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Abstract— Metaverse can obscure the boundary between the
physical and virtual worlds. Specifically, for the human-centric
Metaverse in vehicular networks, i.e., the vehicular Metaverse,
vehicles are no longer isolated physical spaces but interfaces that
extend the virtual worlds to the physical world. Accessing the
human-centric Metaverse via autonomous vehicles (AVs), drivers
and passengers can immerse in and interact with 3D virtual
objects overlaying views of streets on head-up displays (HUD) via
augmented reality (AR). The seamless, immersive, and interactive
experience rather relies on real-time multi-dimensional data
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synchronization between physical entities, i.e., AVs, and virtual
entities, i.e., Metaverse billboard providers (MBPs). However,
mechanisms to allocate and match synchronizing AV and MBP
pairs to roadside units (RSUs) in a synchronization service
market, which consists of the physical and virtual submarkets,
are vulnerable to adverse selection. In this paper, we propose
an enhanced second-score auction-based mechanism, named
EPViSA, to allocate physical and virtual entities in the syn-
chronization service market of the vehicular Metaverse. The
EPViSA mechanism can determine synchronizing AV and MBP
pairs simultaneously while protecting participants from adverse
selection and thus achieving high total social welfare. We propose
a synchronization scoring rule to eliminate the external effects
from the virtual submarkets. Then, a price scaling factor is
introduced to enhance the allocation of synchronizing virtual
entities in the virtual submarkets. Finally, rigorous analysis and
extensive experiments demonstrate EPViSA can achieve at least
96% of the social welfare compared to the omniscient benchmark
while ensuring strategy-proof and adverse selection free through
a simulation testbed.

Index Terms— Metaverse, digital twin, augmented reality,
market design, auction theory.

I. INTRODUCTION

M
ETAVERSE, the immersive 3D Internet, is regarded as

an advanced stage and the long-term vision of digital

transformation [1], [2]. As an exceptional multi-dimensional

and multi-sensory communication medium [3], the human-

centric Metaverse overcomes the tyranny of distance by

enabling participants in different physical locations to be

telepresent and interact with each other in a shared 3D virtual

world [4]. The synergy between the human-centric Metaverse

and autonomous transportation systems, i.e., the vehicular

Metaverse [5], allows drivers and passengers to access the

virtual world of the human-centric Metaverse in vehicles and

offers a futuristic way of traveling. The on-road immersive

experience of the human-centric vehicular Metaverse relies on

the persistent and bidirectional synchronization in real-time

between entities in physical transportation systems and the

virtual world [6].

The human-centric vehicular Metaverse is expected to

lead an evolution of intelligent transportation systems [7],

[8], [9], [10], where ubiquitous physical and virtual entities,

e.g., roadside units (RSUs), autonomous vehicles (AVs),
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and Metaverse billboard providers (MBPs), are interconnected.

The physical-virtual synchronization system in the human-

centric vehicular Metaverse is maintained from two directions.

First, during the physical-to-virtual (P2V) synchronization,

AVs update their digital twins (DTs) in the virtual worlds

continuously by sensing surrounding environments (e.g.,

landmarks and landscapes) with internal and external sen-

sors [11] as well as executing their DT tasks [12], [13], [14],

including real-time vehicular status, historical sensing data,

and bio-data of passengers, in the virtual world. Then, AVs

share the preference caches1 in the DTs to MBPs via RSUs.

Finally, during the virtual-to-physical (V2P) synchronization,

MBPs push personalized augmented reality (AR)-based

recommendations and ads [15] to AVs and display on head-up

displays (HUDs) [16]. This bidirectional synchronization can

provide the utmost safety and immersive experience to drivers

and passengers. However, tremendous communication and

computing resources might be consumed to facilitate real-time

physical-virtual synchronization in the human-centric vehicu-

lar Metaverse [17], including maintaining DT models of AVs

and delivering virtual billboards of MBPs. Fortunately, RSUs,

equipped with high-capacity communication and computing

resources, can provide synchronization services to AVs and

MBPs [18]. Therefore, synchronizing AVs and MBPs can

improve their immersive experience by offloading resource-

intensive DT and AR tasks to RSUs. Nevertheless, RSUs

are expected to require compensation since maintaining syn-

chronization services will consume RSUs’ limited resources.

Hence, a real-time synchronization service market should be

designed to motivate RSUs with monetary incentives to share

their resources by allocating and charging the synchronizing

AV and MBP pairs in the human-centric vehicular Metaverse.

In literature, many efforts have been devoted to designing

auction-based mechanisms in the synchronization service

market since auctions can effectively deal with private

information while not introducing an excessive latency [19].

However, existing solutions have limitations and are unsuitable

for real-time physical-virtual synchronization [20] as they

allocate synchronizing physical or virtual entities separately.

As a result, they introduce unnecessary delays [21] during the

physical-virtual synchronization of AVs and MBPs via RSUs

that degrades the seamless experience perceived by passengers

being in the human-centric vehicular Metaverse [22].

Moreover, they primarily assume that there are no external

effects (or externalities) [23] from the synchronizing virtual

entities during the allocation of physical entities in the

P2V synchronization [24]. However, the synchronizing

virtual entities, e.g., MBPs, may introduce externalities to

the allocation of AVs as MBPs’ recommendations and ads

are diverse in match qualities and render delays. These

unpredictable qualities and delays introduce externalities

and expose AVs to adverse selection2 that AVs demand

RSUs to set a prefixed threshold of synchronization

1Preference caches store the intersection of AVs’ historical sensing data
and passengers’ context-aware preferences and needs during the journey.

2Adverse selection [25] refers to a market situation that participants with
asymmetric information are only willing to pay at the average market price.

This might introduce an inefficient allocation outcome of the market [26].

delays [27] to minimize externalities. Furthermore, the

existing solutions mostly assume that virtual entities have a

symmetric observation of the physical world [28]. In contrast,

the match qualities of recommendations and ads might

not be immediately measured by every MBP during the

V2P synchronization. Under such an asymmetric information

regime, MBPs without immediate feedback cannot adjust their

bids accordingly and thus are exposed to adverse selection.

In this way, they might lose the opportunities valued by them

most. Consequently, the existing solutions may expose AVs

and MBPs to adverse selection, and the allocation efficiency

in the synchronization market may deteriorate.

In this paper, to address the problem of adverse selection

and improve allocation efficiency, we propose an Enhanced

second-score auction-based Physical-Virtual SynchronizAtion

mechanism (EPViSA) to allocate and match physical and

virtual entities simultaneously in the synchronization ser-

vice market of the human-centric vehicular Metaverse. The

EPViSA mechanism determines the set of synchronizing AVs

and MBPs in the physical and virtual submarkets, respec-

tively. In the physical submarket for the P2V synchronization,

to address the adverse selection problem of AVs, we propose

a synchronization scoring rule that incorporates information

from MBPs in the virtual submarket. The efficient synchro-

nization scoring rule allows the RSUs to adjust processing

deadlines flexibly according to the requirements and prefer-

ences of AVs. Additionally, in the virtual submarket for the

V2P synchronization, the enhanced allocation and the pricing

rules with a price scaling factor are proposed to allocate

and price the synchronizing MBPs with high-quality recom-

mendations and ads. This way, the problem of asymmetric

information among MBPs is alleviated, and thus the surplus

in the virtual submarket increases. To demonstrate the allo-

cation efficiency of the EPViSA mechanism, we first provide

an omniscient mechanism and a second-price auction-based

mechanism as benchmarks [26]. We analyze and prove a lower

bound on the allocation efficiency of the proposed mechanisms

compared to the omniscient benchmark. Moreover, we show

that the proposed EPViSA mechanism can achieve at least

96% of the social welfare in the synchronization market

compared with the omniscient benchmark. Furthermore, a sim-

ulation testbed of the human-centric vehicular Metaverse is

implemented to collect real-world data samples, e.g., opinion

scores and eye fixation duration, during users watch Metaverse

billboards.

Our main contributions can be summarized as follows:

• We propose a new physical-virtual synchronization

system for the human-centric vehicular Metaverse,

where RSUs provide real-time synchronization services

to help AVs synchronize with the virtual worlds by

executing DT tasks and help MBPs synchronize with

the physical world by rendering AR recommendations

and ads.

• In the proposed system, we design a real-time

synchronization service market where service providers,

i.e., RSUs, allocate and match the synchronizing pairs

of AVs and MBPs, whose surpluses are positively

correlated in the physical and the virtual submarkets.
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• To resolve the adverse selection problem in existing

synchronization mechanisms, we propose the EPViSA

mechanism to match and allocate AVs and MBPs for

RSUs simultaneously. In the physical world, the syn-

chronization scoring rule is proposed for synchronizing

AV allocation to eliminate the external effect from the

virtual world. In the virtual world, the pricing factor

is adopted to mitigate the asymmetric information in

matching qualities of MBPs’ recommendations and ads.

• To evaluate the performance of the proposed mechanism,

extensive analysis and experiments are conducted.

We implement a simulation testbed of the human-centric

vehicular Metaverse to collect real-world data samples

for validating the proposed mechanisms. The analysis and

experimental results show that the EPViSA mechanism

can achieve at least 96% of the allocation efficiency

in the synchronization market while guaranteeing fully

strategy-proof and adverse-selection free.

The rest of this paper is organized as follows. In Section II,

we provide a review of the related work. In Section III,

we describe the synchronization system and market.

In Section IV, we provide the implemented details of the pro-

posed synchronization mechanism. In Section V, we propose

the enhanced synchronization mechanism. We illustrate the

simulation experiments in Section VI, and finally conclude in

Section VII.

II. RELATED WORK

A. Metaverse

Since the term “Metaverse” was introduced by Neal

Stephenson in his Snow Crash 30 years ago, it has raised

a continuous exploration of human beings in its potential

impacts on the economy, productivity, and society [29]. The

human-centric Metaverse is expected to provide extended

reality and extended intelligence in all daily activities, includ-

ing entertainment, work, and socializing. To put the concept

of the human-centric Metaverse into practice, Duan et al. [4]

implemented a Metaverse prototype of a university campus

for virtual education [30] based on blockchain [31], [32] and

immersive human-computer interfaces. For human-centric

Metaverse [33], Long et al. in [34] propose an adaptive

edge resource allocation method based on multi-agent soft

actor-critic with graph convolutional networks (SAC-GCN)

to optimally allocate limited communication and computation

resources at the edge to a large number of users in the

Metaverse. Selvaraj et al. [35] propose an AI-based, human-

centered traffic management system for smart cities and

the Metaverse that considers both drivers’ and traffic flow

requirements to provide personalized and context-aware

vehicle routing while satisfying the demand for virtual edge

computing resources. To clarify the demands and questions

in the current development of the Metaverse, they proposed a

three-layer architecture for the Metaverse, which consists of

the ecosystem, interaction, and infrastructure. Specifically,

in the interaction layer of their architecture, DT and

immersive user experience are indispensable to support the

synchronization, i.e., the coordination and alignment, among

entities in the physical and virtual worlds.

B. Physical-Virtual Synchronization in Vehicular Metaverse

The immersive experience of passengers in the

human-centric vehicular Metaverse relies on the real-time

synchronization among physical entities, e.g., AVs [36],

[37], [38], and virtual entities, e.g., MBPs [39], [40], [41].

Aiming to relieve the computation burden on AVs during

synchronization from the physical world to the virtual

world, Jiang et al. [5] investigated the application of coded

distributed computing (CDC) in the vehicular Metaverse with

a hierarchical decision-making framework. Hui et al. [27]

demonstrated that maintaining real-time DT models for

interconnected AVs can improve the efficiency of intelligent

transportation systems [42] by making collaborative decisions

in the virtual world. Additionally, to synchronize the virtual

world with physical vehicles, Wang et al. [16] designed

Metaverse billboards by leveraging AR as the interface that

overlays the recommendations and ads on the field-of-view

of passengers through the windshield. Through real-time

bidirectional synchronization between physical and virtual

worlds, i.e., maintaining DT models, and from virtual to

physical worlds, i.e., delivering AR recommendations and

ads, the vehicular Metaverse is regarded as an enabler of

future transportation systems.

C. Mechanism Design for Metaverse Synchronization Market

Several existing works have been done to design mech-

anisms for human-centric Metaverse service markets, with

the aim of providing allocation and pricing mechanisms for

physical and virtual services in the Metaverse. For example,

Ismail et al. [20] propose a Vickrey-Clarke-Groves (VCG)

auction-based mechanism for IoT devices to sell their semantic

information to virtual service providers in the Metaverse that

is responsible for constructing and maintaining the Meta-

verse. In addition, Xu et al. [28] propose a double Dutch

auction-based VR services allocation and pricing mechanism

for physical VR service providers to provide their services to

VR users. However, their current works generally focus on a

unilateral market for physical or virtual services. In our work,

we propose a family of auction-based physical-virtual syn-

chronization mechanisms to simultaneously allocate and match

the synchronizing AV and MBP pairs in the physical and

virtual submarkets. Different from existing synchronization

mechanisms, the proposed EPViSA mechanism can achieve

real-time and efficient allocation and match for synchronizing

AV and MBP pairs while ensuring several promising economic

properties, such as strategy-proofness and adverse selection

free.

III. THE SYNCHRONIZATION SYSTEM AND MARKET

In this section, we first present an overview of the synchro-

nization system in the human-centric vehicular Metaverse and

discuss the problem of adverse selection in the synchronization

market in Subsections III-A and III-B. Then, we describe the

network model in Subsection III-D, the DT task model in
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Fig. 1. The physical-virtual synchronization system in the human-centric vehicular metaverse.

Subsection III-E, and the AR recommendation and ads model

in Subsection III-F. Finally, we provide the problem formu-

lation in Subsection III-G for the allocation and matching of

synchronizing AR and MBP pairs.

A. Physical-Virtual Synchronization in Vehicular Metaverse

The human-centric vehicular Metaverse can provide a safe

and immersive experience to passengers by synchronizing the

physical and the virtual worlds in a real-time manner. During

the P2V synchronization, each AV generates and updates its

DT model via RSUs and maintains the preference caches based

on the AV’s historical sensing data and passengers’ preferences

and needs during the journey. During the V2P synchronization,

MBPs deliver personalized AR recommendations and ads to

AVs based on the preference caches.

B. An Overview of the Physical-Virtual Synchronization

System

As shown in Fig. 1, we consider a real-time physical-

virtual synchronization system for the human-centric vehicular

Metaverse that consists of AVs, RSUs, and MBPs. In this

system, AVs and MBPs bid for communication and computing

resources of RSUs for processing their synchronization tasks,

i.e., DT tasks and AR tasks, respectively. The surrounding

environments can be perceived by the external sensors of

AVs while the users’ preferences and status can be captured

by internal sensors. The key notations used in this work are

summarized in Table I.

1) Autonomous Vehicles (AVs): The set of AVs is denoted

as I = {1, . . . , i, . . . , I}. In the synchronization system,

physical AVs synchronize with the virtual world by contin-

uously generating and executing updates of their DT models.

Continuously generated DT tasks arriving at AV i can be

represented by DTi =<sDT
i , e

DT
i , ηi>, where sDT

i is the size of

DT data, eDT
i represents the required CPU cycles per unit data,

and ηi denotes the deadline for accomplishing the task. Each

AV i ∈ I has the private valuation νi for executing its DT

task DTi that are drawn from the probability distribution Gi.

TABLE I

LIST OF NOTATIONS

The valuations of DT tasks can be interpreted as the capture

attributes of AVs, e.g., the urgency to synchronize with DT

models [27], which may be different and varying for each AV

during its journey.

2) Roadside Units (RSUs): The set of RSUs is denoted as

J = {1, . . . , j, . . . , J}. Let Bj denote the total bandwidth,
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and Pj denote the transmit power allocated by RSU j. The

bandwidth of each RSU is divided into the downlink band-

width Bdj and the uplink bandwidth Buj , where Buj + Bdj =
Bj . To provide synchronization services, e.g., executing DT

tasks and rendering AR layers, each RSU j is equipped with

computing capacities, including the CPU frequency fCj and

the GPU frequency fGj .

3) Metaverse Billboard Providers (MBPs): The set of

MBPs is denoted as K = {0, 1, . . . , k, . . . ,K}. Similar to

the Internet display advertising [26], we consider two types of

MBPs in the system, i.e., brand MBPs and performance MBPs.

The performance MBPs 1, . . . ,K provide recommendations

and performance ads that are designed to elicit real-time

feedback from passengers, such as navigation to a shop

along the street where a sale may occur. The brand MBP 0
delivers recommendations and brand ads that are designed

to raise passengers’ awareness of a brand or product, such

as infotainment for a sales event and vehicle maintenance

for an upcoming opportunity. The valuation of personalized

AR ads is Qi,k for each synchronizing pair of AV i and

MBP k, which is the product of the common valuation νi
of AV i and the match quality mi,k, i.e., Qi,k = νimi,k.

Straightforwardly, common valuations for every MBP k are

gained from the provisioning of general recommendations for

the synchronizing AV i, which can be represented by the

AV i’s private valuation νi. Additionally, the match quality

mi,k of MBP k is determined by the amount of personalized

information, This way, the valuations of AVs and MBPs in

synchronizing pairs are positively correlated. Finally, let Qι,(l)
and mι,(l) represent the l highest valuation and match quality

for the synchronizing AV ι, respectively.

4) Preference Caches: Based on contextual internal and

external sensing data, preferences, and needs [43], passengers

in AVs maintain preferences of different types of landmarks

and landscapes that are stored in preference caches.3 In [44],

preferences refer to the interests and likes of museum visitors

towards exhibits and tour routes. The AR mobile navigation

system presented in the paper continuously assesses the pref-

erences of the visitors during their visit, which allows more

detailed analyses of the exhibits and interests, as well as

real-time updating of follow-up exhibits and tour routes. The

recommendation system then provides personalized sugges-

tions corresponding to the user’s context through the analysis

of the interest and location information of visitors. Here, let

Ci denote the size of the preference caches of each AV i.

The numbers of matched preference caches H ∈ R
I×(K+1)
+

of matched AVs and MBPs can be expressed as

H =











h1,0 h2,0 · · · hI,0
h1,1 h2,1 · · · hI,1

...
...

. . .
...

h1,K h2,K · · · hI,K











, (1)

where 0 ≤ hi,k ≤ Ci,∀i ∈ I, k ∈ K denotes the number of

matched preference caches between AV i for MBP k. Given

3The preference caches are uploaded along with AVs’ DT models during
P2V synchronization.

the total number of MBPs K + 1, the match qualities mi,k

are drawn independently from a set of distributions mi,k =
hi,k ∼ Fi,k.

5) Location-Based Personalized AR Ads: Based on prefer-

ence caches of AVs, MBPs distribute personalized brand and

performance ads to AVs, each of which consists of one basic

layer4 and multiple enhancement layers.5 For each AR ads

layer of MBP k, the AR rendering task can be represented

by ARk =<sAR
k , e

AR
k > [45], where sAR

k is the data size of each

AR layer and eAR
k is the required GPU cycles per unit data for

rendering. Therefore, given the total number of MBPs K + 1,

the match quality mi,k are drawn independently from a set of

distributions mi,k = hi,k ∼ Fi,k. To explain further, given the

synchronizing AV ι, the performance MBPs k = 1, . . . ,K can

measure the match qualities mι,k of their recommendations

and performance ads. However, the brand MBP 0 that provides

recommendations and brand ads to the synchronizing AV ι
cannot measure its match quality mι,0 immediately. Therefore,

asymmetric information exists among MBPs that might result

in adverse selection.

C. Adverse Selection in the Synchronization Market

Adverse selection [25] refers to a market situation where

participants with asymmetric information are only willing to

pay at the average market price. This might introduce an

inefficient allocation and matching outcome of the synchro-

nization market. In the synchronization market, the physical

and virtual entities have positively correlated surpluses for

synchronization services. In other words, the surplus of AVs in

the physical submarket can affect the surplus of MBPs in the

virtual submarket by affecting the valuation of the common

valuation of AR ads. Therefore, such correlation introduces

externalities and asymmetric information for allocating syn-

chronizing physical and virtual entities in the synchronization

service market, as follows.

• Externalities: The externalities are introduced to the

physical submarket from the virtual submarket. The

personalized AR recommendations and ads of MBPs

have different match qualities for different physical AVs.

However, during the allocation of synchronizing AV in

the physical market, the synchronizing MBP is unknown

for participants in the physical submarket, which might

affect the total processing delay in the physical submar-

ket. Therefore, AVs in the physical submarket prefer to

demand RSU to set a prefixed threshold of synchroniza-

tion delay before the allocation of the synchronizing AVs.

• Asymmetric Information: There exists asymmetric infor-

mation among MBPs for their personalized recommen-

dations and ads. The performance ads (e.g., navigation

to a shop) can induce immediate responses from users.

In contrast, brand ads (e.g., infotainment and vehicle

maintenance notifications) cannot be measured by brand

MBPs immediately.

4The basic layers consist of some general location-based recommendations
and ads, such as weather and real-time traffic monitoring.

5The enhancement layers consist of virtual objects of personalized
context-aware recommendations and ads based on the matched preference
caches, such as navigation and vehicular maintenance notification.
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Having a strategy-proof and adverse selection-free system

is crucial in ensuring fairness, efficiency, and transparency in

auction-based mechanisms [26], as it protects participants from

manipulation and ensures that the allocation process is inde-

pendent of market externalities and asymmetric information.

D. Network Model

During the real-time physical-virtual synchronization,

uplink and downlink transmissions are utilized for updating

DTs and delivering AR Metaverse billboards [46], respec-

tively. Let gi,j denote the channel gain between AV i and

RSU j, the downlink transmission rate Rdi,j can be calculated

as [22] Rdi,j = Bdj log(1 +
gi,jPj

σ2
i

), where σ2
i is the additive

white Gaussian noise at AV i. Moreover, let pi denote the

transmit power of AV i, the uplink transmission rate Rui,j can

be calculated as Rui,j = Buj log(1 +
gi,jpi

σ2
j

), where σ2
j is the

additive white Gaussian noise at RSU j.

E. DT Task Model

To synchronize with the human-centric vehicular Metaverse,

physical entities, i.e., AVs, generate and offload DT syn-

chronizing demands, i.e., DT model updates, to RSUs for

real-time execution. Therefore, we consider the demands as

tasks that are required to be accomplished by RSUs. The

transmission delay for AV i to upload its DT task DTi to

RSU j can be calculated as [27] tDT
i,j =

sDT
i

Ru
i,j

. The computation

delay in processing the DT task DTi of AV i for RSU j

can be calculated as dDT
i,j =

sDT
i e

DT
i

fC
j

. In the proposed system,

without loss of generality, we consider that each RSU has

the capability to accomplish both computing and transmission

requirements of DT tasks, i.e., tDT
i,j + dDT

i,j ≤ ηi,∀i ∈ I,
j ∈ J . With the use of available communication and comput-

ing resources, RSUs can provide AR rendering services for

MBPs. This way, MBPs can send their AR recommendations

and ads to AVs, i.e., synchronizing from the virtual world to

the physical world.

F. AR Recommendation and Ads Model

In the synchronization system, MBPs synchronize personal-

ized AR recommendations and ads that provide an immersive

on-road experience to passengers [43]. In the human-centric

vehicular Metaverse, passengers inside vehicles can observe

not only the scenery outside but also AR recommendations and

ads overlaying real-world landmarks and landscapes through

HUDs [43].

The transmission delay in rendering and transmitting the

AR recommendations and ads ARk to AV i from RSU j can

be calculated as

tAR
i,j,k =

(hi,k + 1)sAR
k

Rdi,j
. (2)

The computation delay in rendering the AR recommendations

and ads ARk can be calculated as

dAR
i,j,k =

(hi,k + 1)sAR
k

fCj
+

(hi,k + 1)sAR
k e

AR
k

fGj
, (3)

which consists of the input delay for the CPU and the

rendering delay for the GPU of RSU j.
In the synchronization system, RSUs can use their available

computation and communication resources to provide real-

time physical-virtual synchronization services for AVs and

MBPs. However, the total synchronization delay cannot exceed

the required deadline of AV i. Let zDT
i,j be the allocation

variable that AV i is allocated to RSU j and zAR
i,j,k be the

allocation variable that MBP k is allocated by RSU j to match

AV i. The total synchronization delay T total
i,j,k required by RSU j

to process both the DT task of AV i and the AR rendering the

task of MBP k should be less than or equal to the required

deadline, which can be expressed as

T total
i,j,k = zDT

i,j · (t
DT
i,j + dDT

i,j) + zAR
i,j,k · (t

AR
i,j,k + dAR

i,j,k) ≤ ηi, (4)

∀i ∈ I, j ∈ J , k ∈ K. Moreover, when RSUs process DT

tasks for AVs, they also display AR recommendations and ads

of MBPs to AVs. Therefore, T total
i,j,k also represents the expected

displaying duration of the AR recommendations and ads of

MBP k for AV i with the aid of RSU j.

G. Problem Formulation

In the synchronization system, there are two concurrent

non-cooperative games for AVs and MBPs competing for the

limited synchronization services of RSUs. To motivate RSUs

to contribute their resources to the synchronization system,

we design a real-time synchronizing market where sellers

(RSUs) can earn profits from provisioning synchronization

services, and physical and virtual bidders (AVs and MBPs)

are competing for synchronization services in the physical

and the virtual submarket, respectively. We consider bidders

(AVs and MBPs) in the synchronization market to be risk

neutral, and their surpluses are positively correlated with each

other based on the revelation principle [26]. Based on this,

we consider a mechanism to be a mapping from the private

information ν = (ν1, . . . , νI) and Q = (Q1,0, . . . , QI,K)

to allocation probabilities zDT = (zDT
1 , . . . , zDT

I ) and zAR =

(zAR
0 , . . . , zAR

K ) as well as payments pDT = (pDT
1 , . . . , pDT

I ) and

pAR = (pAR
0 , . . . , pAR

K ).
The expected surplus for each RSU after accomplishing DT

tasks for AV i ∈ I is defined by

WDT(zDT) = E

[

I
∑

i=1

νiz
DT
i,j (ν)

]

. (5)

Then, the expected surplus from the AR ads position awarded

to brand MBP 0 is given by W AR
B = E[Qi,0z

AR
i,j,0(Qi)]. Similar

to the surplus of the brand MBP, the expected surplus from

the AR ads position assigned to performance MBPs can be

defined as W AR
P (zAR) = E[

∑K
k=1Qi,kz

AR
i,j,k(Qi)]. Therefore,

for the matching AV ι, the unit surplus obtained from the AR

ads position can be calculated as the weighted sum of these

two terms, i.e.,

W AR(zAR) = γW AR
B (zAR) +W AR

P (zAR), (6)

where γ is the relative bargaining power of brand MBP 0.

As for the displaying costs of AR recommendations and ads,

we consider the cost-per-time model, i.e., MBPs pay according
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to the total displaying duration for their recommendations and

ads. Therefore, the total surplus of MBPs is the product of

the expected displaying duration and the total surplus of the

virtual submarket, i.e., T total
ι,j,k ·W

AR(zAR
ι ).

Our objective is to maximize the total social welfare of AVs

and MBPs with positively correlated surpluses by utilizing the

limited synchronization services of RSUs. Therefore, the opti-

mization problem for real-time mechanism M = (zDT, zAR)
in the synchronization service market can be formulated as

max
M

WDT + T total
i,j,k ·

(

γW AR
B +W AR

P

)

(7a)

s.t. T total
i,j,k≤ ηi, ∀i ∈ I, j ∈ J , k ∈ K (7b)

hi,k≤ Ci, ∀i ∈ I, k ∈ K (7c)

I
∑

i=1

zDT
i,j≤ 1, ∀j ∈ J (7d)

K
∑

k=0

zAR
i,j,k≤ 1, ∀i ∈ I, j ∈ J (7e)

zDT
i,j∈ {0, 1}, ∀i ∈ I, j ∈ J (7f)

zAR
i,j,k∈ {0, 1}, ∀i ∈ I, j ∈ J , k ∈ K. (7g)

The reliability constraint (7b) guarantees that the total delay

of executing DT and AR tasks is lower than or equal to

the deadline requirement of the synchronizing AV, and the

preference cache constraint (7c) ensures that the number of

match qualities is less than the size of preference caches.

The allocation constraints (7d),(7e), (7f), and (7g) ensure each

AV and MBP can only allocate and be allocated by one

RSU. To evaluate this allocation optimization problem of the

real-time synchronization market, an omniscient mechanism

M∗ [26] with maximum achievable total social welfare is

treated as the omniscient benchmark for the following syn-

chronization mechanism design. The allocation rule of M∗

is to award the position of the ads to the performance MBP

with the highest match quality whenever mι,(1) > γE[mι,0]
and to the brand MBP otherwise. However, this allocation

rule is practically impossible to implement since it requires

the deduction of match qualities from common valuations,

which are invisible for the brand MBP. Although M∗ provides

an achievable upper bound6 of efficiency and measurable

losses for the following mechanism designs, its allocation

rule is in general not implementable due to the fact that ν
is unobservable in the virtual submarket.

Inefficient seamless synchronization in the Metaverse can

result in a suboptimal user experience. This can decrease

the total social welfare and lead to an inefficient allocation

of resources. It may also negatively impact the adoption

and success of Metaverse systems. The motivation of the

paper is to leverage a market-based approach to allocate

resources of RSUs for synchronizing AV and MBP pairs in

a synchronization service market that encompasses physical

and virtual submarkets. This approach aims to safeguard

participants from adverse selection and maximize total social

6The omniscient mechanism can obtain social welfare at around νι +
ηι

[

γE[Qι,0] + E[Qι,(1)]
]

, by selecting the optimal physical bidder ι ∈ I.

welfare. Therefore, we propose a family of mechanisms to

ensure seamless synchronization in the following sections.

IV. THE SYNCHRONIZATION MECHANISM

In this section, we first discuss some preliminaries for

the synchronization mechanism in Subsection IV-A. Then,

we propose a simple second-price auction-based physical-

virtual synchronization mechanism in Subsection IV-B, named

PViSA. Finally, we provide a property analysis of the effi-

ciency of the PViSA mechanism in Subsection IV-C.

A. Preliminaries

We design an auction-based synchronization mechanism in

which each RSU simultaneously allocates and matches AVs

and MBPs for physical-virtual synchronization by executing

DT tasks and rendering AR layers. At each decision slot,

an auctioneer, the RSU, or a proxy delegated by RSUs, initi-

ates an auction to facilitate competition for its synchronization

services. The mechanism operates in an asynchronous and

decentralized manner as each RSU, or its proxy, can initiate

an auction independently. For tractability and without loss of

generality, we consider the case that one RSU runs an auction

for the design of mechanisms.

The physical-virtual synchronization market consists of

two submarkets, i.e., the physical submarket for the P2V

synchronization and the virtual submarket for the V2P syn-

chronization, which operate concurrently. In the physical

submarket, physical entities, i.e., AVs, submit their bids to

the auctioneer for executing DT tasks on RSUs. In the virtual

submarket, virtual entities, i.e., MBPs, submit their bids to the

auctioneer for rendering and distributing AR recommendations

and ads via RSUs. The objective of the auctioneer is to assign

the synchronization services of RSUs to a synchronizing AV

and MBP pair that values it most, i.e., the winning AV and

MBP pair, which ensures some promising economic proper-

ties, such as strategy-proofness [47]. By jointly considering

the limited resources of RSU, the required execution deadline

of DT tasks, and the bidding prices from ARs and MBPs,

the auctioneer determines the winning AV and MBP pair and

the corresponding payments for the synchronization services.

During the auction of synchronization services, the brand MBP

chooses b0 (in a contract [48]) to maximize its expected util-

ity [26], as given by UAR
0 (bAR) = E[Qι,0 −Qι,(1)1Qι,(1)≤b

AR
0

],

where ι is the winning AV in the physical submarket. The

structure of the synchronization market is illustrated in Fig. 2.

B. Designing the PViSA Mechanism

In the second-price auction-based physical-virtual mecha-

nism, the auctioneer adopts the second-price allocation rule

and pricing rule [47] simultaneously in the physical submarket

and the virtual submarket to allocate and match synchronizing

AV and MBP pairs. The PViSA mechanism works in two

phases for the physical and the virtual submarkets simulta-

neously, as follows.

Mechanism 1 (PViSA Mechanism): The PViSA mechanism

can be characterized by the allocation rule and pricing
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Fig. 2. The structure of the physical-virtual synchronization market in the
human-centric vehicular Metaverse.

rule in both physical and virtual submarkets as MPViSA =
(ZPViSA

phy ,PPViSA
phy ,ZPViSA

vir ,PPViSA
vir ). Before the auction of the

PViSA mechanism, each RSU j first announces its threshold

deadline η̂j to the auctioneer that T total
i,j,k ≤ η̂j ≤ ηi,∀i ∈ I.

1) Physical submarket: In the physical submarket, AVs sub-

mit their bids bDT = (bDT
1 , . . . , bDT

I ) for the computation

and communication resources of RSU j. The auctioneer

determines the allocation rule and pricing rule for the

physical submarket in PViSA as follows.

• Allocation rule: The auctioneer calculates the allo-

cation probabilities zDT
i for every AV i by evaluating

whether it submits the highest bid, i.e.,

ZPViSA
phy : zDT

i (bDT) = 1{bDT
i
>max{bDT

−i
}}. (8)

• Pricing rule: Following the pricing rule of the

second-price sealed-bid auction, the auctioneer cal-

culates the payments for each bidder as

PPViSA
phy : pDT

i (bDT) = zDT
i (bDT) · max{bDT

−i}. (9)

2) Virtual submarket: Based on the personal attributes and

preference caches of the winning AV in the physical

submarket, MBPs in the virtual submarket submitted

their bids bAR = (bAR
0 , bAR

1 , . . . , bAR
K ) to the auctioneer.

Then, the auctioneer executes the allocation rule and

the pricing rule of the PViSA mechanism in the virtual

submarket as follows.

• Allocation rule: The ads position is allocated to the

synchronizing MBP submitted the highest bid as

ZPViSA
vir : zAR

k (bAR) = 1bAR
k
>max{bAR

−k
}. (10)

• Pricing rule: The charge to the winning MBP is

determined by the second-highest bid for the bid-

ding profile as

PPViSA
vir : pAR

k (b) = zAR
k (bAR) · T total

i,j,k max{bAR
−k}.

(11)

C. Property Analysis

We find that the PViSA mechanism is inefficient in allo-

cation. To illustrate the inefficiency, we consider two extreme

cases that either (i) sets the reserve at zero (and thus, the brand

MBP always loses) or (ii) sets the reserve at an arbitrarily high

valuation (and thus, the brand MBP never loses). Therefore,

the second-price sealed-bid auction can achieve a surplus of

max(γE[X0],E[X(1)]). Suppose that AV i is the winning AV

in the physical submarket, we demonstrate how inefficient

MPViSA is by showing its bounds in the following proposition.

Proposition 1 (Efficiency of PViSA): Let MPViSA
bAR
0

denote

the mechanism of PViSA when a bid of bAR
0 is submitted by

the brand MBP 0 (or by the auctioneer on behalf of the

brand MBP). There exists bAR
0 ∈ {0,∞} such that for any

γ > 0, I ≥ 2,K ≥ 2, Fi,k, Gi, and E[mι,0], the lower bound

is

W (MPViSA
bAR
0

) ≥
1

2
W (M∗). (12)

Moreover, there exist Gi, Fi,k,K, I, and E[mi,0] for any γ,
ϵ > 0 such that

sup
bAR
0 ≥0

W (MPViSA
bAR
0

) < (
1

2
+ ϵ)W (M∗), (13)

where the match qualities mi,k of the performance recommen-

dations and ads are drawn i.i.d. from Fi,k.

Proof: Please see Appendix A. □

It is well known that the second-score auction is econom-

ically efficient [47], such that the allocation in the physical

submarket is efficient. The PViSA mechanism is based on

two parallel second-price auctions in the physical and the

virtual submarkets, respectively. Therefore, the worst case of

social welfare obtained by the PViSA mechanism is half of

the omniscient mechanism [26].

V. THE ENHANCED SYNCHRONIZATION MECHANISM

In the human-centric vehicular Metaverse, the interplay

of the physical and virtual submarkets causes externalities

and asymmetric information in the synchronization market.

To address the inefficiency issue of the PViSA mechanism,

we apply several advanced techniques in auction theory

[26], [49] to enhance the auction-based synchronization

mechanism by overcoming the externalities in the physical

submarket and the asymmetric information in the virtual

submarket in Subsection V-A. For the P2V synchronization,

AVs in the physical submarket are allowed to submit their

prices and preferred deadlines of DT tasks to the auctioneer.

In addition, for the V2P synchronization, the auctioneer can

determine the allocation rule according to the received bids

from AVs with the synchronization scoring rule. Moreover, for

the V2P synchronization, by adopting the price scaling factor

α ≥ 1 in the virtual submarket, the auctioneer can capture a

significant fraction of the total surplus from both performance

and brand MBPs. Finally, we analyze the properties of the

EPViSA mechanism in Subsection V-B.

A. Designing the EPViSA Mechanism

In this subsection, we describe the workflow and property

analysis of the enhanced second-score auction-based physical-

virtual synchronization mechanism, as illustrated in Fig. 3.

The EPViSA based on the PViSA can address resource allo-

cation issues in the synchronization service market of the
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Fig. 3. Theoretical framework of the proposed mechanisms.

vehicular Metaverse. This mechanism solves problems related

to adverse selection by using a synchronization scoring rule

and a price scaling factor to improve the allocation of virtual

entities. To begin with, the definition of the synchronization

scoring rule that is similar to [49] is provided as follows.

Definition 1 (Synchronization Scoring Rule): For any sub-

mitted bidding price q and required deadline η, a synchro-

nization scoring rule Φsyn(q, η) for AVs’ bids can be given

by

Φsyn(q, η) = q − ϕ(η), (14)

where ϕ(·) is a non-decreasing function and ϕ(0) = 0.

This synchronization scoring rule can be leveraged by the

auctioneer to evaluate the synchronizing MBP in the virtual

submarket. Based on the synchronization scoring rule, the

auctioneer can determine the synchronizing AV in the physical

market and eliminate the external effects. The workflow of the

EPViSA mechanism can be illustrated as follows.

Mechanism 2 (EPViSA Mechanism): Similar to the PViSA

mechanism, the EPViSA mechanism consists of the allocation

rules and the pricing rules in the physical and the virtual sub-

markets, i.e., MEPViSA = (ZEPViSA
phy ,PEPViSA

phy ,ZEPViSA
vir ,PEPViSA

vir ).

1) Physical submarket: To allocate synchronization ser-

vices, AVs submit their multi-dimensional bids bDT =
((bDT

1 , . . . , bDT
I ), η = (η1, . . . , ηI)) to the auction-

eer. The auctioneer computes the scores Φsyn =
Φsyn(bDT, η) = (ϕsyn

1 (bDT
1 , η1), . . . , ϕ

syn

I (bDT
I , ηI)) accord-

ing to the received bids and the synchronization scoring

rule. Based on the calculated scores, the auctioneer

determines the allocation probabilities and the payments

of AVs in the physical submarket.

• Allocation rule: The auctioneer allocates the AV

with the highest score as the winning AV, as follows:

ZEPViSA
phy : zDT

i (Φsyn) = 1{Φsyn

i
>max{Φsyn

−i
}}. (15)

• Pricing rule: Then, the winning AV is charged with

the bidding price of the bidder with the second

highest score as follows:

PEPViSA
phy : pDT

i (Φsyn) = zDT
i (Φsyn) · bDT

arg max{Φsyn

−i
}.

(16)

2) Virtual submarket: In the virtual submarket, the brand

MBP and performance MBPs submit their bids bAR =
(bAR

0 , bAR
1 , . . . , bAR

K ) to the auctioneer. Then, the auction-

eer determines the allocation probabilities and payments

under the scale α of the EPViSA mechanism in the

virtual submarket, as follows:

• Allocation rule: For performance MBPs k =
1, . . . ,K, the allocation probabilities are given by

ZEPViSA
vir : zAR

k (bAR) = 1bAR
k
>αbAR

−k
, (17)

for α ≥ 1. Then, the allocation probability for brand

MBP 0 is zAR
0 (bAR) ∈ {0, 1} can be calculated based

on the allocation probabilities of performance MBPs

1, . . . ,K, which can be expressed as zAR
0 (bAR) ≤

1 −
∑K
k=1 z

AR
k (bAR).

• Pricing rule: Finally, the winning MBP is charged

with the product of the second highest bid and the

price scaling factor α as

PEPViSA
vir : pAR

k (bAR) = zAR
k (bAR) · ρAR

k , (18)

where

ρAR
k =

{

T total
i,j,0b

AR
0 , k = 0,

T total
i,j,kαmax{bAR

−k}, k = 1, . . . ,K.

(19)

Based on the above allocation and pricing rules, we next

analyze the economic properties of the proposed mechanism.

B. Property Analysis

To maximize its utility, each physical AV i can choose the

deadline that can maximize the sum of its valuation νi and

externality ϕ(ηi) for the virtual submarket. In Proposition 2,

each AV can choose the optimal deadline to maximize its

expected payoff.

Proposition 2 (Optimal Deadline): The optimal deadline

bidding strategy of the AV i is given by

η∗i = arg max
η∈(0,ηi]

(νi + ϕ(η)). (20)

Proof: Please see Appendix B. □

For the optimality of the selection of quality, a similar proof of

Proposition 2 can be found in [50]. Based on the bids submit-

ted by AVs and the chosen optimal deadline, the auctioneer can

maintain an efficient synchronization scoring rule, which can

maximize the social welfare, to guide the allocation decisions

in the physical submarket, as follows.

Definition 2 (Efficient Synchronization Scoring Rule): An

efficient synchronization scoring rule is in the form of

Φsyn(qDT, η∗) = qDT + η∗[γW AR
B (M) +W AR

P (M)], (21)

where η∗[γW AR
B (M)+W AR

P (M)] is the total surplus of MBPs

by providing Metaverse billboards.

With the above definition of the efficient synchronizing scor-

ing rule, the worst-case analysis of the EPViSA mechanism is

given as follows.
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Proposition 3: With the efficient synchronization scoring

rule in Definition 2, for any γ > 0,K, I, Fi,k, Gi, and E[mi,0],
there exists α ∈ {1,∞} such that

W (MEPViSA
α ) ≥

1

2
W (M∗). (22)

Proof: Please see Appendix C. □

For a synchronization mechanism, strategy-proofness indi-

cates that participants cannot obtain a higher utility by

changing their truthful bids. Adverse selection free indicates

that if the existence of market externalities and asymmet-

ric information is independent of bidders’ valuations, then

under this mechanism, the factors of market externalities and

asymmetric information are also independent of the allocation

rules of the synchronization mechanisms. As a consequence,

it should be highlighted that the EPViSA mechanism is fully

strategy-proof and adverse-selection free, as demonstrated in

the following theorem.

Theorem 1: The EPViSA mechanism is fully strategy-proof

and adverse-selection-free in the synchronization market with

the efficient synchronization scoring rule and the cost-per-time

model of AR recommendations and ads.

Proof: Please see Appendix D. □

Considering the situation where values are drawn indepen-

dently from a power law distribution, the pessimistic efficiency

of the EPViSA mechanism can be guaranteed as follows.

Theorem 2: Given a deterministic K and the efficient syn-

chronization scoring rule, for any γ > 0, there exists α ≥ 1
such that the following hold simultaneously:

WDT(MEPViSA
α ) = WDT(M∗),

WAR
B (MEPViSA

α ) = WAR
B (M∗),

WAR
P (MEPViSA

α ) ≥ 0.885 ·WAR
P (M∗),

W (MEPViSA
α ) ≥ 0.96 ·W (M∗), (23)

when the recommendation match qualities are i.i.d. drawn

from a power law distribution.

Proof: Please see Appendix E. □

Theorem 2 ensures that there exists a proper selection of

α,7 which can achieve at least 96% of the total social welfare

compared with the omniscient mechanism.

VI. EXPERIMENTAL AND SIMULATION RESULTS

In this section, we implement the proposed mechanisms and

evaluate their performance under different system parameters

and various requirements. In addition, we collect real-world

eye-tracking data samples by developing a testbed of the

human-centric vehicular Metaverse and investigating the pro-

posed mechanisms based on the collected data. Based on

the subjective evaluation and objective gaze duration data col-

lected in the virtual environment, we validate the performance

of proposed resource allocation mechanisms.

A. System Settings

In the simulation setup, we consider a synchroniza-

tion system with parameters listed in Table II, where

7When the elements in H are drawn from the power law distribution, the
best choice is α = max(1, γE[Qι,0]/E[Qι,(2)]), for the winning AV ι.

TABLE II

SETTING OF PARAMETER VALUES

U denotes the uniform distribution and Zipf denotes the

Zipf distribution. We consider Rayleigh fading channels in

vehicle-to-infrastructure communication following [51]. Each

simulation is conducted for 10,000 randomly generated system

and market scenarios to demonstrate the expected results.

Following [26], the price scaling factor is chosen as αι =
max (1, γ[Qι,0]/E[Qι,(2)]), where ι is the synchronizing AV

in the P2V synchronization. The simulation testbed of the

human-centric vehicular Metaverse is developed based on a

3D model of several city blocks in New York City. The model

was constructed by Geopipe, Inc., by using AI to create a

digital twin from images taken throughout the city. From there,

we simulate an autonomous car driving through a road, with

artificially placed highway advertisements on the sides of the

road. Human subjects were placed through the simulation, and

eye-tracking data was monitored through the HMD Eyes addon

produced by Pupil Labs. Afterward, subjects filled out a survey

asking them to rate their interest in each ad.

B. Performance Evaluation Under Different Settings

In Fig. 4, we evaluate the performance of the proposed

synchronization mechanisms in synchronization markets with

different market parameters, i.e., the number of AVs, the

number of MBPs, and the size of preference caches. As we

can observe from Fig. 4(a) and Fig. 4(b), as the market

size increases, the total social welfare achieved by both

mechanisms increases. The reason is that RSUs can allocate

and match the synchronizing AV and MBP pairs from more

potential bidders with high competition when the market size

is large. By reducing the asymmetric information among brand

MBPs and performance MBPs, the brand surplus achieved

by the EPViSA mechanism is always higher than that of the

PViSA mechanism under various market settings. However,

when the number of AVs increases, the surplus obtained by

brand MBPs in the EPViSA mechanism rises and decreases

when the number of MBPs increases. As the number of

MBPs grows, the competition in the virtual market becomes

Authorized licensed use limited to: Auburn University. Downloaded on April 30,2024 at 05:52:12 UTC from IEEE Xplore.  Restrictions apply. 



704 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 42, NO. 3, MARCH 2024

Fig. 4. Performance evaluation under different sizes of synchronization market and sizes of preference caches.

Fig. 5. Expected displaying duration under different DT and AR requirements: (a) AR requirements - PViSA; (b) AR requirements - EPViSA; (c) DT
requirements - PViSA; (d) DT requirements - EPViSA.

Fig. 6. Example screenshots of simulation testbed of the human-centric
vehicular Metaverse (https://youtu.be/SqhvgRzc5bQ).

more intensive and thus motivates more performance MBPs

to submit their bids and win the synchronization services.

The massive growth in performance surplus during increased

MBPs can also support this claim. As illustrated in Fig. 4(c),

as the size of the preference caches increases, the overall

social welfare of the EPViSA mechanism rises. In contrast, the

performance of the PViSA mechanism is not affected by the

size of the preference caches. Overall, the EPViSA mechanism

can achieve at least two times the total social welfare of the

PViSA mechanism in the synchronization market, especially

in the surplus of brand MBPs.

C. Expected Displaying Duration Under Different DT and

AR Requirements

To illustrate how the requirements of DT and AR tasks

affect the performance of the mechanism, we compare the

expected displaying durations achieved by the PViSA and

EPViSA mechanisms, as shown in Fig. 5. The number of AVs,

the number of MBPs, and the number of preference caches

are set to 30, 30, and 30, respectively. First, we can observe

from Fig. 5(a) and Fig. 5(b) that the expected displaying

duration decreases as the resource requirements of AR tasks

become more intensive for both mechanisms. The reason

is that as more resources are required for single AR layer

rendering, it will be more inefficient for RSUs to provide AR

rendering services in the synchronization system. Therefore,

RSUs prefer ignoring the AR rendering tasks and focusing

on the DT execution services of AVs. To explain further,

the efficient synchronization scoring rule can introduce the

external information of the virtual submarket during the allo-

cation of synchronizing AV in the physical market, which

makes the auctioneer select the AV with the maximum poten-

tial surplus. Regarding the physical submarket, the expected

displaying durations achieved by the PViSA and EPViSA

mechanisms under various DT requirements are shown in

Fig. 5(c) and Fig. 5(d). As we can observe in Fig. 5(d),

by eliminating the externalities from the virtual submarket,

the EPViSA mechanism becomes stable under various DT

requirements. In contrast, the PViSA mechanism is affected

by the externalities of the virtual submarket. Therefore, its

expected displaying duration is lower and more unstable than
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Fig. 7. Performance evaluation on real-world data samples under different sizes of synchronization market and sizes of preference caches.

Fig. 8. Expected displaying the duration of real-world data samples under different DT and AR requirements: (a) AR requirements - PViSA; (b) AR
requirements - EPViSA; (c) DT requirements - PViSA; (d) DT requirements - EPViSA.

the EPViSA mechanism. However, the displaying duration in

the simulated experiments is only limited by the DT deadline

requirements of AVs. In the next part, we will implement a

real-world testbed to collect the eye fixation duration of AR

users for evaluating the proposed system and mechanism.

D. Performance Evaluation in the Simulation Testbed

To complement the above simulation experiments,

we implement a real-world testbed of the human-centric

vehicular Metaverse in this paper, as shown in Fig. 6. In this

testbed, we use eye-tracking devices to track the Metaverse

users’ gaze models and record their gaze points and eye

fixation duration during testing. In contrast to the ideal

experiment, where the display duration does not correspond

to the execution delay, the duration of eye fixation that the

user captures in the simulation testbed is used to constrain the

display duration in the human-centric vehicular Metaverse.

The opinion score of users given after they finished the

testing is leveraged as the input to the power law function of

matched preference caches with a base of two. Using these

data samples, we retest the performance of the proposed

mechanism and plot it in Fig. 7 and Fig. 8. In Fig. 7,

it can be observed that the total social welfare that can be

achieved by the proposed mechanisms is reduced to different

degrees. Moreover, the difference in performance between the

proposed mechanisms is reduced from three times to twice the

original simulation data. In Fig. 8, we can see that the trend

of implementing the proposed mechanism on different DT

and AR requirements does not change significantly compared

to the simulation data. However, unlike the idealization of

the simulation data, the real data is often more complex.

Therefore, the performance of the two mechanisms in Fig. 8

is not as smooth as that in Fig. 5.

VII. CONCLUSION

In this paper, we have studied the real-time synchronization

system and mechanism design problem for the physical-virtual

synchronization market of the human-centric vehicular

Metaverse. We have proposed a real-time synchronization

system where physical entities, i.e., AVs, and virtual entities,

i.e., MBPs, continuously interact with each other. To address

the adverse selection problem, we have proposed the EPViSA

mechanism to allocate and match synchronizing pairs of AVs

and MBPs. We have provided rigorous analysis and extensive

experimental and simulation results to demonstrate the effec-

tiveness and efficiency of the proposed mechanism. Finally,

we implement the simulation testbed of the human-centric

vehicular Metaverse for examining the performance of the

proposed mechanisms with real-world data samples. In future

work, we will extend this work from two aspects, i.e., the

synchronization system aspect (e.g., designing preference

caching algorithms, distributed computing algorithms, and

network slicing/rate-splitting schemes) as well as the syn-

chronization mechanism aspect (e.g., considering passengers’

privacy concerns, social interactions, and long-term returns).

APPENDIX

A. Proof of Proposition 1

Proof: It is well-known that the efficiency of the

second-price auction is one with symmetric information.
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Then, we demonstrate that second-price auctions cannot ensure

( 1
2 + ϵ)W (M∗), for any ϵ > 0. Fix I ≥ 2, K ≥ 2, and

ϵ > 0. With the synchronizing AV ι, we consider that mι,i are

i.i.d. drawn from a power law distribution with parameter a,

which keep the identity γµ = γE[mι,0] = (1 + ϵ)E[mι,(1)].
As a → 1+, it provides possibility to capture nearly all of

the surplus from performance MBPs by assigning them a

vanishingly small ratio of recommendation positions. Thus,

we have

lim
a→1+

W (M∗)

E[ν]E[mι,(1)]
= lim
a→1+

E[max(γν,mι,(1))]

E[mι,(1)]

→
γµ+ E[mι,(1)]

E[mι,(1)]

= 2 + ϵ. (24)

The point here is that by choosing a sufficiently

close to one, we have W (M∗) > 2E[mι,(1)]E[νι],
where νι is drawn from a power law distribution with

parameter a′. If a′ is sufficiently close to one, then

supbAR
0

(MPViSA
bAR
0

) = γµE[νι] = (1+ϵ)E[mι,(1)]E[νι]. It follows

that supbAR
0
W (MPViSA

bAR
0

)/W (M∗) < 1+ϵ
2 . □

B. Proof of Proposition 2

Proof: To prove this proposition, we need to follow the

idea that for any physical bid (b̄DT
i , η̄i), there always exists

a physical bid (b̂DT
i , η̂i) that results in an expected utility

of physical bidder i that is no lower than that of the bid
(

b̄DT
i , η̄i

)

. On the hand, the deadline η̂i is calculated according

to (20). On the other hand, the bidding price b̂DT
i is selected

such that Φsyn(b̂DT
i , η̂i) = Φsyn(b̄DT

i , η̄i), which means that

these physical bids (b̂DT
i , η̂i) and

(

b̄DT
i , η̄i

)

result in the same

score as well as the same allocation probability. In the case of

the bidder loses, the utility with be zero if bidder i loses by

obtaining this score. In the other case of bidder wins, and the

bid (b̂DT
i , η̂i) introduces higher or equal utility that obtained

by submitting other bids, i.e.,

νi − b̂DT
i − (max{Φsyn

I/{i}} + ϕ(η̂i)) ≥

νi − b̄DT
i − (max{Φsyn

I/{i}} + ϕ(η̄i). (25)

This holds as the deadline is selected by calculating (20). □

C. Proof of Proposition 3

Proof: Under the efficient synchronization scoring rule,

the allocated synchronizing AV in the physical submarket

can maximize the expected surplus in the synchronization

market. Then, consider that α = 1 and α = ∞ indicate

the cases where the brand MBP always loses or never loses,

respectively. Therefore, we have W (MEPViSA
1 ) = E[Qι,(1)]

and W (MEPViSA
∞ ) = γE[Qi,0]. Furthermore, it follows that

W (M∗) = E[max(γνE[mι,0]), νmι,(1)]

≤ γE[Qι,0] + E[Qι,(1)]

≤ 2 · max(γE[Qι,0],E[Qι,(1)]), (26)

which proves this claim. □

D. Proof of Theorem 1

Proof: Any mechanism is strategy-proof if and only if

this the mechanism can be characterized by a critical payment

function ψ, such that bidder n wins if and only if its bid bn is

higher than the threshold price ψ(b−n) under other competing

bids b−n. After bidder n wins the auction, the payment

charged by the auctioneer is the required payment ψ. To prove

that the EPViSA mechanism is fully strategy-proof in the

synchronization market, we need to find the critical payment

functions of the EPViSA mechanism for the physical and the

virtual submarket, respectively. First, we prove the payment

ψphy(b
DT
−i) of EPViSA is critical in the physical submarket.

Given any deadline ηi, a bidder i in the physical submarket

will be scored by Φsyn(νi) − ϕ(ηi) if it submits a truthful

bid. We need to show that bidder i cannot manipulate its bid

to obtain a higher utility. In the case of the bidder losing by

submitting an untruthful bid b′i ̸= bDT
i , the utility of bidder i

will be zero. On the contrary, when bidder i wins by submitting

an untruthful bid, the expected payoff can be expressed as

UDT
i = νi − p′i

= νi − (max{Φsyn
−i } + ϕ(ηi))

= Φsyn
i − max{Φsyn

−i }, (27)

where max{Φsyn
−i } is the highest score without considering

the bid of bidder i. Therefore, whether bidder i wins or loses

under both Φ′ and Φsyn
i , the utilities it perceived are all lower

or equal to the utility when it submits its truthful bid. The

critical payment function in the physical submarket can be

expressed as ψphy(b
DT
i , ηi) = max{Φsyn

−i }+ϕ(ηi). Moreover,

the auctioneer needs to calculate the synchronization scores

for bidders in the physical bidder. Therefore, all bidders are

proof of false-name bidding.

Then, the critical payment function of the EPViSA mech-

anism in the virtual submarket is ψvir(b
AR
−k ) = αmax{bAR

−k },

for α ≥ 1. With the critical payment function in the virtual

submarket, the top performance bidder can win by demands

that ψvir(b
AR
−k ) ≥ max{bAR

−k }. Moreover, the mechanism is

false-name proof in the virtual submarket, if ψvir(b
AR
−k ) =

ψvir(max{bAR
−k }). Let there be a set of bids b−k that makes

ψvir(b
AR
−k ) ̸= ψvir(max{bAR

−k }), and there are two bidders

in the virtual submarket. One bidder with valuation higher

than ψvir(b−k) and the other with valuation max{bAR
−k }. If

ψvir(b
AR
−k ) < ψvir(max{bAR

−k }), then the first bidder can submit

a lower price while maintaining the other bids in the set of bids

b−k. This way, the mechanism is not winner false-name proof.

On the contrary, if ψvir(b
AR
−k ) > ψvir(max{bAR

−k }) then the

losing bidder in the virtual submarket can submit a higher bid

compared with the winner’s bid while maintaining the other

bids in the set of bids bAR
−k . Therefore, the the mechanism in

the virtual submarket is loser false-name proof.

To demonstrate that our mechanism is adverse selection

free, the physical critical payment function is quasi-linear, and

the virtual critical payment the function is homogeneous of

degree one. In the physical submarket, we consider two types

of external effects from the virtual submarket η ∈ {0,∞}
with Pr(ϕ = 0) ∈ (0, 1), while the set of other bidding price

ν−i maintain the same. When ϕ = 0, there is no external
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effects from the virtual submarket, and we have zDT
i (ν +

ϕ(0)) = zDT
i (ν) = 1νi>max ν

−i
= 1νi>ψphy(ν

−i,0). When ϕ =
σ, zDT

i (ν + ϕ(0)) = zDT
i (ν + ∞) = 1νi>ψphy(ν

−i,ϕ(∞)) = 0,

there is no bidder can win in the physical submarket. There-

fore, the proposed mechanism in the the physical submarket is

adverse selection free. When it turns to the virtual submarket,

suppose that ν ∈ {1, c} with Pr(C = 1) ∈ (0, 1) while

maintaining the same set of Metaverse billboard qualities.

It can be shown that zAR
0 (νm) = 1{ν=c}. When ν = 1,

zAR
i (νm) = zAR

i (νm) = 1{mi>ψvir(m−i)} = 1, and thus

zAR
0 (cm) = 0. When ν = c, zAR

i (cm) = 1{cmi>ϕvir(cm−i)} =
0., this implies no performance bidder can win the auction

and then zAR
0 (cm) = 1.

In summary, we prove that the EPViSA mechanism is

fully strategy-proof for bidders in the synchronization market

and adverse selection free under the efficient synchronization

scoring rule and cost-per-time model. □

E. Proof of Theorem 2

Proof: We first prove that under the optimal deadline

selection in Proposition 2 and the truthful bid report, the

EPViSA mechanism is efficient under the efficient synchro-

nization scoring rule, and the synchronizing AV is ι. To prove

the efficiency of EPViSA in the virtual submarket, we first set

the common valuation and the expected displaying duration

to be identically one, independent of the allocation rule in

the virtual market. Moreover, the efficiency of the allocation

in the virtual submarket is influenced by the following three

parameters: (i) the number of performance bidders K, (ii) the

expected match quality of brand MBP µ = E[mι,0], and

(iii) the parameters of the power law tail, a. We denote

that λ to be the probability that the brand MBP wins the

recommendation position under omniscient. Let µ(λ,K) refer

to the brand quality implied by the provided qualities of λ
and K (for static a), and thus λ = Pr(mι,(1) ≤ µ(λ,K)).
The total social welfare of the omniscient benchmark can be

calculated as

W (M∗) = 1 +WB(M∗) +WP (M∗)

= 1 + λµ(λ,K) +

∫ 1

λ

µ(x,K) dx . (28)

The social welfare obtained by the EPViSA mechanism in the

virtual submarket can be calculated as

WP (MEPViSA
α ) = E

[

Qι,(2)
mι,(1)

mι,(2)
1mι,(1)

mι,(2)
>α

]

= E[Qι,(2)]E

[

mι,(1)

mι,(2)
1mι,(1)

mι,(2)
>α

]

= E[Qι,(2)]E

[

mι,(1)

mι,(2)

]

αPr

(

mι,(1)

mι,(2)
> α

)

= E

[

Qι,(2)
mι,(1)

mι,(2)

]

αPr

(

mι,(1)

mι,(2)
> α

)

= E[Qι,(1)]α
1−a. (29)

Therefore, for any α ≥ 1 and WP (MEPViSA
α ) = α1−a

E[Qι,(1)],
we have

W (MEPViSA
α ) = 1 +WB(MEPViSA

α ) +WP (MEPViSA
α )

= 1 + Pr(mι,(1) ≤ αmι,(2))µ(λ,K)

+WP (MEPViSA
α )

= 1 + (1 − α−a)µ(λ, n) + α1−a
E[mι,(1)],

(30)

where the last line is obtained from the independence of any

power law distribution.

We select the parameter α and then the brand MBP is

allocated for the synchronization service with probability λ.

In specific, we select α that ensures 1 − α−a = λ. As both

allocation rules deliver a representative sample of recommen-

dation positions to the brand MBP, the first claim in Theorem 2

follows directly. In detail, our selection of α ensures that

WB(M∗) = WB(MEPViSA
α ).

Taking λ → 1 and applying the L’Hosptial’s rule, we can

obtain that

WP (MEPViSA
α )

WP (M∗)
= lim
λ→1

(1 − λ)1−1/aΓ(1 − 1/a)
∫ 1

λ
log(1/x)−1/a dx

= (1 − 1/a)Γ(1 − 1/a) lim
λ→1

(1 − λ)−1/a

log(1/λ)−1/a

= Γ(2 − 1/a). (31)

By employing the fact of Gamma function Γ(·), the last line

follows from the identity Γ(s + 1) = sΓ(s) and the fact

that limλ→1(1 − λ)/ log(1/λ) = 1. Because a > 1,we have

2 − 1/a ∈ (1, 2). The lowest value of the Gamma function

within (1, 2) is higher than 0.885, finishing the proof of the

third statement in Theorem 2. We can conclude that

lim
K→∞

K−1/aW (MEPViSA
α ;K,µ(λ,K))

= 1 + λ log(1/λ)−1/a + Γ(1 − 1/a)(1 − λ)1−1/a. (32)

lim
K→∞

K−1/aW (M∗;K,µ(λ,K))

= 1 + λ log(1/λ)−1/a +

∫ 1

λ

log(1/x)−1/adx. (33)

As a result, the proportion of these equations is a lower

bound on W (MEPViSA
α ) = W (M∗). The lowest value of this

proportion for λ ∈ (0, 1) and 1/a ∈ (0, 1) is higher than

0.960 and thus finishing the proof of the last statement. □
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