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Abstract—In this paper, we present FedServ, a federated task
service system for fog-enabled Internet of vehicles (IoV), using
which we aim to minimize the delay of vehicle task service.
FedServ considers different task service requirements such as
delay, computation-intensiveness, processing units required, and
energy consumption. The existing literature mainly focuses on the
delay requirement of tasks and considers the energy consumption
for task processing, whereas FedServ aims to achieve the Quality
of Service (QoS) of the task while optimizing different resource
requirements for task service. FedServ provisions the federated
task service by fragmenting the tasks, which minimizes the
task complexity while preserving task fragment dependency. To
determine the suitable fog nodes for task fragment service, we
formulate the problem as a coalition graph game. Analytical
results depict that the proposed scheme minimizes the delay of
the task service and the energy consumption while reducing the
number of QoS violated tasks by 34.32%, 25.32%, and 22.78 %
compared to the existing schemes.

Index Terms—Fog computing, task offloading, coalition game,
decision-making, resource-utilization, Internet of Vehicles

I. INTRODUCTION

Fog computing involves multiple fog nodes to which
resource-constrained devices offload tasks, and the fog nodes
(FNs) process the tasks collaboratively [1]. The distributed
processing and latency-awareness of fog computing are ben-
eficial for Internet of Things (IoT) networks because IoT
devices have limited resources, and the majority of the IoT
tasks are latency-sensitive [2]. Therefore, the potential of fog
computing is widely acknowledged for different types of IoT
networks, including IoV [3]. However, enabling fog computing
in the IoV environment poses an additional challenge due
to the mobility of vehicles [4]. The vehicles in the IoV
demand an uninterrupted service of their tasks even during
their movement. To achieve uninterrupted service, the vehicles
try to serve the tasks themselves. However, the limitation of
resources restrains them from doing so. Consequently, the
vehicles offload the tasks to the suitable fog nodes having
sufficient resources to handle the tasks. The selection of
suitable fog nodes for task offloading should adhere to the
heterogeneous QoS demands of the tasks and the movement
trajectory of the offloading vehicles [5]. Moreover, the com-
putationally intensive tasks lay the probability to fragment the
tasks so that the QoS demands of the tasks can be fulfilled [6].
However, the dependent task fragments should be processed
in an ordered manner.
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The increasing task demands of the users and the varying
requirements of each task overwhelm the FNs. The resource
limitation of FNs requires the utilization of resources in the
most efficient way possible. The problem becomes challenging
in the IoV, where the mobile vehicles tend to offload their tasks
while expecting a high-quality service for their tasks. Since
the base stations are fixed, the mobility of vehicles becomes a
hurdle in fulfilling the expected service. Due to mobility, the
vehicles move out of the range of the base stations, which
results in impeded service. To overcome this problem, the
researchers [[7], [8]] proposed the idea of utilizing the resources
of other vehicles that are capable of serving the offloaded
tasks. However, in a vehicular network, it is uncertain that
a vehicle will be available and is willing to serve the task
of others. ‘Also, the decision of serving the task depends on
various factors such as the availability of the service, the
feature requirement of the task, the processing capability of
the serving vehicle, and the cost charged for the service.

The varying feature requirements of the task pose another
challenge in addition to the serving capability. Literature [9],
[10] discusses the works that mainly focus on the various fea-
ture requirement of the tasks. The proposed solution describes
the method of offloading each task to a single serving entity.
However, the resource limitation raises the question of the
availability of an entity that can fulfill all requirements. Fed-
erated service is a solution to the mentioned problem where the
serving entities can collaborate to serve a task that is presented
in various prior works [L1], [12]. This improves the QoS of
the task by minimizing the delay while effectively utilizing the
fog resources. However, the computation intensiveness of the
tasks becomes a problem for the entities handling the offloaded
task. The solution can be to split the task into fragments and
then offload the task fragments to the federation of FNs. But,
this raises another issue if the fragmented tasks are dependent
on each other.

The dependency of the task fragments becomes a challenge
when offloading the fragments to different entities. The out-of-
order processing of task fragments produces erroneous results,
which in turn results in unsatisfied user service. The solution
can be offloading the dependent chunks to a single fog node
[13], [7], which restricts the opportunity of utilizing other
available resources.

The aforementioned issues raise the following research
questions —

o« How to ensure the availability of the offloaded task

service when both device and the FN are mobile?

« How to ensure the efficient offloading of dependent tasks

while effectively utilizing the available resources?
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In this work, we propose a game-theoretic scheme, named
FedServ, to assign task fragments to FNs considering the
heterogeneous latency demands of the tasks. The primary
contributions of our work are as follows:

e We formulate an optimization problem for vehicle task
service while optimizing the delay and effectively utiliz-
ing the resources.

« We model a coalition graph game to assign task fragments
to mobile FNs considering latency requirements of the
task fragments, available processing capability, and the
residual energy of the mobile FNs.

e We present an algorithm for the service of the task
fragments by a suitable entity, namely, mobile or static
FN while minimizing the task service delay.

II. RELATED WORK
A. Offloading in vehicular networks

Tan and Hu [14] presented a caching and computational
offloading scheme considering the mobility of vehicles and
delay of tasks. A mixed integer linear programming optimiza-
tion problem is presented by Tran and Pompili [15] for task
offloading and resource allocation. They aimed to optimize the
task completion time and energy consumption. An coalition
game-based task offloading algorithm is proposed by Tiwari
et al. in an IoV environment considering best-effort and time-
sensitive tasks. Peng et al. [9] proposed a double auction
game between the vehicles requesting the task services and
the vehicles offering the services. They mainly focused on the
various attributes related to task service so that a fair resource
allocation could be achieved. To minimize the response time of
the tasks, Tang et al. [[16] proposed a three-layer vehicular fog
architecture for addressing the issue. They aimed at utilizing
the resources of vehicles by designing a resource allocation
and task scheduling strategy. Huang et al [8] proposed
an offloading scheme in vehicular networks considering the
computation-intensive and time-sensitive tasks. Nonetheless,
the aforementioned works did not consider the possibility of
fragmenting the tasks to minimize the task complexity and
ignored the dependency of task fragments.

B. Federated Task Service

Towards the service of the task by forming the federation
of FNs, we discuss the works [[L1]], [12] in the state-of-the-art.
Al-khafajiy et al. [[L1] proposed a fog collaboration framework
where the tasks are offloaded to the FNs based on the load
and the processing capabilities. Further, towards the federated
service, Tiwari et al. [12] proposed a method where the task is
offloaded to a group of FNs for its service while minimizing
the delay. Notably, the works did not consider the provision the
fragmenting the task, which minimizes the complexity of the
task. Also, if fragmented, the dependency of the task fragments
becomes another concern.

C. Offloading dependent tasks

To handle the dependency in the tasks, various works [17],
[L3], [10] are presented in the literature. Intending to minimize

the latency of tasks, Kao et al. [17] formulated an NP-hard
problem for computation offloading. Sundar et al. [13]] studied
the problem of scheduling the task-dependent applications for
minimizing their execution cost. They formulated an NP-hard
problem and provided a heuristic-based solution. However,
the problem was studied in the cloud computing environment,
where the challenges introduced due to mobility were ignored.
Similarly, Zhao et al. [[10] presented the problem of offloading
the dependent tasks in mobile edge computing. They provided
a convex programming-based solution for their formulated
problem. The work again did not consider the mobility of IoT
devices and focused on service caching of the edge servers.

Coalition games have been widely used in literature for
resource management and optimizing resource allocation [[18]],
[19]. Rajendran and Duraisamy [18] proposed a coalition
formation game for efficient spectrum utilization. They used
an incentive-based mechanism to motivate the secondary users
to form a coalition and detect false alarms. Maity et al.
[19] presented a coalition graph game to group and schedule
the migration of flows in software defined networks (SDN)
to address their QoS demands. The aforementioned works
show that the coalition games are effective in proper resource
allocation while achieving the task objectives.

Synthesis: The study of existing works reveals that
the works' consider mainly the time-sensitiveness and the
computation-intensiveness of the tasks while overlooking the
dependencies in the tasks fragments and the possibility of
fragmenting the tasks. Further, it is important to consider the
task requirements along with the resource availability of the
vehicles. On the contrary, the works considering the depen-
dency of tasks do not consider the mobility of IoT devices
and the probability of FNs being mobile. In our previous work
[20], we considered full tasks with no fragmentation focusing
on minimization of latency. Different from it, in this work, we
propose a task offloading scheme in a vehicular network by
considering the mobility of the devices, the possibility of frag-
menting the tasks for reducing the computation intensiveness
while efficiently utilizing the resources of vehicles.

III. SYSTEM MODEL

We consider a vehicular network architecture consisting of
mobile vehicles, static FNs, mobile FNs, and the cloud as
depicted in Figure [I} Let V' = {v1,vs,...,u5} denote the
set of mobile vehicles that request to offload their tasks for
service. In the considered IoV environment, the vehicle task
request comprises real-time applications such as augmented
reality, audio, and video requests, remote monitoring of homes
and offices, home automation features, and location services
[10]. We consider roadside units (RSU) as static FNs. Vehicles
periodically send status data to the RSUs. Therefore, RSUs
have updated information of the road network, such as traffic
in the area, type of traffic, and the type of vehicles. Further,
the vehicles with high processing capability serve as FNs to
offer their services. We represent the set of mobile FNs as
VI ={vl,v],. .. 0]}, where V/ C V. The vehicles submit
the task request to the RSU for the service. The RSU can
either serve the task by itself or offload it to either mobile



TABLE I: Summary of Existing Works

Work Energy | Delay | Mobility | Collaborative service | Computation- Task fragment
intensiveness dependency
Tan and Hu [14] v X v X X X
Al-Khafajiy et al. [L1] X v X v X X
Abkenar et al. [21], Tiwari et al. [12] v v X v X X
Tang et al. [16] X v X X X X
Sundar et al. [13] X v X v X v
FedServ v v v v v v
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FNs or the cloud. Following the software-defined network
(SDN) architecture for supporting the distributed virtualized
fog platform, we consider the SDN controller placed in the
cloud, which keeps the global information of all the RSU
controllers along with the mobile FNs and other vehicles.
RSUs communicate with the cloud controller to update the
information of the vehicles in its vicinity and forward the task
request to the cloud if it cannot be served by itself or any FN.

It is noteworthy that the vehicles are represented by the
tuple set (vid, speed, direction), which consists of the unique
identity given to each vehicle, the speed of the vehicle, and
the direction of its mobility. Moreover, the association of
vehicles with the RSU changes with their movement. Thus,
RSUs update the information of vehicles entering and leaving
their vicinity.

A. Fog Module Structure

We consider two types of FNs in our architecture — (1)
static FNs, namely, RSU, and (2) mobile FNs.

(a) Static Fog Nodes: RSUs act as static FNs with storage
and processing capability. Each RSU is associated with a
local SDN controller that keeps itself updated with the current
information of the road traffic. It also keeps the details of
each vehicle, such as processing capability, type, location,
and currently available resources. RSUs are responsible for
deciding where to serve the task of the vehicle — either by

itself or by mobile FN. If the decision is to offload the task
to mobile FN, it should find out suitable FNs for offloading.

(b) Mobile Fog Nodes: Since the RSU is loaded with its
responsibilities of the road network and to fulfill the QoS
requirement of the tasks, it tries to offload the tasks of vehicles
to other entities. We term the vehicles with onboard processing
capabilities and are willing to serve the task of other vehicles
as the mobile FNs. As mentioned, RSU contains information
regarding all the vehicles. Therefore, if any vehicle is willing
to serve the offloaded task, the RSU offloads the task. How-
ever, the decision of offloading and serving depends on several
factors, including processing units and energy required for the
service of the task.

B. Task Model

We consider two types of vehicle tasks in our system model
— (a) tasks that cannot be partitioned and (b) those that can
be fragmented. A task that cannot be partitioned has a single
task fragment, and it is served by a single entity entirely that
is either it can be fully offloaded, or it can be fully served
by itself. On the other hand, a task that can be partitioned
consists of multiple task fragments, and each of the fragments
is offloaded to an entity based on the requirement of the
fragment. This speeds up the processing of the task. However,
the challenge is to handle the dependent fragments offloaded
to different entities. Let 7' = {t1, t2,...,t,} represent the set
of tasks. The set of fragments of the i'" task is represented as
thras — gl g2 g,

For each of the task in 7', there is a maximum allowable
delay which the task can undergo. Additionally, if the task
is fragmented, each of the fragments has its own maximum
allowable delay. Also, if the dependent task fragments ¢. and
t¥ have the maximum allowable delay as §7%* and 6™, for
l < k, then their respective allowable deléy should also be

Definition 1. The two task fragments are said to be dependent
when the input of one task fragment t¥ depends on the output
of the task fragment té.

C. Delay Model

The delay incurred by a task fragment for its service
includes the uploading delay, the processing delay, and the
result downloading delay. In addition to this, if the task is
offloaded to another entity, an additional migration delay is
added to the total delay.

The uploading delay includes the transmission delay and
the propagation delay of the task. Mathematically, the trans-
mission delay is defined as, 0!, = XLl where X; is the size

)
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of the I'" task fragment and r; is the transmission rate. We
considered a M/M/1 queue at the mobile fog nodes for the
service of the task. Due to the limited computational resource
at the MFN, we consider the M/M/1 queue which allows
only one task to be served at a time, however, motivated
by the works in the literature [3], [22]], [23]], for simplicity,
we have used an infinite buffer at the queue. The queuing
delay for serving the task is modelled as M/M/1 queuing
model [24]], defined as, 5 1= 1/\ where s; is the service
rate and \;; is the arnval rate of the task fragment. Further,
the processing delay of the task is computed based on the
computation cycles required for the task fragment and the

processor’s CPU frequency, &}, = ]jél, where P;; is the

amount of processmg units requ1red for lth and f; is the CPU
frequency of the ;5" node.

Therefore, the total delay incurred by a task fragment for its
service includes the transmission delay (6!}) for uploading the
task, propagation delay (67;°), queuing delay (61,), process-
ing delay (6;;°), and the transmission delay of downloading
the result, which is defined as,

+ 677 4 68,

Bt = o1y + 11+ 6,
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Further, the total task service delay incurred by task ¢; is

given by,
Z (5tot)
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D. Energy Model

The processing of any task requires the serving entity to
activate its processing unit for the service. This activation of
the processing unit requires the energy consumption of the
node. Let the activation of one processing unit requires f CPU
cycles. If P; ; is the number of processing units required by any
task fragment t! then the activation of processing units for the
computation of the task fragment ¢! requires f P;; CPU cycles.
If € units of energy are required to activate one processing unit,
then the energy required to activate the processing units for
the execution of the task fragment ¢! is given by,

Eii=¢efPi 3)

E. Problem Formulation

The vehicles that need a task service request the RSU.
RSU tries to offload the task to any other entity willing to
serve the task. Moreover, the association of the vehicles with
the RSU changes with the speed and the direction of their
movement. Further, the task can be of any type as described in
Section and therefore, the decision of offloading is also
dependent on the nature of the task. If the task is not splittable,
then the entire fragment should either be served or offloaded as
a whole. Thus, it needs to find a capable and willing mobile FN
to handle the task while fulfilling its requirements. However,
if the task is splittable, it is fragmented, and each fragment
can be offloaded to an entity. In addition, while offloading the
task fragment to any FN, the RSU aims to minimize the delay
of the task processing.

Moreover, the task fragments are offloaded according to
their requirement for which either a single FN can serve the
task or multiple FNs are required to serve the task. To preserve
the dependency among the task fragments while minimizing
the delay of processing, we need to group the tasks according
to their dependency and delay requirements as shown in Figure
Thus, we formulate the problem of which task is to be
served by which FN and by how many FNs as a coalition
graph game. We consider that each RSU executes the coalition
graph game where each coalition signifies a mobile FN that
is present within the communication range of the RSU and
will remain so for a predefined duration of « units. For each
RSU, we term these mobile FNs as candidate mobile FNs.
The candidate mobile FNs are estimated based on the vehicle
mobility data available at each RSU. Additionally, the value of
« is selected as the maximum value of the maximum allowable
delay among all tasks reaching the RSU. The players of the
coalition graph game are the individual task fragments of the
tasks received by the corresponding RSU.

For each of the candidate mobile FN 7, a coalition ¢; will
be formed. Let C = {ci1,¢a,...,cr} denote the coalition
structure which is the set of coalitions. The members of
the coalition define the task fragments to be executed by
a particular FN. After the formation of a stable coalition
structure, the corresponding RSU offloads the task fragments
of each coalition c;, to the respective mobile FN v,{.

An RSU may receive multiple task fragment requests either
from a vehicle or from multiple vehicles. As mentioned, each
task fragment ¢! will have its own maximum allowable delay
(0me) for its service. The players of the coalition game aim
to maximize their utility by forming the coalition. We define
the utility of any task fragment ¢! for coalition ¢, as:

gmax _ 61}01& Eres —
1 _ l 1,1 1,1 k il
mm( st e )
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where N! is the number of task fragments in the coalition
for task t; or the dependent task fragments Ppe® denote
the residual processing units of moblle FN vk, E7¢® denote
the residual energy of mobile FN vk, P;; is the number of
processing units required for the execution of task fragment
t!, and E;; is the energy required for the activation of the
processing units required for the execution of task fragment
t!. The utility of the task fragment defines the satisfaction of
the user achieved from the service of the task, which depends
on the delay in service.

Consequently, the utility of a coalition ¢y, is the total utility
of the members. We express the utility of coalition ¢, as,

Uk = Z Z(Uzl)

ti€T tlet;

P~ Py
TES
Plc
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The association between a task fragment ¢\ and a mobile
FN v,{ is expressed as,

(6)

(LK) = 1 if ¢ is.served by o],
0 otherwise.
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FE. Objective

The primary objective of this work is to optimally obtain
the maximum utility of task fragments which maximizes
the QoS of the tasks. Further, the objective is to choose
an FN or multiple whose service will maximize this utility.
Mathematically, the objective function is denoted as,

méi,X(Uk) Vep €C (7

subject to
tot
51'0 S 5;71(11

tot max
07 <47

Vi, €T
vib e tI™ ¢ e T

> (i Lk)y =1t et]" t; e T
vZ:EVf

> (i1 k) Py < PPt ol € VI
t; €T

> 21 k) By < Epfs ol e VI
t,€T
The first two constraints express that the total task service

delay should not exceed the maximum allowable delay for
each task and each task fragment. The third constraint states
that each task fragment is assigned to a single mobile FN. The
final two constraints express the processing capacity constraint
and energy consumption constraint for each mobile FN.

IV. FEDSERV: THE PROPOSED SCHEME

This section presents the solution approach to the coalition
graph game. As mentioned, each of the task fragments forms
the coalition, and the RSU is responsible for finding the
candidate mobile FNs for processing the task fragments. It
is noteworthy that the FNs chosen for the service of the task
of other vehicles should remain in the vicinity of the RSU
where the request is received. Moreover, the RSU controllers
are aware of the vehicle’s mobility information. Thus, when
finding the candidate FNs, the RSUs only consider the FNs
whose duration of staying in the vicinity of this RSU is at
least o units.

For each RSU, we construct the coalition graph G(7,D)
with the task fragments received by the RSU T as the vertices
and the edges D between the vertices represents the fragment
dependency on each other. The task fragments ¢;* have an edge
to ¢ if the processing of task ti' depends on the output of the
task ¢7". Nevertheless, the allowable delay of task ¢} is less

than t7'. Notably, the task with minimum delay requirement
forms the coalition head; that is, the more latency-sensitive
task is the coalition head of the coalition.

The formation of coalitions is guided by several rules of
coalitions games, namely, merge rule, preference rule, and split
rule. We present the definition of these rules as,

Definition 2. The preference order defines the sequence in
which one partition is preferred over the other. Suppose Py
and P, are two partitions of the set ‘T then the preference
order denoted as P, < P, represents that Py is preferred
over Ps.

Definition 3. The merge rule says that any set of coalitions
is merged into one coalition if the players of the coalitions
prefer the merging. If {c1,ca, ..., c,} represents the coalition
set that can be merged then its merged form is represented as

Ui-,:l Ck.

Definition 4. The split rule says if the players of a coali-
tion prefer the split of it, the coalition \J;_; ¢y is split. If
{e1,¢0,...,e2} < Up—q Ck» then according to split rule,
Ui:l e, — {c1,¢0,...,¢:

We present the algorithm for the formation of the coalition
graph. The algorithm takes the task fragments received by
the corresponding RSU as the input and outputs the coalition
structure formed, and the edges between the dependent task
fragments. If the task request received can be fragmented,
it is partitioned into fragments. The task fragment is added
to the coalition ¢, and becomes the coalition head cif“d.
The coalitions in C are arranged in the descending order of
maximum allowable delay of ¢/, The coalitions undergo
merging and splitting operations to form new coalitions. If
task fragments ¢, and t¥ belong to the coalition ¢, and o
is greater than 6" then there is an edge between ¢} and ¢}
which is stored in D. The coalition head is the task fragment
with the least §"%*. The coalitions are arranged in descending
order of §"%* and are added to C accordingly. The algorithm
then outputs the D and C. The steps of the algorithm are

presented in [I]

Definition 5. A Defection function D defines the stability of
any coalition, i.e., whether any participant of a partition can
be benefited by leaving or joining other partitions.

Theorem 1. The coalition structure C formed from the Algo-
rithm [I| is Dy, stable.

Proof. Let C* be the final coalition structure resulting from the
Algorithm |1| which repeatedly applies merge and split rules.
A coalition ¢; € C* cannot be split or merged further [25] in
successive iterations. In other words, no player can increase its
utility by leaving the C* and forming a new coalition structure.
Therefore, the resulting coalition structure from Algorithm [I]
is in its final form or Dy, stable. O

Theorem 2. The coalition structure C resulting from the
Algorithm || is D, stable satisfying the necessary conditions,
e For any two codlitions q1 and qo with ¢ N ¢ = ¢,
{q1 U qa} C ¢, ¢; € C, the utility of union of ¢1 and g2

is greater than the summation of their individual utility,



Algorithm 1: Coalition graph formation

1 Inputs: 7.
2 Qutputs: D, C.
3 for t; € T do

4 | fortlet; do

5 if t. € T then

6 cp—cp U téyp

7 clead 4t

8 C+—CU{c,}

9 C;”t « @
10 while C" £ C do

11 orderedList «— Arrange C in non-increasing order

of the maximum allowable delay of the coalition

heads

12 C <— orderedList
13 cimit « ¢

14 | for ¢, €C do

15 Apply merge rule or split rule according to the
Definitions 2 and 3
16 if t} , € ¢, and t} , € ¢, then

if 6m9e > §MaT then
| D—DU(t],,t5,)

17
18

i.p "i,p
19 clead = min {§7e7};
P U
20 Arrange c,, in non increasing order of §"*%*
21 Update C

22 return D, C

Ul,, > Ul + Uj, where U}, denotes the combined
utility of {q1 U g2}, U{ is the utility of coalition q, and
UJ is the utility of coalition ga. ,

o For the coalition structure C, coalition ¢ C T whose
players belong to_different coalition ¢; € C is termed as
C/—incompati{a{le. For /strict Dy, stability, >, o U; >
U, where U; and U denote the utilities of coalitions
{e;Nc }and c, respectively.

Proof. Let g1 and go be two disjoint coalitions such that {¢; U
g2} C ¢; where ¢; € C. The players included in a coalition
c; signifies the task fragments to-be-assigned to the mobile
FN vzf . Therefore, the task fragments included in ¢; and ¢
are assigned to vlf . However, according to Equation , the
utility of a player increases with the number of dependent task
fragments in the coalition. Therefore, U} , > U]+Uj because
the number of dependent task fragments of each player in the
combined coalition is more than the individual ones.

For each C—incompatible coalition c,, the condition
Secc Ui > U’ satisfies if U = 0. The players in ¢ belongs
to different coalitions ¢; € C. Therefore, each task fragment
in ¢ are assigned to different mobile FNs. Consequently, each
task fragment in ¢ has no dependent task fragments and the
C—incompatible coalition ¢ has utility U " =0.

Hence, the coalition structure C resulting from the Algo-
rithm [T] is D.. stable. O

The task service of any vehicle involves various interactions
between the entities. The objective of each is to minimize the
delay while maximizing their utility. The vehicles requesting
the task service submit the tasks #; to the RSUs. To effi-
ciently utilize the resources, the RSU that receives the task
request tries to offload the tasks to any mobile FN willing to
offer its services. However, since the vehicles are limited in
their resources and the task sizes are computationally high,
it partitions the task into fragments. These fragments form
coalitions based on their dependency to maximize their utility
using Algorithm [} For each of the coalition c,, RSU then
finds the suitable candidate mobile FNs to process these
tasks. It is noteworthy that the RSU considers a mobile FN
v}c for coalition formation only if v}c remains within the
communication range of the RSU for a duration of at least «
units. Let 8 ]f denote the duration for which U; remains within
the communication range of the RSU. Therefore, for coalition
formation an RSU considers only those mobile FNs for which
I5) jf > «. Further, an FN should also have sufficient resources to
serve the task of the coalition. Nevertheless, RSU is updated
with information such as mobility and current resources of
vehicles in its vicinity. However, if RSU r is unable to find
any capable FN to serve the tasks of the coalition, it checks the
availability of resource R\ If R > R, then the RSU
serve ¢, by itself. Otherwise, it forwards the entire task to the
cloud. We present the steps of task processing in Algorithm

2

Algorithm 2: Task Service

1 Inputs: T, C.

2 Output: A.

3 Initialize A «+— 0.

4 for t; € T do

5 if task t; can be fragmented then
6 L Fragment ¢;

7 Call Algorithm |1|to generate C
8 for c, € C do

9 for v}c eV’ and v; in vicinity of RSU do

10 if ﬂjf > « then

1 if R§"' >R} then

12 Assign ¢, to v{

13 A= AU (cpv])

14 if no v}c in vicinity of RSU then

15 if RV > R:ﬁq then

16 Serve the task fragments in c; by the
L RSU

17 else

18 L Forward the task ¢; to the cloud

19 return A

We analyze the time complexity of the proposed algorithm
for the task service of any vehicle. It involves the process of
formation of coalitions of the task fragments by the Algorithm



[[] and the selection of suitable mobile FNs for serving each
coalition. It is noteworthy that the complexity of coalition for-
mation depends on the number of merge and split operations
called during the process. Therefore, for the 7 number of tasks,
a maximum of 7" coalitions can be formed. In the uttermost,
a coalition tries to merge with all other coalitions. In such
a case, the first coalition tries to attempt the 7" — 1 number
of the merge operations. Similarly, the second coalition can
attempt 7' — 2 number of merge attempts and so on. Thus, the
number of merge operations at most is m However, in
a real-time scenario, each coalition merges with the suitable
candidate coalitions where the candidates are those which have
an edge between the task fragments of two coalitions. Hence
the number of merge operations is less than the maximum
number. Further, the maximum number of split operations
tends to find all the partitions, which can be computed using
the Bell number [26]. Essentially, the number of partitions
depends on the number of players in coalition games and
increases exponentially as the number of players rises. But,
in reality, the coalition split according to the preference rule
and does not attempt to split further. Therefore, the number of
split operations is also significantly less in practical scenarios.

V. PERFORMANCE EVALUATION

In this section, we assess the performance of our pro-
posed system. We discuss the simulation settings, performance
metrics and the benchmark schemes used for comparing the
performance.

TABLE II: Simulation Parameters

Parameters Values
Number of RSUs 30-100
Number of tasks 20-500

Network topology

Barabasi-Albert [27]

Mobility model

Gauss Markov

Vehicle CPU frequency 1-3 GHz
Fog Node CPU frequency 2.9-4.2 GHz [15]
Data transmission rate 20-100 Mbps

Amount of computation of task

1500-2500 Megacycle [15]

Average task size

450 KB [[15]

Transmission power of fog node 20 dBm [15]
System bandwidth 20 MHz [15]
Velocity of vehicles 2-20 m/s
Maximum allowable delay (77) 5-50 ms
Maximum allowable delay (7%) 51-100 ms
Maximum allowable delay (73) 101-200 ms

A. Simulation settings

We evaluate the performance of FedServ through simulation
on the MATLAB platform. We use the road traffic data of
the M11 motorway in Ireland [28] of March 2021. To ensure
that the performance of the system does not change if the
network size changes, we consider the network topology of
RSUs following the scale-free Barabasi-Albert [27] topology.
The Gauss Markov mobility model is followed by the vehicles
for their movement in the network. We consider three types
of tasks with different delay requirements. The simulation
parameters and their values are presented in Table |lIl All the
results are plotted using the confidence interval of 95% by
running each of the experiments for 100 iterations.

B. Benchmark Schemes

To analyze the performance of FedServ, we compare it with
an existing scheme — heuristic-based offloading [8] and online
secretary-based offloading [[12], named HBO and SBO, which
adopt a heuristic algorithm and online secretary algorithm,
respectively, to find out the candidate vehicles for offloading
the task. In addition, we compare the performance of the
proposed scheme with two traditional schemes — Random
and Nearest. In Random, RSU chooses a vehicle in its vicinity
randomly, while in Nearest, a vehicle with minimum distance
from the RSU is chosen as the candidate to offload the task.
Random and Nearest pave the motivation for the design of
the proposed scheme over the traditional methods, while HBO
shows the efficiency of the proposed scheme over the heuristic
method by considering the delay of the task and resource
availability of any vehicle. SBO, on the other hand, evaluates
the performance of FedServ compared to the online algorithm
for candidate selection for task offloading.

C. Performance Metrics

We evaluate the performance of the aforementioned bench-
mark schemes compared with FedServ with respect to the
metrics stated below,

o Service Delay: It is defined as the total delay computed
using Equation [2] incurred in the task service of the
vehicle by the RSU either by offloading or by serving by
itself. The delay metric defines the efficiency of FedServ
for latency-sensitive applications.

o Energy Consumption: The energy consumed by the ve-
hicles to activate their processing units for the execution
of the task computed using Equation (3| is defined as the
energy consumption. Since the proposed method guar-
antees the effective utilization of the resources, energy
consumption defines its resource utilization efficiency.

e QoS Violation of Tasks: It measures the deviation of
the QoS achieved by the task service from its expected
QoS. We compute it by evaluating the difference between
the total incurred delay from the expected delay of the
tasks. This metric paves the way for showing the user
satisfaction achieved by FedServ in comparison to the
other systems.

o Cost: It measures the cost of activating the processing
units required for the service of the task. This metric
assists in comparing the performance of the schemes in
terms of cost incurred for the task service.

D. Results

1) Service Delay: We compare the delay incurred in the
service of the task by all the schemes. The performance of
FedServ in comparison to the benchmark schemes is shown
in Figure 3] It is evident from the figure that the delay is
maximum at the peak time of the days when the traffic is
maximum due to more number of task requests. Also, the delay
increases with the increase in the amount of computation of

the tasks as shown in Figure [3(a)] Figure [3(b)} and Figure 3(c)}

Also, Random incurs the highest service delay while FedServ
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performs best. Random chooses a vehicle for offloading a task
randomly without considering the computation power of the
vehicle and its mobility time. Similarly, Nearest chooses a
vehicle whose distance from the RSU is minimum, ignoring
computation power and the mobility time. On the other hand,
HBO considers the computation power, however, the vehicles
tend to move out of the RSU’s vicinity, which has offloaded
the task leading to the increased delay of the task service. SBO
increases delay for its computation in the algorithm. FedServ
benefits with the minimal delay by partitioning the task while

considering the delay requirement of the task, computation
power of the vehicle, and the mobility time of the vehicle.

We compared the service delay of the tasks by keeping the
average speed of vehicles as 10m/sec in Fig. The figure
shows that the service delay increased with the increase in the
speed of the vehicles. This is because, with the high speed
of vehicles, it is difficult to find mobile FNs for offloading
the tasks. Again, Random, Nearest, and Heuristic incur high
delay because of their inconsideration of the mobility time
of vehicles due to which the chosen candidate for offloading



task moves out of the RSUs vicinity and thus increase the
delay of task service. FedServ, on the other hand, induces
lesser delay compared to benchmark schemes but high delay
when compared with the varying speed. This happens due to
the difficulty of finding a suitable candidate for offloading the
task.

2) Energy Consumption: We analyze the energy consump-
tion in the system for the service of the task submitted at the
RSU, shown in Figure 4 The figure shows that the energy
consumption of the systems is maximum at the peak time of
the day when the traffic is high. Further, the energy consump-
tion is higher with the increase in the amount of computation
of the tasks as depicted from the Figures B ()land
The energy consumption for the service of the task depends
on the selection of a suitable candidate. Accordingly, Random
chooses the FN randomly for its task service, which induces
higher energy consumption, while nearest greedily chooses
the nearest FN ignoring the computation capability. HBO, on
the other hand, consumes higher energy for not considering
the movement of vehicles from the vicinity of the RSU.
SBO increases energy consumption in executing its algorithm
while finding a suitable candidate for task offloading. FedServ
outperforms all the schemes by minimizing the energy con-
sumption of the task service by choosing a suitable FN while
considering the delay requirement of the task, computation
capability, and mobility of the vehicles.

2) QoS Violation of Tasks: We measure the percentage of
tasks that violate their QoS requirement. Considering the delay
as the QoS requirement of the task, Figure [5] depicts the
percentage of QoS violated tasks. The figure depicts that the
number of tasks that violate QoS are minimal in FedServ as
compared to the other schemes. This is because, in FedServ,
the tasks are partitioned, and fragments are assigned to FNs for
their service, which minimizes their service delay. However,
Random chooses an FN randomly and offloads the entire
task, while Nearest chooses the closest FN and offloads the
task. Both the schemes ignore the computation capability of
the FN before offloading the task. HBO and SBO consider
the computation capability of the vehicles before offloading;
however, it fails to consider the mobility of vehicles which
increases the delay of the task service. Thus, the percentage of
QoS violated flows increases with the increase in the number
and the amount of computation of the tasks, as shown in Figure
and

2) Cost: We measure the cost of activating the processing
units required for the task service by all the schemes. Figure
[6] presents the comparison of FedServ with the other schemes
for the cost incurred in the task service. It is evident from the
figure that the cost is maximum when the traffic is high, which
is due to more number of task requests. This is expected as
more tasks require more processing units to be activated for
their service. It is noteworthy that the cost of activating the
processing unit is higher at the server compared to the RSU
and the vehicles. Also, the computation-intensive tasks require
more number of efficient processing units. Thus, Figure [6(a)]
[6(®) show that the cost also increases with the increase
in the computation amount of the tasks. Moreover, Random
performs the worst by choosing the FN for offloading the task

randomly, ignoring the efficiency of the vehicles to serve the
task, which compels it to offload more tasks to the server
incurring a high cost. Nearest greedily chooses the closes FN
to the RSU without considering the computation amount of the
task and the resource availability of the vehicle. HBO, on the
other hand, considers the computation intensiveness of the task
for offloading; however, it tends to offload more tasks to the
server because of suitable vehicle availability. SBO increases
its cost of task service for its inconsideration of mobility of
vehicles during the task offloading and its computation of
the algorithms for finding the candidate. FedServ is benefited
from the provision of fragmentation of the tasks. Since the
tasks are fragmented before offloading to the mobile FNs,
the computation amount of tasks is reduced in fragments,
and thus, the vehicles with the available resources to process
the fragments can be found, thereby reducing the cost. Thus,
FedServ outperforms all the benchmark schemes.

VI. CONCLUSION

In this work, we presented a federated task service scheme,
named FedServ, in a fog-enabled vehicular network while
considering the different requirements of the tasks in the
presence of mobile vehicles. The decision of where to serve
the task is taken by considering the availability of mobile
and static FNs depending on the requirements of the task.
Moreover, to minimize the delay of computation-intensive
tasks, we provisioned the method of fragmenting the tasks
and offering a federated service to the task fragments. We
formulate an optimization problem for maximizing the utility
of the task fragments while considering the delay requirement,
the energy of the nodes, and the processing units required
for the task service. We model the problem as a coalition
game for choosing the suitable and optimal number of fog
nodes for the task service. The numerical results show that
FedServ performs better in terms of QoS requirement of the
tasks by minimizing the QoS violation by 34.32%, 25.32%,
and 22.78% compared to the benchmark schemes, Random,
Nearest, and Heuristic.

In this work, we considered that the vehicles submit their
task to the RSU for the service. However, in a real-time
environment, a vehicle can request other vehicles also for the
task service. Thus, we plan to study the vehicle to vehicle
offloading of the tasks as a future extension of this work.
Further, we also plan to implement the proposed system in
real-time vehicle networks.
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