flows. The background lane is invoked when a composite trigger identifies depleted placement
options from fragmentation, reduced window flexibility, recent insertion failures, or adverse 5GS state.
It assigns its bounded budget first to bottleneck-relevant flows and repairs them sequentially. Feasible
coordinate updates are retained in a candidate state, and the aggregate incremental GCL delta is committed
only after final feasibility and utility validation.

The main contributions are as follows.

o  We formulate controller-side dynamic TT-flow admission as a 5G-aware incremental routing and
scheduling problem that combines TAS/GCL constraints with runtime 5GS bridge-information inputs,
and establish that its underlying joint feasibility problem is NP-hard.

«  We design the 5G-Aware Foreground Online Insertion for TT-Flow Admission algorithm, which
performs 5G-aware route filtering, flexibility-aware route ranking, and bounded feasible-window
propagation without relocating admitted TT flows.
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«  We develop the Fragmentation-Aware Background Selective Rescheduling for GCL Repair algorithm,
which assigns a bounded disturbance budget to bottleneck-relevant flows and sequentially re-evaluates
their routes and windows, improving long-term admission while controlling background computation
and GCL modifications.

The remainder of this paper is organized as follows. Section 2 reviews MEC resource management and
5G-TSN deterministic scheduling. Section 3 presents the system model and problem formulation. Section 4
describes the proposed two-timescale mechanism. Section 5 reports the performance evaluation. Section 6
concludes the paper.

2 Related Work

Prior work around this problem falls into two groups: MEC resource management and 5G-TSN deter-
ministic scheduling. The distinction is useful because edge computing explains where services run, while
TSN and 5G-TSN scheduling determine whether their traffic can meet deterministic timing requirements
after runtime changes.

2.1 Mobile Edge Computing and Edge Resource Management

Broader MEC resource-management work mainly decided where computation should run and how
scarce edge resources should be assigned. Zhang and Debroy surveyed MEC resource management across
computation offloading, service placement, communication control, and mobility-aware allocation [1]. ETSI
MEC 003 defined the architectural role of MEC platforms and services, providing the system-level reference
model used by many later studies [2]. These works established the edge-computing context of this paper, but
did not specify how deterministic transmission windows should be maintained after runtime traffic changes.

Industrial MEC services also required a deterministic network substrate. Harmatos and Maliosz
connected 5G, TSN, and edge computing in a smart-manufacturing architecture [3]. Rost and Kolding
evaluated performance aspects of integrated 5G and TSN networks [4]. Following this communication-
oriented MEC line, our work studies how an edge-side TSN controller admits TT flows and updates GCL
resources under runtime traffic changes; it does not design an oftloading policy.

2.2 5G-TSN Integration and Dynamic Deterministic Scheduling

TSN standards provided the deterministic Ethernet basis: IEEE 802.1AS defined time synchronization,
IEEE 802.1Qbv scheduled traffic control, and IEEE 802.1Qcc centralized network configuration [5-7]. Third
Generation Partnership Project (3GPP) TS 23.501 further specified how the 5GS can appear to the TSN side
as a logical or virtual bridge through translator and application-function entities [8]. Sasiain et al. surveyed
this 5G-TSN convergence and identified industrial communication as a major use case [9].

Static and batch TSN schedulers usually assumed that the flow set was known before optimization.
Wang et al. formulated joint routing and scheduling with cyclic queuing and forwarding for TSN [13]. Yang
and Yu studied traffic scheduling for 5G-TSN integrated systems [10]. Yang et al. proposed a performance-
balanced scheduling algorithm for diverse TSN scenarios [14]. These methods could produce high-quality
schedules, but applying them after every arrival, departure, or 5GS information change can be too disruptive
for online admission.

Several studies moved closer to hybrid or dynamic 5G-TSN operation. Wang et al. combined rein-
forcement learning and particle swarm optimization for end-to-end TSN-5G traffic scheduling [11]. Cheng
etal. studied joint time-frequency resource scheduling over a cyclic-queuing-and-forwarding-based TSN-5G
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system [15]. Cai et al. addressed dynamic QoS mapping and adaptive semi-persistent scheduling in 5G-
TSN networks [16], while Satka et al. proposed QoS-MAN for TSN-5G flow mapping [17]. Larranaga et al.
examined configured-grant scheduling for 5G-TSN support in Industry 4.0 [18], and Wang et al. analyzed
time synchronization for integrated 5G and TSN networking [19].

Online and incremental TSN schedulers reduced response time for runtime traffic events. InNetSched-
uler showed that time- and event-triggered critical traffic could be scheduled with in-network online
decisions [12]. However, foreground insertion alone could not restore contiguous scheduling opportunities
once successive events had fragmented idle windows or concentrated route bottlenecks. Our method
retains online response while using the reported 5GS bridge-information snapshot as a feasibility input and
selectively repairing bottleneck-relevant routes and windows instead of rebuilding the full schedule.

3 System Model and Problem Formulation

The system model separates controller-visible 5GS information from the TSN scheduling configuration,
and then defines the dynamic TT-flow model, GCL idle-window metrics, and foreground and background
optimization problems.

3.1 5GS Information Available to the TSN Controller

As shown in Fig. 1, the standardized integration architecture exposes the 5GS as a logical TSN-capable
bridge between device-side and network-side TSN domains [8]. DS-TT, NW-TT, user equipment, gNodeB,
and the User Plane Function jointly provide bridge-like forwarding behavior. The TSN AF supplies the
controller-visible information used here: bridge and port management information, maximum bridge delay
per port pair and traffic class, QoS mapping, and forwarding availability.

5GS logical bridge Network-side TSN domain
with MEC host
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Figure 1: MEC-oriented 5G-TSN architecture and controller-side 5G-aware scheduling view. CNC: Centralized
Network Configuration; CUC: Centralized User Configuration.

For each decision epoch, the scheduler reads the snapshot & = (I°", AP, M2°5, AJ: Wd). Here, IV
is bridge and port management information, AY” is the configured or reported maximum bridge delay
(seconds) per port pair and traffic class, M2%° is the TSN-to-5GS QoS mapping, and A{ " s logical-hop
availability. Thus, & is not a new 3GPP entity or a radio-delay estimator; it is the controller’s current schedul-
ing input. The resulting admission guarantee is conditional on the validity of these reported bounds. Radio
mechanisms that support the selected QoS profile, such as configured grant, semi-persistent scheduling, and

HARQ policy, remain within the 5GS [16,18].
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A logical hop e is termed a 5GS-related hop if it traverses the 5GS logical bridge; the set of such hops is
denoted by Lsgs. For scheduling decisions, let g, ( f;, ¢) = 1 when the profile selected by M2°% on logical hop
e satisfies the packet-delay and packet-error-rate requirements associated with f;, and let a;(e) = 1 when e is
currently available. A route R is 5GS-state-feasible only if q;(f;, e) = a;(e) = 1for every e € R n L5 and its
reported delay is included in the deadline check. These predicates prevent the TSN scheduler from ranking
a route unsupported by the current 5GS state.

3.2 Network and Flow Model

The network is a directed graph G = (V, £) containing end systems, TSN switches, and a 5GS logical
bridge. P is the set of TAS/GCL egress ports and P(R) those on route R. Slots last 7 seconds and
the hyperperiod contains # slots, all referenced to IEEE 802.1AS time. The configured residual relative
synchronization-error bound ¢, (seconds), including the bridge boundary, is included in bridge-adjacent
guard bands [5,19].

A TT flow is f;= (vf,vfi, ci» Pi, i, ri, Dy, €4, 177, t?ep). Here, ¢; is a dimensionless class;
Pi,ri, D, t7, tfep are in seconds; [; is in bytes; and ¢; is the maximum packet-error rate. Lifecycle arrival
t?™" is an admission event, not a packet release. After activation at a hyperperiod boundary, instance g is
released at p; + qr; slots, where ; = P;/7, p; = [r;/7]|,and d; = | D;/7]|. Weuse 0 < D; < P; —r; and 7; | H.
The active admitted set is F<'(t) = {f; € Fo9m(¢) | t¥" <t < t?ep}.

For each admitted flow, the controller stores Q; = (R;, ®;, W;), where R; is the selected route, @,

contains per-hop offsets, and W; contains reserved transmission windows. When ¢ = t?eP , fi leaves F¢!(t)
(9)
ih
(ein>Sin+qmi,nip) to wreb A departure does not relocate other admitted flows; it only changes the
idle-window structure observed by later arrivals and can contribute to the background trigger.

and the controller releases Q);. For each reserved window w7’ € W;, it appends the released-window record

The scheduling configuration is C; = (F (1), Rs, @y, Gy); & is an external input. On its update,
affected active routes are revalidated before new admissions, and hard violations receive maximum 5GS-
risk priority in F¢/¢. If bounded repair finds no feasible remapping, the affected stream is suspended
from deterministic service at the next common cycle boundary and enters 5GS reconfiguration or stream
re-admission; no guarantee is asserted while its current reported bound is violated.

3.3 GCL Idle-Window Metrics

TAS controls each egress port by opening and closing queue gates according to a GCL. As illustrated
in Fig. 2, TT flows obtain reserved transmission windows, while other intervals are available to lower-
priority traffic or remain idle. In a static setting, the controller can compute a complete GCL for a known
flow set. In a dynamic setting, the controller must insert and remove reservations while preserving existing
deterministic transmissions.

The idle-window structure of each egress port is therefore a scheduling resource. A port may have
sufficient unused time in aggregate but no contiguous interval long enough for the next TT frame. This
distinction matters because each hop of a TT flow needs a feasible window, and adjacent windows must
satisfy propagation, processing, and possible 5GS bridge-delay constraints. Fragmentation on one bottleneck
port can invalidate an otherwise feasible multi-hop route.

For an egress port p, the GCL idle windows are W}’;dle = {(gp,j,Ap,j)}T:”l, where start g, ;

and length A, ; are in slots. The total idle time I, = Z]m:"l Ap,; and maximum contiguous window
MCW, = maxicj<m, Ap,j are also measured in slots.
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Figure 2: TAS/GCL gate states and reserved transmission windows.
The GCL Fragmentation Index (FI) is defined as
0 I,=00rm, <1
FI =4 wmcw, L 777 ()
1—1—", otherwise.
»

The value FI, measures fragmentation among existing idle windows. If I, = 0, the port has a capacity
shortage rather than a fragmentation problem.

For a transmission window of length n, the port-local flexibility and route-level bottleneck estimate are

R mp A
h,(n)=> max(A, ;—-n+1,0). hg(n)= min h,(n), (2
p(n) = 3, max(8,. ). he(m)= min hy(n) )

where /i (1) counts possible start slots at one egress port and is not an end-to-end feasible-placement count.
Let n"** = maxj, n, ;, and let V; contain these lengths for active flows and the most recent L r arrivals. For
nonempty Ny, Flex,(C:) = [N{| ™' S e, fp(n)/ max(I, — n +1,1) and Flex(C;) = |P|™! > pep Flex,(Cy);
both equal one when M, is empty. Final placement feasibility is still verified by hop-by-hop propagation in
Algorithm 1. A route is capacity-feasible only when Capr(n) = 1[min,ep(g) h p(n) > 0] = 1; otherwise, it is
filtered before cost ranking.

3.4 Feasibility Constraints

Following the standard TAS/GCL non-overlap and precedence model [6,7,13], the payload serialization
length is n%, = [81;/(B,,,7)] slots and the reserved length is n; = n{%, + g; », where B, , is in bit/s and g; 5

is the configured protocol and guard-band allowance. On a bridge-adjacent hop, g; , includes at least g, =

[€sync [T] slots. For instance q = 0, ..., H/m; — 1, the hop-h window is wl.()qh) =[sin+qmi,sin+qmi+niy),
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with 0 <s;, <7; and s; j, + q; + n;, < H. Let e; , denote the egress port used by flow f; at hop h. Non-

overlap requires that any two TT frame instances reserved on the same egress port do not intersect:

wD awll) — g V(i hq) £ (Ll q) ein=e; (3)
ih ]hl > B) )q J) )q < Cih = ],h’-

Causality between adjacent hops is written as

Sihel 2 Sih+ Mip + Oip, (4)
where d ll’;fk, df ¢ and dSGS are propagation, processing, and bridge delays in seconds, and §; ;, = [(d f}'}’:k +
dp We+d2GS) /T isin slots. If hop h traverses the 5GS logical bridge, x; » = (e”},, €7%) denotes its ingress—

dSGS

egress pair and d5 OS = AP (y; 1, c;); otherwise, 0. The first hop cannot precede release, s; ; > p;. With

H; hops, completlon before the instance-relative deadhne requires

Si,H; T i H,; SP,“Fd,‘. (5)
Candidate routes must also satisfy q;( f;, e) = a;(e) =1 on every 5GS-related hop.

3.5 Problem Definition

Given Cy, &, and a newly arrived TT flow f,y, the foreground problem seeks (Ryew> Puews> Wiew)
and generates incremental GCL insertion entries AG'". Background repair is invoked by the composite rule
in Section 4.3, which aggregates fragmentation, reduced window flexibility, recent insertion failures, and
reported 5GS risk. The background problem then selects a bounded subset F;,; € F%/(t) and computes

= (R;, o;, W, ) for f; € Fye;, which generates GCL modification entries AG™%.

The main objective is to maximize long-term admission success rate:

|fadm ( Tob5)|

TFr (e 1(Tobs) (6)

n ( TobS) =
where F9"(T,y,) is the set of TT flows that arrived during [0, Ty ], and F4™ (Tyy) € F7(Tops) is the
subset successfully admitted by time T,;;.

Proposition 1 (computational hardness). The joint route/window feasibility subproblem underlying
dynamic admission is NP-hard even with one egress port, fixed one-hop routes, one instance per hyper-
period, and static 5GS state. Proof sketch. Reduce classical NP-complete non-preemptive single-machine
feasibility with release times and deadlines [20]. Map the machine to the port and each job to a one-hop flow
whose release offset, window length, and deadline encode the corresponding job data. GCL non-overlap,
release, and deadline constraints exactly enforce machine capacity and timing. This polynomial mapping
proves NP-hardness of the restricted, hence general, problem.

The objective is subject to non-overlap, causality, deadline, 5GS-state feasibility, and disturbance
constraints. For a triggered background repair, let 7¢/'8(¢t) ¢ F%¢!(¢) denote admitted flows that intersect
bottleneck resources or 5GS delay-risk records. The disturbance budget is defined as

|.Fsgl| S Ns(t))

N.(t) = Felig(t) = @, 7)
m1n{|]-'el’g(t)| Nr(t)}, otherwise,
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where Nr(t) = max(1,|T|F?!(t)|]) and dimensionless 0 < T <1 controls the maximum fraction of active
schedules that can be adjusted. Consequently, one repair invocation can alter at most N,(¢) flow schedules;
all others remain fixed. GCL insertion or modification entries are activated at a common cycle boundary
after controller-side validation, following the configured deployment procedure.

For later use, the controller maintains a candidate-route pool K,y (s,d) = {Ry,..., Rk} for each
source-destination pair. The pool may be generated by a standard K-shortest loopless-path routine or
maintained at runtime. Departures create released-window records W' = {(p, g, A)}, where (p,g,A)
denotes an idle interval of length A released at egress port p from start slot g. Rejected insertions create failure
records R/ = {(R, py, cy)}, where R is the failed route, p,, is the bottleneck port, and c, is the violated
constraint type.

The configuration aggregates are FI(C)=|P|"'¥,FI, and Load(C)=|P["'¥,(1-1,/H). The
recent-failure term is the rejected fraction among the latest L arrivals. For the 5GS-related hop set Lsgs,
Risk}%S is zero if R; N Lsgs = @ otherwise it is the maximum over those hops of 1 - q,(fi, ), 1 - a.(e),
and min{1, Afp()(i,e, ¢i)/D;}. Thus, FI, = FI(C,), Flex, = Flex(C;), Fail, is the recent-failure fraction,

and Wf“ is the active-flow mean. Cost; is the decision-normalized number of GCL entries affected
by changing fi; Risk>“%(X) is the corresponding mean in candidate X; and Change(X) is the decision-
normalized sum of modified-flow, route-change, hop-offset-change, and GCL-entry-change counts. Ratios
already in [0, 1] are used directly. Any other scalar z is normalized over candidates in the same decision as
Z = (z2 = Zmin )/ (Zmax — Zmin )> O zero if the range vanishes. All weights are dimensionless.

4 Two-Timescale Incremental Routing and Scheduling

The proposed mechanism has a fast foreground path for newly arrived flows and a bounded background
path for repairing the scheduling state.

4.1 Overview

Fig. 3 shows the proposed two-timescale mechanism. The foreground lane receives a new TT-flow
arrival, reads the current scheduling configuration and 5GS information snapshot, and returns insertion
entries or a rejection record. The background lane uses fragmentation, flexibility, insertion-failure, and 5GS-
risk diagnostics to identify bottleneck resources and repairs only a selected subset of admitted flows. Both
lanes update controller-side state through incremental GCL entries.

The mechanism separates latency-critical admission from capacity restoration. Algorithm 1 does not
relocate admitted flows. Algorithm 2 broadens search only within F,;, processing high-priority bottleneck,
released-window, or 5GS-risk flows first. Sequential candidate-state updates avoid joint enumeration across
all selected routes and windows, so I bounds both reconfiguration scope and background work.
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Figure 3: Two-timescale online admission and selective repair framework.

4.2 Algorithm 1: 5G-Aware Foreground Online Insertion for TT-Flow Admission

Algorithm 1 performs fast 5G-aware foreground insertion for a newly arrived TT flow. It first builds
or reads a candidate-route pool, then filters routes that violate loop-freedom, forwarding availability, QoS
mapping, capacity feasibility, or a coarse delay lower bound. For route ranking, n/'% denotes the conservative
maximum required hop-window length of the new flow on a candidate route. The remaining routes are
ranked by a lightweight cost:

]R(R) = (dellgmk + (deISQGS + a3 UR + OC4FIR - OCShR(T’lmaX (8)

new /2

where d"F and d3°S are wired and reported 5GS delay in seconds, Uy is the average occupied-slot ratio over
P(R), FIp is the average FI, over nonempty route ports, and hg (n},, ) is the bottleneck flexibility estimate
in possible start slots. The normalization rule defined above is applied before weighting. If no port on R has

idle slots, the route is filtered before ranking.

For a partial placement 7 during hop-by-hop propagation, the foreground placement cost is

Jyg(m) = prL(m) + p2 FI(7) = p3S(7), (9)

where L(7) is accumulated latency in slots, FI(7) is the dimensionless average fragmentation score of used
ports, and S(7) is residual deadline slack in slots. These terms use the same decision-local normalization.

The scheduling step uses bounded feasible-window propagation. At each hop, the algorithm enumerates
feasible windows from the GCL idle-window set and propagates only the best partial placements. If a
complete placement is found, the controller generates AG ins, otherwise, it records the failure information
for the background lane. With K candidate routes, at most H,,,, hops, propagation width M, and per-
placement window cap W, the bounded search costs O(KH .. MW log(MW)) when partial placements
are ranked at each hop. With a linear top-M selection implementation, the ranking step can be reduced to
O(KH pax MW).
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Algorithm 1: 5G-aware foreground online insertion for TT-Flow admission

Input: fnewa 'Ct, gt, Icroutea M, W;
Output: AG'™ or REJECT;
1: Compute required hop-window lengths and n'%";
2: Filter loop-free candidate routes by M2°%, A{ v capacity feasibility, and delay lower bound;
3: Rank remaining routes by Jr(R) in (8);
4: for each ranked route R do;
5: Initialize partial placements at the first hop;
6: for each next hop on R do;
7: Enumerate the first W feasible windows sorted by earliest start time and local placement cost;
8
9

Enforce non-overlap, causality, deadline, and 5GS-state feasibility;
Keep at most M partial placements with the lowest /7,5

10: end for;

11:  if a complete placement exists then;
12: Generate AG'™ and return success;
13:  end if;

14: end for;

15: Record failed routes, bottleneck ports, and failed constraints;
16: return REJECT;

4.3 Algorithm 2: Fragmentation-Aware Background Selective Rescheduling for GCL Repair

Algorithm 2 triggers when W¥; = w,FI; + w,(1 - mt) + wsFail, + w4miGS exceeds 0. The four
terms measure fragmentation, flexibility, recent failures, and 5GS risk and are evaluated at the same decision
epoch. Thus, simultaneous warnings accumulate in one score and cause at most one invocation per epoch;
the disturbance budget N,(#) does not grow with the number of active warnings. After triggering, these
signals guide bottleneck identification and Sel;, with hard 5GS violations assigned the maximum Risk3¢5.
B; contains ports with FI,, > 0y or Flex, < 0, portsin R/l and resources mapped from risky 5GS pairs.
For an eligible flow, B; = |P(R;) n B;|/|P(R;)|; Rel; is the fraction of route ports with a released window
long enough for n"*. Risk;®® includes hard violations, while Cost; estimates affected GCL entries.

Sel; = BiB; + ByRel; + B3RiskCS — B,Cost; ranks expected repair value per disturbance. In descend-
ing order, bounded coordinate repair temporarily removes each mapping, re-evaluates its route and windows
using Algorithm 1's propagation, and restores the original if no feasible candidate exists. This rollback-safe
sequence isolates each change and avoids simultaneous route/window enumeration across F,;.

With I, passes, K, routes, at most H 4, hops, width M, and window cap W, background cost is
O(IpgN;(t)KrepHpmax MW log(MW)). Since Ny(t) is at most T|F*“!(¢)| up to rounding, the disturbance
budget also bounds controller computation and coordination. Background repair uses a versioned snapshot
while foreground insertion continues; before activation, the controller checks the base version and revalidates
the aggregate delta against the latest state. A stale or conflicting delta is discarded, whereas a valid delta is
activated atomically at a common cycle boundary.
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The background objective combines feasibility, flexibility, fragmentation, load balance, 5GS delay risk,
and adjustment cost:

]bg(X) = AIV(X) + /\2(1 - Flex(CX))
+/13FI(Cx) +/14Load(CX)
+ AsRisk>“S (X) + A¢Change(X), (10)

where V(X) = 0 for feasible candidates and V(X) > 0 otherwise. A result is accepted only when V(X) =
0 and J,¢(X) improves by at least dimensionless threshold . Change(X) includes modified flows, route
changes, offset shifts, and changed GCL entries. Thus, the algorithm can adjust routes and windows inside
Fse1 while keeping the disturbance scale controlled by (7).

Proposition 2 (feasibility preservation and bounded disturbance). If C, is feasible under the current
&: and Algorithm 2 returns AG™? ] the resulting state is feasible and differs from C; in at most N,(t)
admitted-flow schedules. Proof. Flows outside F;,; remain fixed. Each unsuccessful replacement restores
Q9 each candidate is checked against all feasibility constraints, and the final update is accepted only when
V(X) =0.Eq. (7) gives | Fer| < Ni(t).

Algorithm 2: Fragmentation-aware background selective rescheduling for GCL repair

Input: C,, Fo(t), Wrel, RI4il £, T;
Output: AG™* or No-Op;

1: Compute diagnostics and trigger score ¥y;

2:if ¥; < 6y then return No-Op;

3: Build B;, F¢'%¢, and Sel; = B1Bi + BaRel; + ﬁ3Riskas — BaCost;;

4: Select Fyp; = Topifsl(t) (Felig) using (7);
5:if N(t) = 0 then return No-Op;
6
7
8
9

: Initialize candidate state X < C, and mark F*!(¢t)\F;,; as fixed;
: for at most I, repair passes do;
for each f; € F,; in descending Sel; do;
Store and temporarily remove Q°'%;

10:  Rerun bounded route/window propagation under fixed unselected flows;
1:  Retain the lowest-cost feasible candidate in X, otherwise restore Q'¢;

12:  end for;

13: end for;

14: Revalidate X against the latest state version; if conflicting then return No-Op;
15: if X is feasible and J;4(X) < Jy4(C;)— € then;

16: Generate AG™°? from the difference between X and Cs

17: return AG™°%;

18: else;

19: return No-Op;

20: end if;

5 Performance Evaluation

The evaluation covers admission, decision cost, configuration disturbance, exact-instance quality,
arrival-order dependence, multi-slot fragmentation, and dynamic controller-visible 5GS input.
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5.1 Experimental Setup

A380, CEV, and Ring6 contain (9, 8), (9,9), and (6, 6) bridges/end systems, with one 5GS logical bridge
between TSN domains. The event-driven simulator enforces Section 3 constraints, departures, snapshot

changes, and common-boundary GCL activation. Methods share C;, lifecycle events, route pools, and
ordered {&;}.

Source and destination nodes are sampled uniformly from distinct end systems. We set r; =0, P; €
{2,4,8,16} ms, D;/P; € {0.5,0.75,1}, and [; € [64,1500] bytes. Flow lifecycles follow Poisson arrivals and
exponential holding times with mean 0.5 s. Offered load is the maximum aggregate-serialization-rate/link-
rate ratio on shortest reference routes. It is computed before admission, so rejection cannot lower the assigned
offered-load level.

The main setting uses B, =1 Gbit/s, 7=5 ps, and €;y,,=1 ps. Consecutive 10,000-sample blocks
from public COTS-5G uplink/downlink one-way-delay traces [21] provide time-ordered empirical 99.9th-
percentile bridge-delay envelopes. These envelopes are empirical rather than standardized worst-case
guarantees. Controlled QoS/availability transitions supplement the traces, and every update revalidates
affected admitted routes using the Section 3 recourse rule. Table 1 summarizes the experimental configura-
tion, workload, algorithm parameters, exact-benchmark protocol, and execution platform.

Table 1: Experimental settings and reproducibility controls.

Item Setting
Topology A380, CEV, Ring6; one 5GS logical bridge
Time/link B. =1Gbit/s; T =5 ps; H = 3200 slots (16 ms); €y,c =1 s
Workload P; €{2,4,8,16} ms; D;/P; € {0.5,0.75,1}; I; = 64-1500 bytes; offered load

Dynamic input

Replication
Route/window search
Background lane
Weights

Exact benchmark

Platform

0.35-0.95
1000 events/trace; £; every 25 events; ordered COTS-5G delay blocks and
controlled QoS/availability changes
30 shared-seed traces/point; paired 95% bootstrap confidence intervals
|ICroute| = 5 Yen routes [22]; M = 10; candidate-window cap W = 20
I =15%; Iyg = 25 Kyep = 3; Ly = 205 O = 0.55; 07 = 0.50; O = 0.30; € = 0.01
ars = 0.2; pri3 = 1/3; wizg = 0.25; Br:a = 0.25 41 = 1, Ay;6 = 0.2
Ring6; 10-40 active flows; all loop-free routes; same I' and no-eviction rule;
CP-SAT, 300 s limit, one worker
Python 3.12.13 on Windows 11; Intel Core i5-14600K, 64 GB RAM; one
worker/thread for all methods

5.2 Methods and Protocol

SWOTS-ASAP-WS (SWOTY) is the incremental TSN baseline [23]; all implementations share route
pools, replication, and checks. 5GA-SWOTS adds hard Mths, A{Wd, and A‘fp filters. Online-only uses
Algorithm 1, Proposed adds Algorithm 2, and Batch-Recompute reinserts all mandatory flows and the arrival,
committing only if fully feasible.

For Ring6, OR-Tools CP-SAT [24] receives all loop-free routes, mandatory flows, and the same N,(t)
limit. It lexicographically maximizes new-flow admission and minimizes changed GCL entries. Only
OPTIMAL runs enter the empirical gap; timeout coverage is separate. This exact bounded-instance benchmark
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is not an approximation bound. Metrics are 7( T, ), trace-level P95 event runtime, and changed routes/GCL
entries/schedules. Paired bootstrap intervals use 10,000 resamples; disjoint pilot seeds serve tuning only.

5.3 Admission and Operational Cost

In Fig. 4a-c, methods remain close at light load, whereas repair recovers windows fragmented by
departures and earlier insertions at high load. At load 0.95, Proposed exceeds Online-only by 14.8, 18.5, and
16.0 points on A380, CEV, and Ring6. The corresponding gains over 5GA-SWOTS are 19.0, 21.0, and 18.5
points, while the gaps to Batch-Recompute are only 2.0, 2.2, and 1.7 points. Thus, bounded repair recovers
most of the broader-rescheduling admission without rebuilding every schedule.

SWOTS 5GA-SWOTS = Online-only == Proposed == Batch-Recompute
(a) A380 (b) CEV (c) Ring6 (d) Runtime-reconfiguration cost
00 A = 100 A 100 A - 70
— o
~ N . S Eoo o8
S 80 A 80 A o 80 4 N 2 Batch-Recompute
B \. \N . @ 50 4
3 N=| .\J n 2
@ 60 60 60 2 40 -
9]
‘5 O 30 Proposed
2 40 A 40 40 1)
= T 20 1
T ine-
2 504 20 4 20 4 % 10 4 Online-only
£
O o 4{Cd
0 T T T T 0 T T T T 0 T T T T — T
0.35 0.50 0.65 0.80 0.95 0.35 0.50 0.65 0.80 0.95 0.35 0.50 0.65 0.80 0.95 100 10t 102
Offered load Offered load Offered load Trace-level P95 event runtime (ms, log scale)

Figure 4: Overall admission and operational cost. (a) A380 admission vs. load; (b) CEV admission vs. load; (c) Ring6
admission vs. load; and (d) A380 P95 event runtime vs. changed GCL entries at load 0.95. Bands show paired 95%
confidence intervals.

On A380, Fig. 4d gives Proposed a P95 runtime of 8.6 vs. 145 ms for Batch-Recompute, with 6.5 vs.
63.0 changed GCL entries per event. Faster foreground-only methods trade this cost for lower high-load
admission. Proposed spends the bounded repair budget only when accumulated fragmentation warrants
coordinated change.

5.4 Quality and Mechanism Validation

On Ring6, Fig. 5a gives Proposed an empirical optimality gap of 0.1%-1.8% against the exact benchmark
at 10-40 active flows, vs. 9.0% for Online-only at 40; CP-SAT proves opTIMAL for 100%, 100%, 96%, and 88%
of cases, with timeouts excluded. Fig. 5b links this quality to restored feasible start positions after repair.

In Fig. 5¢, the variant without 5GS guidance retains all hard delay, mapping, and availability constraints
but removes Risk®°S from rankings and objectives. Random-selection retains N, (t) and the repair operator
but randomizes the Sel; order. Their admission changes are —4.7 and —7.2 points, while disabling repair
changes it by —16.4 points. The ordering therefore directs a fixed disturbance budget toward higher-value
repairs. Across ten fixed flow multisets and ten lifecycle orderings each, admission standard deviation is 1.6
points for Proposed vs. 3.9 for Online-only, showing reduced—not eliminated—arrival-order dependence.

Fig. 5d varies T € {5,10,15,20}% and 6} € {0.45,0.55,0.65,0.75}. Beyond the default (15%,0.55),
admission rises only 1.3 points while changes increase. Perturbing each normalized weight by +25% changes
admission by at most 2.3 points. Varying €;,,. from 0.5 to 2 ps changes admission by 1.8 points, with the
bound always included in bridge guard bands.

Fig. 5e changes only 7 among 50, 5, and 1 ps. The shares of hop payload transmissions spanning more
than one slot are 0%, 66%, and 95%. This measure uses n;%, > 1 and therefore excludes guard-band slots.
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Proposed admits 71%, 84%, and 85%, vs. Online-only’s 68%, 68%, and 61%. The growing fine-grid separation
confirms that repair is exercised by heterogeneous multi-slot windows. In Fig. 5f, each trigger forks identical
Ci, &, and next 20 arrivals into repair and no-op branches, with later repair disabled. All triggers remain
in the analysis. The J, g decrease has a Pearson correlation coefficient of 0.80 with additional admissions,
experimentally supporting it as a near-future-capacity proxy.

16 (a) Gap to exact bounded solver 0.0 _(b) Flexibility over lifecycle events  (c) Component ablation

—_ Op?ima\ coverage: 100%, 100%, 96%, 88%
S
14 1 0.8 - Proposed 81.8
g 12 SWOTS -3 Online-only G
(o)) -
c /= 5GA-SWOTS =@= Propose < 0.7 5
S 10 - ’ < N\, W/0 5GS - 77.1
« 7/ w N
v 8 4 // . - 0.6 A 5
E e 8 X
© 6 1.7 © 0.5 4 N, Random order 74.6
= . £ N
L . 77 S
£ 4 ;é//‘ 2 0.4 _ \~\
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- ?/‘/ 0.3 { == Proposed
0 - T T T T T T 1 L T T T T
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Active admitted flows Lifecycle event index Admission rate (%)
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— TO
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68 0 {—e-@
0.45 0.55 0.65 0.75 50 5 1 0.0 0.1 0.2 0.3

(0%) (66%) (95%)
Slot duration T (us); multi-slot share

Trigger threshold 6y Decrease in J»g from one repair

Figure 5: Solution quality and mechanism validation. (a) Gap to the exact Ring6 solver; (b) normalized feasible-start
flexibility Flex(C;); (c) component ablations; (d) sensitivity to disturbance fraction I' and trigger threshold 6; (e)
slot duration 7 (labels: share with nf"h >1); and (f) next-20-arrival gain vs. the repair-induced decrease in objective .
Error bars or bands show paired 95% confidence intervals.

Trace-driven AF? increases also revalidate admitted flows. Algorithm 2 remaps 92.4% of affected
schedules within budget; 0.8% of active flows require re-admission or 5GS reconfiguration, and no state
violating current &; is committed.

6 Conclusion

This work formulated controller-side dynamic TT-flow admission using reported 5GS bridge infor-
mation and established NP-hardness of the underlying joint feasibility problem. Fast foreground insertion
protects admitted schedules, while priority-ordered background repair concentrates a bounded disturbance
budget on bottleneck-relevant flows. At 0.95 offered load, the mechanism improves admission by 14.8-18.5
points over online-only scheduling and remains within 1.7-2.2 points of full recomputation. On A380, its P95
runtime is 8.6 ms rather than 145 ms, with 6.5 rather than 63.0 changed GCL entries per event. These results
show that controller-side 5G-aware admission can preserve most of the broader-rescheduling admission
benefit with substantially lower decision cost and schedule disturbance.
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