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Abstract

Individual rationality

By transferring power-hungry huge data centers to lightweight Internet of Things (IoT) mobile devices, mobile edge
computing (MEC) has completely changed the loT. For MEC, to optimize economic gains and motivate profit-oriented
entities, the joint resource allocation and network economics problem must be solved, and the joint issue is limited
by local constraints, namely, the edge server only serves multiple nearby mobile devices, which is restricted by its
available energy. The article studies the jointly issue of network economics and energy allocation in MEC, where
mobile device apply for offloading at a purported bid and an edge server supplies its restricted serving at an ask-

ing price. In particular, this paper puts forward two dynamic pricing double auction strategies in the MEC system,

i.e, a double auction according to the break-even mechanism (DABM) and a more practical double auction based

on dynamic pricing mechanism (DADPM) to decide the matching between mobile devices and edge servers, and

the pricing strategy for high-priced economic profit in the case of local restricts. Theoretical analysis shows that the
proposed two algorithms have properties such as budget balance, individual rationality, economic benefit, authentic-
ity. Extensive simulation experiments evaluate the efficiency of the system, and results verify that the proposed two
schemes will greatly make better the economic benefits of MEC.

Keywords Double auction, Mobile edge computing, Economic benefits, Energy allocation, Budget balance,

*Syed Bilal Hussian Shah, Saeeda Usman, Saoucene Mahfoudh, Fathima
Shemim KS and Piyush Kumar Shukla contributed equally to this work.

*Correspondence:

Syed Bilal Hussian Shah

sshah@dah.edu.sa

! School of Computer Science and Technology, Shandong University
of Technology, Xincun West Road, Zibo, Shandong 255000, China

2 School of Engineering, Computing and Informatics, Dar Al-Hekma
University, Jeddah 22246-4872, Saudi Arabia

3 Department of Electrical & Computer Engineering, COMSATS University
Islamabad, Sahiwal Campus, Sahiwal, Pakistan

4 Research Scholar University of Bolton, University of Bolton, Bolton BL3
5AB, UK

° Department of Computer Science & Engineering, University Institute
of Technology, Abbas Nagar, Gandhi Nagar, Bhopal, Madhya Pradesh
462033, India

@ Springer Open

Introduction

Mobile Edge computing (MEC), as a new paradigm of
edge computing, uses edge servers to provide close to
cloud computing applications for mobile devices [1, 2].
As a data center with mobile enhancement and sufficient
energy, edge server can access the Internet quickly and
adopts nearby service to relieve the request load of mobile
devices [3, 4]. Compared with traditional cloud comput-
ing, MEC is significantly characterized by reducing latency
and improving computing reliability, mainly because its
data traffic is not required to become available to remote
cloud via Internet [5, 6]. Especially for industrial use, it
perfectly avoids needing to be exposed to unreliable prox-
ies that can degrade large IoT performance [7-9]. Despite
the protrude application of MEC in large-scale 10T, it still
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exposes unparalleled gages like energy delay, constrained
MEC offloading, optimal allocation of various edge and
mobile devices, and utility-oriented edge server and mobile
network economics of devices [10, 11]. It should also take
into account the local characteristics of energy utilization
and network economics exhibited in MEC, whose mobile
devices are merely offloaded to nearby edge servers car-
rying different favors, and edge servers provide restricted
energy to their nearby mobile devices. In addition, mobile
devices, base stations, and edge servers often have different
permissions and only focus on revenue-oriented individual
utility. Therefore, it is pressing to develop an incentivized
system process with suitable incentives for mobile devices
and edge services to join, and to assign local energy to max-
imize its system efficiency.

There is already some literature on network econom-
ics in MEC [12, 13]. The mobile device needs to offload
the relationship between the request and the advertised
bid and the edge server supplies its restricted comput-
ing source and the asking price of the bilateral interplay,
so that its dual auction strategy can be modeled by the
system. Jin et al. designed a practical and real incen-
tive scheme to consort energy auctions between mobile
devices as mobile users and cloudlets as providers [14,
15]. However, the above strategy only applies to one-to-
one matching of edge servers and mobile devices. That
is to say, the edge server energy only provides services to
one mobile device once, which is undependable in IoT
programme. losifidis et al. supposed that each mobile
network manipulator could use multiple access points
and that each access point could support traffic from
multiple manipulators [16, 17]. They devised an iterative
dual auction strategy to assure the smoothly functioning
of the mart via maximizing the gap between manipulator
offloading utility and access point offloading expenses.

It is worth noting here that the existing network econom-
ics literature is often based on break-even strategies and
supposes that each edge server supports merely one mobile
device, rather than involving its local properties and its
restricted energy. To shorten the distance between currently
work and resource allocation, this paper develops the com-
bine optimization of network economics and energy distri-
bution in MEC to maximize the value of better transactions.
The main contributions of the article are as follows:

(1) Firstly, this paper models the two-way connection
between the server and the mobile device in the
MEC. According to the restricts of bounded energy
of the edge server and the location between them, the
mobile device requests the service and puts forward
the bidding requestment, and the edge server reports
the asking price in it sells its services between edge
servers and mobile devices. An universal dual auction
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structure is designed to fix interplay and maximize
economy utility while satisfying the desired beneficial
attributes of budget balance, authenticity, system ben-
efit, and individual rationality.

(2) Secondly, this paper proposes a double auction
mechanism based on break-even (DABM) and a
more efficient dual auction mechanism based on
dynamic pricing (DADPM) in MEC. For DABM,
a break-even threshold is used to choose win-
ning buyers and sellers, which are verified to satisfy
all appetenced economic performances. To more
make better the economy utility of MEC, a DADPM
that retains many practical buyer-seller matches is
designed. Theoretical analysis verifies that DADPM
can realize its considerable economy utility at the
cost of losing seller authenticity.

(3) Extensive simulation experiments prove the effi-
ciency of the designed algorithm. Experimentation
reveals that both the devised DABM and DADPM
better than the current skills, where DADPM will
achieve higher economy utility than DABM. There-
fore, For MEC, unless the supplier has control over
the edge server’s functionality, to increase the econ-
omy’s utility, DADPM is foremost, and when the
edge server is beyond the service supplier’s control,
DABM is the best way to keep the healthy opera-
tion of the market choose.

System model

This subsection leads to the system model as follows:
Fig. 1 shows an illustration of MEC in an IoT platform
where I0T device offload computation-intensive tasks to
nearby edge server, saving energy and reducing latency
while also reducing the backtrip network load. IoT
devices prefer to connect to their adjacent edge servers
because of latency limitations.

Define N' = {1,2,.., N} is a collection of edge servers.
Dynamic edge servers typically have limited capacity and
lightweight performance that can handle computation-
ally intensive tasks. In a MEC environment, the comput-
ing power of each edge server and the application sources
it serves are limited. Therefore, at the initial stage, edge
server computing resources are Q = {Q1,Qy, .., Qn},
where Qy is the quantity of resource units that are pro-
vided on the N-th edge server, and N irepresents the
accessible edge server.

Define M = {1, 2,..., M} is a set of mobile devices in the
IoT, which requests a batch of resources and has a bidding
price matrix Y = {y;; : 1 <i < N,1 <j < M}, where y;;
refers to the highest price that edge server i is willing to
pay. It should be noted that after the winner is determined,
buyer i only obtains computing resources from seller j.
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Fig. 1 Application case of MEC in the Internet of Things. Each mobile device bids for energy allocation from its nearest edge server, e.g.,, mobile
device 3 bids for edge servers 1 and 2, and the edge server is capable of supporting the local mobile device, eg, for edge server 1, the applicant
buyer is the mobile device 1. mobile device 2, mobile device 3 and mobile device 4

Here y; is used to indicate buyer i’s bid. For each buyer, the
valuation of edge servers is completely distinct since of the
different user service experience they can obtain in rela-
tion to latency of different edge servers. In this paper, it
is assumed that the computing task has indivisible atoms,
and the bidding price that the mobile device j is prepared
to pay several edge servers, also completely varied, which
depends on its location factor and preference with edge
servers. Edge server j requests x; to reward one item of ser-
vice. Based on this, multiple users can be served by edge
servers, while mobile devices rely only on edge servers to
provide services.

With IoT devices acting as buyers and edge servers acting
as sellers in a dual auction paradigm, the connection involv-
ing IoT devices and edge servers can be well characterized.
Typically, the supplier serves as the trusted third party who
adjudicates disputes between bidders and auctioneers, the
buyer and the seller, and the agent’s identity verification
and security analysis. The dual auction mechanism designs
matching strategy and pricing decision stage. During the
matching decision, the auctioneer identifies viable mobile
device and edge server matches and sorts them sequentially
(i.e. in descending order with reference to buyer’s bids and
ascending order with reference to seller’s bids). The match-
ing criterion between buyer i and seller j is expressed as
n(i) = j. The payment strategy depends on what the auc-
tioneer bills the mobile device for and what it pays the edge
server to conduct computational tasks.

Definition 1 (Mobile device’s utility.) The utility 1"?’
Ta for mobile device i means computing the difference
between task r;/’s true estimate and the cost it paid the
auctioneer cly . The utility of mobile device i relies on its
bid price y, buyer’s bid price other than buyer i)_;, and
seller X’s asking price, namely,

.y e Cy
I i Yoip X) = § 17 G2 i & =
i O Vip X) {O, otherwise 1)
Buyer s true estimate r; indicates the actual cost that
buyer i is prepared to pay to use its computer services. To
prevent artificial factors, the tender price should be equal
toy,=r.

Definition 2 (Edge server’s utility). Edge server utility
refers to the difference between the auctioneer’s expense
els- and the cost of performing the computation task p;.
Edge server j’s utility relies on its requested price x;, the
requested price of other buyers besides seller jX_; and
the given price of buyer ), namely

_p])r X € (Cs;
otherwise
(2)
The overall cost of mobile devices less the cost for the
edge server is the utility of the auctioneer, which can be
expressed as

F“chf—zef (3)

yie(Cy xie(Cs

_ (e
T, Y, X)) = {%yﬁ@y A

The expected attributes of the dual auction strategy are
shown as follows: (1) Balance of expenses: the auctioneer of
the dual auction strategy should achieve budget balance
without loss of costs during the transaction. That is, the total
cost of the edge server paid by the auctioneer shall not be
less than the expenses charged by the auctioneer for mobile
devices, namely, >, eC, c > >_xec, €- (2) Authenticity:
when an agent is unable to increase its return by reporting a
second false desired price 7;, a double auction plan is
thought to be genuine. In particular, if buyer i falsely claims
7; for the resources of seller j, its utility is lower than its gain
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at bid r;. (3) Economic utility: The system efficiency is refer-
enced in terms of the nature of social welfare, the quantity of
profitable transactions, and the utility of edge servers. In the
work, it is considered that its goal is to maximize the quan-
tity of profitable transactions [12]. (4) Rationality: It is
assumed that all participants are rational, that is, the auction
involvement will not result in any losses for anyone. In par-
ticular, the fee cly paid by the i-th buyer shall be less than its
bidding fee y;, that is, Cly < y;. The expenses of the j-th seller
¢j need to exceed its requesting s;, that is, &; > ;.

For a complete set of mobile devices and edge servers, a
group of mobile devices can be said to be feasible only
when the two following situations are true: that is, the
computing demand of selected mobile devices is lower
than the demand of edge server capacity, namely,
Zyi,j ec, = Qj; (2) All matching given prices are not less
than their required ones, cly <yi€ > x;

The purpose of resource allocation in the MEC system is
to obtain the group of winners, which involves buyer, seller,
and cost, to maximize the number of matches, and also to
meet the requirements of mobile device feasibility, namely,

max

Gyl (4)

which constraints are as follows: Zm ec, = Q and
cf <% e]S. > x;.

Pricing demand for mobile devices is based on demand
and supply changing over time. Therefore, dynamic pricing
mechanism is used to solve the above optimization scheme.
Being aware of the fact that in IoT applications, the number
of devices can be so large that its edge servers will generate
different requests across their computing power. Based on
this premise, its limited request power will be provided to
the most competitive buyer according to the equation
Zyw_ ec, < Qj of the proposed strategy below.

Dual auction mechanism in MEC system

In this section, two dual auction strategies are proposed
to deal with the energy distribution problem in MEC,
namely, the dual auction for break-even strategy and the
more realistic dual auction mechanism for dynamic pric-
ing. Break-even means a threshold above which a bid
price can be effectively picked in its trades.

Double auction resulting from breakeven

During the break-even dual auction strategy filter-
ing and candidate decision, this paper prioritized bids
and demands in a logical progression to decide the fea-
sible matching selection pair. Natural ordering refers
to the idea of going from the most competitive to the
least competitive, especially for requests in ascending
order X = {x1,%2,..,4N}, 0 <x1 <x3 < .. <xpn, in this
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paper, all the forward bids from the buyer are arranged
in descending order Y = {ya, b1»Yay byr s Yapbm 12 Vet
represents the bidding request sent by a,, of the buyer
to by, of the seller, and are the order of the m-th element
in ). Based on the above situation, the buyer may bid
against different sellers many times.

: Input: Y, X, Q;

: Output: C,,C,,C,,Cs,n

: Initialize C, + 0,C, < 0,C, < 0,C, < 0

: Arrange the the requirements of sellers in collection X in ascending order:
X ={z1,29,...,an},0< 2 <ap <. <ay

5: Arrange all non-zero components of Y in descending order to construct
Y = {Ya1,b1s Yaz bas s Yam b s Yar,br 2 Yasbs = Yo b

. Search X’s median as 2, which o = ¥+1

. Search bid break-even point, ¥ = arg max {ya, +1,6,41 < Ta}

s oW o o

=)

~

v

8: Choose seller’s asking price below break-even point X —
X\ {Za, Tag1, TN} ~

9: Choose buyer’s bidding price higher than break-even point Y <«
I\ W, 416,415 o Yam b

10: Yp = {Yay 0] Yaz0, > 0, }

11: for j=1 to m do

12: if ¢, >0 & bj <athen

13: Cy +CyUya; Cs + CsUmyp;

14: n(3) = bj, @, < @, — 1;

15: while y,, 1, € V, do

16: Vp = Vp\{Vay 0, } - mm—1
17: end while

18: else

19: if g, < 0 then

20: Vo = Vp\{Vay, ) mm—1;
21: while y,, 5, € Vp, Vv do

22: &Y 4 Ya;b;,Cy — {4}

23: end while

24: end if

25: end if

26: end for

27: while y,, 1, € Vp, ci’ =0do
&y n Gy ()
209: end while

30: ¢ o, Va; € Cy,Cs < {cf}
31: return C,, Cy,Cy, Cs, 1

Algorithm 1 Double Auction Based on BreakevenTo
reduce the cost of complexity, this article eliminates
unsuccessful buyers and sellers due to reduced breakeven
(lines 6-9). Breakeven depends on the number of sellers.
To strike an equilibrium between the amount of buyers
and the amount of sellers that are chosen, the median of
seller union X is defined as x,, where o = L%J. The
highest index value that can reach
9 = argmax {y,, 415,41 < %o} in Y is called its bid

thresholri. Then eliminate all requests higher than x,, i.e.
X « X\{¥o, Xg+1, .. XN }. According to the candidate
buyer, select all buyers above ¥, 415,41, ie,
Y <« j\{yav+1’hv+l, wes Yo bm } The seller and buyer can
only achieve the following two conditions, that is, their
bidding price is greater than or equal to their correspond-
ing asked price y,, 5, > %p, and gy, is still available for allo-
cation by the seller in demand. The element that
implements the first condition is populated with candi-
date set ), = { Yaibis Vapb; = xbi} in Algorithm 1, line 10.
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In this paper, performance feasibility factors are verified
from the most competitive bids (e.g., lines 11-26 in Algo-
rithm 1), where lines 13-18 indicate the situation where the
feasible capability requirements are met and lines 19-26 indi-
cate the situation where the feasible capability requirements
are not met. In order to achieve feasibility requirements,
both bidders and sellers are included in the candidate set,
ie,Cy <~ CyU { Ya; }, Cs « U{xbi } and bids for other edge
servers are removed from the array of potential buyers (e.g.,
lines 15-17), mainly because IoT prefers to handle edge tasks.

When the feasibility condition cannot be met, all energy has
been allocated to the corresponding request, and the remain-
ing energy is g, = 0. The payment decision of the viable
buyer selected for seller b; is the identical as the maximum bid
of the loss transaction ¢, < y,, 5, (e.g. lines 19-21 of the Algo-
rithm 1). In the winner decision and pricing phase, this paper
uses a trading approach to reduce the strategy to control the
eventual winner of the candidate and the amount paid to the
winner (as shown in lines 25-28 of Algorithm 1). The success-
ful buyer will be charged the price y,, 5, based on the bidder
who is not eliminated owing to viable energy requirements.
All chose sellers x; € C;are defined as receiving price x,.

Double auction with dynamic pricing

The efficiency of the break-even two-auction system is
limited because many viable buyers and sellers are not
included. The purpose of the dynamic pricing dual auc-
tion scheme is to retain as many practical matching com-
bines as you can while providing a viable price strategy.
Algorithm 2 describes the characteristics of dual auction
scheme of dynamic pricing mechanism.

: Input: Y, X, Q;

: Output: C,,C,,C,,Cs,n

: Winning Decision

: Arrange the requirements of sellers in collection X in ascending order:
X ={x1,20,..,an}, 0< @ <ap <. <ay

: Arrange all non-zero parts of ) in descending order to construct Y=
{Ya1,b0> Yasbos s Yam b+ Yar b = Yazbe = --Yam b -

6: Vp = {Ya; b5 [Ya; b, = To,41

7. for j=1 to m do

8: if qv; >0 then

9: Cy «+CyUy,; Cs CsUmyp;

0o nG) = by, &,

oW o e

@

11: while y,, », € Y, do

12: Vp = Y\ {Wa, 0, } mm—1
13: end while

14: else

15: Yp = Vp\{Way, } mm—1

16: end if

17: end for

18: Pricing Decision

19: for i=1 to N-1 do

20: ¢ 2i41,Cs  CsU{c}
21: c;’ — Tip1, V2 €Yy

22: C, < CyU {(j’}

23: end for

24: return C,,Cy,C,,Cs,n

Algorithm 2 Double Auction Based on Dynamic Pric-
ingThe winner’s decision is the same as the break-even
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double auction. Buyers and sellers are initially ordered
in a natural order such as lines 4-5 in Algorithm 2. Then
populate the C, and C; with viable matching buyer and
seller pairs. The first viable request was gently changed
to ¥4,b, = ¥p,+1 to properly price all winning buyers. In
particular, the buyer and the seller are considered feasi-
ble under the following two conditions, that is, their bid
price is greater than or equal to the next y,, ;, > xp,41 of
their corresponding demand price, and the requesting
seller also has the remaining energy to allocate g3, The
element implementing the first premise is added to the
candidate union Y, = {y4,5,Vah; = %, }. The actions
from lines 8-21 in Algorithm 2 are similar to those in
Algorithm 1. During the pricing decision phase, based
on seller j, its winning buyer Vy;; € Y pays %j+1. The j-th
seller’s payment is the j + 1-th seller’s asking price.

In dynamic pricing double auctions, x;,1 replaces xp,
to ensure feasibility. Such a measure reduces compu-
tational efficiency slightly, mainly because the number
of viable buyer y,, 5, > %41 is generally lower than the
number of y, ;. > xp, with x, < x5,41. To achieve its
authenticity, this paper slightly reduces the number of
matching pairs, mainly because this situation xy,; is the
key bid for all buyers (as shown in the theorem below).

Demo sample

To understand the working process of break-even double
auction and dynamic pricing double auction more clearly,
this paper gives a specific example with 5 sellers and 4
buyers by comparing with ICAM.

As for the break-even double auction, the demand
of sellers and buyers is ranked properly arranged
firstly, the median of & is found to be ug, (o = x3 =4,
the maximum number below u, is found in Y set,
namely y,+4,0,+1=1y45=3,9 =6. Then delete
the elements in X that are not less than u,, and
then delete the elements in ) that are not greater
than y42. Any bid Vy,,, € Y, has Yaibi € Vp-
Vp = {y23 =10,521 =813 =73 =6,)31 = 5}
in the case of x;, € X. During the winner decision and
pricing phase, this paper starts with the first element
in YVy,namely, y;3 for energy allocation. In the case of
q3 =2 >0, buyer 2 can fulfill seller 3’s needs. In the
case of C,=C,U2=2, C;=C;U3=3, this arti-
cle removes the union related to buyer 2 from })),. Each
seller in Cy gets paid alpha p, by all the winning buyers,
while in C, the buyer who doesn’t get paid has to pay
Xay,by = ¥3,1 = 5. The other collections in C, are the final
bids.

According to a dual-auction system with dynamic pric-
ing, buyers and sellers are arranged in a logical sequence
as a breakeven, as X={x =2, =3,x =4, =54 =6},

y= {}’2,3 =103, = 10,55, = 8,713 =7,Y43 = 6,731 =542 = 3,45 =3, Y14 = 1}
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However, in dynamic pricing dual auctions, this paper
does not treat the median price as a break-even point,
and matches bids and requests with appropriate viable
demands: y,, p, > xp,+1. Here we discuss the first ele-
ment y,3 = 10 in ), buyer 3 demands 2, and the mini-
mum number above 2 in & is 3. It is because y33 = 10 > 3
that y33 is padded into })),. Similarly, in candidate set
yp = {yz,a =10,y3,=10,¥51 = 8,513 =7, Y43 =6,¥3; = 57} ’
judge whether element y,, ;. in J, can meet the requirement
of gp, > 0 in turn. According to y2,3, g3 =2 > 0, buyer
2 and seller 3 will be filled into C, and C; respectively. ),
deletes yo,1. Buyer 2’s price is equal to seller 3’s payment,
which is the minimum asking price greater than seller 3’s
asking price. ¢) = ¢§ = 3. ), does the same for the rest
of the elements. In the end, we implement C, = {2, 3, 1}
Co=13,2} C;={c§ =3¢, =5} ¢,={d = =37 =5),
n=1{2—3),3—1),1— 3)

Incentive compatibility auction scheme based on a
1-to-1 service mode, in which one mobile device will only
be supported by one edge server, and a mobile device can
only give a price on one edge server [18]. The incentive-
compatible auction strategy still chooses to ask for the
median price as the break-even point and pay the win-
ning side. When multiple buyers bid for the same seller,
the highest bid from the unsuccessful bidder is used as
the buyer’s price for the winning seller’s support. In the
case of a bid from only one buyer and the service being
awarded, the minimum bid above or equal to the break-
even point serves as the buyer’s price. Therefore, there are
the following: C, = {2,3},C, = {3,1},C; = {c¢ = ¢} =4},
Cy={c,=7¢c=5Ln=1{23),3D}

In short, it serves 3 mobile devices in the break-even
dual auction, 4 mobile devices in the dynamic pricing
dual auction, and 2 mobile devices in the incentive-com-
patible auction.

Economic attribute

Lemma 1 Both designs have computational efficiency,
and the computational complexity of break-even
double auction and dynamic pricing double auction is
O(N?M?).

Proof

According to the 2 row of the break-even double auction in
Algorithm 1, quicksort has the worst-case computational
complexity of O(NlogN). Correspondingly, given that Y
can be as long as NM, row 3’s computational complexity
is O(NMlog(NM)). It can also be concluded that 9 to 24
have a computational complexity of O(N>M?). Therefore,
Algorithm I's computational complexity is also O(N>M?).
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Accordingly, for the dynamic pricing dual auction mecha-
nism demonstrated in Algorithm 2, Quicksort’s compu-
tational complexity is O(NlogN) and O(NMlog(NM)),
accordingly, relying on the worst-case scenario of rows 2
and 3. With a O(N>M?) computing complexity, the fol-
lowing lines 5-17 are also provided. After the winner is
determined, the maximum length of ), remains NM.
The cost complexity of rows 7-19 is: OINM(N — 1)). The
computational complexity of the whole Algorithm 2 is:
O(N?M?).

Theorem 1 Both break-even dual auction mechanism
and dynamic pricing dual auction mechanism satisfy
individual rationality.

Proof

Individual rationality means that nobody should be
harmed by, participating in an auction. In particular,
the price €i =i paid by the i-th buyer should be less
than its bid price y;, that is, Cfl < ¥i. The paying price of
the j-th selling ¢, should be higher than its selling price
8j, that is, ¢; = X;. According to the break-even double
auction mechanism, when the utility of all agent is posi-
tive, it satisfies the rational needs of individuals. When
the bid or asking price is unsuccessful in the auction,
ie y; ¢ Cp % ¢ Cs, the bid price or asking price utility
will be zero. With respect to seller j, which obtains pay-
ment C; = X and his price is xj- In line 3-12 of the Algo-
rithm 1, according to the condition of monotone order-
ing, the necessity of xj € Csis j < a, then Xa = %j. In the
case that buyer i successfully wins the auction, it can be
divided into two settings based on the residual utility of
the matching edge server. (1) In the case that the match-
ing edge server is entirely allocated q; <0, the maxi-
mum bid of the failed transaction is charged by buyer i
(as shown in line 22 of Algorithm 1). In the case of buyer
i winning the deal, which bid must be greater than the
one charged. On the contrary, buyer i is charged less than
its bid break-even price y,, 1 p,+1. S0 both buyers and
sellers of the break-even double auction mechanism meet
a single rationality. With repect to the dynamic pricing
dual auction mechanism, this paper merely matches the
bids and demands suitable for the feasibility conditions,
that is, yij > xj11. At the same time, such as in line 6, 20
and 21 of Algorithm 2, based on the pricing process, the
auctioneer charges the mobile device and pays the same
price to the edge server xj 1. Therefore, its utility for the
buyer is the difference between the real valuation and
the payment, that is, y; —xj11. Correspondingly, with
respect to seller j, the payment is greater than the asking
price xj41 —x; > 0.
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Lemma 2 [n the case of sz = Cgl , the price is monotonic
for ¥y = Yiand ¢y =z ¢jfor Vxj < x;.

The suggested auction mechanism’s monotonicity is
understandable, since small bids will cause users to
backslide in the order. In the case of bids or offers in the
winner union, the price method won't be influenced by
publicly available bids or offers.

Theorem 2 The postulated break-even double auction
mechanism is true for both buyers and sellers.

Proof

As stated by the study in literature [19, 20], bid monotone
auction is based on reality if and only if it has been collect-
ing important bids from the winning buyer and paying
important demands from the winning seller. For successful
buyer i, if buyer i succeeds in submitting y;, > C;y and fails in
submitting y; < cly , then (:3/ is extremely important because
other people’s submissions remain constant. Analogously,
for successful seller j, if the submission Xi < Cf succeeds for
seller j and the submission Xi > C]S' fails, then c; is very
important because the submission of others remains con-
stant. With respect to sellers, in the case of xj < X the suc-
cessful seller will be saved in the winning table. Under the
condition that seller j requires x; > x,, it will be deleted
Jfrom the winning sequence C, based on the break-even dou-
ble auction strategy. Therefore, x, is a key requirement for
all sellers. There are two scenarios for a buyer’s key bid.

(1) Under the condition that gj < O of the entire alloca-
tion of its corresponding edge server, the maximum
bid for the lost transaction (expressed as yv) is col-
lected by buyer i (as shown in Algorithm 1, line 22).
According to the case, the maximum bid to lose a
deal at edge server j is the key bid for a successful
buyer at seller j. The winning buyer i for seller j will
be in the peak union of buyers among the processing
power of edge server i and will therefore be chosen
as the winning buyer for that seller. Under the con-
dition that buyer i gives the price y; < y,, it will be
placed after y,. y, instead of ¥; will then be chosen.

(2) On the contrary, buyer i will be charged based on
the break-even price Y4,+1,5,+1, which is the key bid
based on all successful buyers in such setting. For
the bid-winning buyer i, under the condition that
his bid y;; > ¥4,+1,6,+1, it will be saved in the set of
the first ;3 buyers. In the above environment, buyer
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i also exists in the winning union. In the other
case, buyer i will no more be chosen if the bid is
¥i < Ya,+1,b,+1, and sorted behind.

To do this, the buyer pays his key bid and the seller
gets his key demand in a break-even double auction. In
addition to monotonicity, this paper also verifies that the
proposed break-even double auction is true for both buy-
ers and sellers, likewise avoiding the economic resistance
caused by exploitation.

Theorem 3 The authenticity of the presented dynamic
pricing dual auction

Proof

During the pricing is confirmed in a double auction based
on dynamic pricing, seller j, its successful buyer Vyij € Cy
pays xj+1. The payment information of the j-th seller is the
price demanded by the ] t 1-th seller. ;. , is the key bid
for seller j to win over buyer. For buyer i who wins the bid,
if the price given by buyer i is updated to y; < xj11, line
6 in Algorithm 2 will not be chosen in Cy. Once its bid is
Yi = Xj+1, buyer i is elected the winner. Therefore, the price
charged to all buyers is the key price given in the dynamic
pricing double auction mechanism, and due to its monot-
onous nature, the dynamic pricing double auction mecha-
nism has authenticity relative to the buyer.

In contrast, break-even double auction has realized a
real effect on both buyers and sellers, but its utilization is
constrained rather than the decision-making mechanism
based on break-even winner. Compared with the break-
even dual auction mechanism, the dynamic pricing dual
auction strategy is more efficient, but it is at the expense
of the authenticity of the seller, because one seller can
support numerous buyers and all viable sellers can
choose under the condition of no break-even. The only
lucky thing in MEC systems is that it is easier for service
offers to police edge servers than mobile users. For exam-
ple, a supplier of services must use its historical request
information and behavior policy to find out its true value
for edge servers. In MEC system, the service provider can
adjust the action of the edge server policy conditions, in
order to optimize its efficiency, dynamic pricing mecha-
nism of double auction as the first choice, and moni-
tor the service provider in the edge server failure cases,
break-even double auction mechanism is considered to
be the choice of protecting a strong setting.
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Experiment setup and performance analysis
Experimental setup

In the application range of size 800 x 800w, This arti-
cle assumes that there are 100 users in the application
scope. The user asks for the price of the resource (such
as the j-th user’s bid of y;), which gives the price The
user’s price is uniform distribution-based arbitrary itera-
tion in the interval [0, 20], and no other conditions are
involved. At the same time, edge servers are defined to
sell their processing costs within the asking price range
in the interval [2, 10]. The processing power of the MEC
server is limited between 200 MHz and 1GHz. The pro-
cessing power requested by the smart agent is 90 MB,
and the amount of CPU cycles required for its resource
processing is defined in the range of 120 Megacycles and
2 Gigacycles. The quantity of channels accessible in one
of the base stations is about 100, which proves that it is
constrained by the communication capability, and a base
station can connect with 100 mobile devices at the same
time. The various performances of DABM and DADPM
designed in this paper are compared and verified with the
previous ICA.

Performance analysis

Figure 2 presents a comparison of the utility of DADPM
and DABM used by buyers and sellers on different num-
bers of mobile devices. From Fig. 2(a), it can be con-
cluded that the total utility of mobile devices based
on DADPM is much larger than that based on DABM,
and the main reason is that DADPM greatly increases
the number of successful matching transactions. What
is more fascinating here is that in the case of DABM,
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when there are fewer than 40 buyers, the utility of suc-
cessful buyers will increase significantly, while in the
case of a very large number of buyers, its utility will
increase very gently, or even There are signs of decline.
This means that the break-even and pricing mechanism
plays its part, px}\?cisely because in the case of x; > x,,
a maximum of 2 sellers are selected, which has been
eliminated very much in DABM due to its extremely
constrained processing power Viable deal matching.
Also, any buyer will become fiercer as the number of
buyers rises, and the price paid by all its winners will
rise with it, and therefore the utility of all winners will
fall with it. However, the sum of its victorious deals
did not rise as much, causing total utility to decrease.
Figure 2(b) shows the comparison results of the utility
of edge servers on different numbers of mobile devices
due to the adoption of DADPM and DABM. Figure 2(b)
verifies that adopting DABM produces slightly more
edge server utility than adopting DADPM, because its
pricing strategy dictates that the paid price is slightly
greater than its asking price.

Figure 3 verifies the comparative results of its various
algorithms according to the quantity of profitable trans-
actions. Figure 3(a) shows a comparison of the number
of effective matches achieved utilizing DABM-based and
DADPM for different numbers of buyers. From Fig. 3(a),
it can be concluded that the successful transaction value
of DADPM is often greater than that of DABM. As the
number of buyers continues to increase, the advantages
of DADPM will be more obvious. The ICA scheme com-
parison is not given in Fig. 3(a) because the number of
buyers is controlled by the number of sellers and will be
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Fig. 2 Buyers and sellers use the utility of DABM and DADPM. The utility of a winning buyer or seller is the sum of the utilities of all winning buyers

or sellers
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Fig. 3 Different scenarios are compared for the number of successful transactions

constant in the figure (defined as 8 in this paper). Using
DADPM and using DABM significantly outperforms ICA
as shown in Fig. 3(b), because the edge server can only
serve its mobile devices in the ICA scheme. DADPM
outperforms DABM because DADPM fails similarly for
the purpose of eliminating viable trade matches using a
break-even strategy.

Rationality & balance

The bid, price, and ask prices of DABM and DADPM
for more than 60 buyer-seller matching pairs are veri-
fied in Fig. 4(a) and (b). Any bar in the histogram rep-
resents the price of its matching pair success. Since
there exist more successful matching buyers and sell-
ers in the DADPM transaction than in the DABM, the
histogram in the DADPM histogram is denser than
the histogram in the DABM. For DABM, due to the
problem that the price charged by each winning buyer
is different from the payment price paid by each win-
ning seller, its price and payment are displayed as
depicted in Fig. 4(a). For DADPM, the price charged
to each winning buyer and the payment rewarded
to each winning seller are the same, so its pricing
expresses both price and payment. It follows that for
DABM and DADPM, each winning buyer is charged
no more than their bid price, and each winning seller
obtains no less than their asking price. Therefore,
BDA and DPDA are the existence of individual ration-
ality, which shows that their agents have enough rea-
sons to join the trade.

Figure 5 verifies the authenticity of buyers and sellers
in DABM and DADPM. From Fig. 5(a), it can be con-
cluded that in DABM, if the buyer’s bid is less than its
threshold, it will fail the transaction, and its utility will

be zero. Provided that its bid is above its threshold, the
utility will be a constant no greater than the threshold.
Meanwhile, the actions of sellers and buyers will be illus-
trated by Fig. 5(b) and (c).

Result & discussion

Although this paper deals with MEC, the algorithm
designed can be easily extended to other scenarios
such as VANET and other MEC scenarios, provided
that users and edge servers are utility-oriented and
have local thinking strategies. In the case of mobile
users, the connection involving edge servers and
mobile devices in terms of space and time will be vari-
able. User configurations such as those that are cov-
ered by edge server services may be moved out of the
prevailing edge server service scope, and there is still
a risk of a longer delay before they are unloaded to the
prevailing edge server, so it is necessary to update the
selection location relationship and unloaded at any
time. This article assumes that the location relation-
ship that exists between the user and the edge server
is constant inside a time frame. In the designed strat-
egy, the buyer’s bid matrix, which shows each time slot
requires a change to the spatial and temporal interac-
tion between mobile devices and edge servers. After
the design of the updated bid matrix is completed, the
designed DABM and DADPM can be easily ported to
the mobile case.

In the future, various computing applications will be
designed on the MEC server. Any mobile device will
simultaneously offload different types of computing
resources to the edge server, and the edge server is dif-
ferent from the mobile device in terms of processing
computing resource types. Therefore, we'll take into
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Fig. 5 Buyer and seller authenticity

account the diversity of edge servers based on their
computing capabilities and service computing applica-
tion services. Especially for resource allocation strat-
egy design, its feasibility requirements and bidding
matrix will be completely different. Incentives will also
be set up in future work to encourage the continuous
participation and updating of its mobile devices and
edge servers.

Conclusion

This paper studies the joint optimization issue of net-
work economy and resource allocation in MEC, whose
edge servers will provide a variety of mobile devices
nearby. Two dynamic pricing dual auction rules, DABM
and DADM, are designed in MEC, which are both veri-
fied to be suitable for economic characteristics. Exten-
sive simulation experiments verify the effectiveness of

(b) ()

the suggested algorithm, and the experimental outcomes
show that DADPM and DABM have achieved significant
improvements in MEC system efficiency performance.
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