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Abstract—Building upon the prevailing concept of edge computing (EC), a distributed EC market requires decentralized and verified
transaction management to trade computing resources. Towards this goal, we study a blockchain-aided EC market wherein each data
service operator (DSO) rents a group of edge computing nodes (ECNs) and leases the ECNs to the user terminals (UTs) to provide
computation offloading services. A trustworthiness model is introduced to evaluate the quality of each network entity throughout the
transactions. We develop a two-level trading mechanism over smart contract to enable the automatic and efficient transactions among the
network entities and provide high quality services. First, we propose a smart contract based matching mechanism to establish the renting
association between the DSOs and ECNs with the aim of maximizing the social welfare. Second, we propose a social welfare improved
double auction (SWIDA) mechanism to build up the leasing association between the DSOs and UTs, and determine the pricing of the
winners. We show that the proposed double auction mechanism can achieve individual rationality, balanced budget, truthfulness in
expectation, and an improved social welfare than the benchmark mechanisms. Moreover, we put forth a trustworthiness driven Proof-of-
Stake (PoS) consensus mechanism to enable verified transaction and fair allocation of block generation reward. Following the principle of
PoS, we formulate the block generation as a coalitional game, wherein each stakeholder votes according to its trustworthiness and coinage,
and shares the reward among the coalition according to the Shapley values. The simulation results show that the proposed PoS consensus
mechanism can reduce the wealth inequality among the network entities compared with the conventional consensus mechanisms.

Index Terms—Edge computing, blockchain, smart contract, matching, double auction, proof-of-stake, Shapley value
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INTRODUCTION

T is envisioned that tens of billions of smart devices will
emerge in the next few years, creating a host of delay-
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sensitive services such as virtual/augmented reality and
autonomous driving[1]. In particular, if massive computa-
tion-intensive tasks are processed in user terminals (UTs), it
is bound to accelerate energy consumption and shorten
their service lifetime [2]. The recent advances in edge com-
puting (EC) tackles these challenges by allowing the UTs to
offload the computational tasks to the edge computing
nodes (ECNs) deployed in close proximity [3], [4].

Building upon the EC network, a typical EC market pro-
vides a trading platform on which the ECNs sell their
resources to the UTs [5], [6], [7] where the UTs rent the com-
puting resources of the ECNs for computational task off-
loading [5], [6] or content storage [7]. Most existing trading
mechanisms for EC market require a central authority to
enable the transactions and resource allocation across the
network devices. However, the central authority may not be
trusted and is vulnerable to the single point of failure. To
avoid the intervention of central authority, blockchain is
proposed to manage the transactions in a distributed and
tamper-proof ledger.

Currently, the research about blockchain and EC market
can be classified into two categories: EC market aided block-
chain and blockchain aided EC market. First, for EC market
aided blockchain [8], [9], [10], [11], [12], [13], the resource-con-
strained UTs rent the computing resources from the ECNs to
improve the mining efficiency for Proof of Work (PoW) in
blockchain. Second, for blockchain aided EC market, the block-
chain can verify and recall the EC market transactions that are
automatically executed by smart contract [14]. Specically,
smart contracts are lines of code that are stored in the
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blockchain and are automatically executed when predeter-
mined conditions in the contract are met. Ref. [15] designed a
smart contract based double auction mechanism to maximize
the total amount of offloading tasks between the UTs and
ECN:ss. In [16], the authors adopt blockchain based smart con-
tracts to construct an autonomous content caching market that
helps the UTs download content from the ECNs. In [17], a
resource pricing and trading scheme is proposed based on
Stackelberg dynamic game to allocate edge computing resour-
ces between ECNs and drone UTs, where blockchain technol-
ogy is applied to record and protect the security and privacy of
the trading process. However, in practice, as the resources of
the distributed ECNs are usually invisible to the UTs, it is diffi-
cult for the UTs to directly purchase the services from the
ECNs. The data service provider (DSO), acting as an agent, can
coordinate the transactions between UTs and ECNs. The most
recent work in [18] proposes a blockchain-aided two-level
Stackelberg game-based computing resource trading mecha-
nism, where the DSO first rents the computing resources from
the ECNs and then leases the resources to the UTs. However,
the method proposed in [18] is only applicable to the block-
chain aided EC trading with a single DSO. For EC market with
multiple DSOs, the key challenge is to handle the competition
among multiple DSOs when establishing the trading associa-
tion among DSOs, ECNs, and UTs in such a blockchain aided
EC market. This motivates us to propose a two-level trading
association mechanism (i.e., matching based ECNs-DSOs asso-
ciation, and double auction based DSOs-UTs association) in
the EC market that aims to achieve system efficiency (i.e., social
welfare maximization) while ensuring the truthfulness of the
trustless devices.

In addition, a consensus mechanism is a fault-tolerant
mechanism to achieve a common agreement on the valid
transactions ruled by smart contracts [19]. Proof of Work
(PoW) is one of the most prevailing consensus mechanism
in many blockchain networks [20]. With PoW, all entities
compete to solve an mathematical puzzle to generate the
blocks and earn the rewards. Ref.[21] applied the PoW
mechanism to manage the data and energy in the block-
chain-aided electric vehicle network. In [22], the authors
applied PoW in the industrial IoT network to manage the
credit value of each entity. However, the process of PoW is
extremely computation-consuming, which is not applicable
in the EC market. Proof of stake (PoS), has been proposed
to address the limitation of PoW. Differing from PoW, the
probability that an entity obtains the right to publish a
block is determined by its stake, i.e., the coinage [23], [24].
More specifically, each entity earns a higher chance to pub-
lish a new block if it owns more coinage. Thus, PoS is ben-
eficial for wealthy entities and may enlarge the wealth
inequality among the entities. In addition, these conven-
tional mechanisms incentivize the entities to aggregate
either computing power or stake, but ignore service qual-
ity. This issue motivates us to propose a PoS design that
achieves better fairness and service quality for blockchain-
aided EC market.

In this work, we propose several mechanisms in a block-
chain-aided EC market aiming to enable efficient and veri-
fied transactions among the network entities. The main
contributions are summarized as follows.
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e Blockchain-aided EC market: We study a blockchain-
aided EC market consisting of multiple DSOs,
ECNs and UTs. As an agent, each DSO first associ-
ates with a group of ECNs, and then leases these
ECNs to the UTs that require computation offload-
ing services. A trustworthiness model is introduced
to evaluate the quality of each entity throughout
the transactions. Without a central authority, we
adopt blockchain to enable automatic, efficient and
verified transactions in a decentralized EC market.
More specifically, we propose the smart contract
based trading mechanisms to enhance the system
efficiency of the automatic transactions, and pro-
pose a PoS consensus mechanism to ensure fair and
verified transactions.

o  Smart contract based trading mechanisms for automatic
and efficient transaction: We design the trading
mechanisms of smart contract over the blockchain
to automatically activate the transactions with the
aim of maximizing the social welfare in the EC mar-
ket. First, we design a smart-contract based match-
ing mechanism to establish the one-to-many
renting association between the DSOs and ECNs
with the goal of maximizing the social welfare. Sec-
ond, we propose a social welfare improved double
auction (SWIDA) mechanism to establish the leas-
ing association between the DSOs and UTs, and
determine the pricing of the winners. We prove
that the proposed SWIDA mechanism is individu-
ally rational and budget balanced. Moreover, we
prove that SWIDA is truthful for the DSOs, and
show that it is truthful in expectation for the UTs.
Furthermore, SWIDA can improve the social wel-
fare compared with the traditional double auction
mechanism.

o Trustworthiness-driven PoS mechanism for transaction
verification and fair reward allocation: We propose a
trustworthiness-driven PoS mechanism to enable
verified transactions and fair reward allocation in
the blockchain-aided EC market. Following the prin-
ciple of PoS mechanism, we first formulate the block
generation as a coalitional game wherein each stake-
holder votes according to its trustworthiness and
coinage, and then allocate the reward among the coa-
lition according to the Shapley values. Simulation
results show that the proposed PoS mechanism can
reduce wealth inequality among the entities than the
conventional consensus mechanisms.

The rest of this paper is organized as follows. Section 2
describes the EC market model. In Sections 3 and 4, we pro-
pose two smart contract based mechanisms, and a trustwor-
thiness-driven PoS mechanism, respectively. Section 5
shows the numerical results. Section 6 concludes this paper.
We summarize the main notations in Table 1.

2 SysTeEm MODEL

2.1 Distributed EC Market
Consider a typical EC market consisting of G DSOs, M
ECNs and N UTs as shown in Fig. 1. Let U = {U;,Us,
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TABLE 1
Key Notations

Notation Description

U, the nth UT in UT set U

D, the gth DSO in DSO set D

E, the mth ECN in ECN set £

& the trustworthiness of entity i

Wom the estimated utility of DSO D,

Ry, the rental that D, promises to pay if the
service of E,, is sold

Yom the estimated utility of ECN E,,

o the maximum number of ECNs that
DSO D, can rent

Agm D,’s ask on behalf of its rented ECN E,,

vn U, s true valuation on ECN E,,

B U,’s bid for ECN E,,

wl, the utility of U, by renting ECN E,, from
the DSO

wy, the estimated utility of U, if it rents
ECN E,, from the DSO

Tym the utility of DSO D, by leasing ECN E,,

. to the UT

u the winning UT set

& the winning ECN set

o(-) the association function that maps the UT
to the ECN

P the payment that the UT U, is charged
for renting ECN E,,,

Iym the reward that D, receives for leasing
ECN E,,.

A, the median ask

B, the threshold bid

B, the original bid list of E,,, for payment
determination

B,, the bid list of E,,, for association
determination

Cj the coinage of entity j

X; the stake of entity j

..., Un} denote the set of UTs with U, being the nth UT, £ =
{Ey, Es, ..., Ey} denote the set of ECNs with E,, being the
mth ECN, and D = {Dy, Ds, ..., D¢} denote the set of DSOs
with D, being the gth DSO.

With limited computing capability, each UT executes
the delay-tolerant tasks locally, and offloads the delay-sen-
sitive tasks to a proper ECN that owns more sufficient
computing resources. Meanwhile, the ECNs can make
profits by leasing their computing resources to the UTs.
The DSOs, acting as agents, can coordinate the transactions
between UTs and ECNs. As the number of ECNs and their
computing resources are invisible to the UTs, the UTs can
only purchase the computing services from the DSOs. In
this context, the transactions in the EC market operate over
two phases:

e ECN association phase: Each DSO builds the renting
association with a group of ECNs, ie., this DSO
becomes an agent of these ECNs.

e ECN leasing phase: Each DSO sublets the ECNs to the
UTs, and pays the rental to the ECN once it has sold
this ECN’s computation offloading service to a UT.
We assume that each ECN can serve at most one UT,
and each UT can be served by at most one ECN and
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Fig. 1. The diagram of a blockchain-aided EC market.

does not move out of the coverage area of its associ-
ated ECN during the service time.

2.2 Trustworthiness Model

To build a trusted market, we employ a trustworthiness
model to assess the entity. Due to the fact that the trustwor-
thiness is more about whether the entity can fullfill the ser-
vice task/payment as it promises, which is not directly
related to the energy and computing power availability of
this entity, we can regard any UT, DSO, or ECN as “entity i".
We define the entity i’s transaction reputation Rep(e}) €
[0, 1] as the normalized service quality of this entity in the kth
transaction evaluated by its trading partner. For example,
the transaction reputation value of a service seller is the nor-
malized service quality (e.g., timeliness of computing serv-
ices) provided by this seller, and the transaction reputation
value of the buyer is the normalized service quality (e.g.,
timeless of payment) of this buyer evaluated by its seller.
After an ECN owned by a DSO computes a UT’s task, this
UT assesses the DSO's service by the transaction reputation
value, and the DSO assesses this ECN with the same transac-
tion reputation value. Meanwhile, this DSO also assesses the
transaction reputation of the UT. Since different entity ¢ may
experience different number of transaction K;, we adopt the
average transaction reputation v; to reflect the long-term ser-
vice quality of entity i, i.e., ¥; = A%Zf:’l Rep(e}). Note that
once the entity i’s average transaction reputation is low (e.g.,
below a threshold), it will also be added to the blacklist and
prohibited from trading with other entities.

From[25], the trustworthiness of entity i is expressed as

& = pdi + (1 —w)B;, @

where ¥J; is the average transaction reputation, g; is the
betweenness, and u € [0, 1] is a weight. As shown in Fig. 2,
the pairs of entities are socially related if any transaction
occurs between them. The betweenness of an entity reflects
the proportion of the shortest path between all pairs of
nodes passing through this entity. A large value of between-
ness means that the entity is well-known as a bridge to
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market.

interconnect other entities [26]. The betweenness of entity ¢
is defined as

p= 30> mald @

where Q = N + M + G is the total number of all entities, Y;;
is the number of shortest links between entities j and b, and
y;j (%) is the number of shortest links between entities j and
b that pass through entity i. As the weighted sum of the
average transaction reputation and betweenness, the trust-
worthiness can be intuitively regarded as a “good fame”,
where the weight 1 balances between “good” (i.e., the qual-
ity of transaction offered by this entity) and “fame” (i.e., the
quantity of connections between this entity and other
peers).

2.3 Blockchain-Aided EC Market

In an EC market, a central authority for transaction record-
ing may not be trusted and is vulnerable to the single point
of failure. In this work, we employ the blockchain technol-
ogy to manage the transactions (including both the ECN
renting and leasing) in the distributed EC market. We con-
sider each entity (i.e., a DSO, an ECN, or a UT) can be regis-
tered as both a client of the EC market transactions and a
validator for these transactions on the blockchain. Note that
the validation process is via voting-based PoS consensus
mechanism, which consumes much less computation/
energy on the energy-constrained devices compared with
the traditional PoW consensus mechanism. As shown in
Fig. 3, a transaction on the blockchain [16] can be structured
as:

Seller’s address;
Buyer’s address;
Payload data: payment value and the auxiliary infor-
mation (e.g., computing frequency of the ECN, trans-
action reputations of seller and buyer, betweenness,
and trustworthiness of the entity, payment value,
transaction fee);

e Buyer’s signature: the publicly verifiable digital sig-

nature of the buyer.

After each transaction, the information of the ECNSs,
DSOs, and UTs (e.g., computing frequency, transaction rep-
utation, betweenness, and trustworthiness) will be stored
on the blockchain in form of the payload data of this

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 22, NO. 6, JUNE 2023

Transaction ID

Seller’s Address

Buyer’s Address

Payload data:
<Computing frequency of the
ECN,
transaction reputation,
betweenness,
trustworthiness,
payment value,
transaction fee>

Buyer’s signature

Fig. 3. Data structure of a single transaction.

transaction. As shown in Fig. 1, we first design the trading
mechanisms of the smart contract over the blockchain to
automatically activate the transactions with the aim of maxi-
mizing the social welfare in the EC market (Section 3).
Moreover, we develop the consensus mechanism to incen-
tivize the entities towards fair and verified transactions
(Section 4).

3 SMART CONTRACT BASED TRADING
MECHANISMS

In this section, we design two smart contract enabled trad-
ing mechanisms for the ECN renting and leasing phases,
respectively.

3.1 Matching Mechanism for ECN

Association Phase

In the ECN association phase, each DSO targets at renting a
group of ECNs that provide the highest estimated utilities,
and the ECN aims to be rented by the DSO that provides
the highest estimated utility.

Each DSO has different preferences over the ECNs
depending on the ECN'’s trustworthiness and computing
capabilities. Let t,,, denote the preference of DSO D, for
ECN £, i.e,

Tom = Agbm + (1 — ) fins 3)

where &, is the trustworthiness in (1), f,, is the computing
frequency of ECN E,,,, and «, € [0, 1] is the weighting factor.
We define the estimated utility of DSO D, as

\I,gjn = Ag(fgjn) - Rg,m7 4

where Ay(-) is estimated income function that positively cor-
relates with 7., and varies across DSOs. Moreover, R, is
the rental that D, promises to pay if the service of E,, is
sold to a UT later. We define it as

Rg,m = Ug(Tg,m)y (%)

where vy(-) is the rental function of D,. We further define
the estimated utility of ECN £, if it is rented by DSO D,
and leased to a UT by D,, as

ekc(fn)?, (6)

where ¢ is the reference cost caused per CPU cycle, and
«(fn)? is the energy consumed by a CPU cycle [27].

Ygm = Rg«,m -
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To build the renting association between the DSOs and
UTs, we design a smart contract based matching mecha-
nism aiming at maximizing the social welfare (i.e., sum of
estimated utilities of all DSOs and ECNs), where the social
welfare for the ECN association phase is given by

wel—zzxgm gm+ygm)

g=1 m=
G M

—ZZ‘EW

g=1 m=

)=tk fin)?). @

Tg m
Let z,,, € {0,1} denote the association between DSO D,
and ECN E,,. Concretely, z,,, =1 if E,, is rented. Other-

wise, z4.,m = 0. The association problem for the ECN associa-
tion phase is given by

max %wel (8a)
Zg,m
st.zgm € {0,1} (8b)
M
ngJnSOmg:la"'an (8c)
m=1
(8d)

ng,m < 17m: 17"'7Ma
=1

where (8c) indicates that DSO D, can rent at most O, num-
ber of ECNs, and (8d) tells that an ECN can only be rented
by at most one DSO.

The smart contract usually provides many functions, and
the entity can invoke the functions by sending messages to
the smart contract. To establish the association between
DSOs and ECNs, we design three main functions of smart
contract in the association phase as follows:

1) An “upload” function that enables ECN and DSO to

upload messages to the smart contract.

2) A “matching” function that enables each DSO to rent

a group of ECNs.

As shown in Algorithm 1, we propose a smart contract
based matching mechanism to solve the association prob-
lem in (8).

First, each ECN E,, calls the “upload” function by send-
ing the computing frequency f,, and estimated utility func-
tion (ygﬂm in (6)) to smart contract. Second, each DSO calls
the “upload” function by reporting the estimated rental
function (R,,, in (5)) and the estimated utility function
(¥, in (4)) to smart contract (lines 1-2). Furthermore,
smart contract verifies computing frequency’ f,, and calcu-
lates trustworthiness &, of ECN E,, according to social net-
work (e.g., in Fig. 2) and Eqns. (1) and (2), and then calls
the “matching” function to establish the association
between the ECNs and DSOs (lines 3 to 17). In round ¢,
smart contract estimates each unmatched ECN’s utility
obtained by associating with each DSO in the set of D"
according to y,,,, and then identifies the DSO that pro-
vides the highest utility (e.g., Dy). Since the number of

1. If the computing frequency f,, reported by ECN E,, is inconsis-
tent with that stored in past transactions, E,, will be added to the
blacklist.
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ECNs l that obtain the highest utiIity from a DSO D,
may exceed its association constraint Oq , we discuss the
matching process in the following two cases. If lg) > OW
(lines 9 — 11), smart contract matches D, with the top ng
ECNs that provide the highest estimated utilities for D,
from above l ECNs. If lt> < O (lines 12 to 15), smart
contract matches D, with all l ECNs and updates

O““) Og") g Smart contract terminates if either O(t =
O,Vg €{1,2,...,G} or all ECNs are matched.

Algorithm 1. Smart Contract Based Matching Mechanism

1: Each ECN E,, calls the “upload” function and sends f,,, and
Y4,m tO smart contract

2: Each DSO D, in D calls the “upload” function and reports
its estimated rental and estimated utility function pairs for
ECN E,, ie., (Rgm,¥4m), and its maximum allowable
number of matched ECNs O, to smart contract

3: Smart contract verifies f,, and calculates &,,, and then exe-

cutes the matching function:

: Initialize O og,vg €{1,2,...,GYand DY =D

5: while either O #0,Yg € {1,2,...,G} or existing ECNs
are unmatched do

6:  Calculate each unmatched ECN’s utility from each DSO
in D according to Ygm and identifies DSO Dy that pro-
vides the highest utility

7: Identify the ECNs that obtain the highest utility from D,

'S

VD, € 2L and calculate the number of these ECNs l
8: for VD e DY do
9: if l > O then
10: Match DSO D, with the top O ECNs that provide
the largest utihties toD
11: Update O+ = 0, D' (15 _ pio \ {D,}
12: else
13: Match DSO D, with all /(") ECNs
14: Update Of*) = Of) — IV
15: end if
16: end for

17:  Gotostep5
18: end while

Based on Algorithm 1, we have established the one-to-
many associations between the DSOs and ECNs. If a
DSO successfully sells the computational resource of its
associated ECN to a UT in the ECN leasing phase later,
it will pay this ECN with the amount of money that
equals to its rental R,,,. Otherwise, the DSO pays zero
rental to this ECN and there is no need for the ECN to
serve for UTs.

3.2 Double Auction Mechanism for ECN

Leasing Phase
In this subsection, we propose a double auction mechanism
for the ECN leasing phase. First, we design two main func-
tions of the smart contract in this phase as follows:

1)  An “upload” function that enables DSOs and UTs to
upload messages to smart contract.
2) A “double auction” function that enables the UTs to

purchase the ECNs’ computing services from the
DSOs for these ECNE.
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Fig. 4. Double auction mechanism of smart contract.

3.2.1 Smart Contract Based Double Auction

We now introduce the smart contract based double auction
design in details. As shown in Fig. 4, the DSOs and UTs are
sellers and buyers, respectively, and the smart contract can
work as an auctioneer to establish the automatic transac-
tions between the DSOs and UTs via the proposed double
auction mechanism.

First, as shown in Fig. 4a, each DSO D, calls the “upload”
function by sending ask A,,, and computing frequency f,,
of each of its associated ECN E,, (obtained from the ECN
association phase) to the smart contract. Here, A, is the
ask submitted by DSO D, on behalf of its associated ECN
E,,, which can be different from its rental R,,, for E,,. The
ask matrix consisting of the ask vectors of all DSOs is
denoted by A.

Second, smart contract verifies computing frequency f,
and calculates trustworthiness §,,, of each ECN E,,, from the
blockchain, and broadcasts them to the UTs.

Third, with the knowledge of f,,, and &,,, each UT U, cal-
culates its true valuation V! for each ECN E,,, i.e.,

V;Z = (1 - XTL){S'IL (1 - ;_n) } + Xngma (9)

m

where f, is the computing frequency of U, 8, is the refer-
ence profit achieved by the computation speedup of a CPU
cycle, 8,(1 — f,/fm) is the income of procedural accelera-
tion, and y, € [0,1] is a weighting factor. Then, each U,
selects the ECNs that have higher computing frequencies
than itself, i.e., ECN E,, with f,, > f,, and then calls the
“upload” function by sending its bid B for each of its
intended ECN E,, to the smart contract. Note that B}, can
be different from its true valuation V.. We will discuss
whether or not the DSOs and UTs would truthfully report
their asks (i.e., A, = Ry) and bids (ie., B, = V) to the
smart contract under the proposed double auction mecha-
nism in Section 3.2.4. The bid matrix consisting of the bids
of all UTs is denoted by B.

Last, given A and B, the smart contract calls the “double
auction” function to decide winning UT set & C U, winning
ECN set & C €&, the association between U and é, ie,o(U, €
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U)=E,, €& payment P! that winning UT U, €U is
charged for renting ECN E,,, and reward I,,, that DSO D,
receives for leasing ECN E,, € €. Consider DSO D, finally
sells the computing resources of ECN E,, to a proper UT U,
as shown in Fig. 4b. We have the following transactions: 1)
UT U, pays P, to the smart contract; 2) the smart contract
pays the reward I,,, to DSO D,; 3) DSO pays rental that
equals to its estimated rental R, to ECN E,,. Furthermore,
the utility of UT U, is given by

wﬁl = V;n - Pnﬁlf Un S u, (10)
0, otherwise.
The utility of DSO D, by leasing ECN E,, is given by
7_[(17/,” _ ]g,m, - Rg,m, if E7n S g, (11)
' 0, otherwise.

3.2.2 Desired Properties for Auction Mechanism

A feasible auction mechanism should first satisfy the follow-
ing desirable properties.

1)  Balanced Budget: A double auction is budget bal-
anced if the smart contract (auctioneer) does not lose
money in the transaction. In other words, the sum
rewards paid to all DSOs should be no more than
the sum payment from all UTs, ie, > o Pp—
ZEmEé Ig.m > 0.

2)  Truthfulness: A double auction mechanism is
strongly truthful when the UTs or DSOs cannot
improve their utilities by untruthfully submitting
their bids or asks to the smart contract [28]. Specifi-
cally, in our auction model, UT U,’s utility w, is
maximized when its bid for ECN E,, equals to its
true valuation for this ECN, i.e., B], = V. Moreover,
DSO D’s utility m,,, is maximized when its reported
ask on behalf of ECN E,, in the ECN leasing phase
equals to the rental paid to E,, in the ECN associa-
tion phase, ie., Ay, = Rym. Furthermore, a weaker
truthfulness is the truthfulness in expectation, where
the UTs or DSOs cannot improve their expected utili-
ties via untruthful bidding [29].

3) System Efficiency: The system efficiency is mea-
sured in terms of social welfare in our double auc-
tion, which is defined as the sum utility of all DSOs
and UTs, i.e.,

Iy = Z wy, + Z Tgm-

A , (12)
Unell B ek

4)  Individual Rationality: We assume all the buyers
and sellers are rational, i.e., no one should lose from
joining the auction. Particularly, the payment P of
any winning UT U,, should be no more than its bid

B, ie., P! < B}'. Moreover, for any DSO D, that

owns a winning ECN, its received reward I,
should be no less than its ask A, i.e., I, > Agm.
However, the well-known result in [30] reveals that it is
next to impossible to design a strongly truthful, efficient, and
budget-balanced double auction, even putting individual
rationality aside. For example, McAfee double auction in [31]

is individually rational and truthful, but neither budget-
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balanced nor efficient. Moreover, VCG double auction in [32]
is individually rational, truthful, and efficient, but not budget-
balanced. However, for the blockchain system, smart contract
cannot insert money into the system to meet the budget-bal-
anced requirement. To solve this problem, the incentive-com-
patible auction mechanism (ICAM) in [33] is individually
rational, budget-balanced, and strongly truthful, but suffers
from a relatively low social welfare. To further improve the
system efficiency, we propose a social welfare improved dou-
ble auction (SWIDA) mechanism that achieves individual
rationality, balanced budget, truthfulness and a higher social
welfare than the traditional ICAM. The discussions and proofs
will be detailed in Section 3.2.4.

3.2.3 Proposed SWIDA Mechanism

Next, we introduce the main procedures of the proposed
SWIDA mechanism, which includes two stages, i.e., deter-
mination of candidates (Algorithm 2), determination and
pricing of winners (Algorithm 3).

Algorithm 2. Determination of Candidates

1: Input: A, B

2: Output: A, B

3 A—0,B10

4: Sort all the asks from matrix A in ascending order, i.e.,

A={A4;,As,...,A\}, Aj <Ay <..-<A, where \ is total

number asks

5: Sort all the bids from matrix B in descending order, i.e.,

B={B,Bs,...,B,}, B > By > --- > B,, where 1 is total num-

ber of all bids

6: Find the median of A and define it as A, where j = |}!]

7: A— {Al,AQ,...,AJ}

8: Find the minimum bid that is no less than A4, and define it as
the threshold bid B,

9: B {By,B,,...,B,}

Determination of Candidates. In this stage, the smart
contract shortlists the candidates of ECNs and UTs. To
reduce the computational complexity, we first remove the
ECNs with high asks and the UTs with low bids from the
candidate set via Breakeven mechanism in Algorithm 2.
First, we sort all the asks from A in ascending order to
obtain a new set A. Then, we sort all the bids from B in
descending order and get a new set B. We find the median
of A and denote the median ask by A, where j = |[2}].
Then, we remove the reported asks that are higher than A,
from set A, and delete the bids that are less than A, from set
B. We denote the smallest bid that is no less than median
ask A, as threshold bid B,. The UTs whose bids are in the
updated set of B and ECNs whose asks are in the updated
set of A become the candidate buyers and sellers,
respectively.

Determination and Pricing of Winners. In this seal-bid
double auction, it is possible that one UT bids for multiple
ECNs and one ECN receives bids from multiple UTs. We
adopt Algorithm 3 to determine the one-to-one pairing
between the UT and the pricing rules for the winners, which
consists of two steps as follows.

Step 1: Winning UT determination (lines 4-10). In Algo-
rithm 2, we have obtained the ECN candidates” ask set A
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and UT candidates’ bid set B. For each ECN E,, whose ask
is in set A, we first select its received bids from set B, and
then construct a set 3,, by sorting these bids in descending
order. In the case of a tie (i.e., more than one bid has the
same value), we arrange these bids with the equal value in a
random order. We denote the highest bid in set 5, by B!
and regard the corresponding UT UV as the potential win-
ning UT for ECN E,,. We then add this bid to the highest

bid set BY.

Algorithm 3. Determination and Pricing of Winners

1: Input: B, A
2: Output: U, 5‘, o
3U—0,E—0,B—B
Winning UT Determination:
: for E,, with its ask in A do
5:  Construct a set consisting of the bids for E,, in B
B,, = {BY : VU whose bid for E,, in B}, where B'Y is
the gth highest bid for FE,, submitted by U? in B,,.
: end for
: for I, with its ask in A do
8:  Construct a set consisting of the bids for E,, in B
B, = {BT(,‘? : VU};? whose bid for E,, in B}, where Bﬁf{) is
the gth highest bid for E,, submitted by U9 in ,,,.
9: end for
10: Construct highest bid set B = {BS}L) :VE,, with its ask
in A}
Winning ECN Determination and Pricing:
11: if BY # () then
12:  Randomly select a bid B\ € BV
13: Construct a set consisting of all U'!)’s bids that are in
BYABY :m e {1,2,..., H}}
14: Find B\)’s rank 7 in B,,,

'S

N O

15: form =1to H do

16: ifr = | B,,| then

17: PW) =B,

18: else

19: PV = Bor+1)

20: end if

A al) =B - B

22: end for

23: m = Argmax,,c(y ... g} ﬁ)g,ll)

24: o(UY) =E,,

25: U—uJud

26: E—EUE,

27: Ig_’,n/ = A]

28: DSO D, pays rental R, to its associated ECN E,,,
29: Remove all bids submitted by U{!) from B
30: Remove the ask regarding ECN £,/ from A
31 Gotostep7

32: else

33:  Gotostep 36

34: end if

35: return (4, &, o)

Step 2: Winning ECN determination and pricing (lines 11-
36). It is possible that one potential winning UT is the high-
est bidder for multiple ECNs, but it can only choose one
ECN to associate with. A simple and efficient solution is to
associate this UT with the ECN that provides the highest
utility. In order to prevent untruthful bidding, we start with
a randomly ordered list of the potential winning UTs. More
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specifically, we randomly select a bid from the highest bid
set B, e.g., we choose the highest bid B{!) for ECN E,,, sub-
mitted by UT UV (line 12). Suppose that UT UV is the high-
est bidder for H ECNs, where the integer H € [1 IBY|]. We
add UT U"’s bids for its intended ECNs into a new set
{BY :me{1,2,...,H}} (line 13). We then evaluate the
estimated utility @l that UT U} obtains by associating
with each of these ECNs, Wthh is expressed as w<1>
BY — P (line 21), where P! is the payment from UT Ul
to the smart contract if it associates with E,,. Note that, since
the smart contract does not know the true valuation of the
UTs, the estimated utility for each UT is based on its bid
instead of the true valuation.

To further enhance the truthfulness, we construct
another set B,, with the same initial components as 5,, for
price determination. Note that we use set ,, to determine
the winning UT for ECN E,,, and adopt another set B,, to
decide the payment for the UTs, respectively. We keep
updating B,, by eliminating the UTs that have been success-
fully associated with other ECNs in each iteration, while
adopting the same B, throughout the whole game. As a
result, the highest bid (i.e., B\))) in B,, may not also be the
highest in B,, at an arbitrary iteration. We now assume B(!)
is the rth hlghest bid in set B,,, where r=1 or r = |Bm|
means the B(!) is the highest or lowest bid, respectively. We
will determine its payment PV in the following two cases.
If r = |B,,|, UT UV pays the threshold bid of B,. Otherwise,
it pays the hlghest bid that is no greater than its own bid in
B, ie., P\V = B"*Y (lines 16-20).

Finally, UT U () associates with ECN E,, that provides
the highest estimated utility among all ECNs, where the
association between U!) and E,, is represented by
a(U},})) = E,, (line 23). Once the association is established,
uT UV pays P< ,> to the smart contract. To guarantee the
strongly truthfulness of the DSO, the DSO that owns ECN
E,, is rewarded by median ask A, i.e., I,y = A, (line 27).
In the meanwhile, the DSO pays the rental to its associated
ECN E,, (line 28). Finally, this UT and its associated ECN
are added to the winning UT set ¢/ and winning ECN set &,
respectively (lines 25-26). Moreover, their corresponding
bids and asks will be removed from the bid set B and ask
set A to avoid double association (lines 29-30).

By iteratively operating steps 1 and 2 until B = (), the
smart contract finally establishes the one-to-one association
between the UTs and ECN.

3.2.4  Proof of Desirable Properties

In the following, we prove several key properties for the
proposed SWIDA mechanism.

Theorem 1. SWIDA is individually rational.

Proof. For any winning UT U,,, we can deduce that its pay-
ment P € [B,, Bl ] according to lines 16-20 of Algorithm
3. Since its payment P is less than its bid B, we have

proved that SWIDA is individual rational for any win-

ning UT U,,.

For each DSO D, that owns a winning ECN, its
received reward from the smart contract for leasing this
ECN to the corresponding UT equals the median ask A,
which is no less than their own asks, ie., I, = 4, >
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Aym according to Algorithms 2 and 3. As a result,
SWIDA is individually rational for any DSO that owns
the winning ECNs.

Moreover, for the UT (or DSO) that does not win the
auction, its payment (or reward) and utility are zero.
Therefore, it also does not lose money by participating in
the auction. O

Theorem 2. SWIDA is budget-balanced.

Proof. According to Algorithm 2, we know that the thresh-
old bid B, is no less than the medium ask A,. Based on
the proof of Theorem 1, we can deduce that P" > B, >
A, = 1I,,, holds for each association pair of UT U, and
ECN E,,. We therefore can further deduce that the total
reward paid to all DSOs is no more than the total pay-

ment received from all UTs, i.e.,

Unell Eneé O

Theorem 3. SWIDA is truthful for DSOs.

Proof. We will prove that each DSO D, achieves the maxi-
mum utility 7,,, when it truthfully reports the ask of its
rented ECN E,, to the smart contract, i.e., Ay, = Ry,
(Dy’s ask on behalf of E,, in the ECN leasing phase equals
the estimated rental it promised to pay to E,, in the ECN
association phase). To prove this property, we first define
&° as the set of all ECNs that have been associated with
the DSOs in the ECN association phase. Assuming all the
DSOs truthfully report the asks of their rented ECNs, we
divide £° into two subsets: £ and £°\ &Y, where £¢ is the
ECN candidate set obtained via Algorithm 2, and 8‘)\5(1
is the set of the remaining ECNs. In the rest of the proof,
we will see whether or not the DSOs can improve their
utilities by untruthfully reporting the asks.

Case 1: E,, € £\ £". In this case, we consider ECN E,,
is not a candidate via Algorithm 2 given DSO D, truth-
fully reports its ask (i.e., A, = Rym). This implies that
the truthful ask of this ECN is higher than the medium
ask, i.e, Ry, > A, and the utility of D, by leasing this
ECN is 7y, (Rym) = 0. Based on Algorithms 2 and 3, the
DSO will lose the auction by increasing the ask, and it
may win the game by decreasing the ask. In the following
two subcases, we will discuss whether or not the DSO
can improve its utility by decreasing its ask.

1) If DSO D, decreases the ask of ECN E,, and this
ECN finally becomes the winning ECN via Algorithm 3,
the DSO receives the medium ask as the reward (.e.,
Iy, = A)). However, since R,,, > A, the utility of D,
becomes negative which is smaller than that of truthful
reporting, ie., mom(Agm) = Igm — Rgm = A; — Ry <
0= ng,m(Rgﬂn)~

2) If DSO D, decreases the ask and FE,, does not
become the winning ECN, the utility of D, is still zero,
which is the same as that of truthful reporting.

Case 2: E,, € . In this case, we consider ECN E,,
becomes the ECN candidate via Algorithm 2 given DSO
D, truthfully reports its ask. This implies that the DSO
has a non-negative utility, where it has positive utility if
it wins the game and it obtains zero utility if it does not
win via Algorithm 3.

Authorized licensed use limited to: Shanghai Jiaotong UnlverS|ty Downloaded on June 05,2023 at 07:45:44 UTC from IEEE Xplore. Restrictions apply.



DU ETAL.: BLOCKCHAIN-AIDED EDGE COMPUTING MARKET: SMART CONTRACT AND CONSENSUS MECHANISMS

1) If DSO D, untruthfully reports the ask and ECN E,,
is not a candidate via Algorithm 2, the DSO receives zero
utility which is no more than that of truthful reporting,
ie, mgm(Agm) =0 < mgm(Rym)-

2) If DSO D, untruthfully reports the ask and ECN E,,
is still one of candidates after Algorithm 2, the utility of
D, is the same as that of truthful reporting, i.e.,
Tgm(Agm) = Tgm(Rgm). This is because whether or not
this ECN can become a winning ECN does not depend
on its ask but decided by the bids of the UTs, as shown in

Algorithm 3.
To sum up, the DSO cannot improve its utility by
untruthfully reporting, which completes the proof. ]

Different from the DSOs that satisfy strong truthfulness,
the UTs in the proposed SWIDA mechanism only satisfy
weak truthfulness. In the strongly truthful double auction
like ICAM [33], truthful reporting is the weakly dominant
strategy for all UTs, i.e., no UT can improve its utility by
untruthfully submitting its bids. However, the social wel-
fare is relatively low in such a mechanism. Compared with
the ICAM, our proposed SWIDA mechanism improves the
social welfare at the cost of certain degree of truthfulness.
The definition of the weak truthfulness is similar to that of
[29], i.e., no buyer can improve its expected utility via
untruthful bidding. In the proposed SWIDA, each UT can
always obtain a non-negative utility by truthful bidding,
but may receive a non-positive utility by bidding untruth-
fully. Moreover, a UT may lose an auction with a lie while it
should have won with a truthful bid. Compared with effi-
cient design of auction (EDA) mechanism in [29], we adopt
social welfare instead of successful trading pairs as the
objective, making the design of the double auction mecha-
nism even more challenging. Furthermore, we provide a
comprehensive proof to illustrate the risks for the UTs to lie
in the following proposition.

Proposition 1. For the proposed SWIDA mechanism, any
untruthful bidding strategy (i.e., underbidding or overbidding)
that potentially leads to a positive improvement in a UT’s util-
ity also imposes a risk to reduce its utility.

Proof. We denote the valuation and bid of UT U,, for ECN
E,, by V" and By, respectively. Given each UT truthfully
submits its bid to the smart contract (i.e., B! = V), we
can divide UT set U/ into two subsets: winning UT set Z;{,
and non-winning UT set U \ U. A UT U, is does not win
any ECN if it is not a UT candidate via Algorithm 2, or its
bid is not the highest for any ECN via Algorithm 3. Given
U, is not a winning UT, its payment and utility are both
Zero.

If U, becomes a UT candidate via Algorithm 2, there
are two conditions for U,, to win an ECN E,, via Algo-
rithm 3. First, UT U,’s bid B}, should be the highest
among all UTs in set B,,. In the meanwhile, U,’s esti-
mated utility obtained from FE, (.., @), = B, —P})
should be the highest among all ECNs. Given U, wins
E,,, its utility is o]}, = V" — P”, and payment P equals
either the highest bid that is no more than B”, in B,, (line
19, Algorithm 3), or the threshold price B, if there is no
other smaller bid in B,, (line 17, Algorithm 3). Note that
payment P}’ may change if U,, untruthfully bids.
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Recall that U,,’s truthful bid B}, = V! is the zth highest
bid in set B, ie, V" = B, We denote BG"1 as the

smallest bid that is no less than V" in B,,, and B as
the highest bid that is no more than V! in B,,.2 We can
deduce that U,’s payment P" increases if B" > B@™1,
and decreases if B" < B@t, respectively, compared
with that of truthful bidding.

We will discuss whether or not the UTs can improve
their utilities by untruthful bidding in the following two
cases.

Case 1: U, e U \Z;{ In this case, we consider UT U,
does not become the winning UT given it truthfully sub-
mits its bids. We can deduce that its utility is zero.

1) IfUT U, underbids for ECN E,, (i.e., B), < V), it

still cannot win this ECN and obtains zero utility.

2) If UT U, overbids for E,, (i.e., B} > V'), it may

become the highest bidder in B,, and wins E,,.
Then U,’s utility may have two possible out-
comes. First, if B?, < B, its payment does not
change and is less than the true valuation, i.e.,
P < V" In this case, its utility o], =V — P" >
0, which is higher than that of truthful bidding.
Second, if B, > BV, it pays at least B
which exceeds its true valuation, ie., P” >
B > vr 1ts utility is thus non-positive, i.e.,
wy, =V — P" <0, which is even worse than that
of truthful bidding.

Case2: U, € U. In this case, we consider UT U,, wins an
ECN (e.g., E,) given it truthfully submits its bids. We
can deduce that U, obtains a non-negative utility from
E,, by truthful bidding, i.e., w} > 0. Now we discuss
whether or not U,, can improve its utility by untruthfully

bids for E,, or any other ECNs.
1) If UT U, underbids for £, (i.e., B, < V), it may

not be able to become the winning UT. We have
the following two subcases.

1) If B}, is no longer the highest bid in B,,, UT
U, cannot win ECN E,,. In this case, there
are two possible outcomes. First, if U, has
not won any other ECNS, its utility is zero.
Second, if it wins another ECN, its utility
may increase or decrease from truthful
bidding.

2) If B is still the highest bid in 3,,, we are not
sure if it wins E,, since its estimated utility
obtained from E,, has changed and we need
to compare it with that obtained from other
ECNs.

i) If U,’s estimated utility obtained from
E,, is greater than that obtained from
any other ECN, it still wins E,,. Its util-
ity has two possible outcomes. First, if
B! > BV, the payment of U, does

not change and its utility remains the

2.IfV" < B, welet B¢V = B,and B*Y) = 0.If V" > B, and there

m =

does not exist any bid no less than V" in B,,, we let B = oo If V" >

m m

B, and there does not exist any bid no more than V) in B,,, we let
BG&+l) — B

.
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same. Second, if B, < B" < B, U,’s
payment P" is smaller than B*Y), and
its utility is improved than truthful
bidding.

ii) If U, wins another ECN that provides a
larger estimated utility than E,,, its util-
ity may increase or decrease from truth-
ful bidding.

2) If UT U, overbids for E,, (i.e., B > V), its bid
By is still the highest in B,,. However, since U,’s
estimated utility obtained from E,, has changed,
it may not still win E,,.

1) If B", < BEY, U/s estimated utility at E,,
increases as B], increases. We have the follow-
ing two subcases.

i)  If U, truthfully bids for all other ECNs,
it still wins E,,, and its payment and util-
ity do not changed compared with those
of truthful bidding.

ii) If U, also untruthfully bids for some
other ECNs, U,, will win the ECN that
provides the highest estimated utility.
First, if U, wins E,,, its utility does not
change. Second, if U, wins another
ECN, and its utility may increase or
decrease from truthful bidding (similar
to Case 2-(1)-1)).

2) Once B" > BV, UT U,’s estimated utility
returns to zero before it further increases. In
this case, U,, wins the ECN that provides the
highest estimated utility. If U, wins E,, it
pays at least B>~ which is greater than its
valuation. In this case, U, obtains negative
utility, i.e., w? < V" — BEY < 0. Otherwise,
U, wins another ECN and its utility may
increase or decrease from truthful bidding
(similar to Case 2-(1)-1)). ad

Remark 1. From the above two cases, we see that U, needs
to precisely know the other UTs’ bids in order to increase
its own utility. For example, in Case 1, B}, should become
the highest bid in B,, while without exceeding B" . How-
ever, since no UT knows the bids of other UTs in such a
seal-bid double auction, the UT’s utility may be decreased
in practice if the UT takes the untruthful bidding strategy
that it expects to increase its utility. On the one hand,
placing a blind overbid may help it win an auction, but
may also cause it paying more than its valuation when its
bid exceeds other UTs’ bids, which results in a non-posi-
tive utility. On the other hand, placing a blind underbid
may reduce its payment, but may also be at risk of losing
the auction. Moreover, even if the UT knows the other
UTs’ bids in the original B,,, it still does not know which
case it falls into due to the lack of information about the
randomly ordered list of the potential winning UTs
(line 12 of Algorithm 3).

Furthermore, our simulation results in Section 5.2 illus-
trate that, for the proposed SWIDA mechanism, no UT can
obtain a positive improvement in its expected utility by bid-
ding untruthfully.
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4 PROPOSED POS CONSENSUS MECHANISM

Using the smart contract designs, transactions are automati-
cally generated in the blockchain-aided EC market. In this
section, we propose a modified PoS consensus mechanism to
determine an unique block generator and ensure a fair allo-
cation of the block generation reward among stakeholders.

The traditional PoW /PoS mechanisms suffer from the lim-
itation of wealth inequality, i.e., the entity that possesses
either dominated computing power in PoW or massive coin-
age in PoS earns the right to verify the transaction and is
rewarded induced by this verification. As a result, the con-
ventional PoW/PoS mechanisms incentivize the entities in
this market towards either computing power or coinage, but
ignore the service quality. To cope with this issue, we rede-
fine the stake of each entity as a weighted sum of coinage and
trustworthiness accumulated in the transactions, and pro-
pose a trustworthiness-driven PoS mechanism for the block-
chain-aided EC market. The entity that obtains the highest
ballot proportion is given the right to generate a block.

4.1 Conventional Consensus Mechanisms

In the blockchain-aided EC market, all payments are made
in blockchain digital coins. New digital coins are supplied
to the blockchain as a reward for publishing every new
block. To get the reward, the entities compete to publish the
new block. Currently, the consensus mechanism used in the
Bitcoin blockchain is called PoW. As [20] unveiled, the PoW
mechanism is particularly resource-consuming during the
block generation. However, PoW is not suitable for the
blockchain-aided EC network, since the entities have lim-
ited computing capability [34]. Differing from PoW, the PoS
mechanism selects the entity to publish a new block accord-
ing to its stake (e.g., the coinage in [23]).

Definition 1. The coinage of entity i is defined as

C; = num -t;, (14
K3

where numy; is the the amount of entity i’s coins, and t; is the

period that the coins are possessed by entity i.

In each slot, an entity is elected to publish a single block.
The PoS based election scheme can be implemented by a
standard Follow-the-Satoshi algorithm[23], where the entity
Jjis elected to publish the block in each slot with probability of

C, _
9, =——.j<{l,2,...,J}, (15)

Zi:l G

where J is the number of entities that participate in the
block generation. For example, in the Delegated Proof of
Stake (DPoS) mechanism, all entities each with coinage can
vote for multiple trusted entities to publish the blocks in
order [24].

Compared with PoW that requires to solve extremely
complicated hash puzzles, the voting process for PoS
greatly reduces the energy and computing power consump-
tions on the battery constrained devices [19]. Moreover, the
communication overhead for the proposed PoS is similar to
that of PoW. Different from PoW, the voting information is
the only additional information exchanged among

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on June 05,2023 at 07:45:44 UTC from IEEE Xplore. Restrictions apply.



DU ETAL.: BLOCKCHAIN-AIDED EDGE COMPUTING MARKET: SMART CONTRACT AND CONSENSUS MECHANISMS

stakeholders, which does not introduce much communica-
tion overhead due to its small size.

However, the conventional PoS mechanism in [23], [24] is
not well-suited to the proposed blockchain market due to
two critical reasons [19]. First, the right of publishing blocks
in PoS is determined by the coinage. In the context of the
blockchain-enabled market, it might cause the evil of rich
entities by forking and double spending. Second, from (15),
it is more likely for the entity with larger coinage to win the
right of publishing a new block. Thus, PoS is beneficial for
the wealthy entities, and may enlarge the wealth inequality
among the entities. Driven by these two issues, we propose
a trustworthiness-driven PoS consensus mechanism in the
following section.

4.2 PoS Based Consensus Mechanism

Consider that a single block is published in each time slot
and multiple consecutive time slots form an epoch. At the
beginning of each epoch, a genesis block records the entities
that hold stakes and intend to publish the blocks as the
stakeholders. Since the operation of our proposed PoS
mechanism does not require much energy and computing
power consumptions on each entity, any UT, DSO or ECN
can participate in the blockchain as a stakeholder relying on
its stake (i.e., the weighted sum of coinage or trustworthi-
ness defined in Eqn. (16)). Note that only the entity whose
normalized trustworthiness is greater than the threshold
can register as a stakeholder and the stake of each entity in
the current epoch is accumulated over all the previous
epochs. Any change of stake within the current epoch does
not affect the stakeholder election of publishing a block in
this epoch. The proposed mechanism within every single
epoch operates in three steps:

Step 1 (Ballot allocation): At the beginning of each epoch,
different stakeholders take different ballot proportions
based on their stakes (i.e., the weighted sum of coinage and
trustworthiness as Eqn. (16)).

Step 2 (Voting of stakeholders): Every stakeholder votes
for its trusted stakeholder, and the stakeholder that receives
the highest ballots publishes the block. In this context, a tie
may occur wherein multiple stakeholders receive the same
highest ballots. Without loss of generality, let S =
{PK;,PKo,...,PKg} be a set that collects the public keys of
the stakeholders involved in the tie in the kth block height.
Inspired by [35] and [36], we use cryptographic hash func-
tion to promote distributed randomness for the selection of
block publisher in the tie. Since the number of ballots and
associated public keys are transparent, each stakeholder in
S first calculates the hash values, i.e., H((PK;, H(L*1))),
H((PKy, H(LF1))),..., H(PKg, H(L*'))), where H(L"!)
denotes the hash value of the previous block and (-) is a con-
catenation operation. Here, H(L*"!) serves as a random and
unpredictable selection seed. Then, the stakeholder associ-
ated with the minimum hash value becomes the block pub-
lisher. Since the number of ballots and associated public
keys are transparent and verifiable, all the stakeholders can
verify the legitimacy of the block publisher.

Step 3 (Reward allocation): The stakeholder that votes for
the block publisher is rewarded according to its Shapley
value.
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The details of steps 1, 2, and 3 are given in Sections 4.2.1,
4.2.2, and 4.2.3, respectively.

4.2.1 Vote Allocation

In the conventional PoS mechanism, the stake only relies on
the coinage. However, the blockchain-aided EC market
emphasizes not only the coinage of each entity but also its
trustworthiness that reflects the service quality. In this con-
text, we define the stake of stakerholder j in the proposed
PoS mechanism as a weighted sum of trustworthiness in (1)
and coinage in (14):

Xj = (1= ue)Cj + ue;, (16)

where u¢ € [0,1] denotes the weight of trustworthiness.
Note that the effect of different u¢ on the wealth inequality
will be illustrated in Section 5. The ballot proportion taken
by stakeholder j is defined as

X;

i = =7 :
qul Xq

From (17), the entity with a larger stake occupies a higher
ballot proportion.

17

4.2.2 Voting of Stakeholders

In this step, each stakeholder uses up its votes for a single
stakeholder it trusts. The stakeholder that receives the high-
est ballots publishes the new block, and all stakeholders
that vote for the block publisher are rewarded due to the
contributions of their own stakes. In this paper, we formu-
late the voting process as a coalitional game.

Definition 2. Let J = {1,...,J} be a set that collects all the
stakeholders that vote for the block publisher, and the stakeholder
joins in the J randomly. A coalition KC is defined as a subset of
J. The coalitional game is given by pair (T, v(K)), where func-
tion v(KC) measures the total reward produced by coalition IC.

We define a coalition K as the key coalition if the total
ballot proportion of the stakeholders in K is the most. In
other words, the stakeholder supported by the key coalition
can get the right to publish the block. We define

0, otherwise, (18)

oK) = { o, if K is the key coalition,
where K C J. From (18), only the key coalition K earns the
reward p for all stakeholders in 7, and each stakeholder in
J is rewarded according to its voting proportion.

4.2.3 Reward Allocation

Unlike the conventional PoS mechanism in which only the
stakeholder that publishes the block is rewarded, we
employ the Shapley-based reward allocation strategy to
reward all stakeholders in 7 that vote for the block pub-
lisher. According to the coalitional game, the reward of
each stakeholder corresponds to its Shapley value [37]. The
following theorem verifies the fairness of the Shapley based
reward allocation.

Theorem 4. The Shapley-based reward allocation strategy that
rewards each stakeholder j according to its Shapley viaue
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is fair, where IC can be any coalition in J and || denotes the
number of stakeholders in coalition K.

Proof. Consider that all stakeholders join in the coalitional
game with the same probability p. Suppose that p is a ran-
dom variable uniformly distributed over [0, 1]. The prob-
ability of forming a coalition K C J\{j} is given by

Pk C I\{5}) =pM (1 —p)’ M, (20)

where J\{;j} denotes set 7 that excludes j and j ¢ K.
When stakeholder j joins coalition /C by using up its

votes for the same stakeholder voted by coalition K, the

rewards earned by K increases from v(K) to v(K U {j}).

Note that the increased rewards belong to stakeholder j.

Define the marginal contribution of stakeholder j to coa-

lition K as

¢ (7,5) = v(K U {5}) = v(K). 1)
As such, the average marginal contribution of j to all pos-
sible coalitions K with respect to p is defined as the Shap-
ley value of j, given by

1
w79 = > [ 0w
KCT\{j} 70

1
= > [ T T
kca\{ 70

=S KK DU () oK) 22)
KSI\{5}

From (22), the allocation strategy based on the Shapley
value is fair, since the reward allocated to the stakeholder
is the stakeholder’s average marginal contribution to all
possible coalitions[38]. This completes the proof. ]

In addition, as Section 5.2 will show, the proposed alloca-
tion strategy can reduce the wealth inequality compared
with conventional PoS.

5 SIMULATION RESULTS

In this section, we present the simulation results of smart
contract design in Section 5.1 and the proposed PoS mecha-
nism in Section 5.2, respectively.
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TABLE 2

Simulation Parameters for Fig. 5
Description Notations Value
Computing frequency of UT U, I [0,4]1GHz
Computing frequency of ECN E,, fm [0,4]GHz
D,’s weight of trustworthiness oy [0,1]
U,’s weight of trustworthiness Xn [0,1]
Effective switched capacitance K 10726
5.1 Simulations of Smart Contract

In Fig. 5, we plot the network social welfare that is defined as
the summation of the utilities of all the DSOs, ECNs and UTs
obtained from both the matching-based ECN assocaition
phase (in Section 3.1) and the auction-based ECN leasing
phase (in Section 3.2). The system parameters are given in
Table 2. With reference to [25], DSO D,’s weight of trustwor-
thiness o, and UT U,,’s weight of trustworthiness x,, are both
randomly selected over [0,1]. With reference to [39], we con-
sider UT U,’s computing frequency f, and E,,’s computing
frequency f,, are both randomly selected over [0,4] GHz. We
set the DSO number as G = 10 and the maximum number of
rented ECNs by the DSOs as 40. In Fig. 5a, we fix the number
of ECNs as 60 and observe that the network social welfare first
increases with the number of UTs, which is due to the
increased number of successful ECN-UT association pairs. For
large UT numbers (e.g., higher than 140), the network social
welfare decreases with the further increase of the number of
UTs. This is because the fiercer competition among UTs con-
tributes to higher payment, which finally reduces the social
welfare. In Fig. 5b, by fixing the number of UT as 40, we see
that the network social welfare first increases and then
decreases with the number of ECNs. When the number of
ECNis is small, the social welfare increases with the number of
ECNs due to the increased number of successful trading pairs.
As the number of ECNs further increases, the network social
welfare decreases. This is mainly due to the fact that the fiercer
competition among the ECNs improves the service standard
(e.g., only the ECNs with higher computing frequency sur-
vive), which implicitly increases the UTs” payment and finally
reduces the social welfare. Furthermore, for both Figs. 5a and
5b, the proposed SWIDA achieves higher social welfare than
the traditional ICAM since it is able to establish more success-
ful trading pairs among the entities. In ICAM, when a UT’s bid
is the highest for multiple ECNs, only the ECN that provides
the highest utility for this UT is rented and other ECNs are dis-
carded from the candidate list until the double auction algo-
rithm terminates. Therefore, the traditional ICAM suffers from
relative low association efficiency. To cope with this problem,
the proposed SWIDA does not immediately discard these
ECNs but allows them to continue searching for the associa-
tion opportunities along with other UTs in the next iterations,
which improves the number of successful trading pairs and
thus increases the social welfare. However, Fig. 5b shows that
the gap between SWIDA and ICAM slightly decreases as the
number of ECN increases. This is due to the fact that the benefit
gained from more successful trading pair is less significant as
the number of successful trading pair stabilizes.

Fig. 6 validates the weak truthfulness of the UTs under
the proposed SWIDA mechanism. We take the expectation
of each UT’s utility over 1,000 realizations, where each is
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Fig. 6. Truthfulness in expectation of UTs with SWIDA.

initialized with a randomly ordered list of the potential win-
ning UTs (see line 12 of Algorithm 3). The medium ask of
the ECNss is set to be A, = 0.55. Without loss of generality,
we randomly select three typical UTs Us, Uy and U, where
their true valuations on their intended ECNs of F5, Es and
Eyy are V3 =04, V{ = 0.7 and V]| = 0.9, respectively. We
now discuss the effects of untruthful bidding on the UTs’
expected utilities. First, since V} = 0.4 < A; = 0.55, UT U;
is not even a UT candidate by using Algorithm 2. If Us;
underbids with B < 0.4 or overbids with B3 € [0,4,0.92],
it still loses the auction and obtains zero utility. If Us over-
bids with B} > 0.92, it becomes the winning UT for ECN
E,. However, the utility for Us is negative since it pays more
than its valuation for this ECN. Second, we observe that
UTs Uy and U; win ECNs E; and Ey; by truthful bidding,
respectively. If Uy underbids with B} < 0.6, it is no longer
the highest bidder for £ and loses auction with zero utility.
If Uy overbids with B] > 0.9, it pays more than its valuation
and obtains negative utility. For B} € [0.6,0.9], Uy wins the
auction without changing its payment and its utility
remains the same as that of truthful bidding. Similarly, Uy
cannot improve its expected utility by either overbidding or
underbidding. To sum up, no UT can improve its expected
utility by bidding untruthfully, which confirms our conclu-
sions on the UTs” weak truthfulness.

5.2 Simulations of Consensus Mechanism

Fig. 7 compares the average reward of each poor stake-
holder of our proposed Sharpley-based PoS mechanism
with the other two benchmark PoS mechanisms, where the
reward of each stakeholder corresponds to the coinage pro-
portion, the stake of coinage, and the stake of weighted sum
of coinage and trustworthiness for the conventional PoS,
Shapley-based PoS, and our proposed Sharpley-based PoS
mechanisms, respectively. We consider that the reward for
publishing a new block is fixed. The entity whose trustwor-
thiness value is within [0.7,1] can register as the stakeholder
and we set the weight of the trustworthiness u¢ = 0.5. More-
over, we consider two rich stakeholders each with 1/4 of
the total coinage. First, compared with the other two mecha-
nisms, we observe that our proposed Shapley based PoS
mechanism can allocate more reward to the poor stakehold-
ers. In this context, under a fixed total reward, the rich
stakeholders reap less reward under the proposed mecha-
nism than that under the other benchmark PoS mechanisms.
Therefore, the proposed mechanism can reduce the wealth
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Fig. 7. Average reward allocation of each poor stakeholder under differ-
ent consensus mechanisms.

inequality among the entities. Second, we see that the aver-
age reward of poor stakeholder decreases as the number of
poor stakeholders increases.

Fig. 8 shows the impact of different weights of trustworthi-
ness on the reward allocation of the proposed Shapley based
PoS mechanism. Consider that there are 20 poor stakeholders
and two rich stakeholders. We discuss the following three
cases, where each of the rich stakeholders has1/4,1/6,and 1/
8 of the total coinage, respectively. We observe that the average
reward of poor stakeholders goes up as the weight of wu
increases. Therefore, the wealth equality among the entities is
reduced under the fixed total reward. First, when the weight
of trustworthiness u¢ is small (e.g., u¢ € [0,0.2]), the average
reward allocation for poor stakeholder grows faster as ug
increases. Since the average reward of the poor stakeholder is
positively correlated with its average ballot proportion, the
ballot proportion of the rich stakeholders decreases sharply
and that of the poor stakeholder increases sharply in this
region. Second, when w. is large (e.g., u¢ € [0.2,1]), the average
reward allocation for the poor stakeholders increases slowly
since the trustworthiness value plays a more dominant role
than coinage in the ballot proportion. For u¢ =1, the three
curves coincide since the allocation of the stakeholder’s ballot
proportion only depends on the trustworthiness. The
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Fig. 8. Average reward allocation of each poor stakeholder of the pro-
posed mechanism under different weights (two rich stakeholders, each
with coinage proportion p).
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determination of the weight u; depends on the aim of the
blockchain system. If the target is to encourage more partici-
pants, it is better to use a large u¢ as an incentive for the poor
stakeholders. If the aim is to encourage the participation of the
stakeholders with more coinage, it is better to use a small
weight u, that ensures the benefits of the rich.

6 CONCLUSION

In this paper, we proposed several mechanisms in a block-
chain-aided EC market aiming to enable automatic, efficient
and verified transactions among the decentralized network
entities. First, we proposed a smart contract based matching
mechanism to establish the one-to-many association between
the DSOs and ECNs with the aim of maximizing the social
welfare in the ECN association phase. Second, we proposed
a double auction mechanism named SWIDA to build up the
association between the DSOs and UTs, and determine the
pricing of the winners. We proved that the proposed SWIDA
mechanism is individually rational and budget balanced.
Meanwhile, SWIDA is truthful for the DSOs and can ensure
the truthfulness in expectation for the UTs. Most impor-
tantly, we showed that SWIDA can significantly improve the
social welfare of the network compared with the traditional
double auction mechanism. Third, we proposed a trustwor-
thiness-driven PoS mechanism to fairly allocate the reward
during the block generation. It is shown that the proposed
PoS mechanism can reduce wealth inequality among the
entities compared with the conventional consensus mecha-
nisms. In future work, we will extend the smart contract
based double auction algorithm design to one-to-many
ECN-UT association scenario, where each ECN can poten-
tially serve multiple UTs at the same time.

REFERENCES

[1] H. Guo, J. Zhang, J. Liu, and H. Zhang, “Energy-aware computa-
tion offloading and transmit power allocation in ultradense IoT
networks,” IEEE Internet Things ]., vol. 6, no. 3, pp. 4317-4329, Jun.
2019.

[2] S. Azodolmolky, P. Wieder, and R. Yahyapour, “Cloud computing
networking: Challenges and opportunities for innovations,” IEEE
Commun. Mag., vol. 51, no. 7, pp. 54-62, Jul. 2013.

[3] W. Shi, ]J. Cao, Q. Zhang, Y. Li, and L. Xu, “Edge computing:
Vision and challenges,” IEEE Internet Things ]., vol. 3, no. 5,
pp- 637-646, Oct. 2016.

[4] Y.Du,].Li L. Shi, T. Liu, F. Shu, and Z. Han, “Two-tier matching
game in small cell networks for mobile edge computing,” IEEE
Trans. Services Comput., early access, Aug. 27, 2019, doi: 10.1109/
TSC.2019.2937777.

[5] H. Zhang, Y. Xiao, S. Bu, D. Niyato, F. R. Yu, and Z. Han,
“Computing resource allocation in three-tier IoT fog networks: A
joint optimization approach combining Stackelberg game and
matching,” IEEE Internet Things ., vol. 4, no. 5, pp. 1204-1215, Oct.
2017.

[6] H.Zhang, Y. Zhang, Y. Gu, D. Niyato, and Z. Han, “A hierarchical
game framework for resource management in fog computing,”
IEEE Commun. Mag., vol. 55, no. 8, pp. 52-57, Aug. 2017.

[71 J.Li,S.Chu, F. Shu, J. Wu, and D. N. K. Jayakody, “Contract-based
small-cell caching for data disseminations in ultra-dense cellular
networks,” IEEE Trans. Mobile Comput., vol. 18, no. 5, pp. 1042-
1053, May 2019.

[8] Z. Zhou, B. Wang, M. Dong, and K. Ota, “Secure and efficient
vehicle-to-grid energy trading in cyber physical systems: Integra-
tion of blockchain and edge computing,” IEEE Trans. Syst., Man,
Cybern. Syst., vol. 50, no. 1, pp. 43-57, Jan. 2020.

[9] Z.Chang, W. Guo, X. Guo, Z. Zhou, and T. Ristaniemi, “Incentive
mechanism for edge-computing-based blockchain,” IEEE Trans.
Ind. Informat., vol. 16, no. 11, pp. 7105-7114, Nov. 2020.

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 22, NO. 6, JUNE 2023

[10] Y. Fan, L. Wang, W. Wu, and D. Du, “Cloud/Edge computing
resource allocation and pricing for mobile blockchain: An iterative
greedy and search approach,” IEEE Trans. Computat. Social Syst.,
vol. 8, no. 2, pp. 451463, Apr. 2021.

[11] Z. Xiong, Y. Zhang, D. Niyato, P. Wang, and Z. Han, “When
mobile blockchain meets edge computing,” IEEE Commun. Mag.,
vol. 56, no. 8, pp. 33-39, Aug. 2018.

[12] S. Guo, Y. Dai, S. Guo, X. Qiu, and F. Qi, “Blockchain meets edge
computing: Stackelberg game and double auction based task off-
loading for mobile blockchain,” IEEE Trans. Veh. Technol., vol. 69,
no. 5, pp. 5549-5561, May 2020.

[13] Y. Jiao, P. Wang, D. Niyato, and Z. Xiong, “Social welfare maximi-
zation auction in edge computing resource allocation for mobile
blockchain,” in Proc. IEEE Int. Conf. Commun., 2018, pp. 1-6.

[14] Q. Wang, R. Y. K. Lau, and X. Mao, “Blockchain-enabled smart
contracts for enhancing distributor-to-consumer transactions,”
IEEE Consum. Electron. Mag., vol. 8, no. 6, pp. 22-28, Nov. 2019.

[15] W. Sun, J. Liu, Y. Yue, and P. Wang, “Joint resource allocation and
incentive design for blockchain-based mobile edge computing,”
IEEE Trans. Wireless Commun., vol. 19, no. 9, pp. 6050-6064, Sep. 2020.

[16] W. Wang, D. Niyato, P. Wang, and A. Leshem, “Decentralized
caching for content delivery based on blockchain: A game theo-
retic perspective,” in Proc. IEEE Int. Conf. Commun., 2018, pp. 1-6.

[17] H. Xu, W. Huang, Y. Zhou, D. Yang, M. Li, and Z. Han, “Edge
computing resource allocation for unmanned aerial vehicle
assisted mobile network with blockchain applications,” IEEE
Trans. Wireless Commun., vol. 20, no. 5, pp. 3107-3121, May 2021.

[18] Z. Yang, K. Liu, Y. Chen, W. Chen, and M. Tang, “Two-level
Stackelberg game for IoT computational resource trading mecha-
nism: A smart contract approach,” IEEE Trans. Services Comput.,
early access, Sep. 18, 2020, doi: 10.1109/TSC.2020.3024729.

[19] B. Cao et al., “When Internet of things meets blockchain: Chal-
lenges in distributed consensus,” IEEE Netw., vol. 33, no. 6,
pp- 133-139, Nov./Dec. 2019.

[20] D. Tosh, S. Shetty, X. Liang, C. Kamhoua, and L. L. Njilla, “Data
provenance in the cloud: A blockchain-based approach,” IEEE
Consum. Electron. Mag., vol. 8, no. 4, pp. 38—44, Jul. 2019.

[21] H. Liu, Y. Zhang, and T. Yang, “Blockchain-enabled security in
electric vehicles cloud and edge computing,” IEEE Netw., vol. 32,
no. 3, pp. 78-83, May/Jun. 2018.

[22] J. Huang, L. Kong, G. Chen, M.-Y. Wu, X. Liu, and P. Zeng,
“Towards secure industrial IoT: Blockchain system with credit-
based consensus mechanism,” IEEE Trans. Ind. Informat., vol. 15,
no. 6, pp- 3680-3689, Jun. 2019.

[23] A.Kiayias, A. Russell, B. David, and R. Oliynykov, “Ouroboros: A
provably secure proof-of-stake blockchain protocol,” in Proc.
Annu. Int. Cryptol. Conf., 2017, pp. 357-388.

[24] D. Wang and X. Zhang, “Secure ride-sharing services based on a
consortium blockchain,” IEEE Internet Things ]., vol. 8, no. 4,
pp- 29762991, Feb. 2021.

[25] K. Chen, H. Shen, K. Sapra, and G. Liu, “A social network based
reputation system for cooperative P2P file sharing,” IEEE Trans.
Parallel Distrib. Syst., vol. 26, no. 8, pp. 2140-2153, Aug. 2015.

[26] C. Ma et al., “Socially aware caching strategy in device-to-device
communication networks,” IEEE Trans. Veh. Technol., vol. 67, no.
5, pp. 46154629, May 2018.

[27] W. Zhang, Y. Wen, K. Guan, D. Kilper, H. Luo, and D. O. Wu,
“Energy-optimal mobile cloud computing under stochastic wire-
less channel,” IEEE Trans. Wireless Commun., vol. 12, no. 9,
pp. 45694581, Sep. 2013.

[28] Z.Wang, T. Alpcan, J. S. Evans, and S. Dey, “Truthful mechanism
design for wireless powered networks,” IEEE Trans. Commun.,
vol. 67, no. 11, pp. 79667979, Nov. 2019.

[29] A.-L.Jin, W. Song, P. Wang, D. Niyato, and P. Ju, “Auction mecha-
nisms toward efficient resource sharing for cloudlets in mobile
cloud computing,” IEEE Trans. Services Comput., vol. 9, no. 6,
pp- 895-909, Nov./Dec. 2016.

[30] V. Krishna, Auction Theory, 2nd ed. New York, NY, USA: Aca-
demic, Aug. 2009.

[31] R.P.McAfee, “A dominant strategy double auction,” J. Econ. The-
ory, vol. 56, no. 2, pp. 434450, Apr. 1992.

[32] V.V.Vazirani, N. Nisan, T. Roughgarden, and E. Tardos, Algorith-
mic Game Theory. Cambridge, U.K.: Cambridge Univ. Press, 2007.

[33] A.-L.Jin, W. Song, and W. Zhuang, “Auction-based resource allo-
cation for sharing cloudlets in mobile cloud computing,” IEEE
Trans. Emerg. Topics Comput., vol. 6, no. 1, pp. 45-57, First Quarter
2018.

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on June 05,2023 at 07:45:44 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1109/TSC.2019.2937777
http://dx.doi.org/10.1109/TSC.2019.2937777
http://dx.doi.org/10.1109/TSC.2020.3024729

DU ETAL.: BLOCKCHAIN-AIDED EDGE COMPUTING MARKET: SMART CONTRACT AND CONSENSUS MECHANISMS

[34] H. Xing, L. Liu, J. Xu, and A. Nallanathan, “Joint task assignment
and resource allocation for D2D-enabled mobile-edge computing,”
IEEE Trans. Commun., vol. 67, no. 6, pp. 4193—4207, Jun. 2019.

Y. Gilad, R. Hemo, S. Micali, G. Vlachos, and N. Zeldovich,
“Algorand: Scaling byzantine agreements for cryptocurrencies,”
in Proc. 26th Symp. Oper. Syst. Princ., 2017, pp. 51-68.

S. Das, V. Krishnan, I. M. Isaac, and L. Ren, “SPURT: Scalable
distributed randomness beacon with transparent setup,” Cryptol-
ogy ePrint Archive, Report 2021/100, 2021. [Online]. Available:
https://ia.cr/2021/100

Z. Han and H. V. Poor, “Coalition games with cooperative trans-
mission: A cure for the curse of boundary nodes in selfish packet-
forwarding wireless networks,” IEEE Trans. Commun., vol. 57,
no. 1, pp. 203-213, Jan. 2009.

S.Sharma and A. R. Abhyankar, “Loss allocation for weakly meshed
distribution system using analytical formulation of shapley value,”
IEEE Trans. Power Syst., vol. 32, no. 2, pp. 1369-1377, Mar. 2017.

M. Sun, X. Xu, Y. Huang, Q. Wu, X. Tao, and P. Zhang, “Resource
management for computation offloading in D2D-aided wireless
powered mobile-edge computing networks,” IEEE Internet Things
J., vol. 8, no. 10, pp. 8005-8020, May 2021.

[35]

[36]

[37]

[38]

[39]

Yu Du (Student Member, IEEE) received the BS
degree from the Nanjing University of Science
and Technology, Nanjing, P R. China, in 2015. He
is currently working toward the PhD degree in the
School of Electronic and Optical Engineering,
Nanjing University of Science and Technology,
Nanjing, China, since September 2015. His
research interests include blockchain, mobile
edge computing, and game theory.

Zhe Wang (Member, |IEEE) received the PhD
degree in electrical engineering from the Univer-
sity of New South Wales, Sydney, Australia, in
2014. From 2014 to 2020, she was a research fel-
low with the University of Melbourne, Australia,
and Singapore University of Technology and
Design, Singapore, respectively. She is currently
a professor with the School of Computer Science
and Engineering, Nanjing University of Science
and Technology, Nanjing, China. Her research
interests include applications of optimization,
game theory, and machine learning to resource allocation in communica-
tions and networking.

Jun Li (Senior Member, IEEE) received the PhD
degree in electronic engineering from the Shang-
hai Jiao Tong University, Shanghai, P R. China, in
2009. From January 2009 to June 2009, he
worked with the Department of Research and
Innovation, Alcatel Lucent Shanghai Bell as a
research scientist. From June 2009 to April 2012,
he was a postdoctoral fellow with the School of
Electrical Engineering and Telecommunications,
University of New South Wales, Australia. From
April 2012 to June 2015, he was a research fellow
with the School of Electrical Engineering, University of Sydney, Australia.
From June 2015 to now, he is a professor with the School of Electronic
and Optical Engineering, Nanjing University of Science and Technology,
Nanjing, China. He was a visiting professor with Princeton University
from 2018 to 2019. His research interests include network information
theory, game theory, distributed intelligence, multiple agent reinforce-
ment learning, and their applications in ultra-dense wireless networks,
mobile edge computing, network privacy and security, and industrial
Internet of things. He has coauthored more than 200 papers in IEEE
journals and conferences, and holds one U.S. patents and more than ten
Chinese patents in these areas. He was serving as an editor of the IEEE
Communication Letters and TPC member for several flagship IEEE con-
ferences. He received exemplary reviewer of IEEE Transactions on
Communications in 2018, and Best Paper Award from |IEEE Interna-
tional Conference on 5G for Future Wireless Networks in 2017.

3207

Long Shi (Member, IEEE) received the PhD
degree in electrical engineering from the Uni-
versity of New South Wales, Sydney, Australia,
in 2012. From 2013 to 2016, he was a postdoc-
toral fellow with the Institute of Network Coding,
Chinese University of Hong Kong, China. From
2014 to 2017, he was a lecturer with the Nanj-
ing University of Aeronautics and Astronautics,
Nanjing, China. From 2017 to 2020, he was a
research fellow with the Singapore University of
Technology and Design. Currently, he is a pro-
fessor with the School of Electronic and Optical Engineering, Nanjing
University of Science and Technology, Nanjing, China. His research
interests include blockchain networks, mobile edge computing, and
wireless network coding.

Dushantha Nalin K. Jayakody (Senior Member,
IEEE) received the PhD degree in electronics,
electrical, and communications engineering
from the University College Dublin, Dublin, Ire-
land, in 2013. From 2014-2016, he was a post-
doctoral research fellow with the Institute of
Computer Science, University of Tartu, Estonia
and Department of Informatics, University of
Bergen, Norway. From 2016, he is a professor
with the School of Computer Science & Robot-
ics, National Research Tomsk Polytechnic Uni-
versity (TPU), Russia. In addition, since 2019, he also serves as the
dean/ School of Postgraduate and Research, Sri Lanka Technological
Campus (SLTC), Padukka Sri Lanka and founding director of Centre
of Telecommunication Research, SLTC, Sri Lanka. He has received
the Best Paper Award from the IEEE International Conference on
Communication, Management and Information Technology (ICCMIT)
in 2017 and International Conference on Emerging Technologies of
Information and Communications, Bhutan, March 2019. In July 2019,
he received the Education Leadership Award from the World Aca-
demic Congress in 2019. In 2017 and 2018, he received the outstand-
ing faculty award by National Research Tomsk Polytechnic University,
Russia. He also received distinguished researcher in Wireless Com-
munications in Chennai, India 2019. He has published more than 140
international peer reviewed journal and conference papers and
books. His research interests include PHY and NET layer prospective
of 5G communications technologies such as NOMA for 5G etc, Coop-
erative wireless communications, device to device communications,
LDPC codes, unmanned ariel vehicle etc. He has organized or co-
organized more than 20 workshops and special sessions of various
IEEE conferences. He also served as chair, session chair or technical
program committee member for various international conferences,
such as IEEE PIMRC 2013-2019, IEEE WCNC 2014-2018, |IEEE
VTC 2015-2018 etc. He currently serves as an area editor of the
Elsevier Physical Communications Journal, MDPI Information Journal
and Wiley Internet of Technology Letters. Also, he serves as a
reviewer for various IEEE Transactions and other journals.

Quan Chen received the PhD degree from the
Department of Computer Science and Engineer-
ing, Shanghai Jiao Tong University, Shanghai,

' China, in June 2014. He is currently a tenure-
track associate professor with the Department of
Computer Science and Engineering, Shanghai
Jiao Tong University, China. His research inter-
ests include high-performance computing, task
scheduling in various architectures, resource
management in datacenter, runtime system, and
operating system.

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on June 05,2023 at 07:45:44 UTC from IEEE Xplore. Restrictions apply.


https://ia.cr/2021/100

3208

Wen Chen (Senior Member, |IEEE) is a tenured
professor with the Department of Electronic Engi-
neering, Shanghai Jiao Tong University, China,
where he is the director of Broadband Access Net-
work Laboratory. He is a fellow of the Chinese Insti-
tute of Electronics and the distinguished lecturers
of the IEEE Communications Society and IEEE
Vehicular Technology Society. He is the Shanghai
chapter chair of IEEE Vehicular Technology Soci-
ety, an editors of the IEEE Transactions on Wire-
less Communications, |EEE Transactions on
Communications, IEEE Access and IEEE Open Journal of Vehicular Tech-
nology. His research interests include multiple access, wireless Al, and
meta-surface communications. He has published more than 110 papers in
IEEE journals and more than 120 papers in IEEE Conferences, with cita-
tions more than 6,000 in google scholar.

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 22, NO. 6, JUNE 2023

Zhu Han (Fellow, IEEE) received the BS degree
in electronic engineering from Tsinghua Univer-
sity, Beijing, China, in 1997, and the MS and PhD
degrees in electrical and computer engineering
from the University of Maryland, College Park,
Maryland, in 1999 and 2003, respectively. From
2000 to 2002, he was an R&D engineer of JDSU,
Germantown, Maryland. From 2003 to 2006, he
was a research associate with the University of
Maryland. From 2006 to 2008, he was an assis-
tant professor with Boise State University, Idaho.
Currently, he is a John and Rebecca Moores professor with the Electrical
and Computer Engineering Department as well as in the Computer Sci-
ence Department, University of Houston, Texas. His research interests
include wireless resource allocation and management, wireless commu-
nications and networking, game theory, big data analysis, security, and
smart grid. He received an NSF Career Award in 2010, the Fred W. Eller-
sick Prize of the IEEE Communication Society in 2011, the EURASIP
Best Paper Award for the Journal on Advances in Signal Processing in
2015, IEEE Leonard G. Abraham Prize in the field of Communications
Systems (Best Paper Award in IEEE JSAC) in 2016, and several best
paper awards in IEEE conferences. He was an IEEE Communications
Society distinguished lecturer from 2015-2018, AAAS fellow since 2019
and ACM distinguished member since 2019. He is 1% highly cited
researcher since 2017 according to Web of Science. He is also the win-
ner of 2021 IEEE Kiyo Tomiyasu Award, for outstanding early to mid-
career contributions to technologies holding the promise of innovative
applications, with the following citation: “for contributions to game theory
and distributed management of autonomous communication networks.”

> For more information on this or any other computing topic,
please visit our Digital Library at www.computer.org/csdl.

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on June 05,2023 at 07:45:44 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


