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Abstract

New Radio Vehicle-to-Everything (NR-V2X) safety scheduling is difficult because burst
episodes increase urgent arrivals, lower transmission success, and create retransmissions
that compete for future slots. A scheduler that waits for the visible queue can react
late, whereas always reserving extra safety physical resource blocks (PRBs) consumes the
best-effort (BE) capacity after the stress has passed. This study proposes Memory-Based
Predictive Allocation (MPA), a finite-action PRB allocation rule for safety and BE coexistence.
MPA combines the deadline queue and retry state with a decayed transient-deficit memory,
online success calibration, and a recoverability-aware BE cost guard. At each slot, it tests
feasible safety PRB increments and chooses the action that first limits urgent safety loss,
then reduces next-slot carryover, and finally avoids unnecessary PRB use. The model
uses an NR-V2X resource pool interpretation and a calibrated signal-to-interference-plus-
noise-ratio (SINR)-to-success mapping with hybrid automatic repeat request (HARQ)-
like combining. Monte Carlo results show that MPA lowers safety misses relative to
queue-reactive scheduling while preserving more BE throughput than a maximum safety
reservation. In dense non-line-of-sight (NLOS) stress, MPA keeps the 95th-percentile (p95)
delivered packet delay within the three-millisecond budget and preserves 0.892 normalized
BE throughput, versus 0.534 under fixed maximum reservation.

Keywords: NR-V2X; wireless resource allocation; safety traffic; best-effort traffic; physical
resource block scheduling; burst traffic; low-latency communication; HARQ); predictive
scheduling

1. Introduction

Safety-critical wireless traffic is usually discussed through stringent reliability and
latency targets [1-3]; however, the scheduling problem is often shaped by a more ordinary
constraint: the same radio resources must also serve non-safety traffic. In New Radio
Vehicle-to-Everything (NR-V2X) and related low-latency systems [4,5], safety traffic denotes
warning or control packets that must be delivered within a short deadline, whereas best-
effort (BE) traffic denotes non-safety data that can tolerate delays but still requires usable
capacity. This BE traffic may include map updates, telemetry, cooperative information
exchange, user data, or other non-deadline services sharing the same radio pool; the
sustained starvation of this traffic is therefore a real coexistence cost, not only a secondary
throughput loss. A static safety reservation is easy to implement; however, it is rarely
efficient in coexistence settings [6-8]. If the reservation is small, safety packets are exposed
during stress. If it is large, the BE capacity is reduced even during normal operation.
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Difficult cases are often transient rather than simply high-load. In these cases, the
channel and traffic change together. A burst episode can increase the arrival rate of safety
packets, lower the success probability of each transmission attempt, and create a retry
carryover that remains after the first failed attempts [5,9,10]. These effects interact over
short horizons. The scheduler may still see a moderate queue at the beginning of the burst,
but the system has already accumulated demand that the baseline allocation cannot serve.
This gap between the visible backlog and unresolved demand is the main motivation of
this study.

At the radio-protocol level, NR-V2X already includes mechanisms that shape usable
sidelink resources, such as configured resource pools, sensing, reservation, reselection,
feedback, and coordination. These mechanisms address resource availability and collision
control before the scheduler-layer decision considered in this study. However, the ques-
tion of scheduler-layer coexistence still remains: once a usable resource set and a packet
success operating point are given, the system must decide how much capacity should be
temporarily assigned to safety traffic and how much should remain available for the BE
service. This study adopts this boundary [4,11-13].

Queue-reactive scheduling is a natural response and an important baseline in low-
latency resource allocation [14—-16]. The limitation of this method is its timing. By the time
the queue is sufficiently large to trigger extra protection, some packets may already be close
to their deadlines or retry limits [17,18]. A fixed high-safety reservation has the opposite
behavior: it protects early, but it also keeps physical resource blocks (PRBs) away from
BE traffic when no extra safety protection is needed [19]. Neither approach directly asks
whether the current slot is part of a recoverable burst, where temporary safety protection is
useful but full-time safety reservation is wasteful.

Within this boundary, the model maintains the mechanisms that affect the allocation
decision: burst persistence, packet deadlines, retry states, finite PRB budgets, BE coupling,
and a calibrated success probability that depends on the operating regime and hybrid
automatic repeat request (HARQ)-like combining. Lower-layer physical-layer (PHY) and
medium access control (MAC) details, such as waveform processing, sensing procedures,
sensing-based resource selection, and control signaling, are represented through the effec-
tive PRB budget and success calibration, following the scheduler-layer abstraction used in
NR-V2X system studies [11-13]. This ensures that the evaluation is centered on whether
the scheduler-visible memory of recent underservice can improve safety protection without
imposing a permanent high-safety reservation.

The proposed method is Memory-Based Predictive Allocation (MPA). MPA adds a
decayed transient-deficit state to the usual queue, deadline, and retry information. The
deficit is a compact memory of recent unresolved safety demands, updated from arrivals,
failed attempts that remain eligible for retry, and delivered packets. At each slot, MPA
enumerates the feasible safety PRB increments and compares the resulting short-horizon
outcomes in a fixed order: avoid urgent safety losses first, reduce the near-term residual
workload second, and use the smallest extra PRB allocation among comparable choices.

The finite-action rule is reproducible because every candidate action is evaluated
explicitly, and each term in the allocation decision remains visible. The NR-V2X resource
pool mapping specifies the PRB and timing assumptions, the channel /success calibration
records the signal-to-interference-plus-noise-ratio (SINR)-to-success operating points, and
the application-level validation checks the delivered packet delay and BE floor behavior
across urban nominal, dense non-line-of-sight (NLOS) stress, and short-deadline heavy-
load scenarios.

The main contributions are summarized as follows:
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¢ A calibrated scheduler-layer NR-V2X safety-BE allocation model with explicit PRB
coupling, deadline-constrained safety queues, retry states, burst persistence, and
reported channel/success operating points;

¢ A transient-deficit memory state and finite-action one-step recourse rule that com-
pare candidate allocations through urgent safety losses, residual workload, and PRB
economy;

* A conservative online success calibration step that treats the calibrated channel curve
as a prior and corrects the planning probability with realized transmission outcomes;

¢ Arecoverability-aware PRB guard that uses baseline and maximum allocation shortfall
ratios to reduce unnecessary safety expansion outside the recoverable burst stress
region;

¢ A validation protocol with calibrated channel/success operating points, application-
level delay checks, component removal ablations, calibration sweeps, and recoverable
region coverage.

2. Related Work

NR-V2X provides the radio settings for this study. The Third-Generation Partnership
Project (3GPP) specifications define the Vehicle-to-Everything (V2X) evaluation methodol-
ogy, service architecture, sidelink resource pools, MAC operation, HARQ support, radio
resource control (RRC) configuration, and physical-layer procedures used to interpret
PRB-level allocation [4,5,20-23]. Release 17 lists sidelink enhancements among its radio
projects, and Release 18 continues the 5G-Advanced evolution of sidelink, proximity, lo-
cation, and positioning features [24,25]. Tutorial and standards-oriented studies provide
a broader picture: New Radio (NR) sidelink extends earlier Long-Term Evolution V2X
(LTE-V2X) operation toward lower latency, higher reliability, groupcast/unicast support,
and advanced driving services [26-29]. Comparative V2X studies also show why the radio
abstraction cannot be chosen casually; the Institute of Electrical and Electronics Engineers
(IEEE) 802.11bd, LTE-V2X, and NR-V2X differ in access behavior, packet timing, coding,
and physical-layer robustness [30-32].

Most NR-V2X resource allocation studies focus on sidelink resource selection. In Mode
2, user equipment (UE) devices select resources from a pool using sensing, semi-persistent
scheduling (SPS), dynamic selection, reservation fields, sidelink control information (SCI),
resource re-evaluation, pre-emption, and inter-UE coordination (IUC); therefore, the main
concerns are collisions, reselection, hidden nodes, exposed nodes, and the effects of aperi-
odic traffic on packet reception [11-13,21,22]. These standardized procedures determine
which sidelink resources are available or risky at the MAC/RRC layer. The scheduler-layer
question studied here starts after this abstraction and asks how much of an admissible PRB
pool should be temporarily assigned to safety. Recent studies have examined reuse distance-
aided selection, Mode 1 dynamic resource adaptation, time-domain collision behavior, the
coexistence of sidelink traffic types, and directional beamformed resource selection with
SCI [33-37]. Link-level and physical-layer simulation studies connect numerology, HARQ,
block error rate (BLER), range, latency, and packet reception ratio (PRR) behavior [9].
Learning-based resource allocation has also been studied for NR-V2X collision mitigation,
joint communication and sensing, physical sidelink feedback channel (PSFCH)-assisted
Mode 2 operation, graph attention-based cellular Vehicle-to-Everything (C-V2X) allocation,
and state-aware V2X resource allocation [10,38—-41]. Aperiodic event-triggered traffic is
also an important part of the V2X picture, with Decentralized Environmental Notification
Messages (DENMs) providing a standard example of hazard-triggered communication [42].
These studies ground the channel, resource pool, and traffic assumptions used in this study.
The decision considered here is narrower at the radio-protocol level but different at the

https://doi.org/10.3390/ electronics15142995


https://doi.org/10.3390/electronics15142995

Electronics 2026, 15, 2995

4 of 34

scheduler level: for a shared PRB pool, it determines how much safety capacity should be
assigned temporarily when burst stress appears.

A second line of work studies the coexistence of low-latency traffic with broadband or
best-effort traffic. Ultra-reliable low-latency communication (URLLC) surveys and tutorials
emphasize the joint pressure of latency, reliability, short packets, and uncertainty [1-3,43].
In enhanced mobile broadband (eMBB)/URLLC coexistence, the central issue is not only
whether URLLC can be protected, but also the extent of broadband service loss while
protecting it. Early joint scheduling work made this trade-off explicit through punctur-
ing and rate loss models [6]. Subsequent studies examined radio access network (RAN)
slicing, queue-based optimization, fair multiplexing, contract-based scheduling, deep
reinforcement learning (DRL), spectrum partitioning, reconfigurable intelligent surface
(RIS)-assisted resource optimization, highway V2X scheduling, and resource-adaptive
client scheduling [7,8,16,19,44-49]. Recent highway work, including SOVANET+ (an adap-
tive extension of the Scheduler Optimized for Vehicular Ad Hoc Network), is especially
relevant because it separates critical and non-critical V2X services under loads while using
channel and RAN load information [48]. This literature motivates the comparator families
used in the evaluation: fixed reservation, queue-triggered adaptation, stronger low-latency
protection, and dynamic allocation under an explicit BE floor.

The proposed scheduler is also related to queue-, deadline-, and debt-aware schedul-
ing. MaxWeight and stochastic network optimization provide the classical reason for
treating the backlog as a useful control signal [14,15]. Real-time scheduling and wireless
quality-of-service (QoS) theory add a second signal: a packet with little remaining time
should not be treated as a packet with a loose deadline [17,18]. Lyapunov drift-plus-
penalty and debt-based methods add another useful idea: a running service shortfall can
guide resource decisions under long-term constraints [15,18,50]. Recent multi-hop wireless
scheduling work uses a delay-deficit concept to reason about service guarantees through
inter-scheduling times and route-level deadline feasibility [51]. The transient-deficit state
follows the same broad service shortfall intuition, while its role is local to a single scheduler-
layer PRB decision: it is a decayed burst-timing signal used inside finite PRB enumeration
with deadline, retry, online success, and BE floor constraints. Therefore, the analysis focuses
on the recoverable region and calibrated operating behavior rather than the throughput
optimality theorem.

MPA uses a small amount of scheduler-side memory to address a specific timing issue.
At the beginning of a burst, the visible queue can still appear manageable, even though
new arrivals and failed attempts have already made the next few slots more difficult to
manage. The one-step comparison is in the same broad family as finite-horizon dynamic
programming and model-predictive control (MPC), where the current action is selected
after a short predicted continuation is examined [52,53]. Recurrent neural networks (RNNs)
and long short-term memory (LSTM) schedulers can learn richer temporal predictors,
provided that representative training traces and a deployment observation interface are
available [3,39,41,54]. The allocation rule studied here keeps the predictor explicit, consid-
ering the burst state, arrivals, visible queue, deadlines, retries, recent unresolved demand,
and BE floor. Therefore, it occupies a middle ground between simple reactive rules and
heavier MPC, RNN/LSTM, DRL, SOVANET+-style service scheduling, and long-horizon
optimization approaches. Its target is the recoverable burst stress regime, where the baseline
safety capacity is insufficient but temporary PRB headroom exists.
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3. Materials and Methods
3.1. System Model and Scope

A slotted scheduler is considered, which shares a finite PRB pool between deadline-
constrained safety traffic and BE traffic. The model is written at the scheduler decision layer,
with both centralized and distributed NR-V2X interpretations. In a next-generation Node B
(gNB)-assisted setting, the rule can be read as a supervisory PRB partition decision before
lower-layer scheduling. In a distributed Mode 2 setting, sensing, SCI decoding, reservation,
pre-emption, IUC, and reselection first shape the usable resource set and the planning
success probability. The slot-level question is how much of this usable PRB pool should be
assigned to safety traffic when burst stress creates an unresolved demand. Tables 1 and 2
summarize the main symbols used in the model, as well as the allocation rules, comparator
definitions, and evaluation metrics.

In this ordering, Mode 2 collision avoidance and coordination procedures appear as
resource availability inputs before PRB partitioning. Their effects enter through the finite
action set, guard/control margin, and online-calibrated success probabilities.

The NR-V2X interpretation is kept explicit. The simulated resource pool corresponds
to a 20 megahertz (MHz) bandwidth part (BWP) with 30 kilohertz (kHz) subcarrier spacing
(5CS), giving 51 nominal PRBs. One PRB is reserved as a guard/control margin, and the
scheduler allocates from the remaining Nprg = 50 PRBs. One scheduler decision represents
1 millisecond (ms), i.e., two 0.5 ms NR slots at this numerology. A compact safety protocol
data unit (PDU) is represented by 7, = 2 PRBs under the adopted modulation and coding
scheme (MCS) setting. These assumptions are listed in Table 3.

Table 1. System, traffic, service, and PRB budget symbols used in the model.

Symbol Meaning Unit/Range

Time and regime

t Scheduler decision slot index 1 ms slot

By Operating regime; normal if 0, burst stress if 1 {0,1}

PNB, PBN Normal-to-burst and burst-to-normal transition probabilities Probability

Traffic

At Number of new safety arrivals in slot ¢ Packets

AN, AB Per-user safety arrival probabilities in normal and burst regimes Probability

ABE BE arrival probability used in the traffic model Probability

Ng, NBE Numbers of safety and BE users Users

Queue and retry

Qr, |Qtl Safety queue and its visible length at beginning of slot ¢ Packets

d;(t) Remaining deadline of safety packet i Slots/ms

7i(t), Rmax Retry count of packet i and maximum retry count Attempts

Rfend Retry-labeled packets already present in the queue at the decision Packets
instant

Rpew Newly generated retry carryover from current-slot failed attempts Packets

Service

Psuce (B, 1i), pi(t) Model success probability and online-calibrated planning probability Probability
Prior success probability from the calibrated channel curve for regime

0 1
Por b and retry count r Probability
n;y, n,, Online success and failure counts used by the calibration step Attempts
Kprs Bb,r Beta posterior parameters for online success calibration Unitless
St Safety packets delivered in slot ¢ Packets
PRB budget
Npre Schedulable PRB pool PRBs
Kpaser Kmax Baseline and maximum admissible safety allocations PRBs
AK;, AKmax Extra safety allocation in slot t and its maximum admissible value PRBs
Kf‘, KFE Safety and BE PRB allocations in slot ¢ PRBs
Kitin Minimum BE PRB reservation PRBs
Mpkt PRB demand of one safety packet transmission attempt PRBs/attempt
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Table 2. Allocation, comparator, regime analysis, and evaluation symbols.
Symbol Meaning Unit/Range
Scheduler state and decision rule
A Finite set of admissible extra-safety PRB increments PRBs
Dy, vy Transient-deficit memory and decay factor Packets, unit-
less
St Scheduler-visible state used by MPA -
MPA planning
Ci(AK) Safety transmission attempts available under candidate increment AK  Attempts
Qi1 Predicted next-slot safety queue Weighted pack-
ets
]\7It, Wt Predicted urgent loss and residual workload terms Packets
Dyyq Predicted next-slot deficit under a candidate action Packets
Vit1, Tt Continuation value and current candidate comparison tuple -
nBe(t), gt Guarded BE opportunity cost weight and recoverability multiplier Unitless
Comparator policies
U, P Urgency pressure and high-protection pressure score Unitless
mp(By) Burst multiplier in the high-protection comparator Unitless
XQ,0A, 0P Weights for queue, arrivals, and pressure-to-PRB mapping Unitless
Regime analysis
quard Scheduler-visible demand used by the recoverability guard Packets
cap Mean .onlme—cahbrated planning probability used for the guard capac- Probability
ity estimate
Obases Pmax Baseline insufficiency and recovery ratios Unitless
Evaluation
Priss, Pdel Deadline miss ratio and delivery ratio Ratio
Tg, Thef BE throughput and static-reference BE throughput Mbps
BEnorm BE throughput normalized by the static reference Ratio

Table 3. NR-V2X settings used by the scheduler-layer model.

Item Value Role in the Simulation

Radio configuration
Carrier and numerol- 5.9 GHz, 30 kHz SCS  Carrier and slot-timing setting used for the NR-V2X mapping
ogy

Resoutce pool 20 MHz BWP, 51 Starting resource pool before the scheduler-level guard/control

nominal PRBs margin
Scheduler abstraction
Decision interval 1 ms =2 NR slots Time unit for deadlines, queue updates, and PRB decisions
Schedulable PRBs 50 PRBs PRB pool available to the safety-BE allocation rule
Traffic and resource constraints
Safety packet de- 2 PRBs per attempt Compact 96-byte safety PDU under the adopted MCS setting
mand
Safety allocation 6-30 PRBs Range used in the dense NLOS stress and short-deadline
heavy-load cases
range
BE floor 10 PRBs Minimum BE reservation enforced in all evaluated cases
Delay budget 2-4 ms Application-level safety deadlines used in the curated cases

3.1.1. Traffic and Burst State

Time is indexed by slots t = 0,1,.... The operating condition is represented by a
two-state process
Br € {0,1}, (1)

where B; = 0 denotes the normal regime and B; = 1 denotes burst stress. The regime
follows a Markov transition model:

Pr(Biy1=1|B;=0)=pns,  Pr(Bi1 =0|B; =1) = ppn- 2)

This is a compact way to represent persistence. A burst is not treated as an isolated
bad slot; it may last long enough for failed attempts and new arrivals to overlap.
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Safety arrivals are regime-dependent. With N[SJE safety users,

Binomial(N{g, An), By =0,

At ~ . . S
Binomial(Ngg, A), Bi =1,

)

where Ap > AN. The burst state therefore affects both the load and channel quality. BE
arrivals are modeled separately and stored in a finite BE queue. The exact BE arrival law
is not the central issue; what matters is that BE service uses the same PRB pool as safety
protection.

Each Monte Carlo replicate starts from By = 0, an empty safety queue, Dy = 0, zero
retry carryover, and an empty BE queue. A warm-up interval is discarded before the metrics
are collected; therefore, the reported values are not driven by these startup conditions.

3.1.2. Safety Queue and Retry-Aware Service

Each safety packet carries two scheduler-visible attributes: its remaining deadline d;(t)
and retry count 7;(t). A packet leaves the queue when it is delivered, when its deadline
expires, or when its retry limit is exceeded. If packet i is attempted in slot ¢, its success
probability is

pi(t) = Psucd Bt 7i(t)). (4)

The function psycc(+) is obtained from a calibrated scheduler-layer channel model. It
uses the regime-dependent SINR, an MCS-based BLER curve, PRB diversity, and HARQ-
like combining. SINR values are reported in decibels (dB). The deterministic mean values
are reported in Table 4; for example, the nominal burst first-attempt success probability
is 0.582 and rises to 0.907 by retry count 3 under the HARQ gain cap. In the stress burst
setting, the first-attempt value is 0.275 and rises to 0.727 under the retry cap. The simulation
still applies per-slot SINR jitter for realized transmissions; the reported values are the
planning means used by the scheduler.

Table 4. Channel/success operating points used in the evaluated scenarios. Values are deterministic
mean planning probabilities; stochastic simulation additionally applies per-slot SINR jitter.

Scenario Normal SINR Burst SINR Retry Cap Burst psucc(r = 0) Burst psucc (f = Rmax)
Urban nominal 14.0dB 5.0 dB 3 0.582 0.907

Dense NLOS stress 14.0 dB 3.0dB 4 0.275 0.727
Short-deadline heavy 14.0dB 3.0dB 4 0.275 0.727

load

Let S; be the number of safety packets delivered in slot ¢, and let R}*" be the newly
generated retry carryover from failed attempts in the same slot. Both are endogenous: they
depend on the current queue composition, burst state, retry counts, and PRB allocation
selected in that slot. The term R}'*" counts only current-slot failed attempts that remain
eligible for retry; retry-labeled packets already present in Q; are represented in the queue
state and are not added again in the physical queue recursion.

3.1.3. PRB Partition

The scheduler reserves a baseline safety budget Kp,s. and may add a nonnegative
increment AK;. The safety and BE allocations are

K} = Kpase + AK:,  KPE = Npgp — K. 6)
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The decision must respect a safety ceiling and a BE floor:
0 < AKt < Kmax — Kpase, KPE > Kglpfn (6)
Equivalently, the largest admissible increment is
AKmax = min (Kiax — Knaser NpRB = Kbase = KBE" ). )

Since safety packets are served in units of 7, PRBs, the feasible action set is finite:

AK
A = {0, npkt, ankt/ ceey \‘ maXJ npkt}. (8)

Mpkt

This finite action set is important for the interpretation of MPA. The online decision
is solved by enumeration over feasible PRB increments, not by adjusting a continuous
tuning knob.

3.1.4. Transient-Deficit Memory

The model includes a decayed transient-deficit state D;:
Diyq = v[Di+ A +REY — 8], 0<vy <. 9)

The deficit is a memory of recent unresolved safety demand. It grows when arrivals
and newly generated retry carryover exceed the delivered safety service, and it decays after
recovery. The queue records packets that are still waiting; the deficit records the recent
service shortfall that produced the pressure. This distinction is useful during burst onset,
when the visible queue may still be moderate but the combination of fresh arrivals, failures,
and retries already signals that the baseline allocation is falling behind.

3.1.5. Observed State and Modeling Boundary

At the beginning of a slot, the scheduler observes

St = (Bt, At, D, Qy, {di(t)rri(t)}iGQt)’ (10)

where Q; is the safety queue. This state contains the information used by MPA and by the
structural baselines.

The model boundary follows the scheduler-layer question. It retains the elements
that change the safety—BE allocation decision: burst persistence, arrivals, deadlines, retries,
success probabilities, finite PRB budgets, and BE coupling. The lower-layer procedures
enter through the effective resource pool and calibrated success map, keeping the sched-
uler question explicit. The evaluation is a calibrated scheduler-layer study with NR-V2X
parameter settings.

In the simulations, 7,y = 2 means that one compact safety PDU occupies two PRBs
under the adopted MCS. This value fixes the packet resource granularity used in the main
operating points. With another MCS or a lower-power IoT-oriented waveform, both the
packet-to-PRB mapping and the BLER/success probability curve would change. In the
scheduler abstraction, these changes enter through 1, and psucc(-). Recent IoT modulation
studies, including energy-efficient CPM and index-aided DCSK designs, provide examples
of how modulation choices can shift link-layer robustness and spectral costs [55,56]. A later
sensitivity check varies the packet-resource granularity around this setting.

Table 5 records how lower-layer NR-V2X mechanisms enter the scheduler-layer ab-
straction. PHY/MAC effects first shape the usable resource set or the planning success
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probability; the allocation rule then decides how much of this usable set is assigned to
safety traffic.

Table 5. Scheduler-layer representation of lower-layer NR-V2X mechanisms.

NR-V2X
Mechanism

Scheduler-Layer
Representation

Role in the Evaluation

Mode 1 scheduling

Mode 2 resource selec-
tion and sensing-based
SPS

SCI and PSFCH signal-
ing

Pre-emption, IUC, and
re-evaluation

Sensing errors, hidden
nodes, and collisions

Geometry, distance,
and interference

gNB-side supervisory
PRB partition

Usable resource set de-
termined before the
scheduler-layer partition
Effective PRB budget or
guard/control margin
Candidate-set filtering
before allocation

Conservative planning
success probability and
online correction
Scenario-dependent suc-
cess calibration

Direct interpretation of the safety-BE PRB decision

The allocation rule partitions the admissible PRB set after sensing, reservation, and reselection
constraints

Reduces schedulable resources available to safety and BE traffic
Removes risky or unavailable PRB increments from the admissible action set

Moves the operating point toward higher safety pressure when observed outcomes are worse
than the calibrated curve

Reflected through the nominal and dense NLOS channel/success operating points

3.2. Memory-Based Predictive Allocation

MPA chooses the extra safety allocation AK; at the beginning of each slot. The input is
the observed state s; in Section 3.1.5, and the output is one element of the feasible set .A.
The rule uses a short horizon by design. It takes the current queue as observed, propagates
the likely one-slot consequences of each candidate allocation, and then checks how much
recourse is needed in the next slot. This keeps the online decision sufficiently small for
enumeration while still accounting for retry carryover and transient underservice.

3.2.1. Current-Slot Propagation

For a candidate action AK € A, the number of safety transmission attempts available
in the current slot is

(11)

Ci(AK) = {Kbase - AKJ.

Npkt

Packets are considered in queue order, with their own deadlines and retry counts. For
attempted packet i, the model success probability is first obtained from the calibrated link
abstraction, psucc(Bt, 7i(t)). The scheduler then applies a lightweight online calibration. For
each burst regime b € {0,1} and retry count r, let pglr = Psucc(b, 1) be the calibrated model
value, and let n;fr(t) and n, (t) be the realized success and failure counts observed before
the current decision. With prior strength c.,), the Beta posterior is

i (8) = ccatph, + 15,8, Bur(t) = cca (1= i, )+ (1), (12)

The posterior mean and standard deviation proxy are

_ (b _ B (O = (1))
= iy 0= o

The lower planning value from this counter is

Et (b/ 7’) = max{ Pmin, Hb,r (t) - anlo'b,r(t) }/ (14)
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where pmin prevents a zero-probability collapse and z., controls the conservative margin.
MPA uses the following planning success probability:

pi(t) = min{ pauceBe, 7i(1), (1 = @) psuce Be, 74(1)) + wp (Br,7i(1)) }, (15)

where 0 < w < 1is a fixed blending factor. The minimum keeps the planner conservative:
online observations can reduce the planning probability under model mismatch, but they
do not make the scheduler more optimistic than the calibrated channel model. A successful
packet leaves the queue; a failed packet either becomes retry mass in the next slot or
becomes irrecoverable if its deadline or retry budget is exhausted. Thus, the calibrated
channel model acts as the prior planning curve, while the online posterior correction
provides a conservative adjustment from realized transmission outcomes.
The propagation gives three quantities for each candidate action:

e M;(AK), the expected urgent loss in the current slot;

e 5;(AK) and RM™¥(AK), the expected delivered packets and newly generated retry
carryover;

e O0;11(AK)a weighted next-slot queue containing unserved packets and failed packets
that remain eligible for retry.

The next deficit used by the planner is then
~ - ~ +
Dy11(AK) = [Dt + Ap + RMY(AK) — st(AK)] . (16)

3.2.2. One-Step Recourse

A current-slot action may reduce the visible queue while leaving a difficult next slot.
MPA therefore evaluates a one-step continuation problem. From the predicted state

5i1(8K) = (Bis, Disa (8K), Qpia (8K)), a7

the method again enumerates feasible safety increments for the next slot. The next burst
condition is represented by the Markov transition probability from the observed By, so the
future success probability is the corresponding normal-burst mixture.

For a next-slot action AK’, let ]\7It+1 (AK’;5;41) denote the expected urgent loss after the
predicted queue has aged by one slot, and let Wt+2 (AK’;3;,1) denote the residual workload
after this action. These two quantities are obtained by applying the same service, retry, and
deficit propagation used in (16) to the predicted state 5;,1(AK). The residual workload is
defined as

Wito = Y wi+ Dipo, (18)

i€Qiq0

where w; is the probability mass of a predicted packet state and Oy, is the predicted queue
after the candidate next-slot action. The tuple minimum used below is read in a fixed
left-to-right order. For two tuples x = (x1,...,x1) and y = (y1,...,yL), x is preferred to
y if there exists an index ¢ such that x; = y; for every j < £ and x;, < y,. If all entries are
equal, the two tuples are tied. Thus, the minimum symbol in the next equation is not a
scalar weighted sum:

(19)

. o _ AK' AK'
Veri(S1) = min <Mt+1(AI<’),Wt+2(AK’),;73E(t) >

7
NMpkt Mpkt

Equation (19) assigns the predicted state its best next-slot continuation tuple. It is
obtained by taking the predicted state in (17), applying the same one-slot service and
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retry propagation to each feasible continuation action AK’, using (18) for the remaining
workload, and then selecting the best tuple under the fixed-ordered comparison. The
entries are the expected urgent loss, residual workload, guarded BE opportunity cost, and
PRB increment. A candidate with a lower urgent loss is preferred before the residual
workload or BE cost is considered. The BE cost term is considered only after the current
urgent loss term in J; and the urgent loss component embedded in the recourse tuple Vt+1
have been compared. The coefficient 77pg (t) is the guarded BE opportunity cost used by the
scheduler; it is distinct from the BE arrival probability used in the traffic model. The BE
term is written in packet-sized PRB units because actions are enumerated in this unit.

3.2.3. Recoverability-Aware PRB Guard

The allocation rule also includes a recoverability-aware PRB guard. The guard trans-
lates the recoverable region idea into a cost multiplier inside the existing candidate compar-
ison. The ratio test keeps feasible actions in the comparison and changes only the BE cost
entry, after the current urgent loss and one-step safety carryover have been evaluated. The
demand signal used by the guard is

psurd _ max{ Dy + A+ R, Y 1{di(t) < 2}}- (20)
i€Q;

Here, quard is the scheduler-visible demand used only by the guard. It takes the larger
of two signals: the recent unresolved load D; + A; + R} *d and the number of packets
whose remaining deadline is at most two slots. The term Rfend denotes retry-labeled
packets already present in the queue at the decision instant. This is different from R}¢"
in (9), which is generated only after current-slot failed attempts. The planning capacity
term is

cap _ ‘Qtlil Zith ﬁi(t)r |Qt| >0,

21
t p+(B,0), Qi =0, @

where p; " is the packet success probability, used only for the guard capacity estimate.
When the queue is nonempty, it is the mean of the online-calibrated planning probabilities
pi(t) defined in (15); when the queue is empty, it uses the current regime and first-attempt
retry class. The two ratio tests are

guard guard
Lt Lt

Pbase(t) Pmax(t) (22)

a max{cbasepiapr 6} ’ B max{cmaxpiap/ 6} ’

where Cpase = | Kpase/ npktj is the number of packet attempts supported by the baseline
safety allocation, Cimax = LK?I?;Q / npktj is the number supported by the largest admissible
safety allocation after the BE floor is enforced, K34 is the admissible safety ceiling, and €
avoids division by zero. The products Cpasep; " and Cmaxp; " are the expected planning
capacities in packets; they are the guard-level counterparts of the slot service capacity
C¢(AK) in the current-slot propagation. The guarded BE cost is

1B (f) = St1BE, (23)

where
&suf/ Pbase(t) <land ZieQ, 1{di(t) < 2} =0,
8t = § Kinf/ Pmax(t) >1, (24)

Grec, Otherwise.
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The constants gqy¢, ginf, and grec are fixed nonnegative multipliers. The implementation
uses gsuf > grec to reduce unnecessary extra safety allocation when the baseline appears
sufficient and no packet is immediately urgent. It uses ginf > grec nNear the resource ceiling,
where additional PRBs may not recover the safety backlog and can mainly consume BE
capacity. In the recoverable middle case, grec = 1, and the standard MPA ordering is left
unchanged. Thus, the guard affects only the BE cost entry of the ordered comparison.
Safety-improving actions remain available whenever they can reduce the current urgent
loss, even if one of the ratio thresholds has been crossed. In the near-ceiling case, if no packet
is currently urgent, the implementation also limits the current-slot candidate list while
retaining a configurable fraction of the near-urgent coverage for packets with d;(t) < 2.
This prevents workload-only safety expansion when the ratio test indicates that the backlog
is not recoverable with the available PRB ceiling. The cap is not applied in the recoverable
middle case or when the current urgent loss can still be reduced.

3.2.4. Selection Rule

The current action is selected by comparing candidate tuples

~ ~ . AK AK
Ji(AK) = | Mi(AK), Vi1(Si41(AK)), Wit (AK) + 1Bg(t) —, — |, (25)

Mpkt Mpkt

where
Wir1(AK) = ) wi+ Di1(AK). (26)
iEQt+1(AK)
The selected allocation is

AKF = i AK). 27
; = arg min Ji(AK) 27)

The minimum in (27) uses the same left-to-right tuple comparison. The current urgent
loss entry is compared first. If candidate actions are tied on this entry, the recourse tuple
is compared. If they remain tied, the residual workload/BE cost term and then the PRB
increment are compared. Consequently, the BE cost affects the decision only when the
earlier safety-priority entries do not separate the candidates. The final entry selects the
smaller safety increment when the two candidates are otherwise equivalent. This provides
a safety-first rule while avoiding the permanent assignment of all spare PRBs to safety.

This ordered rule selects a safety-first operating point on the safety-BE frontier. It
does not trace the full Pareto set: a candidate that saves many BE PRBs by accepting a
larger current urgent loss falls behind a candidate with lower urgent loss. The evaluation
therefore reports the miss ratio and BE throughput together, placing this operating point
against the more BE-preserving Reactive policy and the more safety-heavy Look-Ahead,
LSTM, and Overprovision references.

3.2.5. Implementation Notes

The implementation follows the above equations by direct enumeration. For each
feasible AK, it propagates the current queue, computes the predicted deficit, solves the
one-step recourse enumeration, and stores the resulting tuple. The tuple with the best
left-to-right priority order determines the action. The actual transmission outcomes in
the simulator are sampled using the stochastic channel model, and planning uses the
online-calibrated probabilities in (15). The success counters are reset at the beginning of
each Monte Carlo replicate and updated from the realized attempts, including the warm-up
interval.
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The number of evaluated actions is bounded by the PRB headroom and the BE floor:

AKmax

Al =1+
Mpkt

(28)

The recourse step repeats the same finite enumeration once. Listing 1 summarizes

the online sequence in one scheduler slot. Table 6 reports the resulting decision structure,

together with the heavier two-step look-ahead reference used as a robustness check.

Listing 1. One-slot MPA allocation procedure.

1
2

3

Observe s; = (Bt, Ay, Dt, Qt, {di(t), 7i(t) }ico,) at the beginning of slot ¢.

Form the feasible PRB-increment set A from AKpax, Npkt, and the BE floor constraint.

Update the online success estimate from realized attempts in earlier slots and obtain the conservative
planning probability f;(t).

Compute Ppase (), Pmax (t), and the guarded BE cost coefficient 7pg (¢); in the nonurgent near-ceiling
case, apply the candidate cap described in Section 3.2.3.

For each AK € A, predict the current-slot service, urgent loss M; (AK), retry carryover, next queue
0;.1(AK), and next deficit Dy, 1 (AK).

For the predicted next state, enumerate each feasible continuation action AK’ and keep the best continu-
ation tuple Vt+1 under the fixed left-to-right ordered comparison.

Store the current candidate tuple J;(AK), containing the current urgent loss, continuation tuple, resid-
ual workload with guarded BE cost, and PRB increment.

Select AK} as the candidate with the best-ordered tuple; if all entries are tied, choose the smaller PRB
increment.

Apply K? = Kpase + AK}, sample realized transmissions, and update the safety queue, retry labels,
deficit state, online success counters, and BE queue.

Table 6. Scheduler policies used in the safety-BE comparison.

Policy Comparison Scheduler-Visible Information Online Decision
Role Form

Reactive BE-preserving Visible queue and deadlines Queue-triggered
baseline PRB increment

High-Protection Safety-protective Urgency, queue, retry, and arrivals Tuned score-based

Urgency+Q+R+A  comparator pressure rule

MPA Proposed alloca- Burst state, arrivals, deficit, queue, deadlines, retries, online success estimate Exact finite-action

Look-Ahead (H =
2)
Overprovision

tor

Heavier refer-
ence

Safety ceil-
ing/BE cost
reference

Same state as MPA

Fixed maximum safety allocation

one-step recourse
selection with
recoverability-
aware BE cost
Two-step finite-
action reference
Maximum safety
PRBs subject to BE
floor

3.3. Analytical Insight: Recoverable Burst Stress Regime

The deficit state in (9) is useful only if it has a clear interpretation. This section provides

an interpretation of this through a simple mean service argument. The argument locates

the operating region where memory should help, and the numerical claims remain with

the simulation and calibration results.

3.3.1. Base-Only Deficit Reference

Consider first the reference process that uses only the baseline safety allocation. Let

X})ase = A+ R?ew _ S‘i)ase (29)
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denote the one-slot safety shortfall under the baseline allocation, where SP€ is the safety
service obtained from Ky,s PRBs. The corresponding deficit recursion is

+
D2 = o [Dpmse 4 Xpose| . (30)

Because 0 < v < 1, old shortfalls are discounted. A short burst can still create a large
transient deficit; however, the memory does not grow without bound once the service
recovers. The state D; therefore represents recent pressure rather than a permanent backlog.

Taking a regime-average view, the steady-state base-only deficit is bounded by

7 EXPTE e TELKE)*]

1~ 11—~ (31)

The lower bound reflects the average drift of baseline service. The upper bound
reflects the average positive part of the shortfall, so it remains sensitive to burst periods
even when normal periods are well served.

3.3.2. Insufficiency and Recovery Ratios

The ratio test follows directly from the expected one-slot shortfall. Under a baseline
allocation, the expected drift of the shortfall term is

E[X7*¢] = E[A; + R — E[sp*]. (32)

Thus, the baseline tends to fall behind when E[XP2¢] > 0. Equivalently, it is insuf-
ficient when the incoming safety work exceeds the expected baseline service. The same
calculation can be performed at the largest admissible safety allocation. The expected
service terms are estimated from the packet attempt capacity and the calibrated planning
success probability,

E[SP*¢] ~ E[Cpasep; ], E[SP™] ~ E[Cmaxpi ), (33)

where Cp,ee and Cmax are the packet attempt capacities at the baseline and maximum
admissible safety allocations. This leads to two ratios,

E[A + RP"]
Pbase = W (34)

and ElA, 1 Rrew
[ t+ t ] (35)

pmax = ~F[gpm

where S{"® is the service available under the maximum admissible safety allocation. These
ratios separate two different questions. If pp.s. > 1, the baseline allocation is insufficient
on average and some dynamic protection is justified. If pmax < 1, the system still has
enough PRB headroom for an adaptive policy to recover without reserving maximum
safety resources all the time.

The averages in (34) and (35) are finite-window load-service summaries for a scenario
or sweep point, not steady-state claims about the first few burst slots. At the controller
level, the guard in (22) uses the same logic as the current observed demand Ltguard and
the current planning probability p;"". The regime-level values identify where recovery is
possible, whereas the slot-level guard decides whether the current burst sample is pressing
against the baseline or the ceiling.

The calculation is a load—service diagnostic with the same practical logic as Lyapunov
drift and debt arguments: recovery requires the service opportunity to exceed incoming
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work over the interval that matters. If the shortfall process is written as a decayed debt,
Diy1 = v|Dt + X;]T, the one-step drift is governed by the sign and size of the service
shortfall X;. A negative or small positive shortfall causes the debt to decay, whereas a
sustained positive shortfall keeps it elevated. Equations (34) and (35) apply this idea to
the two PRB limits that matter for the scheduler: the baseline allocation and the maximum
admissible safety allocation. The resulting region identifies where a short scheduler memory
has useful timing information and where the same memory adds little because the baseline
is already sufficient or the PRB ceiling is itself too small.

A simple drift bound also explains why the memory remains transient. For any
bounded one-slot shortfall X;,

E[Di+1 — Di | D) < —(1—9)Dy + yE[X;" | Dy]. (36)

Because arrivals, retry carryover, and PRB service are bounded in the scheduler model,
the positive shortfall term is finite. The bound shows that a large deficit is pulled down by
the decay factor unless new positive shortfalls keep arriving. This is the property needed
for a burst-timing signal: the recent unresolved demand remains visible for a few slots, but
old stress does not dominate later decisions.

This means that the most relevant region for MPA is

Pbase > 1 and pmax < 1. (37)

In this region, permanently reserving the maximum safety allocation is not necessary.
The scheduler needs a temporary protection signal. The transient deficit provides such a
signal because it responds to arrivals, retry carryover, and realized service before the visible
queue length alone fully reflects the stress.

3.3.3. Interpretation for Scheduling

The analysis also clarifies where the proposed memory is less effective. If ppage < 1,
the baseline allocation is already adequate in the mean; therefore, a memory signal has
little potential to improve the decision. If pmax > 1, even the largest admissible safety
allocation cannot fully absorb the average demand; in this case, the resource budget, traffic
load, deadline, or link conditions dominate the results. Between these extremes, memory is
useful because the system is stressed but remains recoverable.

This interpretation matches the design of MPA. The deficit enters the finite-action
comparison together with the deadline urgency, retry state, predicted carryover, online-
calibrated success probability, and guarded BE cost. As a result, extra safety PRBs are
favored when unresolved demand is building, and the allocation relaxes when the predicted
workload falls or the current ratio test indicates a weak safety return for additional PRBs.
This gives the deficit state a practical role: the queue length can be late under burst stress,
while a decayed memory of recent shortfall gives the scheduler an earlier signal.

3.4. Evaluation Design and Validation Protocol

The evaluation is organized around the safety—BE trade-off created by burst stress. All
policies run on the same slot process, PRB budget, traffic traces, retry rules, deadline model,
and calibrated success probability map. The reported comparisons change the allocation
rule while keeping the operating point fixed. Each Monte Carlo replicate resets the random
number generator with the deterministic seed protocol exported with the results package,
and all summary metrics are computed after the warm-up interval. Unless otherwise stated,
the main figures, application validation results, calibration summaries, and LSTM reference
results use 25 independent runs per policy/scenario. Tables report replicate means together
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with 95% confidence interval half-widths when run-level replication is available. The
summary values supporting the reported tables and figures are provided as Dataset S1.

The number of runs was chosen to keep the confidence intervals visible without
allowing the heavier look-ahead and LSTM references to dominate the evaluation time.
Increasing the number of independent runs would mainly narrow the confidence intervals
at the usual 1/+/N rate; it would not change the policy definitions, PRB constraints, or
deterministic seed protocol. The statistical tables report standard deviations and 95%
confidence interval half-widths, making the sampling uncertainty explicit.

All simulations, post-processing steps, and figure/table generation were implemented
in MATLAB. MATLAB was used as a controlled simulation environment for deterministic
Monte Carlo scripting, explicit finite-action enumeration, and direct reproduction of the
reported tables and figures. The scheduler decisions do not rely on MATLAB-specific
optimization solvers; each policy is evaluated through the same scripted slot process and
finite PRB action set. Therefore, timing entries are interpreted as prototype execution
measurements from one software environment. For portability, the evaluation also reports
candidate evaluation counts and recourse depths, which describe the size of the online
decision independently of a specific MATLAB installation.

3.4.1. Operating Regimes

Three curated regimes are used as the main application-level cases. Urban nominal
uses a 4 ms deadline, moderate burst persistence, and a nominal SINR profile. Dense
NLOS stress uses a 3 ms deadline, a lower burst SINR, longer retry allowance, and smaller
baseline safety allocation. A short-deadline heavy load reduces the safety deadline to 2 ms,
whereas the BE demand remains high. MPA uses the same controller parameters across
these cases; only the operating environment changes.

The curated regimes are complemented by controlled sweeps. The calibration sweep
changes the burst channel severity and HARQ-like combining assumptions. The recover-
able region sweep varies the burst arrival rate, baseline safety allocation, burst persistence,
and deadline. Together, these experiments separate the main performance comparison
from the link abstraction sensitivity and regime coverage. Table 7 summarizes the scenarios
used for application-level validation.

Table 7. Operating scenarios used in the main validation. Shared settings are Nprg = 50, Kmax = 30,
K@in = 10, npie = 2, Ngg = 10, Teim = 3000 slots, and Tyarmup = 200 slots.

Parameter

Urban Nominal Dense NLOS Stress Short-Deadline Heavy Load

Safety deadline Dmax

Baseline safety PRBs Kpage
Burst arrival probability Ap
Burst recovery probability ppn
Burst SINR SINRp

Retry cap Rmax

BE users NE%

BE arrival probability Apg
Main summary runs
Application validation runs

4 ms 3 ms 2 ms
8 6 6
0.72 0.72 0.82
0.10 0.04 0.04
5.0dB 3.0dB 3.0dB
3 4 4
30 26 30
0.80 0.72 0.80
25 25 25
25 25 25

3.4.2. Policies Compared

The comparison set was organized based on scheduling principles. Each policy uses
the same PRB budget, BE floor, packet deadlines, retry limit, and channel success map; only
the allocation rule is changed for each policy.

The comparison separates the scheduler-layer mechanisms under a single observation
interface. Static and Reactive provide low-complexity reference points; Threshold-Guard,
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Urgency + Q + R, and the high-protection variants add stronger reactive protection; Look-
Ahead and the LSTM reference add predictive comparators. Modern SPS, SOVANET+, MPC,
and DRL approaches remain important in the literature; however, their input assumptions

differ, i.e., the sensing window history, channel quality reports, service-level classifications,
distributed feedback, or trained predictors [12,39,48]. Maintaining the same PRB budget,
BE floor, channel success map, and scheduler-visible state makes the differences attributable

to the allocation rules.

Static keeps the safety allocation fixed at its baseline value and therefore provides a
no-adaptation reference. It represents the fixed Ky,s safety reservation used for within-
scenario normalization. Fixed or semi-static resource partitioning is commonly used as a
reference point when evaluating dynamic RAN slicing and URLLC/eMBB coexistence
mechanisms [7]. In the NR-V2X context, this is also consistent with configured or persistent
reservation viewpoints in sidelink resource pool studies [11,12,21].

Reactive is the queue-reactive baseline. This increases safety protection from visible
backlogs and retry-dependent service information. It uses B;, Q;, and retry states
through the channel/retry service model, but excludes current arrivals, deadline
urgency, transient deficit memory, and recourse. This policy is grounded in queue-
aware low-latency scheduling, where the queuing state is used to monitor the delay
and control the service [14-16].

Threshold-Guard is a quantized dynamic protection controller. It selects among a
small number of safety guard levels using visible queue pressure and retry-aware
service prediction while excluding current arrivals, deadline urgency, transient deficit
memory, and recourse. This is motivated by dynamic RAN slicing and scheduling
approaches that adjust low-latency resources according to service conditions rather
than maintaining a fixed partition [8].

Urgency + Q + R is the main strengthened reactive comparator. It uses the burst
state, visible queue length, packet deadline urgency, and retry labels but excludes
current arrivals, transient deficit memory, and one-step recourse. It tests whether
deadline-, queue-, and retry-aware reactivity is sufficient without memory or predic-
tive carryover. This comparator is grounded in fair URLLC/eMBB multiplexing and
deadline-sensitive scheduling formulations [17,18,44].

High-Protection Urgency + Q + R and High-Protection Urgency + Q + R + A are deliber-
ately strengthened urgency-aware comparators. Both use the burst state, visible queue
length, packet deadline urgency, and retry labels, but neither uses transient-deficit
memory or recourse. The second variant additionally uses the current arrival count
At, which tests whether the MPA gain can be reproduced by simply exposing arrivals
to a high-protection urgency-aware rule.

For these high-protection comparators, the urgency pressure is

Up =) wa(di(t) we(ri(t)), (38)
i€Qt

where wy(+) increases as the residual deadline decreases, and w;(-) increases with the retry

count. The generic pressure score is

Py = mp(By) (Ur + ag|Qt| + aaAy), (39)
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where |Q;| is the visible queue length, mp(B;) is a burst multiplier, x; weights visible
backlog, x4 = 0 for High-Protection Urgency + Q + R, and a4 > 0 for the proposed High-
Protection Urgency + Q + R + A method. The selected allocation is

AK; = min{AKmax, Mokt [4p P } (40)

where ap maps the pressure score to a quantized extra safety allocation with the BE floor
enforced.

*  Overprovision persistently applies the maximum admissible safety allocation. It rep-
resents the persistent prioritization extreme: low-latency traffic receives strong pro-
tection, whereas the BE service pays the corresponding opportunity cost. This is
motivated by reservation- or contract-style URLLC protection mechanisms in coexis-
tence settings [19].

*  Look-Ahead (H = 2) is an internal validation reference for the one-step design of MPA. It
uses the same scheduler-facing state family as MPA, including the burst state, visible
queue, current arrivals, packet urgency, retry labels, and transient-deficit memory,
but evaluates a deeper finite-horizon approximation. Its role is to test whether the
one-step MPA design captures the main qualitative behavior of a heavier predictive
reference, following the limited look-ahead dynamic programming view of sequential
decision-making.

e LSTM predictive is a learned short-history comparator based on the standard LSTM se-
quence model [54]. It uses the same scheduler-visible variables as the other predictive
policies, arranged over an eight-slot history, and maps them to a five-slot safety pres-
sure target expressed in packet-sized extra safety allocations. The training target is the
clipped mean excess safety pressure over the next five slots: future arrivals, pending
retries, the urgency risk count, and the transient deficit are averaged, compared with
the baseline packet service capacity, and clipped to the admissible extra allocation
range. During evaluation, these future terms are not exposed to the policy; the trained
LSTM predicts the target from the preceding eight scheduler-visible slots. One LSTM
reference is trained on five Reactive stress traces, and a second uses mixed Reactive,
MPA, and Overprovision traces. Both learned references are evaluated on 25 dense
NLOS stress traces generated from disjoint random seeds; none of the evaluation
traces are used during training.

The same admissible action set and PRB constraints are used for MPA and the com-
parators. The key difference is the state used in the allocation comparison: MPA includes
the decayed transient-deficit state, online success calibration, and a recoverability-aware
BE cost guard while evaluating the immediate action, together with a one-step carryover.
The comparison set therefore covers fixed reservation, queue-triggered reaction, quantized
guard control, urgency/retry scoring, stronger safety protection, finite-horizon look-ahead,
and learned short-history prediction.

3.4.3. Ablation Setup

The ablation study is an internal component removal test of the MPA. It is evaluated
over the first W = 5 slots after each detected burst onset, where timing matters most: the
safety pressure has started to rise, while the visible queue may not yet fully reflect the new
operating condition.

The compared variants are as follows.

e MPA full: Uses burst state, current arrivals, transient-deficit memory, visible
queue length, packet deadline labels, retry labels, online success calibration, the
recoverability-aware BE cost guard, and the one-step continuation check.
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*  No online calibration: Keeps the calibrated channel curve, transient-deficit memory,
packet urgency, retry state, recoverability guard, and one-step continuation check, but
disables the posterior correction from realized transmission outcomes.

*  No recoverability guard: Keeps online success calibration and the full MPA state, but
disables the recoverability multiplier and the near-ceiling candidate cap; ppase (f) and
Pmax(t) are therefore excluded from the PRB comparison.

*  No deficit: Removes D; while keeping arrivals, visible queue length, deadline urgency,
retry information, and the one-step continuation check.

*  Nodeficit + no online calibration: Removes both the transient-deficit memory and the
posterior success correction, while leaving the remaining queue, deadline, retry, guard,
and continuation logic unchanged.

*  No recourse: Keeps the full scheduler-facing state, including D;, but replaces the
one-step continuation check with a myopic finite-action decision.

e A+ Q+R:Usesarrivals, burst state, visible queue length, and retry labels, but removes
packet deadline urgency, transient-deficit memory, and the one-step continuation
check.

*  Deficit only: Uses only the scalar transient-deficit memory Dy as the dynamic demand-
side signal and removes arrivals, visible queue length, packet deadline urgency, retry
labels, and the one-step continuation check. It serves as a diagnostic low-information
variant.

The sensitivity checks also vary v, npy, KIBIE“, and the online calibration blending
factor w around the dense NLOS stress setting.

3.4.4. Metrics

The primary safety metrics are the deadline miss ratio, delivery ratio, average deliv-
ered packet delay, and 95th-percentile (p95) delivered packet delay. For a run with Ngen
generated safety packets, Npss deadline misses, and Ny delivered packets,

N, miss N, del

Preg = ——miss __p o Ndel 41
5 max(Ngen, 1)’ del max(Ngen, 1) (1)

Delay is measured only for delivered safety packets, in scheduler milliseconds. The
p95 delay is compared with the deadline budget in the application-level table, because a
low average delay can hide a tail latency problem.

The BE metric is the normalized throughput,

T
BEnorm = % ’ (42)
TBE

where Tg]"af is the BE throughput of Static under the same regime, i.e., the policy that keeps
the safety allocation fixed at Ky,ag.. This within-scenario normalization makes the BE loss
comparable across the cases. The BE metric is not treated as a safety reliability metric; it
measures the non-safety service capacity sacrificed to obtain a given safety outcome. The
evaluation also records the average BE PRB allocation and checks the configured BE floor.
To capture burst timing, onset miss rates are reported over the first 5 and 10 slots after a
normal-to-burst transition. This is the interval where a queue-only response is most likely
to be late.

3.4.5. Reported Artifacts

Table 3 lists the shared NR-V2X resource pool settings, Table 4 reports the success
probability operating points used in the curated cases, and Table 6 identifies the policies
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needed to interpret the safety—BE trade-off. The application-level delivery and delay checks
are reported in the corresponding Results section.

4. Results

The results below use the parameterization given in Tables 3, 4, 6 and 7.

4.1. Safety—BE Trade-Off

The stress regime operating point is shown in Figure 1. Reactive scheduling pre-
serves almost all BE throughput, but it leaves a large fraction of safety packets unserved
before their deadline in dense NLOS stress. A fixed maximum safety allocation and high-
protection urgency-aware allocation move to the opposite side of the trade-off; they reduce
the miss ratio substantially but reserve far more PRBs for safety. MPA occupies the middle
of this curve. In this scenario, the miss ratio is reduced from about 0.665 under Reactive
to about 0.288 under MPA, while the normalized BE throughput remains about 0.892.
The fixed maximum safety allocation reaches a lower miss ratio of approximately 0.15,
but its normalized BE throughput decreases to 0.534, meaning that almost half of the
static-reference non-safety service capacity is removed at the same operating point.

0.7 4 CD
0.6 H
205
S
1]
L
€
>04 1
Q2
©
n
¢
0.2 4 *
0.1 T T T T T
0.5 0.6 0.7 0.8 0.9 1
Normalized BE throughput
O Static B Reactive D> Threshold-Guard O Urgency+Q+R
A High-Prot. U+Q+R €@ MPA WV Overprovision %  Look-ahead H=2

Figure 1. Stress regime safety—BE operating point. Error bars denote 95% confidence intervals over
25 Monte Carlo runs.

The broader metric comparison in Figure 2 shows the same reading from several
angles. MPA uses average extra safety allocation of approximately 10.6 PRBs in dense
NLOS stress, compared with 24 PRBs for Overprovision and approximately 15 PRBs for
the high-protection urgency-aware comparators. Therefore, the extra safety protection
is temporary and selective. In the urban nominal case, where the baseline protection is
already close to adequate, MPA and Reactive have nearly the same BE throughput and very
similar safety delivery. This behavior is useful because the memory state should change
the allocation mainly when burst stress creates an unresolved demand.

4.2. Response to Burst Onset

The onset-aligned results in Figure 3 show the source of the trade-off. During the first
few slots after a normal-to-burst transition, reactive scheduling still has limited evidence in
the visible queue. MPA has an additional signal: recent underservice stored in the transient
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deficit. This allows it to raise safety protection earlier, before the queue alone fully reflects
the burst.

In the policy comparison run set for dense NLOS stress, the five-slot onset miss rate is
0.263 for Reactive and 0.138 for MPA. Those for the High-Protection Urgency + Q + R and
Overprovision references are lower, at approximately 0.05, but they spend more safety PRBs
immediately. The comparison separates the two behaviors: high-protection references
minimize early misses by spending resources early, whereas MPA closes a large part of the
onset gap while preserving a larger BE share than full-time protection.

Miss ratio Delivery ratio Normalized BE throughput
1 1 4
0.9 0.9 08
0.8 0.8 08
0.7 0.7 07
0.6 0.6 06
0.5 0.5 05
0.4 04 04
03 03 03
0.2 0.2 0.2
0.1 0.1 0.1
0 0 0
Average AKl P99 queue

25

Stress-regime policy key
% [ state
20
Reactive
20 |
[ heshoid-Guard
15
15
. Urgency+Q+R
10 10 . High-Prot. U+Q+R
W v
5 5
[l overrovision
04 0 B | ook-ahead H=2

Figure 2. Stress regime metric comparison across safety reliability, BE throughput, extra PRB alloca-

tion, and queue behavior. Error bars denote 95% confidence intervals over 25 Monte Carlo runs.
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Figure 3. Burst onset response over the first slots after a normal-to-burst transition. Panels (a-d) show
the early protection increment, visible queue ramp, early BE preservation, and first-five-slot miss rate,
respectively. Panel-level error bars denote 95% confidence intervals over 25 Monte Carlo runs where
applicable.
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4.3. Role of the MPA Components

Figure 4 and Table 8 show which parts of MPA account for burst onset behavior in
a separate matched dense NLOS stress ablation protocol. The absolute MPA entry in this
table is used as the within-protocol reference, rather than as a replacement for the policy
comparison value in Figure 3. Removing online success calibration slightly raises the
five-slot onset miss rate from 0.138 to 0.140 and lowers the onset BE throughput from 199.3
Mbps to 197.9 Mbps. Removing the recoverability guard gives a lower onset miss rate,
0.127, but also consumes more safety capacity and lowers the onset BE throughput to 196.8
Mbps. This matched-channel onset test separates the burst memory effect from the two
safeguards.

The larger onset effect comes from the timing state and the continuation check. Re-
moving the deficit memory raises the five-slot onset miss rate from 0.138 to 0.243, and
removing both the deficit memory and online calibration yields 0.247. Removing the one-
step continuation raises the value to 0.228. Using arrivals, queue, and retry information
without the memory state yields a higher onset miss rate of 0.326, whereas using the deficit
alone yields 0.354. The full MPA also keeps the post-onset queue lower, at approximately
11.4 packets, compared with about 14.5 without deficit memory.

The full method spends more safety PRBs during the first burst slot: its mean early
increment is approximately 10.8 PRBs, compared with approximately 4.3 PRBs when the
memory or continuation step is removed. This lowers the BE throughput during the onset
window, but it is a temporary cost tied to the stress interval. The comparison supports the
intended interpretation of MPA: the memory state helps the scheduler to act before the
visible queue alone has fully grown, and the continuation check keeps this action tied to
near-term carryover.

Table 8. Component removal check over the first five slots after burst onset in the dense NLOS stress
setting. Values are replicate means over 25 runs.

Post-Onset

Variant Onset Miss Early AK; Queue BE Throughput
MPA full 0.138 10.78 11.42 199.3 Mbps
No online calibration 0.140 11.02 11.60 197.9 Mbps
No recoverability guard 0.127 11.20 11.26 196.8 Mbps
No deficit memory 0.243 4.34 14.51 225.1 Mbps
No deficit + no online 0.247 431 14.50 225.3 Mbps
calibration

No recourse 0.228 4.30 13.99 226.6 Mbps
A+Q+R 0.326 0.03 15.26 225.2 Mbps
Deficit only 0.354 0.00 15.56 224.8 Mbps

Table 9 reports two targeted checks for online calibration and the recoverability-aware
guard. The first uses a success model mismatch: the planner starts from an optimistic
burst success curve, while realized transmissions follow a lower-success channel. Online
posterior correction gives a lower miss ratio point estimate, from 0.539 to 0.524, and an
approximately 4.8 Mbps higher BE throughput point estimate. The second case places the
scheduler near the recovery boundary. Maintaining the guard gives a lower miss ratio
point estimate, from 0.211 to 0.204, and an approximately 4.0 Mbps higher BE throughput
point estimate by avoiding workload-only safety expansion near the resource ceiling.
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Table 9. Targeted checks for online success calibration and the recoverability-aware guard. Values are
replicate means over 25 runs.

Case Policy Miss ThroE:hput Mean AK;
Success model mis- MPA full 0.524 190.4 Mbps 12.27
match
Success model mis- No online calibration 0.539 185.6 Mbps 13.06
match
Near recovery MPA full 0.204 205.2 Mbps 9.79
boundary
Near recovery No recoverability 0.211 201.3 Mbps 10.42
boundary guard

1 (a) Onset miss rate (W=5) 12- (b) Mean early protection AKt
0.9 1
0.8 1 7
0.7 s
0.6 4
0.5 6

(c) Mean post-onset queue Q (d) Mean BE throughput during onset

200

150 -

100 -

50 4

0

B MPA full ®  No online calibration ®m  Noguard
B No deficit B No deficit + no online B Norecourse
B A+Q+R @ Deficit only

Figure 4. Component removal check during burst onset. Panels (a—d) show onset miss rate, mean
early protection, mean post-onset queue, and mean onset BE throughput, respectively. Variants
remove online success calibration, the recoverability-aware guard, the deficit memory, the one-step

continuation, or selected scheduler-visible information. Error bars denote 95% confidence intervals
over 25 Monte Carlo runs.

Table 10 reports the joint removal of online calibration and deficit memory. In the
calibrated dense NLOS setting, removing online calibration alone changes the point es-
timate only slightly, because the realized outcomes remain close to the calibrated prior
during the first few burst slots. Removing the deficit memory has a much larger effect.
Removing both components gives nearly the same onset behavior as removing the deficit
alone, which indicates that the early burst response in this calibrated case is driven mainly
by the memory signal.
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Table 10. Additional component removal check in dense NLOS stress. Values are mean £ 95%
confidence-interval half-widths over 25 runs.

Variant Onset Miss Full-Window Miss BE Throughput
MPA full 0.140 £ 0.002 0.292 £ 0.005 199.1 £ 2.0 Mbps
No online calibration 0.140 £ 0.004 0.294 4 0.005 197.9 £ 1.9 Mbps
No deficit memory 0.249 £ 0.004 0.533 £ 0.008 224.6 0.2 Mbps
No deficit + no online 0.245 £ 0.004 0.536 £ 0.009 224.6 £ 0.3 Mbps

calibration

4.4. LSTM Learned Reference

The LSTM reference provides a learned short-history comparator under the same
scheduler-layer inputs and PRB constraints. It receives eight slots of scheduler-visible
history and estimates the five-slot safety pressure target defined in Section 3.4.2. The first
LSTM is trained on five stress regime traces generated under the Reactive policy, giving
2650 sequence samples. A second LSTM uses mixed Reactive, MPA, and Overprovision
traces, namely five from each policy, giving 7950 sequence samples. Both learned references
are evaluated on 25 dense NLOS stress runs with disjoint seeds.

Table 11 presents the learned reference comparison with 95% confidence-interval
half-widths for the run-level metrics. The mixed-trace LSTM gives a lower safety miss
estimate than the Reactive-trained LSTM and moves close to Overprovision in onset behavior.
This lower miss estimate comes with larger safety allocation and a smaller BE share than
MPA. The comparison keeps MPA as the explicit finite-action operating point, with no
training phase and a direct link to the PRB, deadline, retry, success calibration, and BE
floor constraints.

Table 11. LSTM learned references in dense NLOS stress. Run-level metrics are reported as mean £
95% confidence-interval half-widths over 25 evaluation runs.

Policy Miss BE Norm Mean AK; Onset Miss
Reactive 0.661 £ 0.009 1.000 + 0.001 0.78 +0.02 0.262 £ 0.003
MPA 0.294 + 0.004 0.879 + 0.007 11.06 +£0.25 0.140 £ 0.003
LSTM predictive, 0.178 = 0.003 0.792 + 0.006 13.97 +0.22 0.058 £ 0.002
Reactive-trained

LSTM predictive, 0.153 = 0.004 0.734 £0.010 16.52 +0.36 0.055 £ 0.002
mixed-trace

Overprovision 0.147 £ 0.003 0.534 £ 0.000 24.00 £ 0.00 0.056 =+ 0.002

4.5. Application-Level Validation

Table 12 lists the delivered packet delay and BE floor behavior for the curated applica-
tion cases.

This complements the miss ratio by indicating whether the delivered safety packets
remain within the intended latency budget. In the urban nominal case, MPA reaches 0.999
delivery with a p95 delay of 3 ms under a 4 ms budget, and the normalized BE throughput
remains at 1.000. In dense NLOS stress, MPA maintains the p95 delivered packet delay at a
3 ms budget and preserves 0.892 normalized BE throughput. The fixed maximum safety
allocation reaches a lower miss ratio in the same case, but its BE throughput falls to 0.534.

Short-deadline heavy loads are closer to resource ceilings. The safety miss ratios of
MPA, High-Protection Urgency + Q + R + A, Look-Ahead (H = 2), and Overprovision are
all close, whereas the BE throughput separates them. MPA preserves 0.715 normalized
BE throughput, compared with 0.460 under Overprovision. This is consistent with the
analytical view: as the system moves closer to the ceiling, the safety advantage of memory
narrows, but selective protection can still reduce unnecessary BE losses.
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Table 12. Application-level validation for the three curated scenarios. Values are replicate means over
25 runs. BE throughput is normalized to the static allocation reference in the same scenario.

Scenario Policy Delivery Miss p95/Budget BE Norm BE Floor
High-Protection
Urgency + Q + R + 0.999 0.001 3.0/4.0 ms 0.948 Yes
A

Urban nominal  njpA 0.999 0.001 3.0/4.0 ms 1.000 Yes
(LIfI’O_k;)*head 0.999 0.001 3.0/4.0 ms 0.994 Yes
Overprovision 0.999 0.001 3.0/4.0 ms 0.544 Yes
High-Protection
Urgency + Q +R + 0.852 0.148 3.0/3.0ms 0.776 Yes

Dense NLOS A

stress MPA 0711 0.288 3.0/3.0ms 0.892 Yes
(Lgo_k;)*head 0.823 0.177 3.0/3.0ms 0.827 Yes
Overprovision 0.852 0.148 3.0/3.0ms 0.534 Yes
High-Protection
Urgency + Q + R + 0.678 0.322 2.0/2.0 ms 0.647 Yes

Short-deadline A

heavy load MPA 0.674 0.326 2.0/2.0 ms 0.715 Yes
g};"’:k;)%head 0.675 0.325 2.0/2.0 ms 0.715 Yes
Overprovision 0.677 0.323 2.0/2.0 ms 0.460 Yes

4.6. Calibration and Regime Coverage

The calibration sweep, whose results are depicted in Figure 5, tests whether the result
depends on one exact success probability curve. Under the nominal, pessimistic burst,
and reduced retry gain calibrations, MPA lowers the miss ratio relative to Reactive while
keeping the BE throughput below the static BE reference but well above the fixed maximum
safety allocation. In the reduced retry gain case, Reactive receives less benefit from retry
combining, and its curve stays close to the nominal stress case until the visible queue builds
enough pressure for a stronger response. Under the mild mismatch calibration, Reactive is
sufficiently effective, and the two miss ratios are indistinguishable at the reported precision.
This boundary case indicates that the method is most relevant when the burst stress is
sufficiently strong for memory to matter. Table 13 lists the corresponding Reactive-MPA
point estimates.

Table 13. Channel/success calibration check for Reactive and MPA. Values are replicate means over
25 runs. BE throughput is normalized to the static allocation reference.

Calibration Case Reactive Miss MPA Miss ?ﬁi;:;ﬁ;ﬁ Tll1\1/'[ (iﬁgll?;:ut Observation
Nominal 0.665 0.288 1.000 0.892 MPA lower miss
Pessimistic burst 0.719 0.535 1.000 0.852 MPA lower miss
Reduced retry 0.662 0.332 1.000 0.890 MPA lower miss
gain

Mild mismatch 0.027 0.027 0.886 0.885 Reactive sufficient

Table 14 reports the actual online calibration correction during the first five slots
after detected dense NLOS burst onset. The posterior correction is small in this nominal
calibrated case: the mean conservative adjustment stays below 10~* because the realized
outcomes are consistent with the calibrated prior and only a few burst samples have
been observed. Consistently, the component removal table shows only a small difference
between MPA and No online calibration under matched calibration. The online posterior
mainly protects against success model mismatch, while the transient-deficit memory carries
the early timing response.
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Figure 5. Calibration robustness across nominal, pessimistic burst, reduced retry gain, and mild
mismatch channel/success settings. Panels (a,b) show miss ratio and normalized BE throughput
across calibration settings, respectively. Error bars denote 95% confidence intervals over 25 Monte
Carlo runs.

Table 14. Online calibration magnitude during the first five slots after dense NLOS burst onset.
Values are replicate means over 25 runs.

Model Plannin Online Plannin Conservative
Slot after Onset Probability ® Probability ® Correction
0 0.2752 0.2752 23 x10°°
1 0.3020 0.3020 22 x107°
2 0.3258 0.3258 33 x 1075
3 0.3443 0.3443 49 %1075
4 0.3629 0.3628 6.1 x 107>

The recoverable region sweep in Figure 6 connects the results back to the ratios in
Section 3.3. The sweep axes are the burst load and baseline safety allocation. The two ratio
tests are baseline insufficiency, ppase > 1, and recovery under the admissible safety ceiling,
Pmax < 1. Panel (a) uses these tests to form the plotted classes, with a separate near-ceiling
band for points close to pmax = 1. Panel (d) marks the exact recoverable condition, ppase > 1
and pmax < 1. The largest gains appear mainly inside this condition. When pp,5. < 1, the
baseline service is already sufficient, and memory adds little. When pmax > 1, all policies
are constrained by the same resource limit.

4.7. Robustness, Sensitivity, and Complexity Analysis

Table 15 adds standard deviations to the main dense NLOS stress comparison. The
separation between Reactive and MPA is much larger than the confidence intervals. The
same table also shows the intended trade-off: Overprovision reaches the lowest miss ratio,
while MPA preserves a larger BE share.

Table 16 checks two asymmetric traffic settings. When BE traffic is heavier than safety
traffic, MPA reduces the safety miss ratio relative to Reactive while preserving substantially
more BE throughput than Overprovision. When safety traffic is heavier than BE traffic, the
BE queue is not the bottleneck and all BE-normalized values stay close to one; the safety
ordering is still consistent with the dense NLOS interpretation.
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Figure 6. Recoverable region sweep over burst load, baseline safety allocation, burst persistence, and
deadline. Each sweep point is averaged over 25 runs. Panel (a) maps each operating point to the
plotted ratio test classes, including a near-ceiling band around the maximum allocation boundary.
Panel (d) marks the exact recoverable condition, ppase > 1 and pmax < 1. Panels (b,c) show the
corresponding safety gains over Reactive and BE preservation over Overprovision.

Table 15. Dense NLOS stress replication statistics. Values are means, standard deviations (SD), and
95% confidence-interval half-widths (CI) over 25 runs.

. . . . BENorm  BENorm  BE Norm
Policy Miss Mean Miss SD Miss CI Mean SD I
Static 0.712 0.014 0.006 0.999 0.002 0.001
Reactive 0.665 0.018 0.007 1.000 0.003 0.001
MPA 0.288 0.010 0.004 0.892 0.018 0.008
Overprovision 0.149 0.007 0.003 0.534 0.000 0.000

Table 16. Asymmetric load checks. Values are mean + 95% confidence-interval half-widths over

25 runs.

Case AB ABE Policy Miss BE Norm
0.35 0.90 Static 0.482 +£0.010  1.000 £ 0.000

BE-heavy 0.35 0.90 Reactive 0.458 £0.009  0.989 & 0.000

asymmetric 0.35 0.90 MPA 0.233+0.007  0.919 £ 0.003
0.35 0.90 Overprovision ~ 0.091 +0.003  0.455 % 0.000
0.90 0.45 Static 0.757+£0.007  1.000 £ 0.002

Safety-heavy 0.90 0.45 Reactive 0.702 +£0.011  1.000 £ 0.002

asymmetric 0.90 0.45 MPA 0.327 £0.005  1.000 £ 0.002
0.90 0.45 Overprovision ~ 0.278 +0.005  1.001 + 0.002

Table 17 varies the memory decay, packet PRB demand, BE floor, and online calibration

blending factor around the dense NLOS stress setting. A smaller decay factor gives a more

safety-heavy response in this setting; a larger packet demand increases the PRB cost of

each attempt; and the BE floor and blending factor sweeps do not change the qualitative

ordering.
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Table 17. Parameter sensitivity around dense NLOS stress. Values are mean £ 95% confidence-

interval half-widths over 25 runs.

Parameter Value Miss BE Norm Mean AK;
0.50 0.148 4+ 0.003 0.818 +0.010 13.39
v 0.70 0.292 4+ 0.005 0.883 4+ 0.008 10.92
0.90 0.290 4 0.005 0.885 4 0.008 10.84
1 0.365 4+ 0.007 1.000 £ 0.001 3.95
Mkt 2 0.291 4 0.005 0.885 4+ 0.010 10.87
3 0.310 4 0.008 0.753 +0.012 15.68
. 6 0.294 4+ 0.004 0.882 4+ 0.007 10.98
Kgg" 10 0.293 4+ 0.004 0.882 4+ 0.007 10.96
14 0.292 4+ 0.005 0.883 4+ 0.008 10.92
0.00 0.288 4 0.003 0.893 4 0.005 10.55
w 0.35 0.293 + 0.004 0.881 + 0.007 11.01
0.70 0.287 + 0.004 0.891 + 0.008 10.63

Table 18 reports prototype execution measurements together with finite enumeration
counts. The timing columns compare policies within the same scripted implementation
environment; the evaluation counts and recourse depth provide a more portable description
of the online decision size. MPA remains between a simple reactive rule and the two-step
look-ahead reference.

Table 18. Prototype execution measurements and finite enumeration counts for one scheduler
decision. Timing values are measured in the same MATLAB implementation, while candidate
evaluation counts and recourse depths describe the implementation-independent size of the online
decision. Values are mean + 95% confidence-interval half-widths over 25 runs.

Mean Candidate

Policy Mean Decision Time (ms) p95 Decision Time (ms) E . Recourse Depth
valuations

Reactive 0.119 £ 0.003 0.153 £ 0.010 1+0 0

MPA 0.862 + 0.013 1.274 +0.018 1776 + 46 1

Look-Ahead 8.704 £ 0.168 13.163 £+ 0.369 13,264 + 276 2

H=2)

Overprovision 0.003 £ 0.000 0.004 £ 0.000 1+0 0

5. Discussion

The results point to a clear interpretation: burst stress is a timing problem as much as
a load problem. At the beginning of a burst, the visible queue can still appear moderate,
even though new arrivals and failed attempts have already created work for the next few
slots. This explains why Reactive behaves well in urban nominal traffic but falls behind in
dense NLOS stress. In the dense NLOS run set, Reactive has a miss ratio of 0.665, whereas
MPA reduces it to 0.288 while keeping the normalized BE throughput at 0.892. The gain
comes from acting before the visible queue alone becomes a strong signal.

The same dense NLOS case also shows the safety—-BE frontier. High-Protection Urgency
+ Q + R + A and Overprovision reduce the miss ratio to approximately 0.148, and the
mixed-trace LSTM reference provides similar safety-heavy behavior with a miss ratio of
0.153. These points spend more safety PRBs. Ouverprovision leaves 0.534 normalized BE
throughput, and the mixed-trace LSTM leaves 0.734. MPA sits between Reactive and these
safety-heavy references: it does not minimize misses at any BE cost, but it closes a large
part of the Reactive safety gap while preserving a larger BE share. This operating point is
relevant because BE traffic represents non-safety data services that still share the same radio
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resources, such as infotainment, map updates, sensor sharing, and background application
traffic.

The recoverable region sweep explains when this trade-off appears. If the baseline
allocation is already sufficient, there is little unresolved demand for memory to expose. If
the maximum admissible safety allocation is also insufficient, all schedulers are constrained
by the same PRB ceiling. Between these cases, the baseline service is not sufficient, but
temporary PRB headroom remains available. In this region, the deficit memory encourages
earlier safety protection, the online success correction adapts the planning probability to
observed outcomes, and the recoverability guard reduces expansion when extra PRBs have
weak expected returns. The asymmetric load checks support the same reading: under a
BE-heavy load, MPA preserves much more BE throughput than Overprovision; under a
safety-heavy load, BE is no longer the bottleneck, and the main separation is safety delivery.

The transient-deficit state is similar to virtual queues, debt variables, and delay-deficit
ideas in stochastic scheduling. The difference is in how the state is used. Classical Lyapunov
drift-plus-penalty methods usually build a control rule around long-term stability or
constraint satisfaction. Here, the deficit is a short-lived scheduler signal inside a bounded
PRB enumeration, combined with packet deadlines, retry labels, online-calibrated success
probabilities, a BE floor, and a one-step continuation check. The drift bound in Section 3.3
explains why the memory decays after the burst; the recoverable region ratios identify
the operating points where this short memory is likely to help. This gives the method a
queuing-theoretic basis without turning the paper into a throughput-optimality proof.

The NR-V2X mapping provides the radio interpretation of these findings. In a Mode
1-style setting, MPA can be read as a gNB-side PRB partition rule. In Mode 2, autonomous
resource selection first determines the usable resource set through sensing, SCI decoding,
pre-emption, IUC, re-evaluation, and local implementation rules; the scheduler-layer rule
then partitions the usable set between safety and BE traffic. Hidden-node effects, sensing
errors, SCI/PSFCH overhead, directional transmission, and geometry-driven propagation
therefore enter the scheduler as a smaller admissible PRB budget or as more conservative
packet success probabilities. Both effects increase the safety pressure, which is exactly the
situation in which recent service shortfall becomes informative.

The comparison set also clarifies the position of the method relative to recent work.
SOVANET+ addresses critical and non-critical V2X scheduling under RAN load and chan-
nel quality information, while SPS, re-evaluation, pre-emption, IUC, and Mode 2 learning
methods address resource selection and collision mitigation at the sidelink procedure
level [12,13,38,39,48]. MPC, RNN/LSTM, and DRL approaches can use richer prediction or
training, but they also introduce model, data, and deployment interface requirements. MPA
keeps the scheduler-layer rule explicit, with a finite action set, direct PRB constraints, online
success correction, a recoverability guard, and no offline training phase. The complexity
table reflects this position; the prototype MPA decision is heavier than in Reactive but much
lighter than in the two-step look-ahead reference.

Limitations and Future Work

The results are most informative in recoverable operating points, where pp,se > 1 and
Pmax < 1. In this region, the baseline safety allocation falls behind, but the admissible safety
ceiling still provides sufficient PRB headroom for temporary recovery. When pmax > 1, the
operating point is different: the traffic load, deadline pressure, channel quality, and PRB
ceiling dominate the outcome. A scheduler can still choose a better allocation among the
available actions, but the main bottleneck is then the resource budget itself. The higher
miss ratios in dense NLOS stress should therefore be interpreted as constrained-regime

results, not as a system-level URLLC reliability claim.
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The Mode 2 interpretation depends on how accurately the usable resource set is
represented. Sensing errors, hidden nodes, SCI decoding errors, directional-beam mismatch,
and feedback-channel limits can reduce the resources that remain available during burst
periods. In this scheduler-layer model, such effects enter through the effective PRB budget
and planning success probability. A lower-layer sidelink implementation would need to
make this link explicit by coupling MPA with the resource selection window, reselection
timing, SCI/PSFCH overhead, Release 17/Release 18 pre-emption and IUC behavior, and
geometry-dependent PRR behavior.

Scalability is mainly tied to the number of packet states propagated at each slot and
to the finite action set. The action set remains bounded by the PRB headroom and the
packet size granularity; however, much larger UE populations would require aggregation
or priority grouping before the slot-level decision. A practical next step is a multi-level
scheduler in which one layer groups vehicles or service classes under sustained overload,
while MPA handles the slot-level safety-BE split during recoverable bursts. This direction
is related to medium-term scheduling for resource thrashing, where an intermediate control
layer smooths overload before short-term decisions become unstable [57]. Release 18
sidelink coordination, multi-beam operation, and joint safety—BE QoS slicing are also
suitable directions for extending the present scheduler-layer model.

6. Conclusions

This study examined scheduler-layer PRB allocation for safety and BE coexistence
under burst stress. The main challenge is timing. At burst onset, the queue may still appear
manageable, while arrivals and failed attempts have already created a demand for the
next decisions. A queue-only response can therefore arrive late, whereas a fixed maximum
safety allocation protects early at a high BE cost.

MPA addresses this timing problem with a short memory of recent unresolved safety
demands, an online conservative success update, and a recoverability-aware BE cost guard.
When arrivals, failed attempts, and delivered packets indicate that the baseline safety
allocation is falling behind, MPA can raise the safety PRB allocation before the queue alone
provides a strong signal. When the pressure falls, the allocation relaxes and returns the
capacity to the BE traffic.

The results show that this mechanism is most useful in recoverable burst stress regimes.
In dense NLOS stress, MPA lowers the miss ratio relative to Reactive while preserving
substantially more BE throughput than a fixed maximum safety allocation. Safety-heavy,
learned, and deeper look-ahead references can reduce misses further, but they require more
safety capacity. Application-level validation also shows that delivered safety packets remain
within the p95 delay budget in urban nominal, dense NLOS stress, and short-deadline
heavy-load scenarios.

The main conclusion is that recent service shortfall is a useful scheduler-layer signal
for deciding when temporary safety protection is worth its BE cost. Under calibrated
NR-V2X resource pool and success probability assumptions, this signal provides a practical
way to act in the recoverable region between queue-reactive delays and permanent safety
reservation. Outside this region, the resource ceiling or the lower-layer sidelink resource set
becomes the dominant limitation, which is why the method is best read as a scheduler-layer
allocation rule rather than a complete sidelink reliability solution.
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Abbreviations

The following abbreviations are used in this manuscript.

3GPP Third-Generation Partnership Project
BE Best effort

BLER Block error rate

BWP Bandwidth part

C-V2X Cellular Vehicle-to-Everything

dB Decibel

DENM Decentralized Environmental Notification Message
DRL Deep reinforcement learning

eMBB Enhanced mobile broadband

GHz Gigahertz

gNB Next-generation Node B

HARQ Hybrid automatic repeat request
IEEE Institute of Electrical and Electronics Engineers
ucC Inter-UE coordination

kHz Kilohertz

LTE-V2X Long-Term Evolution Vehicle-to-Everything
LSTM Long short-term memory

MAC Medium access control

MCS Modulation and coding scheme
MHz Megahertz

MPC Model predictive control

ms Millisecond

MPA Memory-Based Predictive Allocation
NLOS Non-line-of-sight

NR New Radio

NR-V2X New Radio Vehicle-to-Everything
p95 95th percentile

PDU Protocol data unit

PHY Physical layer

PRB Physical resource block

PRR Packet reception ratio
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PSFCH Physical sidelink feedback channel
QoS Quality of service
RAN Radio access network
RIS Reconfigurable intelligent surface
RNN Recurrent neural network
RRC Radio resource control
SCS Subcarrier spacing
SCI Sidelink control information
SINR Signal-to-interference-plus-noise ratio
SOVANET+  Adaptive extension of Scheduler Optimized for Vehicular Ad Hoc Network
SPS Semi-persistent scheduling
UE User equipment
URLLC Ultra-reliable low-latency communication
V2X Vehicle-to-Everything
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