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With the development of satellite-terrestrial technology and the popularity of the Internet of Vehicles, how to improve the
efficiency of mobile cloud computing (MCC) has become the next concern. However, the resource of cloudlets is not sufficient
to perform large-scale computation tasks, or some applications designed to run on vehicles have more efficiency executed on
vehicles than executed on cloudlets. Additionally, it is still challenging for platforms to motivate mobile vehicle owners to join
in the process while the existing mechanisms cannot provide all the desired properties in cloudlet scenarios. To this end, we
design a satellite-terrestrial IoV based on an incentive mechanism for computation offloading (IMCO) in mobile edge
computing to motivate vehicle owners to perform computation offloading tasks so as to oftfload certain kinds of tasks to the
mobile vehicles. By optimizing the MCC model, we integrate auction theory into the mechanism to ensure individual
rationality, budget balance, system efficiency, and truthfulness for both sellers and buyers. Through rigorous theoretical
analysis, we prove that our mechanism can achieve computational efficiency under the condition that all algorithm outputs be
computed in polynomial time. Both theoretical derivations and numerical calculations prove that all the desired properties of

the mechanism hold.

1. Introduction

Along with advances in computing and communications
technology, the Internet of Vehicles (IoV), which is gradu-
ally replacing conventional Vehicle Ad-hoc Networks, is
becoming popular worldwide and creating a promising
vision for transport systems. According to a recent report
by Allied Market Research, the global IoV market is
expected to exceed 200 billion by 2024. IoV is a distributed
network [1] of huge commercial and research value that sup-
ports the use of data created by connected cars and vehicular
ad-hoc networks (VANETS). Today, the design, implemen-
tation, and management of IoV technology rely heavily on
modern cloud computing technologies, which play a central
role in linking isolated vehicles into an organic network in
which data are being processed primarily. However, consid-
ering limitations such as the size of the data and the stability
of the channel, cloud computing struggles to process effi-

ciently and could cause fatal latency [2]. According to a
McKinsey & Company estimate, connected cars create up
to 25 GB of data per hour. With such huge amounts of data,
we need to consider new computing technologies [3]. Mobile
edge computing is an emerging paradigm in IoT systems [4]
that offloads data processing to the mobile which localizes
data processing and enabling services to be functional [5]
even if connectivity between the vehicle and cloud is absent.
In addition, some applications which are suitable for run-
ning on vehicles have more efficiency executed on powerful
mobile vehicles than executed on cloudlet.

However, implementing mobile edge computing for
computation offloading still faces several challenges [6].
First, requisitioning a viable and suitable mobile vehicle for
computing takes up a user’s personal resources, and it is dif-
ficult to convince users to volunteer their mobile vehicles
without rewards. Therefore, we need to design a flexible
and reasonable incentive mechanism to encourage users to
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willingly provide their vehicles as computation resources [7].
Second, the complex physical environment in which cars
travel [8], such as unstable signals and frequent congestion
or crashes, places high demands on the stability and capacity
of communications. Therefore, we design to adopt a
satellite-terrestrial network [9] on IoV [8] to overcome the
implementation difficulties. With seamless accessibility to
overcome the coverage and distribution limitations of RSUs
and BSs, it could provide macroscopic management to
improve overall network efficiency and resource utilization
at a low cost. Third, resource allocations [10] and computa-
tion offloading transactions require low time delay or there
is no necessity to conduct it. Therefore, we design costumed
algorithms during different stages which guarantee system
and computation efficiency [11]. Lastly, the battery capacity
is still a limitation of supporting energy consumption [12].
Luckily, with the popularity of fast charging technology
[13], the charging efliciency of vehicles is greatly improved
[14], since the development of low delay wireless charging
technology [15] and the convenience of using wireless charg-
ing [16]. By using wireless charging technology [17], users
can charge their mobile vehicles anytime and anywhere
[18]. Therefore, with the development of fast charging tech-
nology and wireless charging technology, the problem of
energy constraints can be relieved [19].

In order to overcome the above challenges, we propose
an incentive mechanism for computation offloading
(IMCO) that maximizes the motivation of vehicle owners
to perform computation offloading tasks while guaranteeing
the system stability and the privacy of participants. More
specifically, we first investigate the auction theory and inte-
grate it into Mobile Cloud Computing (MCC) scenarios
for computing offloads, where the problem of resource
allocation was redesigned according to demand. Then, we
propose the sealed-bid auction model which achieves consis-
tent asks of mobile vehicles and variational offer of cloudlets
as well as many desirable properties such as individual
rationality, budget balance, truthfulness, and computational
efficiency. To further illustrate the mechanism of IMCO,
we design three algorithms for different phases within an
auction and further use an example to demonstrate the
process in detail. By rigorous theoretical analysis, our pro-
posed mechanism is proved to achieve the four proposed
desirable properties and close-to-optimal performance.
Finally, we carry out extensive simulations of our proposed
mechanism by testing the performance on a dataset gener-
ated by distribution functions by analyzing six indexes of
different aspects.

The main contributions of this paper are high-
lighted below.

(1) We propose an incentive mechanism for computa-
tion offloading (IMCO) based on satellite-terrestrial
IoV. The feasibility and the advantages of our design
are also discussed

(2) IMCO solves the problem that remote cloud server is
not that sufficient to perform large scale computa-
tion tasks which will greatly encourage users to join
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in with computation offloading even further helps
to shape a good user environment and provides the
basis for widespread commercialization

(3) We apply the auction theory in economics to the sce-
narios in which computation tasks are offloaded to
the vehicle owners. Since the existing auction algo-
rithms cannot achieve all the properties when they
are applied to computation offloading in MCC with
cloudlets and vehicles as homogeneous items

(4) We theoretically prove that our proposed mecha-
nism is more suitable for real-life scenarios as it
achieves truthfulness. Extensive simulations verify
that all previous proposed desirable properties are
satisfied

The rest of this paper is organized as follows. Section 2
discusses the related work. Section 3 describes our system
model and formulates problems. Section 4 designs the algo-
rithm and the mechanism as well as carries out a theoretical
analysis. Section 5 presents simulation and performance
results of our proposed mechanism. Section 6 concludes
the paper.

2. Related Work

In this part, the related work is divided into two groups:
incentive mechanisms especially for mobile cloud comput-
ing and auction mechanisms used in economics.

Mobile edge computing is an emerging paradigm in the
current IoT system. Based on the concepts of cloud comput-
ing and mobile computing, MCC was built relying on wire-
less networks and focusing on the construction and
interaction of physical devices and virtual resources. So,
there are a number of studies and researches about different
applications in MCC, such as online translation service with
MCC and big data storage strategy for MCC. Nevertheless,
there is little research about the incentive mechanism. In
the scenario, the auction must deal with items with comple-
mentary and replacement relationships.

As what we illustrated in Section 1, even if the auction
theory is well developed and applied, the existing auction
algorithms are not suitable to apply in computation offload-
ing from cloudlets to mobile vehicles. Because of incom-
pletely satisfying the desirable properties, Vickrey auction
[20] has the properties of individually rational, budget-
balanced. However, it cannot deal with cheating behavior;
therefore, it is susceptible to market manipulation. McAfee
in [21] focuses on the auction of nonidentical items. In other
words, buyers do not lean to auction commodities. When
the auction begins, every buyer makes their offer only once
and each seller asks for a price. After that, the auctioneer
ranks the offers in a nonascending way and asks in a nondes-
cending order to find out the minimum possible offer and
maximal possible ask; then, determining the winners in
buyers according to their bids. That is, their bids are larger
than or equal to the maximum possible ask. And also deter-
mining the winning sellers relies on the same rule. Next, the
auctioneer generates two prices: clearing price and clearing
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payment. Every buyer must submit the clearing price to the
auctioneer. In the meantime, each seller gets rewards that are
equal to clearing payment. Notwithstanding, McAfee cannot
be applicable to the computation offloading scenario, since
the mechanism aims at auction of homogeneous items. Even
if it achieves all the desirable properties, in the scenario, each
mobile vehicle will be rated differently from cloudlets rely on
different factors, such as latency [6], quality of service, com-
munication overhead, and computational capabilities.

Considering the homogeneous commodities, TASC [22]
includes two phases: winner determination phase and pric-
ing phase. In the first stage, the auctioneer filtrates inappo-
site sellers and buyers to determine the first-stage winners.
In the second stage, the auctioneer implements the McAfee
mechanism to determine the clearing price and payment.
Although the scenario of TASC is close to mobile cloud
computing with cloudlets, there are still some defects by
applying TASC in the cloudlet scenario. Because of the dis-
tinct feature of cloudlets, TASC cannot support truthfulness
for buyers even if it can guarantee truthfulness for sellers and
other properties.

Our previous work proposes a computation offloading
incentive mechanism [23]. Compared to [23], this paper dis-
cusses how to unload some types of applications to mobile
vehicles by encouraging vehicle owners to perform comput-
ing unload tasks. By optimizing the MCC model, we
integrate auction theory into the mechanism to ensure indi-
vidual rationality, budget balance, system efficiency, and
truthfulness for both sellers and buyers. IMCO maximizes
the motivation of vehicle owners to perform computation
offloading tasks. In addition, IMCO can assign more than
one mobile vehicle for a single cloudlet in a temporary state.

3. System Model and Problem Formulation

In our system architecture shown in Figure 1, there are three
main parts: the satellite-terrestrial networks (STNs), the
vehicles, and the cloudlets. STNs are the integration of satel-
lite networks and terrestrial networks [24], consisting of one
or more satellite systems and land-based stations, which effi-
ciently disseminate information through wireless channels
[25]. In the architecture, computational tasks on cloudlets
can be oftloaded to vehicles within coverage [26], while vehi-
cles are simultaneously free to choose to perform computa-
tional tasks from all cloudlets covered by their current
locations via STNs.

There are lots of vehicles around one cloudlet, the per-
formance of some vehicles may be too weak to carry out
computation-intensive tasks. To lift efficiency, the cloudlet
can use auction mechanisms to offload computation tasks
to other high-performance vehicles so as to reduce the com-
munication overhead and improve efliciency [27]. Each
vehicle will be rated differently from cloudlets based on dif-
ferent factors, such as latency, quality of service, communi-
cation overhead, and computational capabilities [28]. On
the other side, vehicle owners can be rewarded for providing
computation resources and compensated for communica-
tion costs [29]. As in most real cases in the auction market,
both the buyers and the sellers can get benefits from the

transactions, that is, car owners can get paid to be incentiv-
ized to share its resource [30]. When the computation off-
loading is applied in the mobile edge computing, every
cloudlet bids when it needs extra computational perfor-
mance, and it submits the offers to the auctioneer [31].
Then, the asks of vehicles are also submitted. The auctioneer,
also known as a control center, will allocate m vehicles
among # cloudlets according to the outcome of IMCO, con-
sequently reducing the communication overhead and the
latency so that the services will be affordable.

3.1. Resource Allocation for Mobile Vehicles. As the structure
shown in Figure 1, there are lots of mobile vehicles around one
cloudlet, and some performance of vehicles may be too weak
to carry out some computation-incentive applications. The
cloudlet can provide service to running applications for those
vehicles. However, some tasks rely on particular hardware
such as DSP, ISP, and NPU. The virtual machines may solve
the problem by hardware virtualization. But the efficiency of
virtualization is very low due to the structure of vehicles. The
integration level of vehicles is much higher than cloudlet, so
there are some applications using heterogeneous computing
combining the advantages of CPU, GPU, NPU, ISP, and
DSP. And lots of hardware are designed to process specific
tasks. Hence, using virtualization is not a suitable solution.
One cloudlet may serve several low-end mobile vehicles at
one time; to lift efficiency, cloudlet can use auction mechanism
to offload computation tasks to other high-performance
mobile vehicles. The close range of high-performance mobile
vehicles can be exploited to reduce the communication over-
head and improve efficiency. Each mobile vehicle will be rated
differently from cloudlets rely on different factors, such as
latency, quality of service, communication overhead, and
computational capabilities. Some cloudlet may need more
powerful computation capabilities to achieve computation-
intensive tasks, and others may prefer a low communication
latency to respond to their clients more quickly.

On the other side, vehicle owners can be rewarded for
providing computation resource and compensated for com-
munication cost. As most real cases in the auction market,
both the buyers and sellers can get benefits from the trading,
that is, vehicle owners can get paid such as bitcoins to be
incentivized to share its resource, and the tasks which are
oftfloaded to the mobile vehicles should be done in given
times. Especially, cloudlet must pay no less than the cost of
the vehicle owner providing such computation resource.

In an area, the more computation oftloading tasks, the
higher the resource utilization of the mobile vehicles. In
order to maximize the use of resources, the auctioneer
should accurately allocate the mapping mobile vehicles’
resources to the assigned tasks from cloudlets. Mobile vehi-
cles only care about the cost of renting their resources.
And the cloudlets’ offers are adjustable. The performance
of mobile vehicles varies from field to field and according
to the auction model will be calculated to determine the right
winning bidder.

3.2. Auction Model. The computation oftloading is applied in
the MCC scenario which is illustrated in Figure 1. Every



Cloudlet

PRI

Wireless Communications and Mobile Computing

&/ Base station

.......................................

FiGURrk 1: The system architecture of satellite-terrestrial IoV.

cloudlet bids when they need extra computational perfor-
mance, and they submit their offers to the auctioneer. Then,
the asks of mobile vehicles are also submitted. The auction-
eer also known as the control center will allocate m mobile
vehicles among n cloudlet according to IMCO, consequently
reducing the communication overhead and the latency so
that the services will be affordable.

To achieve truthfulness, the sealed-bid auction model is
necessary. That is to say, each cloudlet (mobile vehicle) can
upload its bid (ask) secretly to the auctioneer so that every-
one’s information including buyers’ bids and sellers’ asks is
invisible to others. As Table 1 depicted:

(i) For each cloudlet ¢;eC, C = {c,¢,,"*,¢,}. B; = {B},B?
,+++,B"} is defined as bid vector, where B! is the bid
for mobile vehicle mjeM, M = {m;, my,--, m,}.
The matrix of bids including all the bid vectors of
all cloudlets is denoted by B = {B;;B,; --;B,,}.

(ii) For each mobile vehicle m;eM, its ask vector is
defined as A = {A},A,,"+,A,,}, where A; is the ask
of mobile vehicles m;eM

As you can see, the asks of mobile vehicles are
consistent no matter which cloudlets are since the mobile
vehicles only care about how much payment for renting
their resources.

On the contrary, the offer of cloudlets is variational
respecting different mobile vehicles due to the weights of dif-
ferent tasks are distinct, and the performance of different
mobile vehicles of different fields is different.

The auctioneer will calculate to determine the winning
mobile vehicles C.eC and winning cloudlets M, €M, also
define a mapping o between C, and M, the price P{ is
charged from winning cloudlets M,, € MeM, and the reward
P to C.€C. In particular, Pj; is denoted as the price charged

to cloudlet ¢; from mobile vehicle m;, and Pj; is defined as

]‘)
payment rewarded to mobile vehicle m; from cloudlet c;.
We are also concerned about the utilities of cloudlets and

mobile vehicles in the mechanism. There are two factors that
affect the utilities. The first one is the evaluation of cloudlets
toward the services provided by mobile vehicles, and the
next one is the cost of providing such computation

resources. So, we defined V{ as the valuation toward mobile
vehicle m; rated by ¢;. V; = (VL,V%,.--,V™). Hence, we can
have the utility of ¢; and m; as below.

VI-P, ifceC,,

U =
0.

m .
Ui - { P}' = Cost, if m;eM,,
m

otherwise,

(2)

0. otherwise.

As what (1) and (2) expressed, the utility Ui >0 only
when cloudlet ¢; is allocated to a mobile vehicle m;. The
higher U’ is, the more satisfying the cloudlet will be. On
the other side, the utility U/, illustrates the profit the mobile
vehicles received, since it is equals to the remainder of the
received reward over its cost.

3.3. Desired Properties. As what we have depicted, the
auction model has several inputs: C, M, B, and A.
Correspondingly, the auctioneer adopts an auction mecha-
nism to calculate a series of results: C,,, M,,, and 0. A well-
designed auction mechanism must have the properties
as follows.

(i) Individual rationality:
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TaBLE 1: Notions.

Symbol Definition

o Cloudlet

G Cloudlets with positive eyaluation toward mobile
vehicles

n Total number of cloudlets

m Total number of mobile vehicles

m; Mobile vehicle

C Set of cloudlets

(ol Cloudlets with positive evaluation

M Set of mobile vehicles

C, Set of winning cloudlets candidates

M, Set of winning mobile vehicles candidates

Cyy Set of winning cloudlets before filtering

My, Set of winning mobile vehicles before filtering

Cy Set of winning cloudlets

M, Set of winning mobile vehicles

C Nonincreasing order of C*

M Nondecreasing order of mobile vehicles

a'() A function that maps from M, to Cy,

o() A function that maps from M, to C,,

B{ Cloudlet ¢; biding on mobile vehicle m;

B; Cloudlet ¢;’s bid vector

B Bid matrix of C

A Ask of mobile vehicles m1;

A Ask vector of M

A Ask vector of all sellers not including m;

Vi Valuation of m; rated by ¢;

V; Valuation vector of ¢;

Cost; Cost of m; performing computation offloading tasks

P Price that is charged to ¢;

Py Reward price paid to m;

P Price that is charged to c; for m;

Pg1 Reward price paid to m; with allocated ¢;

U; Utility of ¢;

Uy Utility of m;

U; Utility of ¢; with allocated m;

Ui Utility of m; with allocated ¢;

P, The set of clearing price that is charged to C,

P The set of clearing rewards to M,

P<BlYc eC,, (3)

P72 A;Vc; € CpYm; € M, (4)

The formula shown in (3) means that the winning cloud-
let is charged less than or equal to its offer. The formula in
(4) shows that the winning vehicle is paid more or equal to
its ask.

(ii) Budget balance:

Y Pz Y P (5)

c;€C, mieM,,

The formula above shows that the total rewards that the
auctioneer gives to all winning vehicles are more or equal to
the sum of prices that all winning buyers submit to the
auctioneer.

(iii) Truthfulness. An auction algorithm is said to be

truthful if and only if
Ui(e» Bj) 2 Ui(cp By), (6)
U (mjr,A_j) > U (mjr,A_j). (7)

B_; means that the bid vector without the cloudlet ¢; and
A_; means that the ask vector of all sellers not including m;.
Such that a cloudlet cannot improve its utility by faking a bid
different from the true valuation of a vehicle and no vehicle
can fake the ask different from its cost. U achieves its max-

imum only if
B,=V,Vc €C. (8)
The U7" achieves its maximum only if

Aj=C;m; e M. (9)

(iv) Computational Efficiency. The outputs of the
auction mechanism, ie., C,, M,, o, P., and P}
should be calculated in a polynomial time concern-
ing n and m

As what we have depicted, the auction model has those
input: C, M, B, and A. Correspondingly, the auctioneer
adopts auction algorithms to calculate a series of result: C,,
, M, 0, and (referring to Table 1). A well-designed auction
mechanism must have the properties as follows.

3.4. Technical Challenges. As the what we argue in Section 2,
the existing auction algorithms cannot achieve all the prop-
erties when they are applied to computation offloading in
MCC with cloudlets and mobile vehicles as homogeneous
items. The example shown below illustrates that TASC auc-
tion mechanism in [22] cannot support truthfulness for
buyers despite the support of the other desirable properties.

Table 2 shows a matrix of bid in which the value of dif-
ferent mobile vehicles rated by different cloudlets are
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TaBLE 2: Bid matrix. TaBLE 3: Ask vector of mobile vehicles.

m m, m; m, s My m, Mobile vehicle ~ m; m, my; my mg; mg m,
(> 0 7 0 0 10 5 0 Ask 2 3 9 5 1 4 7
¢ 0 1 2 2 0 0 8
@« 0 0 0 e s 0 0 @ O O O O
[ 10 0 0 0 0 0 6
Cs 6 0 9 8 0 0 0

different. And Table 3 shows the ask vector of mobile vehi-
cles which has the same value of the cost of providing com-
putation resources. To illustrate the lacking truthfulness of
TASC applied in this scenario, supposing that the auctioneer
uses an algorithm to maximize the overall QoS. The TASC
mechanism has two stages: the first step is to determine
the winner and the next one is to determine the price. The
mapping of winning cloudlet candidates and winning
mobile vehicle candidates is shown in Figure 2.

In the second stage, we get the result of final winning
cloudlet: ¢; and ¢,, the winning mobile vehicles: m, and m;
, the P; =8 and P! = 6. It is clear to see that the utility of
¢; is 0 according to equation (1).

If cloudlet ¢, cheats the auctioneer by submitting bid dis-
honestly. That is, ¢; increases its offer B by adding a variable
A which is larger than 1, since 9 + A > 10, the new result of
winner mapping is shown in Figure 3. The winning cloudlets
are changed to ¢, and ¢; which is still the same value as in
Figure 2. The utility of c; is changed to 9-8 = 1. Hence, ¢;
can improve its utility by faking its bid. It means that TASC
auction mechanism is not suitable to the scenario that we are
interested in. In Section 4, we propose a truthful double auc-
tion mechanism called IMCO, which can achieve all the
desirable properties illustrated in Section 1.

4. Mechanism Design

As we illustrated in the background, truthful Vickrey auc-
tion [20] cannot guarantee truthfulness and other properties
at the same time. However, the McAfee auction mechanism
cannot be directly used in MCC with cloudlets and mobile
vehicles as heterogeneous items. TASC auction mechanism
is extending the McAfee mechanism in [22]. Unlike the
McAfee auction, TASC is a heterogeneous auction mecha-
nism. While TASC cannot achieve truthfulness to the scene
as the example we present in the technical challenges. The
result shows that TASC cannot counter market manipula-
tion of untruthful cloudlets in stage 1.

To solve this problem, we propose IMCO. In IMCO, we
change the order of the general stage. The auctioneer firstly
selects the winning candidates both the cloudlets and the
mobile vehicles referring to some rules. And then, each
mobile vehicle that is the winning candidate will be allocated
to one winning cloudlet candidate. And the P and P} will
be determined as well. In addition, IMCO can assign more
than one mobile vehicle for a single cloudlet in a temporary
state; in the last stage, the winner redundant mobile vehicles
will be eliminated to ensure the efficiency of the mechanism.

<

mb5 ml m4 m3 m7

© 6 06 0 0

Ficure 2: The bidirectional mapping graph of winning mobile
vehicles and cloudlets.

® 2 0 00

P

mb5 ml m2 m3 m7

© 6 6 0 o

Ficure 3: Different results of bidirectional mapping graph of
winning mobile vehicles and cloudlets.

In the next part of this paper, we illustrate the mecha-
nism of IMCO minutely. Then, we give an example to pres-
ent the IMCO more clearly. The properties of IMCO will be
discussed in the following chapter.

4.1. Details of IMCO. The IMCO consists of three phases:
winner candidates determination phase, assignment and
pricing phase, and winner elimination phase to achieve the
preceding desirable properties.

To be specific, Algorithm 1 is used to filter some unqual-
ified cloudlets and mobile vehicles so as to select winner can-
didates. To begin with, Algorithm 1 creates C* from the
original cloudlet set C which consists of bidders whose bid
is greater than zero in accordance to B. That is to say, a
cloudlet can appear several times in regard to the mobile
vehicles for which the cloudlet’s offer is larger than zero.
Next, the C* is sorted to C in which the bids are sorted in
a nonascending sequence. Also, mobile vehicles are sorted
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Input: C,M,B,A;
Output: C,M,,Bjq,A g
1 Co—3, M —;

potl g
: C .« the first « cloudlets in C;

: For ¢} € C, do
If A;>Ap then
10: C.—C.\ {Cg};

1

2

3

4

5: Find the median ask Az of M, where 8 = [1+m/2];
6 pac

7

8

9

11: Else

122 Ifm ¢ M,

13: Me—MuU {m};
14: End if

15: End if

16: End for

17: Return (Cc>Mc’BgZ’AJ]B );

: Create C* which is consist of bidders whose bid is greater than zero in accordance to B, i.e, C* = {CZ: Bg > O,CPGC};
: Sort all cloudlets in C* to a non-ascending sequence C = (cf;,cf,, +¢f1, )in which Bﬂ >BY > .->BY;
: Sort all mobile vehicles in M into a non-descending order M = (m;;,mj;,---,m;,,) such that A;; <A, <---<A

: Find the minimized «a, so that BIvt o A-ﬁ and BI > A]-ﬁ;

1 q2
p2 =

1= jm>

ALGorITHM 1: Winner candidates determination phase.

in a nondescending list according to ask A, denoted by M.
Particularly, the A is the median ask of mobile vehicles in

M, where =1+ m/2], is to find the minimize value a, so
that ngﬂ <A and Bhe >Ajg. The Ajz and Bly are two
standards to identify the winning candidates. For example,
if ¢} is a winning cloudlet candidate in C,, it should satisfy
A, <Ajgand Bl > Ajg. The mobile vehicle m, is said to be
winning candidate if and only if and at least one cloudlet
from C has a bid for m,. The 8 can be other value no neces-
sary the median value. The value of f directly affect the
number of M, so to affect the number of C..

In the next stage, to protect the system from biding and
asking untruthfully, we closely combine assigning and pric-
ing. The procedure is shown above in Algorithm 2. First,
the control center assigns the winning cloudlet candidates
for winning mobile vehicle candidates. There are three situ-
ations needed to be discussed. The first situation is that there
is only one cloudlet biding for one mobile vehicle, so the
cloudlet is added to the C,; waiting for processing Algo-
rithm 2 and charged Bj;. The second situation is that there
are two or above cloudlets scrambling for one mobile vehi-

cle, the auctioneer would choose the cloudlet with the high-
est bid from the cloudlet candidates and add it to Cy,. The

last situation is when there are two or more cloudlets that
offer the highest bids, the control center will randomly
choose one cloudlet among the cloudlets with the highest
bid and add to BZZ. Different from the first situation, the
cloudlet is charged for the 2™ highest bid. To make it easier
to understand, supposing that the clearing price Bl is 6 and
two highest bids are B/ = B{, =12, and the next bid in nonas-
cending order is B/ =10, then, ¢,; and ¢;,; have a 50-50
chance of becoming member of C,;. And the winner will

Input: C,, M, ng, Ajp: B;
Output: Cyp, My, o', Py, Pis
1: be<—®, be<—MC,PZJ’f<—®,P2f<—®;
2: For m; € M, do
3: P]'-é = A, PZ} — PZ} U {PJ'-"};
O ={cj:c;eCh
If |C/| =1 then
Cpp—CyU {cyh 0" (j) =i
Py = Bjo, Pjre—Pi; U {P}}
Else
Sort C/ into a non-ascending list C/ such that
10:  Bl(1)>B\(2)z--2Bj,
11: If the first k (k> 2) bids in C/ are equal then

oo N ;Y

12: Randomly choose one buyer from the first k
13: Buyers in s

14: Else

15: Select the 1, buyer of C/ whose bid is the
16: Highest;

17: End if

18: Cppe—CyU {c;}, o' (j)=i

19: Py =Bj(2), Py—Pj U {Pih
20: End if

21: End for

22: Return (be,be,a',PZ},Pif);

ALGORITHM 2: Assignment and pricing phase.

be charged 10 to avoid untruthfully biding since the 2"
highest bid is 10.
In the final phase, if one cloudlet in C;,; who wins at least

two mobile vehicles in M, the auctioneer relies on the



efficiency of utilization to decide only one mobile vehicle for a
cloudlet. For example, if ¢;3 and c;9 are both in the Cy, in other
words, ¢; as a cloudlet wins 2 mobile vehicles, m, and myg in
M. The auctioneer would choose one cloudlet according to
whose utility is higher. Just as we illustrated above, if there
are at least 2 utilities equal, the auctioneer will select only
one mobile vehicle stochastically, when algorithm 3 is finished,
there should be a one-to-one mapping relationship between
the mobile vehicle in M, and cloudlet in C,, since the redun-
dant mobile vehicles can join another auction.

The idea that cloudlet offloads one task to multiple
mobile vehicles seems an excellent way to raise the efficiency
of cloudlets, but it may be too ideal to adopt. The major tasks
offloaded to mobile vehicles are applications run on mobile
vehicles, and the applications may not design for running
parallelly or running on heterogeneous hardware.

4.2. A Walk through Example. In this section, we use an

example to demonstrate the process of IMCO by using

cloudlets’ bid in Table 2 and mobile vehicles’ ask in Table 3.
The first stage is to determine the winner candidates.

(i) Create the set C* from Table 2 C* = {cy,, ¢;5, ¢14»

€225 €23> Cog> €275 €345 €355 €415 C475 G515 €535 Cry

(ii) Sequencing the cloudlets in C* in a nonincreasing
order to get €= {c;s, ¢4> €355 €530 Ca7> 540 12 Caa Cay
» C51> C16> €3> Co4> €2 }

(iii) Sorting the mobile vehicles in M in a nondecreas-
ing sequence to obtain M = {ms, m,, m,, mq, my,
ms, m; }

(iv) Drawing the mapping relationship graphic between
cloudlets in C and mobile vehicles in M in Figure 4

(v) Calculating the two standards: ng =B%=5 and

(vi) Determining the winner cloudlet and mobile vehicle
candidates:

C. ={C15 €415 €355 535 Ca7» Cs5 €15 C34> Cazs Cs15 Cr 15
M, ={msg, m;, m,}

(vii) Drawing the mapping relationship graphic
between cloudlets in C, and mobile vehicles in
M, in Figure 4

(viii) According to Algorithm 2, we can obtain

Cpp = {eiss ca e ks My, = {ms, my, my};
sowe cansee o' (5)=1,0'(1)=4,0'(2) =1

(ix) Computing the price of cloudlets and determining
the clearing price:

Pl = {Pfg = B3 =9, P, = BL =6, P}, = Bt =5}

(x) Determining the payment paid to winning mobile
vehicles:
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F1GURE 5: Mapping relationship graphic between C,; and M.

b= {PI =Pl =Py = Ay =4}

(xi) Drawing the mapping relationship graphic between
cloudlets in C,; and mobile vehicles in M, in

Figure 5

However, there still has some mobile vehicles server one
cloudlet at the same time; auctioneer needs to filter the
redundant vehicles.

So, auctioneer executes the elimination algorithm
depending on the utilities of cloudlet according to different
mobile vehicles.

(i) Calculating the utilities of cloudlet ¢; according to
mobile vehicle m; and m,:

U‘{Ssz—Pjsz 10-9=1,
US,=B—P,=7-5=2.
(i) Itis clear to see that U, > U{s, so mobile vehicle

is filtered to achieve higher utility of cloudlet ¢; with
m,. The winning cloudlet is C,, = {c;,¢,}



Wireless Communications and Mobile Computing

(iii) Determining the winning mobile vehicles: M, =
{ms,m,}

PC = {Pi=57P=6}, P"=4,0(1)=4,0(2) = 1.

Remember what we illustrate about the TASC
mechanism which fails to satisfy the truthfulness. The IMCO
overcomes the shortcomings of TASC. As what you can
see below.

If C; increases its offer B} from 9 to 9+98 to cheat
auctioneer. (6 > 1). Then, Figure 6 shows the situation when
assignment and pricing phase finish. In consequence, the
utility of C; is 9-10 = -1 which is lower than 0. So, it will
be filtered in the next stage. To win the auction, C; should
bid truthfully.

5. Theoretical Analysis

In this chapter, we analyze the IMCO that we designed with
the attributes that we are interested in, including computa-
tional efficiency, individual rationality, budget balance, and
truthfulness. If and if only those properties are achieved,
the auction mechanism can be applied to the scenario.

Theorem 1. IMCO is computational efficiency.

Proof. In Algorithm 1, there are not more than n x m cloud-
let customers in the filtered set of cloudlets with positive val-
uation C*. Merge-sort sorts the cloudlets from C* into C
using O(nm log (nm)) times and sorting the mobile vehicles
in M using O(m log (m)) time. Then when auctioneer
sorts the cloudlets into C,., the number of cloudlets in
C, is nx[1+m/2]. The remain part of the algorithm,
the following for loops, takes O([1 +m/2] x (1 +n)) times.
Thus, the time complexity of Algorithm 1 is O(nm? +
nm log n).

In Algorithm 2, there exist not more than [1+ m/2]
cloudlet customers in C, and mobile vehicles in M. To find
out the subset of C.C;, the auctioneer needs to take O(nm)
time, since auctioneer has already sort the cloudlets in non-
increasing order, so the auctioneer can save some time with-
out sorting again. There are no more than n mobile vehicles,
so calculate the winning mobile vehicles only takes O(n)
time. The following loops take O([1 + m/2]) = O(n*m?).

In Algorithm 2, there exist no more than [1+m/2]
cloudlets in C,; and mobile vehicles in M, since |Cy| =
M,;|. The loop has a time complexity of O(|C,¢| x |C,, — 1
12]) = O(m?).

All in all, since the algorithms in IMCO is sequential
execution, so the time complexity of IMCO mechanism is
O(nm?* + nm log n). It means that, IMCO is computational
efficiency. O

Theorem 2. IMCO is individually rational.

Proof. Each winning mobile vehicle m; €M, the price
offered to mobile vehicles m; is P}, which is larger than the
ask of m; on the basis of IMCO. Therefore, mobile vehicles
accommodate the demand of desirable property.

® 006 06 0

mb5 ml m2

® & ®

FIGURE 6: Mapping relationship graphic between C, and M, with
untruthful biding.

In Algorithm 2, for every cloudlet ¢;; € Cy, there are two

different situations needed to be discussed.
In the former situation, there is only one cloudlet c;; selects

one mobile vehicle m;. According to Algorithm 2, the price
that cloudlet ¢; needed to submit to auctioneer is the clearing
price Bj, which is less than or equal to the price B].

In the last case, there are more than one cloudlet compet-
ing for one mobile vehicle. Supposing that cloudlet ¢; wins the

auction; in other words, it has the highest bid valued B{ Refer-
ring to Algorithm 2, the ¢;; is charged the 24 highest bid in C i
It is easy to see that Pj; is no more than Bf.' .

As what we illustrated above, both the cloudlets and
mobile vehicles meet the desirable property. In the next stage,
auctioneer filters some redundant mobile vehicles and accord-
ing to the utility of cloudlet. Algorithm 3 will not affect the Pj}

and Pj;, so it can still has the desirable property. O

Theorem 3. IMCO is budget-balanced.
Proof. After the auctioneer filters all redundant mobile vehi-

cles, only one ¢; € C,, mapped to one m; € M,,. According to
the mapping relationship o(j) =1, it is easy to see that

P{>Bj,> A =Py (10)
That is

Y P ) PI>0. (11)

c;eC, m;eM,

j w

Lemma 4. IMCO is truthful for mobile vehicles.

Referring to Algorithm 2, all the winning mobile vehi-
cles are rewarded A ;5. According to the utility formula (2)
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!
Input: be, be, o, PZ}; Péf;
Output: C, M, o, P, P ;
1: Cpe—Cyy, Mw<—be,0<—cr',Pﬁ(—PZ},PZ(—ng;
2: For any two cloudlets ¢, (4 4:Co(1),€Cyy & a# b do

el

If o(a)=0(b) then

j={a b}

j' = select from {a, b} randomly;

0: C,—C, \ {Cg(j’),j'}> M,—M,, \ {5]"}§
. C C C m m m
1: PP\ {Pa(j'),j'}’ Pl —P, \PJ,, ,

. _p _
& Ugy; = Bog) = Pogy,p
5. IfUS,, = US,, then
6:
7: Else
8: j" = min(Ug ) 0 Ugp) )
9: End if
1
1
12: a(j') =a;
13: End if
14: End for

15: Return (C,,M,,,0,P},P; );

ALGorITHM 3: Winner elimination phase.

of mobile vehicles:

U =P} - Cost;. (12)

Since the cost is regarded as constant and the reward
is also constant, the utility of winning mobile vehicles
can be improved, in the contrary, if the ask is higher than
its cost in some degree (higher than Aj), the utility will
decrease to 0.

Lemma 5. IMCO is truthful for cloudlets.

According to Algorithm 2, cloudlet cannot fake biding
higher than the actual value of mobile vehicle to compete
the mobile vehicle, because the price charging to winning
cloudlets is variable. So, the utility of faking cloudlet is below
zero. From formula (1), it is easy to obtain

US= V] - P <0. (13)

Since there are competition in the auction, the winning
cloudlet cannot improve its utility by increasing its bid,
because the price charged to it depends on the second-
highest biding.

Theorem 6. IMCO is truthful.

Proof. According to the above lemma, we can get that IMCO
is truthful for both mobile vehicles and cloudlets, that is to
say, IMCO is truthful. O

6. Performance Evaluation

In this part, we use the dataset to analyze the IMCO to find
out whether it satisfies the desirable properties that are

20
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FIGURE 7: The relationship between the number of successful trades
and different 8.

proved in the section above. Also, we validate the effective-
ness of the proposed approach. Because there has no statis-
tics about the cost of mobile vehicles and the demands of
cloudlets. So we use the built-in uniform distribution func-
tion to generate the bids of cloudlet and ask of mobile vehi-
cles in the scope from 0 to 1. That is the conclusions hold
true no matter what dataset is used.

6.1. The Influence of Parameter f3. First, we randomly gener-
ate 100 cloudlets and 100 mobile vehicles, which means
there are 10000 bids in the auction. The number of winning
cloudlet candidates and winning mobile vehicle candidates is
closely related to the value of . We found out that the larg-
est number of winning cloudlet candidates appears when
is closed to the [1 +m/2]. So, we are interested in successful
trades. Figure 7 shows the relationship between the number
of successful trades and different f3.

From what we observe from Figure 7 when the f8 is
small, the threshold Bgz is small enough. However, the num-
ber of sellers is too small, so it limited the total number of
cloudlet buyers. When the f is large, the threshold B}, is
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TaBLE 4: Computation time.

n =100 m 50 100 150 200 250 300
Time(s) 0.160 0.456 0.742 1.034 1.325 1.617

Bid & price
o
Nel
~
wu

Winning cloudlets

—O— Bid

—— Price

FI1GURE 8: The relationship between the bids and prices of winning
cloudlets.

so large that there are few cloudlet buyers who meet the con-
ditions. And the 3 value is closely related to different values
of n and m.

6.2. Computational Efficiency. We randomly generate differ-
ent numbers of cloudlets and vehicles to test the running
time. The computation time is shown in Table 4.

6.3. Individual Rationality. To verify this property, we pres-
ent both the winning cloudlets’” bids and the prices, which
are shown in Figure 8. In addition, Figure 9 shows the asks
and the payments of winning vehicles. We can see that the
bids are always no less than the price charged to cloudlets,
and the rewards to vehicles are no less than the asks of vehi-
cles. So, IMCO meets individual rationality. In other words,
both the cloudlets and the vehicles can achieve positive
utilities. The auctioneer can stimulate vehicles to carry out
computation offloading tasks by paying them no less than
their asks while the cloudlets can make use of the computa-
tion resources of the vehicles.

As what we observe from the figures, the bids are always
no less than the price charged to cloudlets, and the payment
rewards to mobile vehicles are no less than the asks of
mobile vehicles. So, the IMCO meets the individual rational-
ity. In other words, both the cloudlets and mobile vehicles
can achieve positive utilities, and it is a win-win game. The
auctioneer can stimulate mobile vehicles to carry out com-
putation offloading tasks by paying them no less than their
asks, and the cloudlets can make use of the computation
resources of mobile vehicles.
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FIGURE 9: The relationship between the asks and payments of
winning mobile vehicles.
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FIGURE 10: The relationship between the prices and payments of
IMCO.

6.4. Budget Balance. IMCO is only of budget balance when
the total fund that the cloudlets submit to the auctioneer is
larger than or equal to the payments which are rewarded
to the winning vehicles. We set the number of total cloudlets
to 100 consistently. By changing the number of vehicles
from 50 to 150, we obtain the total prices and payments.
The result is shown in Figure 10 showing each time the total
number of vehicles increases by 10. It is clear that the total
prices are always larger than the total payments.

As the result shows, the total prices are always larger
than the total payments.
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6.5. Truthfulness. We focus on two different cloudlets and
mobile vehicles groups which contain both winners and losers.
Then, by changing their bids and asks from 0 to 1, we obtain
the changing trends of utilities. The result of those in the win-
ning set is shown in Figure 11. Figure 11(a) shows that when
the cloudlet offers a truthful bid of 0.42, it has a utility of
0.12. However, no matter how higher a bid the cloudlet selects,
the utility still stays the same, unless it reduces the bid under
the original price. Figure 11(b) shows that the utility of mobile
vehicles cannot be improved by asking untruthfully. Offering
asks lower than 0.25 cannot achieve higher utilities while the
utilities are always positive. The result of those not in the win-
ning set is shown in Figure 12. Figure 12(a) shows that the util-
ity of the losing cloudlet is always no larger than 0 since it loses
the auction. However, even if the losing cloudlet fakes its bid, it
still cannot make the utility larger than 0. Figure 12(b) shows
that the utility of a losing mobile vehicle can only be 0 or below
0. Overall, IMCO can achieve truthfulness for both cloudlets
and mobile vehicles.

In conclusion, IMCO can achieve truthfulness for both
cloudlets and mobile vehicles. They cannot improve their
utilities by lying.

6.6. System Efficiency. In Section 5, we have proved that
IMCO meets the desirable properties in theoretical, and Sec-
tion 6 uses the numerical results shows the above properties.
As what we address, the TASC auction mechanism cannot
guarantee the property of truthfulness applied in the cloudlet
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FIGURE 13: System efficiency with uniformly distributed datasets.

scenario. In Figure 13, the system efficiency of IMCO and
TASC is evaluated as the number of successful trades.

Figure 14 shows the efficiency of TASC and IMCO accord-
ing to a number of successful trades. The bids and asks are
generated by the MATLAB built-in unified function which is
used to generate uniformly distributed datasets. Some of the
efficiency of IMCO is sacrificed to guarantee truthfulness.
Thus, the total efficiency of IMCO still has an advantage over
TASC since IMCO maintains more winning cloudlet candi-
dates than TASC, and IMCO only filters a few winning cloud-
lets in the third stage. Hence, IMCO can achieve a reasonable
efficiency with all the desirable properties.
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7. Conclusion

In this paper, we concentrate on an emerging paradigm in
the current IoT systems, in which computation is offloaded
to vehicle owners. Because of the distance between mobile
vehicles and cloudlets and the distinct computational capa-
bilities of mobile vehicles, the mobile vehicles can be seen
as heterogeneous sellers to cloudlets, so different cloudlets
may evaluate each mobile vehicle due to different demands
and give different valuations toward different vehicles. In
order to make mobile vehicles offer the computation offload-
ing servers to cloudlets, we have proposed the IMCO which
deals with the resource exchanging between mobile vehicles
and cloudlets. IMCO can meet the properties such as indi-
vidual rationality, budget balance, system efficiency, and
truthfulness for both cloudlets and mobile vehicles.

There are some aspects that may be improved in future work,
such as the system efficiency is not that satisfying even it is better
than TASC as a whole since IMCO sacrifices some efficiency to
maintain the truthfulness for both cloudlets and mobile vehicles.
The other problem is that even if the time complexity of the
mechanism is acceptable, the program in MATLAB could not
be seen as of high-efficiency. So we could optimize the programs
to execute faster as we expected in further study.
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