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Digital Tides: A Fluid-Dynamic Framework
for Flux-Aware Infrastructure Provisioning
in UAV Logistics Networks

Wen-Yu Dong *“, Song Zhao ", Rui-Si Han

Abstract—The emergence of high-frequency pulsating logistics
uncrewed aerial vehicle (UAV) swarms gives rise to “Digital Tides”,
i.e., complex traffic dynamics that challenge sustainable resource
provisioning in mobile computing networks. Conventional infras-
tructure provisioning strategies, which typically rely on static
snapshot-based analysis and localized density estimation, fail to
capture the macroscopic advection of computational workloads. As
aresult, reactive resource activation suffers from inherent hystere-
sis, yielding nominal efficiency gains at the cost of mission-critical
service loss at the advancing wavefront. To address this issue,
we develop a fluid-based spatiotemporal framework by explicitly
solving the continuity equation to characterize the macroscopic
velocity field of the workload flow. Building on this framework, we
propose a flux-aware asymmetric activation strategy that leverages
the derived information flux vector as a kinematic precursor of
demand propagation. Unlike symmetric thresholding, the proposed
control logic decouples activation and deactivation dynamics. The-
oretical analysis confirms the intrinsic spatial phase-lead of the flux
signal and shows that the proposed strategy generates a proactive
guard ring to compensate for service setup latency, including delays
caused by mobile edge computing container cold-starts. We further
derive closed-form expressions for instantaneous service availabil-
ity and period-average energy efficiency. In addition, we formulate
a quality-of-service-penalized metric to evaluate effective energy
efficiency under strict outage constraints. Numerical results show
that the proposed flux-driven strategy enables zero-latency track-
ing of the mobile wavefront and achieves a Pareto-optimal trade-off
between service reliability and energy consumption, outperforming
reactive baselines in dynamic logistics corridors.

Index Terms—Digital tides, UAV logistics, fluid-dynamic
modeling, infrastructure provisioning, information flux.

1. INTRODUCTION

HE rapid proliferation of logistics uncrewed aerial vehi-
I cles (UAVs) for food delivery, medical transport, etc. is
reshaping the low-altitude economy, establishing aerial mobile

Received 31 December 2025; revised 26 March 2026; accepted 25 April 2026.
Date of publication 29 April 2026; date of current version 2 September 2026.
Recommended for acceptance by O. Onireti. (Corresponding author: Wen-Yu
Dong.)

Wen-Yu Dong, Song Zhao, and Qi Bi are with Future Technology
Research Center, China Telecom Research Institute, Beijing 102209, China
(e-mail: dongwy@chinatelecom.cn; zhaosongl @chinatelecom.cn; qibi@
chinatelecom.cn).

Rui-Si Han is with the Cloud Network Operating System R&D Center, China
Telecom, Beijing 102209, China (e-mail: hanruisi @chinatelecom.cn).

Sheng Chen is with School of Electronics and Computer Science, University
of Southampton, SO17 1BJ Southampton, U.K. (e-mail: sqc@ecs.soton.ac.uk).

This article has supplementary downloadable material available at
https://doi.org/10.1109/TMC.2026.3688690, provided by the authors.

Digital Object Identifier 10.1109/TMC.2026.3688690

, Qi Bi, Fellow, IEEE, and Sheng Chen

, Life Fellow, IEEE

computing as a cornerstone of future autonomous systems [1],
[2], [3], [4]. Unlike terrestrial users with stochastic mobility,
logistics UAVs exhibit highly structured macroscopic flow pat-
terns driven by on-demand delivery cycles. This creates a phe-
nomenon we term the low-altitude digital tide, a pulsating traffic
pattern where swarms periodically disperse from distribution
centers and return to base. This tidal traffic pattern involves
two critical kinematic phases: the expansion phase where the
spatial footprint of the swarm grows rapidly, and the contraction
phase where the swarm recedes. Supporting this complex tidal
traffic poses a significant energy challenge. Ground infrastruc-
tures, such as mobile edge computing (MEC)-enabled base
stations (BSs), typically employ always-on service interfaces
to guarantee availability. Given that infrastructure provisioning
accounts for over 80% of network energy consumption [5],
maintaining idle computing resources during the tide’s ebb
periods fundamentally contradicts the sustainability goals of
mobile computing systems.

Simply applying conventional energy-saving strategies to this
scenario creates a critical reliability conflict. Existing meth-
ods, often rooted in static snapshot-based analysis [6], [7], [8],
predominantly rely on detecting local workload density. While
effective for stationary hotspots, this static perspective is inher-
ently ill-suited for the application scenario considered. The core
failure mechanism lies in the mismatch between the resource
provisioning speed and the workload advection speed. Specif-
ically, as a UAV swarm propagates outward, it forms a rapidly
moving demand wavefront. However, due to the inevitable ser-
vice setup latency specified by the necessary transition time from
sleep to active mode, including MEC container cold-starts, a
node triggered solely by local density will activate too late, often
after the leading UAVs have already entered its service area.
This hysteresis results in a wavefront outage, creating a moving
service void that compromises the reliability of mission-critical
logistics operations.

While data-driven prediction methods attempt to mitigate
this lag, they often incur prohibitive computational overheads
for training and lack the generalizability to handle emergent
swarm behaviors. To overcome this latency-induced failure,
resource orchestration must shift from observing static snapshots
to predicting dynamic workload flows. This paper introduces a
fluid-dynamic provisioning framework for sustainable mobile
computing infrastructure. Instead of restricting the analysis to
independent static realizations common in traditional stochastic
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modeling, we model the logistics swarm as a continuous com-
pressible fluid governed by conservation laws [9], [10], [11].
This allows us to derive an information-flux vector field that
quantifies the momentum of computational demand. Moreover,
unlike the scalar density, which peaks only upon arrival, the flux
vector naturally points in the direction of flow and reaches its
threshold ahead of the density peak. By exploiting this intrinsic
kinematic phase lead, our strategy effectively generates a time
buffer, waking up infrastructure resources just-in-time to reliably
serve the incoming wavefront.

A. Related Works

Research on energy efficiency (EE) in non-terrestrial net-
works (NTNs) primarily focuses on two optimization domains:
aerial agents and terrestrial infrastructure. The majority of exist-
ing literature prioritizes UAV endurance, extensively exploring
joint trajectory design and power control to minimize propulsion
and operational energy consumption [12], [13]. Conversely,
studies focusing on terrestrial networks typically exploit UAVs
as aerial edge nodes to offload workloads, thereby enabling
ground BSs (GBSs) to enter sleep modes [14], [15]. How-
ever, the reciprocal challenge—optimizing the energy consump-
tion of ground infrastructure dedicated to serving high-density
aerial logistics—has received limited attention. Although early
works such as [16] investigated GBS sleeping for UAV com-
mand and control, they relied on static access techniques like
coordinated multi-point and non-orthogonal multiple access.
These approaches treat aerial workloads as stationary spa-
tial distributions, failing to capture the macroscopic advection
inherent in logistics tides. Consequently, they lack the pre-
dictive capability necessary to compensate for service setup
latency.

Adapting dynamic resource-scaling strategies from terrestrial
mobile networks offers a potential solution. These strategies
are generally categorized into robust optimization and learning-
based prediction. Robust optimization frameworks, such as
chance-constrained programming [17], address workload un-
certainty via statistical moments. While robust against random
fluctuations in stationary terrestrial clients, these methods typ-
ically adopt a discrete time-slotted perspective, which lacks
the temporal resolution required to track a rapidly propagating
demand wavefront. This leads to inherent hysteresis-induced
outages. Similarly, data-driven paradigms, including long short-
term memory (LSTM) networks [18], [19], [20] and deep rein-
forcement learning (DRL) [21], depend on continuous workload
observability, a condition unavailable to sleeping nodes. Further-
more, these models often lack the physical generalizability re-
quired to handle emergent swarm behaviors on unseen logistics
routes [21].

The ineffectiveness of adapting the aforementioned terrestrial
strategies to the logistics UAV swarm context is fundamentally
rooted in their mathematical modeling of system workload.
Standard stochastic geometry analysis [22], [23], [24], [25],
widely adopted to derive EE limits in mobile networks, relies
heavily on the snapshot assumption, treating network evolu-
tion as a sequence of independent static realizations. Although
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advances in spatio-temporal stochastic geometry have begun
to address temporal interference correlations [26], [27], [28],
these frameworks predominantly focus on stationary users or
random waypoint mobility. They inherently lack the capability
to capture the structured macroscopic advection characteristic of
logistics tides. Consequently, such static modeling frameworks
fail to provide the kinematic foresight needed to preemptively
overcome service setup latency.

To address the limitations of discrete agent modeling, fluid
dynamic models were proposed to capture macroscopic mobility
patterns [9], [10], [11]. Similarly, mean field games were em-
ployed to mathematically formalize the interactions of massive
UAV agents as a continuum [29], [30], [31]. However, these
works primarily focus on distributed trajectory optimization or
power control, leaving the coupled dynamics between macro-
scopic workload flow and ground resource activation unex-
plored. Prior studies [9], [10] utilized the fluid principles for
capacity estimation or trajectory synthesis. These contributions,
however, remain largely descriptive rather than prescriptive. A
critical gap persists in mapping continuous kinematic metrics,
such as flow velocity and flux, to the discrete switching dynamics
of resource activation. Mitigating service setup latency [32]
in high-mobility corridors remains an open engineering chal-
lenge. This limitation leads to a deceptive reliability-efficiency
trade-off, where reactive strategies achieve misleadingly high
nominal EE by systematically shedding the energy-intensive
demand wavefront. To bridge this gap, we propose a fluid-based
spatiotemporal framework that leverages information flux as
a kinematic precursor. Unlike reactive strategies limited by
snapshot-based inputs, our approach proactively compensates
for service setup latency by aligning network activation with the
macroscopic momentum of the digital tide.

B. Our Contributions

Our main contributions are summarized as follows.

® We establish a fluid-dynamic traffic model governed by
conservation laws to characterize the pulsating dynamics of
logistics UAV swarms. By explicitly solving the continuity
equation, we derive the closed-form macroscopic velocity
field. This continuous formulation overcomes the static
limitations of classical stochastic modeling, establishing
a fluid-based spatiotemporal framework that captures the
cumulative spatiotemporal workload volume for evaluating
non-stationary infrastructure sustainability.

® We propose a flux-aware asymmetric activation strategy
that bridges the gap between macroscopic flow dynamics
and discrete resource states. Identifying the information
flux vector as a kinematic precursor for demand momen-
tum, the proposed control logic exploits the intrinsic spatial
phase-lead at the wavefront. This mechanism generates a
proactive guard ring that effectively compensates for ser-
vice setup latency, thereby enabling zero-latency tracking
of the expanding demand wavefront.

® We develop a tractable analytical framework to quantify
system performance, deriving closed-form expressions for
the instantaneous service availability and period-average
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TABLE I
SUMMARY OF KEY MATHEMATICAL NOTATIONS

Symbol Description

Dps, Aps PPP and density of GBSs

Huyav Operational altitude of logistics UAVs

Pyet, Pyp Active and sleep power consumption of the LAS module
v,y Path loss exponent and SINR threshold

B, nsg Bandwidth and target spectral efficiency

A(r, t) Spatio-temporal workload density at distance 7 and time ¢
N(t) Total workload demand

o(t),s(t)  Spatial spread parameter and its expansion rate

Ny, 09 Baseline workload intensity and spatial spread

0N, 0o Load modulation index and spatial expansion index

vy (7, t) Macroscopic radial expansion velocity

a(x,t) Binary activation state of a GBS at location x

P (x,t) Information flux vector quantifying demand momentum
Ry (t) Logistic wavefront position

Aacts Ahold Static activation and holding density thresholds

Oih Flux sensitivity threshold

Thoot Service setup latency

Raciive (1) Effective activation radius of the network

Ghux Spatial flux gain

Total s Eroar~ Total served workload volume and energy consumption
TJEE » Teff Raw energy efficiency and effective energy efficiency

EE. To resolve the deceptive reliability-efficiency trade-
off suffered by existing strategies, we formulate a quality
of service (QoS)-penalized effective EE metric. Guided
by this metric, we demonstrate that the proposed strategy
can be calibrated to identify the Pareto-optimal operating
point, effectively decoupling the conflict between energy
conservation and service reliability.

This paper is organized as follows. Section II introduces
the fundamental concepts of digital tides and motivates the
adoption of the fluid-dynamic paradigm. Section III establishes
the system model, formulates the low-altitude digital tide us-
ing fluid dynamics and introduces the hardware constraints.
Section IV details the flux-aware asymmetric activation strat-
egy. Section V provides the theoretical performance analysis,
deriving the resource activation geometry, service availability,
and EE, alongside the proof of the flux phase-lead property.
Section VI presents numerical results, validating the analytical
models and quantifying the performance gains regarding outage
elimination and Pareto optimality. Section VII discusses the
practical limitations and the generalizability of the proposed
framework under non-ideal conditions. Finally, Section VIII
concludes the paper.

Throughout this paper, IP(-) and E[-] denote the probability and
expectation operators, respectively. I(-) denotes the indicator
function, which equals 1 if the condition inside is true, and O oth-
erwise. £;(s) = E[e*!] is the Laplace transform of the interfer-
ence I. The probability density function (PDF) of random vari-
able X isdenoted by f (). o F1(a,b;¢;2) =Y ", % 2"
is the standard mathematical notation for the Gaussian hyper-
geometric function, and [-]* £ max{0, -}. For easy reference,
Table I summarizes the key symbols used in this paper.

II. BACKGROUND AND MOTIVATION

To establish the physical intuition behind the proposed
methodology, this section introduces the fundamental concepts
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of digital tides and clarifies the motivation for adopting a fluid-
dynamic perspective.

A. From Stochastic Mobility to Digital Tides

Traditional mobile networks are primarily designed to ac-
commodate independent users with stochastic mobility patterns,
such as random waypoint or Brownian motion. Under such
microscopic randomness, the aggregate spatial distribution of
users remains statistically stationary over short time scales.

However, the deployment of logistics UAV swarms intro-
duces a distinct macroscopic dynamic. Governed by central-
ized scheduling and delivery deadlines, these swarms exhibit
structured macroscopic flow patterns rather than isolated random
walks. When a logistics hub dispatches a wave of delivery UAVs,
it creates a pulsating traffic surge propagating outward, which
we conceptualize as a digital tide. Serving this tide requires the
ground infrastructure to activate and deactivate synchronously
with the swarm propagation.

B. Limitations of Reactive Density Detection

Evaluating dynamic infrastructure activation requires an ac-
curate characterization of the spatial workload. Conventional re-
source provisioning strategies, often modeled via static stochas-
tic geometry, predominantly rely on localized density detection.
This approach triggers BSs by independently observing the
instantaneous spatial accumulation of users.

While effective for stationary hotspots, the static density met-
ric lacks predictive capability regarding macroscopic mobility.
Specifically, a BS relying on local density detection initiates
its activation sequence only after the swarm enters its coverage
area. Given the service setup latency associated with hardware
wake-up and MEC container cold-starts, this reactive detection
creates a temporal lag. Consequently, the leading edge of the
swarm, namely, the mission-critical wavefront, experiences sig-
nificant service outages.

C. The Fluid-Dynamic Paradigm and Information Flux

To overcome the hysteresis in reactive control, the infrastruc-
ture must anticipate the arrival of the demand. This requires a
shift in mathematical abstraction from discrete static agents to a
continuous dynamic flow. By modeling the dense UAV swarm
as a compressible fluid governed by the continuity equation,
we analytically define the macroscopic velocity field of the
traffic.

Building upon this fluid-dynamic foundation, we introduce
the concept of information flux. Defined as the product of
the scalar spatial density and the macroscopic velocity vector,
the flux encapsulates the momentum of the service demand.
The physical motivation for utilizing this metric lies in its
spatial phase-lead property. At the expanding wavefront, the
macroscopic velocity increases the flux signal, allowing it to
reach detection thresholds at greater distances compared to the
static density. By exploiting this kinematic property, the network
generates a proactive guard ring, reserving the required time
buffer to execute MEC cold-starts before the physical workload
arrives.
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Fig. 1. System model of the MEC-enabled UAV logistics network.

III. SYSTEM MODEL AND PROBLEM FORMULATION

Fig. 1 illustrates an MEC-enabled urban logistics network
driven by a pulsating logistics tide, which is conceptualized
as a macroscopic spatiotemporal field of traffic density that
undergoes periodic, radial expansion and contraction.

A. Network Architecture

1) Logistics Hub and UAV Kinematics: The system serves a
centralized logistics area A C R?, targeting scenarios such as
food delivery or medical transport. A logistics hub is located at
the origin of .4, serving as the source and sink of the UAV swarm.
UAVs operate at a constant altitude Hyay. Unlike stochastic
mobility models, such as random way-point, the aggregate
swarm kinematics exhibit a deterministic macroscopic structure:
a radial velocity field driven by the periodic waves of delivery
demand.

2) Ground Infrastructure and Hardware Constraints: The
ground network comprises cellular BSs deployed according to a
homogeneous Poisson point process (PPP) ®gg with density Ags.
To balance ubiquitous coverage reliability with high-capacity
throughput requirements, we adopt a dual-layer heterogeneous
architecture consisting of: 1) the terrestrial sector layer, where
existing down-tilted sectors remain always-active to provide
basic command and control links via antenna sidelobes; and
2) the low-altitude sector (LAS) layer, where BSs are equipped
with dedicated up-tilted modules utilizing orthogonal frequency
resources for high-bandwidth computational task offloading.

In this framework, we adopt an MEC architecture where each
GBS is equipped with an edge server to handle latency-sensitive
logistics tasks, such as visual navigation and path planning.
Given that the radio unit and the edge computing module share
apower supply and control interface, their activation is synchro-
nized. Accordingly, the service setup latency 7yoor is modeled as
the aggregate of the radio frequency circuit wake-up time and the
MEC container cold-start delay, which includes the time needed
to instantiate virtual machines and load service images.

This work focuses on the energy-efficient activation control
of the power-consuming LAS layer. Consistent with analytical
models for infrastructure sleep depth [32], we incorporate the
activation latency Tpeo to account for the non-instantaneous
transition from sleep to active mode. This imposes a timing
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constraint on the network control: to guarantee service availabil-
ity at time ¢, the activation decision «(x,t) must be asserted at
or before t — Tyoor. The specific design of the flux-aware control
logic satisfying this constraint will be detailed in Section IV.

B. Fluid-Dynamic Workload Modeling

To capture the macroscopic mobility of the UAV swarm, we
model the traffic as a compressible fluid driven by logistics
demand.

1) Density Field Formulation: We model the instantaneous
mobile agent density A(r, ¢) at distance 7 and time ¢ as a time-
varying, non-separable Gaussian field:

A(r 1) N(t) r?
rt)= ———exp| —=—5— | .
2m02(t) P\ T 202(1)
To explicitly capture the periodicity, we model the load N (¢)
and spread o (t) as sinusoidal functions with period Tperiod:

N(t) = No (1 + 0y cos(wt)),
o(t) = oo (1 4+, cos(wt + ¢)),

ey

@)
3

where Ny and o are the baseline workload intensity and spatial
spread, respectively, 6y and J, are the workload modulation
index and spatial expansion index, while w=27/ Therioa 1s the
angular frequency, and ¢ accounts for the phase synchronization
offset between traffic generation and spatial expansion.

2) Macroscopic Velocity and Information Flux: Governed by
the law of conservation of mass, the evolution of the density field
A(x,t) at position x € R? and time ¢ adheres to the continuity
equation:

o

ot

where v(x, t) is the macroscopic velocity field. By solving this
equation (see Section S-I of the Supplementary File), we derive
the radial expansion velocity of the logistics tide as v,.(r,t) ~
hub.

Remark 1: The derivation in Section S-I reveals that
the macroscopic flow is governed by two orthogonal forces:
1) source dynamics driven by load variation N, representing a
“fictitious velocity” required to accommodate node creation or
removal; and 2) transport dynamics driven by spatial reshaping
¢. In high-mobility logistics scenarios, the kinematic transport
dominates the source variation, i.c., |0 /o| > |N /N|. This dom-
inance ensures that the flow physically manifests as a uniform
expansion rather than a localized fluctuation, thereby validating
the use of the linear velocity model v,. o< 7 for proactive control.

Based on this kinematic description, we introduce the infor-
mation flux to quantify the momentum of service demand.

Definition 1: The information flux, denoted by ®(x, ), is a
vector field representing the rate of traffic demand flow passing
through a unit spatial cross-section. Mathematically, it is defined
as the product of the scalar spatio-temporal user density A(x, t)
and the macroscopic velocity vector v(x,t):

U(t)> e, (5

o(t)

+ V- (av) =0, “

where r=||x|| is the radial distance from the logistics

®(x,t) 2 A(x, t)v(x, 1) = A1, 1) (r
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where e, =x/||x|| is the unit radial vector pointing outwards
from the origin.

This vector formulation offers a critical physical insight that
cannot be obtained from scalar density alone. While A(x, )
merely measures the static accumulation of load, ®(x, t) quanti-
fies the dynamic trend of the demand momentum. The magnitude
||®]| is amplified by the expansion velocity v,., which scales
linearly with distance r. At the expanding wavefront where r
is large, the flux intensity reaches its detection threshold before
the workload density accumulates to the activation level. This
kinematic property creates a spatial phase lead, serving as a
predictive indicator for proactive activation.

3) Logistic Wavefront: We define the logistic wavefront, de-
noted as Ry(t), as the spatial boundary where the user density
decays to the minimum service threshold Ay,:

wa(t) = {7‘ eRT: )\(7”, t) = Ath} . (6)

Physically, R,(t) delineates the effective edge of the serving
swarm. To quantify its propagation dynamics, we define the
wavefront phase velocity as the time derivative of the wavefront
position:

2 def(t)

vi(?) dt

(N
During the expansion phase where ¢ > 0, this wavefront prop-
agates outward with a positive velocity vy(t) > 0. A critical
implication is that any reactive strategy relying solely on the
local density condition A > Ay, will track this moving boundary
with a temporal lag. This necessitates a proactive mechanism to
compensate for the activation latency.

C. Adiabatic Link Quality Model and SINR

To bridge the continuous macroscopic mobility and discrete
microscopic transmission, we invoke the adiabatic assumption,
also known as the time-scale separation principle. Analogous to
the quasi-static block-fading model [33], this assumption holds
because the task offloading time T} is orders of magnitude
shorter than the characteristic evolution scale of the logistics
tide Thyaro. Physically, Thyaro characterizes the time required
for significant macroscopic reshaping, defined as the inverse of
the maximum relative expansion rate: Thydro ~ (max |5 /o)~ o
Theriod- Since the delivery cycle Tperiog Operates on hourly scale
while Tpy is in milliseconds, Tp < Thydro 18 strictly satisfied.
Consequently, the spatial intensity field A(x, ¢) and the aggregate
interference are treated as time-invariant snapshots during each
transmission interval.

Furthermore, the set of potential interferers is determined by
the instantaneous binary activation states a(X;,¢) € {0, 1}:

(I)aclive(t) = {Xz S (I)BS ‘ a(Xivt) = ]-}a (8)

where X; € R? denotes the spatial location of the i-th GBS.
In contrast to static homogeneous PPP networks, ®,ive(t) con-
stitutes a time-varying, spatially inhomogeneous point process
governed by the pulsating logistics tide.
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For a typical UAV located at x(, the instantaneous signal-to-
interference-plus-noise ratio (SINR) is given by:
PiashoL - X*
SINR (x, ) — LeashoL(lxo = X7])
Iagg(XQ, t) + PN

; ©))

where X* € @,y (t) is the serving BS that provides the max-
imum received power, and Py is the noise power, while the
aggregate interference [,o,(X0,t) is the summation of signals
from all other active BSs within the active region (AR) A (t):

>

X €Pacrive (1) \{X*}

Iagg(XO;t) = PLAShiL(HXO — Xz”) (10)

In (9) and (10), ho and h; are the respective small-scale fading
channel power gains, which are exponentially distributed for
Rayleigh fading, L(d)=d " is the power-law path loss function
with exponent v > 2, and P as denotes the transmission power
of the LAS module.

D. Spatiotemporal Performance Metrics

To quantify the trade-off between sustainability and reliability
under dynamic load, we define three key metrics over a logistics
cycle Tperioa. Let a={a(x,t)€{0,1} | x€ A, t€[0, Theriod] }
be the binary activation policy of the LAS layer.

1) Total Served Workload Volume: The primary utility of
the logistics network is the computational tasks offloaded by
the UAVs. Unlike static networks where the instantaneous sum-
rate suffices, the non-stationary logistics tide requires evaluating
the cumulative service volume. We define the total served traffic,
denoted as Ty (), as the spatio-temporal integration of the
successful service capacity density:

Therioa
Trotat (@) = / ’ / R(x,t; o) dx dt, (11)
0 A

where R(x, t; o) represents the successful service capacity den-
sity, also known as the effective spatial throughput, formulated
as R(x,t; ) = Bnsg A(X,1)Peov(x,t | ). Here, Peoy(x,1 |
«) = P(SINR(x, t) > «y) denotes the service availability which
is mathematically quantified by the instantaneous coverage
probability, B is the system bandwidth, and 7sg represents the
target spectral efficiency.

In the context of mission-critical logistics, this link-level cov-
erage probability serves as the fundamental metric quantifying
the system-level service availability.

2) Total Energy Consumption: The network energy con-
sumption is directly determined by the spatiotemporal activation
pattern of the GBSs. The total energy consumption over one
period is defined as:

Tperiod
Eia(a) / / Ass Pops (a(x, 1)) dx dt, (12)
Jo A
where Pggs(-) models the power consumption of a single LAS
module:
PGBS(a) - Pact'a+P§lp . (1 *Of)- (13)

Here, P, and Py, denote the power consumption in the active
and sleep modes, respectively.
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3) Service Unavailability (Wavefront Outage): To quantify
the reliability risk at the expanding edge, we define the instan-
taneous service unavailability, O(t), as the fraction of workload
mass located in the “outage zone”—the spatial gap between
the physical demand wavefront Ry (t) and the effective service
boundary R,cive(t) induced by the control policy c.

Mathematically, assuming that the policy generates a contigu-
ous coverage area of radius Ryeqve (t), O(t) is calculated as the
normalized user mass within the gap [Ryctive (t), Rwe(?)]:

fR “Lr(t)t) A(r,t) - 27 dr}

Io Fur(t) A(r, ) 2nrdr

Ot;a) & [ (14)

The unavailability is zero if the service boundary exceeds the
wavefront, i.e., Rycive > Rwe. This metric specifically captures
the percentage of the logistics swarm—most notably the strate-
gic leading edge—that is physically present but disconnected
due to infrastructure hysteresis.

E. QoS-Constrained EE Maximization Problem

1) Objective Function and Constraints: The primary objec-
tive of sustainable mobile computing networks is to maximize
the network EE, ngg (), which is the ratio of the total served
workload volume to the total energy consumption over the
logistics cycle:

A ﬁotal(a)
77EE(a) B Etotal(a) '

Mathematically, we formulate the network control problem as a
QoS-constrained EE maximization problem:

as)

Po: max 7nge(a), (16a)
st. Ot;a) < éen, Vit € Texp, (16b)
a(x,t) € {0,1}, Vx,t, (16¢)

where T, denotes the time interval corresponding to the expan-
sion phase of the logistics tide, and ey, is the maximum allowed
service unavailability threshold, e.g., e, =0.01.

2) Generalized Effective Energy Efficiency: Problem Py is a
non-convex fractional programming problem. Furthermore, the
constraint (16b) imposes an infinite number of instantaneous
QoS requirements over the continuous domain Teyp,, rendering
direct global optimization intractable.

To obtain a tractable formulation, we adopt a penalty-function
method to transform the constrained optimization problem into
an unconstrained maximization of a surrogate objective func-
tion, termed the generalized effective EE, denoted as 7.

Definition 2: We define the effective EE as the following
QoS-penalized metric:

Neft = Mek - Us ( sup (’)(t)) . (17)

1€ exp

Here, Us(+) serves as a soft barrier function, or a multiplicative
penalty function, derived from the reliability constraint. We
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adopt the polynomial form:

- {§ "

where 3 > 1 is the penalty factor.

Remark 2: The formulation of 7. reconciles the conflicting
goals of Py. Physically, the term (1 — x) represents the service
availability. As the penalty factor g increases, the cost of vio-
lating the outage constraint (16b) becomes severe, forcing the
optimal solution of the unconstrained proxy problem to asymp-
totically approach the feasible region of the original problem Py.
This conversion allows us to evaluate the system performance
using a single scalar metric that reflects the holistic operational
value under QoS constraints.

if0 <z <1,

ifz > 1, (18)

IV. FLUX-AWARE ASYMMETRIC ACTIVATION STRATEGY

To effectively manage the high-frequency pulsating logistics
tide, the network control logic must bridge the gap between
macroscopic fluid dynamics and discrete hardware states. We
propose a flux-aware asymmetric activation strategy. Unlike
symmetric thresholding, this strategy decouples the activation
and deactivation dynamics to accommodate the distinct kine-
matic requirements of the expansion and contraction phases.

A. Principles of Asymmetric Activation

The core idea of the proposed strategy is to align the network
response with the distinct risk profiles inherent in the pulsating
workload. Rather than applying a uniform control logic, we
design tailored state-transition mechanisms specifically adapted
to the unique vulnerabilities of the expansion and contraction
phases.

1) Expansion Phase (¢ > 0): The primary risk is the wave-
front outage caused by boot-up latency. To mitigate this, the
strategy employs a proactive activation mechanism, leveraging
the spatial phase-lead of the information flux to trigger GBSs
before the workload density physically accumulates.

2) Contraction Phase (¢ < 0): The primary challenge is
maintaining connectivity for agents located at the spatial pe-
riphery, i.e., the Gaussian tail, as the swarm recedes. To mitigate
the risk of premature disconnection, the strategy employs a
hysteresis retention mechanism. The flux trigger is deactivated
because the inward-pointing macroscopic velocity vector no
longer serves as a valid precursor for proactive activation. In-
stead, the control logic relies exclusively on a lowered density
holding threshold, ensuring that the effective service bound-
ary contracts at a slower rate than the physical decay of user
density.

B. Triggering Logic Formulation

Let a(x,t)€{0,1} denote the binary activation state of a
GBS at location x. We construct the state transition logic based
on three distinct Boolean triggering conditions: the proactive
flux trigger Cpyy, the reactive load trigger Coaq, and the retention
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Algorithm 1: Flux-Aware Asymmetric Cycle Control.

Require: Time ¢; Fluid state {o, &, N }; Previous state
ot_1.
Ensure: New activation state ;.

1: Determine Phase:
2: if 5(t) > 0 then Mode <— EXPANSION
3: else Mode <— CONTRACTION
4. Update GBS States:
5. for each GBS 7 at location x; do
6: Compute the local density A(x;, ¢) using (1).
7: if Mode is EXPANSION then
8: > Compute Flux only when needed for proactive
trigger
0 B0l Alx) - I - £
10: Trigger: Caux < (|| ®(x;)|| > )
11: a(x;, t) = I(A(x;) > Aget V Chiux)
12: else > Hysteresis Retention Phase
13: a(x;,t)  I(A(xi) > Apod) - a(x;,t — 1)

14: returnca;

trigger Cholq, Which are defined by:

Cﬂux : ||‘I’(X, t)H Z 6th7
Cioad : )"(”X”vt) > Aact, (19)
Chota © A(I[x[;) > Anolas

where g, is the flux sensitivity threshold, A, is the activation
density threshold, and we introduce a lower holding threshold
Ahold < Aqcts SUCh @s Apolg — 0, to implement the hysteresis mech-
anism. The activation protocol is defined as:

I (Cload \ Cﬂux) )

B if5(t) > 0,
a(x,t) = {]I (Chola) - a(x,t — 1),

ito(t) <0, 20

To facilitate practical deployment in resource-constrained
network controllers, we formalize the proposed logic in
Algorithm 1.

C. Complexity and Implementation Analysis

The proposed strategy exhibits linear computational complex-
ity O(M), where M is the number of GBSs. Unlike combina-
torial optimization or reinforcement learning approaches that
typically scale with O(M?) or higher, our method relies on
calculating analytical fluid metrics (A, ||®|) locally for each
node. Beyond computational efficiency, the framework ensures
minimal signaling overhead. Unlike centralized optimization
schemes requiring real-time channel state information (CSI)
from all UAVs, our framework operates on macroscopic sta-
tistical parameters, such as o (t), N (t), that evolve slowly on the
scale of minutes (the logistics cycle) rather than milliseconds.
Consequently, the broadcast of these fluid parameters entails
negligible bandwidth cost, and the localized flux calculation
supports a fully distributed, event-driven activation logic that
requires no backhaul coordination between neighboring GBSs.
This low overhead is critical for real-time resource provisioning
in large-scale mobile systems.
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D. Spatiotemporal Mechanism Analysis

The proposed logic results in a dynamic network topology
that physically adapts to the logistics tide.

1) Traveling Wave Activation (Expansion): During the ex-
pansion phase, the condition | ®|| > dy, creates a proactive guard
ring ahead of the density wavefront. This does not imply simul-
taneous global activation. Since the flux magnitude ||®(r, t)]| is
spatially graded (peaking at the wavefront), the activation con-
dition is satisfied sequentially from the center to the periphery.
This results in a “traveling active zone” that propagates ahead of
the UAV swarm, ensuring resources are provisioned selectively
and just-in-time.

2) Hysteresis Retention (Contraction): As the swarm re-
cedes, the flux intensity diminishes. The protocol automatically
switches to the retention mode governed by Cplq. This ensures
that the active region shrinks slower than the density decay,
maintaining connectivity for tail users until the local load be-
comes negligible.

Remark 3: A potential concern with kinematic triggers is
the vulnerability to false alarms caused by high-velocity but
low-density transient outliers. However, under the proposed
fluid-dynamic framework, the activation is governed by the in-
formation flux (& = Av), which acts as a robust spatiotemporal
momentum filter. Mathematically, the exponential spatial decay
of the density field strictly dominates the linear growth of the
macroscopic velocity, ensuring that the flux magnitude naturally
vanishes in sparse far-field regions. Physically, constrained by
the maximum aerodynamic speed of UAVs, a sparse outlier with
negligible density cannot generate sufficient momentum to cross
the macroscopic threshold dy,. Consequently, such transient
anomalies fail to trigger Cqyx, thereby preventing premature
infrastructure activation and energy waste.

V. PERFORMANCE ANALYSIS

Given the spatial inhomogeneity of the pulsating tide, for
tractability, we employ a local homogeneity approximation to
derive the CP and EE metrics.

A. Spatio-Temporal Activation Geometry

The proposed asymmetric strategy yields a phase-dependent
network topology. First, we formally derive the effective activa-
tion radius, denoted as Ryciive (1)-

Proposition 1: The effective activation radius Ry (t) that
adapts to the expansion-contraction cycle of the logistics tide is
expressed as

' _Jmax{Ru«(t), Raux(t)}, ifo(t) >0,
e = { ifot) <o, @V
where the component radii are given by:
_ N\
Rau(t) = U(t)\/Q [hl (Wmmﬂ ; (22a)
_ N(#) "
Riowa(t) = U(t)\/2 [hl (27T02(t)/\ho1d)] ; (22b)
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2

¢ 0 = /cth(t)}, (22¢)

— . +._"
Rpux(t) = sup {r eER™: 700

with g, (t) =
old.

Proof: The detailed derivation is provided in Section S-II of
the Supplementary File. O

This derived activation radius reveals distinct physical behav-
iors across the expansion-contraction cycle.

1) Expansion (Proactive Guard Ring): During the expansion
phase, i.e., >0, the macroscopic velocity v, ocr amplifies
the flux intensity at the periphery. This kinematic gain pushes
the flux boundary Rgu(t) beyond the static density bound-
ary R, (t), creating a proactive guard ring of width ARje,q =
Raux — R that spatially compensates for the boot-up latency.

2) Contraction (Hysteresis Retention): During the contrac-
tion phase, i.e., 6 < 0, the flux trigger is disabled. The acti-
vation boundary is governed strictly by the holding threshold
Ahold- SINCE Apold < Ager, the condition Rpgig(t) > Rae(t) holds.
This creates a retention zone of width ARy = Rhola — Racts
preventing the premature disconnection of users at the spatial
periphery as the swarm recedes.

#‘Z“‘(t” representing the normalized flux thresh-

B. Local Service Availability Analysis

The dynamic activation of LAS modules creates a spatially
finite and inhomogeneous interference field. Unlike standard
stochastic geometry approaches that assume an infinite field
of interferers, we explicitly model the truncation of interfer-
ence at the activation boundary R,.ve(t) to derive an accurate
CP.

Theorem 1: Consider the finite active region bounded by
Ryciive (). The instantaneous service availability CP for a typical
UAV within the active zone is expressed as:

Raclivc(t) 9
Peov(r, ) ~ / 27mABs Y €xp ( — TABS Y (1
0

+ Finie(y: Racive) ) ) dy, (23

where Fnite (Y, Ractive ) 18 the finite interference factor explicitly
capturing the boundary effect:

—Fﬁnite(y7 Ractive) =[] (1» Ky 1+ K; _PY)

R 2 v
—(mw> ﬂﬂ(Lm1+m—v< 4 ))7 (24)
Yy Ractive

with k = 2/v and  being the SINR threshold.

Proof: The detailed derivation is provided in Section S-III
of the Supplementary File. 0

Remark 4: The second term in (24) represents the boundary
correction. As Raeive — 00, this term vanishes, reducing to the
classical infinite plane solution. However, near the network edge
where y — Rjciive, this term significantly reduces the estimated
interference.
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C. Network Energy Efficiency

By substituting the phase-dependent activation radius derived
in Proposition 1 into the metric definitions, we obtain the closed-
form expression for EE.

Theorem 2: The period-average EE of the network, defined
as the ratio of total served traffic to total energy consumption
over a cycle Tperiod, is given by:

o Trotal _ B TISE fOTperiOd M(t) I?)cov(f) dt
Jo= B ar

;o (25)

where P, () denotes the spatially averaged CP over the dy-
namic active region R,y (t), approximated as:

1
- 1+ fﬁnite(RaCtive(t)) '
with Fpiniee given in (24), while M(¢) and P(t) are the served
workload mass and network power consumption defined below.
1) Served User Mass M(t): This term represents the aggre-

gate workload demand covered by the active network, derived
from the Gaussian integration:

(1o )

2) Network Power Consumption P(t): This term captures the
instantaneous power cost of the infrastructure:

Peov(t) (26)

M(¢) 27

P(t) = nR?

active

(t))\BSAP + Pbasea (28)

where AP = P,y — Py, represents the activation power
penalty, and P = |AlipsPyp denotes the baseline sleep
power of the entire service area A.

Proof: The detailed derivation is provided in Section S-IV
of the Supplementary File. 0

This analytical form facilitates the numerical optimization of
the flux threshold dy,. The objective is to balance the size of the
proactive guard ring, which dictates coverage reliability, against
the incremental energy cost, thereby locating the Pareto-optimal
operating point.

D. Theoretical Analysis of Flux Phase-Lead

The effectiveness of the proposed strategy depends on
whether the information flux ® provides an earlier detection
signal than the scalar density X at the expanding wavefront. We
formally prove this property by analyzing the spatial monotonic-
ity of the flux-to-load ratio.

Lemma 1: During the expansion phase where (t) > 0, the
ratio of the flux magnitude to the workload density, denoted as
Ra . (r,t), is astrictly monotonically increasing function of the
radial distance r.

Proof: Recall the definition of information flux from
Definition 1: || ®(r, t)|| = A(r,t) - |v.(r, t)|. Substituting the de-
rived macroscopic velocity v,.(r, t) ~ r%, the ratio is given by:

= Iy (0] = r 20

a(t)’

o I2(r.0)]

R@/X(T?t) )\,(’f’ t)

(29)
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For any fixed time instant ¢ in the expansion phase where & > 0,
the term g is a positive constant with respect to space. Taking
the partial derivative with respect to r:
%R@/A(T, t) = ? > 0.
Thus, the relative strength of the flux signal compared to the
density signal increases linearly with distance. This completes
the proof. (]

Remark 5: Lemma 1 provides the theoretical basis for the
kinematic phase lead. At the swarm center where  — 0, density
dominates. However, at the far-field wavefront where r > o, the
high expansion velocity amplifies the flux signal. Consequently,
for a decaying Gaussian tail, the flux threshold condition || ®|| >
0w 18 satisfied at a strictly larger radius than the density condition
A > A (assuming normalized thresholds). This ensures that the
flux-triggered proactive guard ring is generated ahead of the
traffic load.

1) Quantification of Spatial Flux Gain: Based on the mono-
tonicity proven above, we quantify the spatial gain afforded by
the flux-aware strategy.

Definition 3: During the expansion phase where & > 0, the
flux gain Gy (¢) is defined as the spatial difference between the
proactive flux boundary and the reactive density boundary:

gﬂux(t) = Rﬂux (t) - Ract(t)-

Since the macroscopic velocity v,.(r) = r& /o increases linearly
with distance, the flux intensity || ®|| = Av,. decays slower than
the density A at the wavefront. Consequently, for a properly
calibrated dy,, the condition Gy () > 0 holds.

Remark 6: Physically, Ggux represents the width of the proac-
tive guard ring. From a control theory perspective, this metric
represents a space-time conversion: the strategy trades spatial
redundancy in the form of an extra active ring of width G,
for temporal margin. This spatial advance compensates for the
inevitable time delay 7y, inherent in hardware state transitions.

To ensure uninterrupted connectivity for the leading UAVs,
the spatial gain must outpace the physical movement of the
swarm during the wake-up process. This leads to the following
fundamental condition for reliability.

Theorem 3: The wavefront outage is theoretically eliminated
if and only if the flux gain satisfies:

(30)

€2y

t=+Thoot
gﬂux(t) Z / Uwf(T) dr =~ Uwf(t) * Thoot s (32)
t

where vyg(t) is the wavefront phase velocity defined in (7). This
inequality establishes the fundamental geometric constraint for
the flux-aware activation boundary.

Remark 7: 1t is crucial to note that satisfying the kine-
matic zero-latency condition in Theorem 3 is a necessary but
not sufficient condition for successful task offloading. The
holistic system reliability is governed by a two-tier hierarchy.
1) Hardware Availability: The GBS must be active upon the
UAV’s arrival, which is addressed by the flux-aware guard ring
Gaux; and 2) Link Reliability: The instantaneous SINR must
exceed the target threshold ~. In our framework, this second tier
is rigorously captured by the finite network coverage probability
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TABLE II
DEFAULT SIMULATION PARAMETERS

Parameter | Symbol | Value
GBS Density (LAS Layer) ABS 5 BSs/km?
UAV Flight Altitude Hyav 150 m
Bandwidth per LAS B 20 MHz
Path Loss Exponent v 2.5
Target SINR Threshold y —5dB
Target Spectral Efficiency NSE 2 bps/Hz
Baseline Workload Intensity No 25,000 UAVs
Baseline Spatial Spread oo 4.5 km
Load Modulation Index N 0.8
Spatial Expansion Index o 0.7
Active Power (LAS) Pyt 400 W
Sleep Power (LAS) Pyp 50 W
Service Setup Latency Thoot 300 s (5 min)
Flux Sensitivity Threshold O Variable
Static Activation Threshold Aact 50 agents/km2
Holding Threshold Ahold 2 agents/km2

P.ov derived in Theorem 1. Consequently, the overall served traf-
fic Ty defined in (11) explicitly integrates both the kinematic
availability and the SINR-based coverage probability, ensuring
that offloading failures due to signal degradation are inherently
penalized.

The condition established in Theorem 3 imposes a funda-
mental geometric constraint on the activation boundary. To
translate this theoretical kinematic requirement into practical
system design, we derive the upper bound for the flux sensitivity
threshold.

Proposition 2: To ensure zero-latency coverage given a
service setup constraint 7o, the flux sensitivity threshold dy,
must be calibrated to satisfy:

O < tel'?f ||(I) (Racl(t) + vwf(t)Tbooh t)” . (33)
exp

This inequality serves as a design criterion: it quantifies the

minimum sensitivity required to detect the precursor momentum

at the specific look-ahead distance djcaa = VwiThoot-

Proof: From Theorem 3, the zero-latency requirement is
Raux > Ract + VwiThoor- Let the right-hand side be the required
targetradius Req £ Ract + VwiThoot- Recall that R,y is the outer
root of ||®(r)|| = dw. In the wavefront region where r > o, the
flux magnitude ||®(r)|| is a monotonically decreasing function
of r. Therefore, to ensure the trigger radius Ry, extends beyond
Ry, the triggering threshold dy, must be lower than the flux
intensity at Ryeq:

O = ||(1’(Rﬂu>c)|| < H'I’(Rreq)H- (34)

Substituting the definition of ® yields the bound in (33). This
completes the proof. |

VI. NUMERICAL RESULTS AND ANALYSIS

We validate the analytical framework using Monte Carlo
simulations averaged over 50,000 iterations within a service area
A of 20 x 20 km? governed by the pulsating workload model.
The default system parameters are listed in Table II. To ensure the
realism of the evaluation, these parameters are selected based on
a combination of standardization reports and practical hardware
specifications. Specifically, the communication parameters, in-
cluding the UAV operational altitude (150 m) and path loss
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exponent (v = 2.5), are aligned with the 3GPP technical report
for low-altitude aerial vehicles (TR 36.777) [34]. The hardware
profiles, such as the active/sleep power consumption and the
service setup latency (oot = D min), reflect the typical specifi-
cations of MEC-enabled micro BSs. This service setup latency
accounts for the aggregate delay of the hardware transitioning
from a deep sleep mode [32] and the software overhead of MEC
container cold-starts [35]. Furthermore, the macroscopic traffic
variables (INg and o) are configured as design assumptions
to represent a city-scale logistics hub serving a metropolitan
area.

To assess the system-level gains, we compare the proposed
flux-aware asymmetric strategy against the following four base-
line strategies.

1) Static Always-On: All infrastructure modules remain ac-
tive continuously. This provides an upper theoretical
bound on service reliability but incurs the maximum pos-
sible energy cost.

Reactive Strategy: BSs activate strictly upon detecting
local user density A > A, This serves as the fundamen-
tal baseline for analyzing boot-up latency and resultant
wavefront outages.

3) Robust Margin Strategy (RMS): Adapted from robust opti-
mization methods based on statistical moments and chance
constraints [17], this baseline adds a conservative spa-
tial safety margin outside the density boundary to hedge
against mobility fluctuations. In our implementation, this
margin is instantiated as a fixed 8.5 km worst-case guard
ring.

Traffic Snapshot Prediction (TSP) Baseline: Inspired by
learning-based traffic prediction models (e.g., LSTM [18],
[19], [20] and DRL [21]), this serves as an oracle baseline.
It assumes perfect foresight of the future static density
boundary to fully cancel the temporal boot-up latency,
activating BSs ahead of time based strictly on the predicted
spatial density snapshots.

The analysis proceeds in four steps: validating the analytical
coverage model and visualizing flow dynamics (Section VI-A),
validating the spatial phase-lead of the information flux
(Section VI-B), quantifying the reliability gain in eliminating
outages (Section VI-C), and evaluating the overall network EE
(Section VI-D).

2)

4)

A. Model Visualization and Analytical Validation

1) Macroscopic Dynamics Visualization: To verify the kine-
matic basis of the proposed framework, Fig. 2 illustrates the
spatio-temporal evolution of the workload density field A(r, t)
alongside the dynamic logistic wavefront Ry (t) represented by
a white contour. By superimposing the Lagrangian characteristic
trajectories of hypothetical fluid particles (plotted as thin grey
lines), we observe distinct phase-dependent behaviors: during
the expansion phase where ¢ < 1 h, the grey trajectories diverge
rapidly, corroborating that the wavefront propagation is phys-
ically driven by the macroscopic advection velocity v, > 0;
conversely, during the contraction phase where ¢t > 1 h, the
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Fig. 3. Validation of the analytical local coverage probability.

grey trajectories converge, reflecting the inward momentum as
the swarm returns to the hub. This confirms that the derived
information flux metric provides an accurate kinematic repre-
sentation of the swarm’s momentum.

2) Validation of Analytical Expressions: We validate the fi-
nite network coverage model established in Theorem 1 against
Monte Carlo simulations. Fig. 3 presents the spatial coverage
profile at a representative snapshot of R, = 10 km, corre-
sponding to the fully expanded service boundary, with path loss
exponent v = 3.0 and SINR threshold v = —3 dB. Notably,
the distinct boundary-induced coverage gain observed near the
periphery (r ~ 10 km) is precisely predicted by the proposed
analysis. This validation confirms that the finite interference fac-
tor derived in (24) correctly quantifies the reduction in aggregate
interference due to the sleep mode of GBSs outside the active
region, thereby eliminating the estimation error at the wavefront.

Fig. 4 extends this validation to the temporal domain over a
full expansion-contraction cycle. The heatmap reveals a trav-
eling service plateau, visualized as the green region, which is
strictly confined within the analytical activation boundary traced
by the white curve. The precise alignment between the analytical
boundary and the effective service zone confirms the robustness

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on September 09,2026 at 15:49:27 UTC from IEEE Xplore. Restrictions apply.



DONG et al.: DIGITAL TIDES: A FLUID-DYNAMIC FRAMEWORK FOR FLUX-AWARE INFRASTRUCTURE PROVISIONING

Expansion Phase Contraction\Phase

Outage Zone (P=0)

o

|
High Quality Zone

Coverage Probability Peoy

Radial Distance r (km)

0

'
'
'
'
'
'
'
'
'
|
1

12 14 16 18 2
Time ¢ (hours)

0 0.2 0.4 0.6 0.8

Fig. 4. Spatiotemporal evolution of the coverage probability over a full
expansion-contraction cycle.
1 ' r - '\ ' I Proacéive Gulard Rinlg
’
’ N — =Flux [|(r, o)l
09} \ ;
—— Density A(r, ty)
! \
@ ok / N Calibrated Flux Threshold
’g ;7\ Load Threshold
=
F07r I} \
g ! \
06
= ! \
D o5F
é’ ! \ Flux Gain
= 04f { 'y
g ] AR = 8.25 km)
803 g S
Z / N\
0.2 <
1 ~
01y S -
0 1 1 1 1 —
0 2 4 6 8 10 12 14 16 18
Radial Distance r (km)
Fig. 5. Spatial mechanism of the flux-aware strategy at to = 0.6 h, showing

the proactive guard ring.

of the derived model under time-varying topologies. Even as the
network size undergoes substantial fluctuations, the analytical
framework accurately tracks the spatiotemporal evolution of
the SINR field, demonstrating that the proposed fluid-based
stochastic geometry offers a rigorous performance baseline for
dynamic logistics corridors.

B. Validation of Kinematic Mechanism: Flux Phase-Lead

We first validate the kinematic basis of the proposed frame-
work, specifically the spatial and temporal phase-lead of the
information flux ®. The simulation focuses on the rapid expan-
sion phase, as the resulting macroscopic advection velocity is
the physical driver of the flux signal.

1) Spatial Mechanism. Proactive Guard Ring: Fig. 5 eluci-
dates the spatial interplay between the normalized agent density
A(r,to) and the flux magnitude ||®(r, ()| at a representative
snapshot £y =0.6 h. The results reveal a fundamental limitation
of conventional detection methods. As shown by the blue solid
curve, the agent density decays rapidly at the network periphery.
This metric is strictly coupled to the physical presence of agents:
the density threshold X,y is crossed only upon the swarm’s
arrival. Consequently, any strategy relying solely on density fails
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Fig. 6. Temporal validation of zero-latency triggering at the network edge
(r = 14.5 km).

to anticipate the load, making the service setup latency Tyt an
unavoidable penalty.

In contrast, the flux magnitude represented by the red dashed
curve exhibits a distinct wavefront enveloping effect. Driven
by the high macroscopic velocity v, ocr in the far field, the
flux signal remains significant even in regions where the agent
density is negligible, specifically at distances exceeding 10 km.
This kinematic property effectively decouples the trigger signal
from the physical load. As a result, the GBSs are activated by
the flux condition ||®|| > & well before the density condition
is met. This predictive mechanism generates a substantial proac-
tive guard ring of width AR =~ 8.25 km, buying the necessary
time for the infrastructure to wake up before the agents actually
arrive.

2) Temporal Validation. Zero-Latency Triggering: The
translation of this spatial gain into an effective temporal lead
is verified in Fig. 6, which traces the metric evolution at a
representative far-field location located at a radial distance of
14.5 km. As the logistics tide propagates outward, the flux
curve exhibits a sharp rise well in advance of the density curve.
The calibrated trigger activates at time tg,x, which precedes the
density arrival time t4e, by approximately 5 minutes. This in-
terval closely approximates the mandatory service setup latency
Thoot> confirming that the information flux functions as a robust
precursor signal to ensure the GBS completes its activation
sequence just as the physical load arrives.

C. Reliability Analysis: Elimination of Wavefront Outage

Having verified the kinematic phase-lead mechanism, we now
quantify the system-level reliability gain during the critical ex-
pansion phase spanning the interval ¢ € [0.2, 0.8] h. The primary
objective is to demonstrate how the proposed strategy mitigates
service outages caused by a service setup latency of Tyt = 5
min. We evaluate reliability using the service unavailability
metric O(t) defined in (14).

The effective service boundary is physically constrained
by the activation latency, formulated as Raciive(t) = Rurig(t —
Thoot)- FOT the reactive strategy, the trigger follows the static
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Fig. 7. Reliability analysis during the expansion phase. (a) Service-boundary
trajectory versus the physical wavefront. (b) Instantaneous service unavailability.

density wavefront where Ry = Rue. Conversely, for the flux-
aware strategy, we employ the robust calibration derived in
Proposition 2 by setting dy, = 0.2 - dpax to create a sufficient
safety margin against the expansion velocity. Here, §,,x denotes
the maximum flux magnitude over the expansion phase.

Fig. 7 visualizes the dynamic interaction between the traffic
wavefront and the service boundary. The upper panel reveals a
distinct tracking disparity where the reactive strategy, plotted
as a blue dashed line, consistently lags behind the physical
wavefront. This hysteresis creates a widening outage zone of
approximately 1-2 km, confirming that static density detection
is fundamentally too slow for high-mobility logistics corridors.
In sharp contrast, the flux-aware strategy represented by the red
dashed line maintains a service boundary that strictly envelopes
the physical wavefront, effectively predicting the expansion
trajectory.

The consequences are quantified in the lower panel. The reac-
tive scheme suffers from a persistent service unavailability peak-
ing at approximately 15%. This value represents the complete
disconnection of the leading swarm, the most strategic assets
executing long-range missions. The proposed strategy reduces
this outage metric to near zero, validating the effectiveness of
flux-based proactive control in eliminating wavefront outages.

D. System-Level Energy Efficiency and Pareto Optimization

Finally, we evaluate the comprehensive system performance
to validate the economic viability of the proposed framework.

1) Comparison of Raw Versus Effective Energy Efficiency:
Fig. 8 presents the normalized performance comparison across
the five evaluated strategies. An initial observation is the counter
intuitive behavior of the raw EE (ngg). The reactive strategy and
the TSP achieve the highest nominal 7gg. However, this metric
is deceptive in high-mobility logistics scenarios. As indicated by
the served traffic ratio, the reactive strategy captures only 79.6%
of the computational demand, while TSP, despite perfectly
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Fig. 8.  System-level performance comparison across benchmark strategies.

predicting the density boundary, only marginally improves this
to 82.8%. This implies that both strategies fundamentally fail to
serve the critical wavefront of the digital tide—specifically, the
high-velocity leading UAVs entering new coverage areas before
the local density reaches the activation threshold. Consequently,
their high raw energy efficiencies are merely artifacts of severe
service denial, which is operationally unacceptable for mission-
critical logistics.

To resolve this efficiency-reliability trade-off, we analyze the
effective EE (7)), which explicitly penalizes service outages.
Under this QoS-constrained metric, the performance of both
the reactive and TSP strategies collapses. To guarantee service
availability, the RMS enforces a static worst-case spatial guard
ring, successfully elevating the served traffic to approximately
99.0%. However, this rigid geometric expansion incurs massive
energy waste through severe over-activation, causing its 7 to
degrade to a level comparable with the static always-on upper
bound. In contrast, the proposed flux-aware strategy leverages
the fluid-dynamic velocity field to dynamically adjust the activa-
tion boundary. It seamlessly captures the wavefront momentum,
achieving a 99.1% traffic service rate that is numerically com-
parable to the always-on benchmark, while promptly shrinking
the boundary during swarm contraction to reduce trailing energy
waste. By inherently balancing kinematic reliability and dy-
namic power consumption, the flux-aware framework achieves
the maximum effective EE among all the evaluated approaches.

2) Optimal Threshold Calibration: To validate the existence
of a unique optimal operating point, Fig. 9 analyzes the sensitiv-
ity of system performance to the flux threshold dy,. The effective
EE and service reliability curves depicted in Fig. 9 elucidate the
fundamental trade-off between energy consumption and service
reliability. Specifically, the optimization landscape reveals how
flux sensitivity dictates the balance between energy waste and
outage risks.

a) Over-Sensitive Regime (6, <107!): Here, the low thresh-
old results in high sensitivity. Both the effective EE and service
reliability improve as dy, increases. As &y, approaches 1071, the
service reliability reaches approximately 100% but this comes
at a severe energy cost with the effective EE suppressed below
0.7. This is because the system maintains an excessively wide
proactive guard ring, activating GBSs far earlier than necessary.

b) Transition Regime (10~ < 6,, < 10?): This interval marks
the efficiency-gaining phase. As dy, increases, the system pro-
gressively sheds spatial redundancy, and the effective EE climbs
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Fig. 9. Impact of the flux sensitivity threshold &, on system performance and
the resulting Pareto-optimal operating point.

steadily from 0.7 to its peak, while reliability remains largely
robust above 95%. This confirms that the flux trigger still pro-
vides sufficient lead time to compensate for 7,00 While elimi-
nating the waste of an oversized guard ring.

c) Pareto-Optimal Point (§,,~10?): The global maximum of
the effective EE curve defines the optimal equilibrium. Crucially,
this peak efficiency does not correspond to perfect reliability: at
the optimal &y, service reliability drops from its peak of 100%
to approximately 93%.

d) Under-Sensitive Regime (53 >102): Beyond the optimal
point, dy, becomes excessively high. Physically, the proactive
guard ring contracts until its width is insufficient to compensate
for the service setup latency 7y In the asymptotic limit, the flux
trigger is effectively disabled, causing the strategy to degenerate
into the reactive baseline. Consequently, the network detects the
wavefront too late, causing service reliability to plummet below
75%. The heavy wavefront outage triggers the steep slope of the
QoS penalty function Ug, driving the effective EE to collapse
toward the negligible performance floor of the reactive strategy.

This result demonstrates a strategic trade-off: to maximize the
effective EE, the system must tolerate a marginal degradation
in reliability, corresponding to an approximately 7% outage
risk at the wavefront. This calibration tightens the proactive
guard ring to the minimum size necessary to offset hardware
latency, thereby locating the true Pareto-optimal frontier that is
unattainable by strictly reactive mechanisms.

E. System Sensitivity and Robustness Analysis

1) Sensitivity to Service Setup Latency: We evaluate the
system robustness against service setup latency Tpoo € [1, 10]
min, representing varying MEC instantiation and RF wake-up
overheads. We fix the flux sensitivity threshold to the Pareto-
optimal 8y, = 102. As shown in Fig. 10(a), the reactive baseline’s
service unavailability scales linearly with Ty, approaching
37% at a 10-minute latency. Conversely, the flux-aware strategy
exhibits graceful degradation, restricting the outage to 6.2% at
5 minutes and below 15% at 10 minutes. This confirms that
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the proactive guard ring effectively absorbs the temporal lag.
Consequently, as depicted in Fig. 10(b), the reactive strategy’s
effective EE plummets due to severe QoS penalties, whereas
the proposed framework maintains superior energy efficiency
across the latency spectrum, validating its stability for practical
deployments.

2) Robustness Against RF Constraints: We further investi-
gate the system sensitivity to underlying RF parameters under
five scenarios using the control variable method, as illustrated
in Fig. 11. First, fixing nsg =2.0 bps/Hz and increasing -y from
—5 dB to 5 dB nonlinearly degrades the coverage probability,
compressing the effective EE curves downward. Second, fixing
~v=—5 dB and increasing 7sg from 2.0 to 4.0 bps/Hz linearly
multiplies the spatial capacity, stretching the effective EE curves
upward.

Despite these severe vertical fluctuations, the Pareto-optimal
flux sensitivity threshold remains stationary at &y, ~ 10? across
all scenarios. This invariant optimal point suggests that the
required proactive guard ring is primarily governed by the
macroscopic expansion velocity and hardware setup latency,
while being largely insensitive to the tested microscopic RF
link conditions. Consequently, network operators may be able
to upgrade modulation and coding schemes without materially
recalibrating the kinematic infrastructure triggering logic, al-
though the absolute performance levels may still change.
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VII. DISCUSSION AND PRACTICAL LIMITATIONS

While the proposed fluid-dynamic modeling and flux-aware
activation framework establish a tractable methodology for
macroscopic infrastructure provisioning, certain idealized math-
ematical abstractions warrant further discussion regarding their
practical limitations under non-ideal conditions.

1) Impact of Spatial Deployment Deviations: The theoretical
framework evaluates instantaneous coverage probability and
energy efficiency under the assumption of a homogeneous PPP,
denoted by ®gs. In complex urban environments, base station
deployments are constrained by topography and zoning laws.
Stochastic geometry literature establishes that the complete
spatial randomness of a PPP typically yields a conservative
lower bound on coverage probability compared to planned re-
pulsive networks. Consequently, if the actual cellular deploy-
ment exhibits a more regular grid-like pattern, the variance of
the nearest-serving distance decreases, mitigating severe local
interference. In such scenarios, the effective service availabil-
ity improves beyond our analytical predictions. Conversely,
extreme clustering of infrastructure may introduce localized
coverage holes. However, the core mechanism proposed in this
paper, namely, the kinematic phase-lead of the macroscopic
information flux over the scalar density, is expected to remain
qualitatively robust. This predictive capability is governed by the
continuity equation of the fluid dynamics and is decoupled from
the microscopic spatial distribution of the ground infrastructure.

2) Fluid Approximation Boundaries and Abrupt Reconfigu-
ration: Treating the UAV swarm as a continuous compressible
fluid is effective under macroscopic high-density conditions
with smooth workload flows. However, the validity of this
continuous fluid model relies on the cohesive movement of the
logistics fleet. Under non-ideal conditions, such as abrupt swarm
reconfiguration or chaotic individual trajectories, the macro-
scopic continuity equation loses its predictive accuracy. In these
regimes, the macroscopic flux vector fails to resolve microscopic
discontinuities, causing the proactive system performance to
degrade toward the reactive baseline. Addressing this limitation
necessitates a hybrid methodology combining macroscopic fluid
dynamics with discrete multi-agent tracking in future research.

3) Impact of Estimation Noise: The current analysis assumes
the accurate acquisition of macroscopic state variables. In prac-
tical deployments, sensory measurements of the swarm density
and velocity fields are subject to estimation noise. Such inaccu-
racies in the flux estimation can induce localized false alarms or
delayed infrastructure activations. Mitigating this vulnerability
requires the integration of temporal smoothing techniques or
predictive filters, such as Kalman filtering, prior to the flux
evaluation to ensure robust activation triggers.

4) Heterogeneous Service Startup Delays: The theoretical
and simulation analyses evaluate system robustness under uni-
form service setup latencies. Real-world infrastructure often
exhibits heterogeneous startup times due to varying hardware
capabilities and backhaul states across different cells. Manag-
ing such spatial heterogeneity requires extending the current
framework by transforming the global scalar flux sensitivity
threshold, denoted by &y, into a spatially varying field. This
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adaptation allows the system to dynamically adjust the proactive
guard ring on a per-cell basis according to localized hardware
constraints.

5) Applicability to Geometry-Constrained Corridors: The
current analytical evaluation assumes a radially symmetric
Gaussian tide. In practice, UAV logistics often follow geometry-
constrained flight corridors due to urban topology or airway
regulations. Nevertheless, the proposed flux-induced phase-lead
mechanism is expected to remain valid under such asymmetric
or one-dimensional constrained trajectories. This resilience is
fundamentally rooted in the continuity equation. For a 1D de-
livery corridor, the spatial distribution reduces to a longitudinal
profile A(x, t). Driven by the conservation of mass during the ex-
pansion phase, the macroscopic advection velocity v, still scales
proportionally with the propagation distance x. Consequently,
the information flux magnitude ||®|| = A - v, inherently decays
slower than the scalar density X at the wavefront. Thus, the spatial
monotonicity as proven in Lemma 1 mathematically holds,
ensuring that the flux trigger continues to generate a proactive
temporal margin to compensate for service setup latency in
corridor-based deployments.

VIII. CONCLUSION

This paper has investigated the critical conflict between EE
and service reliability in urban UAV logistics networks. We have
shown that conventional reactive sleeping strategies yield mis-
leadingly high nominal efficiency, a metric inadvertently result-
ing from the systematic shedding of the energy-intensive traffic
wavefront. To resolve this misalignment, we have transcended
the static snapshot limitations of classical stochastic geometry by
establishing a fluid-dynamic traffic model and proposing a flux-
aware asymmetric activation strategy. By exploiting the intrinsic
spatial phase-lead of the information flux, our control logic
generates a proactive guard ring that effectively compensates
for service setup latency. Numerical results have validated that
this framework achieves a zero-latency response, reducing wave-
front outages from approximately 20% to near zero compared to
reactive baselines. Under our derived QoS-penalized metric, the
proposed strategy achieves Pareto optimality, demonstrating that
integrating macroscopic kinematic states into network control
loops offers a resilient pathway for aerial mobile computing
systems.
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