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Abstract  With the rapid evolution of mobile edge computing and the upcoming sixth-generation
wireless networks, the digital twin-aided edge network has emerged as a transformative paradigm
for bridging the physical and virtual worlds. In such networks, real-time physical-virtual syn-
chronization is the fundamental task required to maintain high-fidelity digital replicas and enable

precise closed-loop control. This synchronization process is inherently complex, involving two
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tightly coupled directions: physical-to-virtual state reporting and virtual-to-physical decision feed-
back. However, achieving stable and real-time synchronization in dynamic edge environments re-
mains a daunting challenge. This challenge arises from the heterogeneity of edge resources, strin-
gent latency requirements, and the complex interdependencies between synchronization pair
matching, resource allocation, and task offloading. Existing research often treats these dimen-
sions as isolated sub-problems, failing to provide a systematic and integrated optimization frame-
work for these tightly coupled decisions.

To address these issues, this paper proposes ARAPVS, a centralized joint decision-making
mechanism based on a reverse auction model. The objective is to maximize total social welfare
while satisfying constraints including limited communication coverage, heterogeneous resource
capacities, and maximum tolerable delay thresholds. At the architectural level, the system fol-
lows the design principle of control and data plane separation to avoid communication bottle-
necks. The cloud service center acts as a centralized controller and market clearing authority,
processing only lightweight metadata via a dedicated signaling channel. Once an auction decision
is made, it issues admission tokens to winning nodes. Actual high-bandwidth synchronization da-
ta is transmitted directly between physical devices and edge nodes via authorized peer-to-point
links, ensuring system scalability and low latency.

The ARAPVS mechanism integrates several key technical innovations. First, we introduce a
digital twin state staleness model to quantify synchronization quality, which is incorporated into a
generalized cost function. Second, we formulate resource contention as a minimum generalized
weight perfect matching problem in a bipartite graph. We employ the Kuhn-Munkres algorithm
combined with an opportunity cost strategy to achieve a global optimal matching. Unlike un-
weighted matching algorithms, the Kuhn-Munkres algorithm handles weighted edges with cubic
time complexity, ensuring both theoretical optimality and computational feasibility for large-scale
networks. Third, we design a pricing rule based on the Vickrey-Clarke-Groves mechanism. Edge
nodes serve as resource sellers submitting competitive bids, while synchronization pairs act as
buyers. The cloud service center automatically calculates settlement prices based on social oppor-
tunity cost, ensuring that truthful bidding is a weakly dominant strategy.

Rigorous theoretical analysis confirms the mechanism satisfies individual rationality and in-
centive compatibility. Extensive numerical simulations on the Python platform demonstrate the
superiority of ARAPVS. We compared our mechanism with several baselines, including random
allocation, greedy allocation, the McAfee mechanism, and deep reinforcement learning algo-
rithms. Quantitative results indicate that ARAPVS significantly reduces total costs and maintains
the lowest average accumulative staleness. Notably, the mechanism exhibits robust convergence
and sub-linear execution time growth even as the network scales up to hundreds of edge nodes.
This research provides a solid theoretical and technical foundation for enabling efficient, real-time

synchronization in next-generation edge digital twin ecosystems.

Keywords  digital twin; edge computing; physical-virtual synchronization; reverse auction; re-

source allocation
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Background

Real-time physical-virtual synchronization is a critical
enabler for edge digital twin networks (DTEN), facilitating
efficient collaboration between physical devices and virtual
replicas. This task involves inherently coupled decisions:
synchronization pair matching, resource allocation, and task
offloading. These must simultaneously account for heteroge-
neous resource capacities and stringent local constraints,
making the optimization problem computationally intractable
in large-scale deployments.

However, existing studies often treat DT as an auxiliary
tool, failing to establish a deep connection between synchro-
nization quality and resource management. They lack sys-
tematic solutions for tightly coupled joint optimization and
fail to balance synchronization timeliness (i. e. , information
freshness) with resource consumption. To bridge this gap,
this paper proposes ARAPVS, a centralized reverse auction-
based mechanism. Unlike traditional cost-minimization ap-
proaches, ARAPVS aims to maximize system social welfare
by introducing a digital twin state staleness model to quantify
synchronization quality. It employs the Kuhn-Munkres
(KM) algorithm with an opportunity cost strategy to solve
the minimum weight perfect matching problem and integrates
the Vickrey-Clarke-Groves (VCG) pricing rule to ensure in-
dividual rationality and incentive compatibility.

To address these gaps. this paper proposes ARAPVS, a
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reverse auction-based joint decision-making mechanism for
physical-virtual synchronization resource allocation.
ARAPVS adopts a centralized scheduling framework led by
the Cloud Service Center (CSC), integrates the Vickrey-
Clarke-Groves (VCG) payment rule to ensure truthfulness
and individual rationality, and uses the Kuhn-Munkres (KM)
algorithm to achieve minimum weight perfect matching be-
tween synchronization tasks and edge resource bundles. The
mechanism effectively minimizes the total cost of edge nodes
while satisfying latency and communication constraints, a-
chieving stable and real-time physical-virtual synchroniza-
tion.
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