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we formulate a coalitional graph game for multi-hop clustering (CGG-MC) model to
create a multi-hop cluster with the largest possible coverage area for a given transmis-
sion delay time constraint to economize on the number of RSUs installed. Vehicles
cooperatively form a proper coalition with relation directed graphs among vehicles in
a multi-hop cluster to collect, aggregate, and forward data to RSUs instead of indi-
vidually competing to connect directly to RSUs. Vehicles decide to join or leave the
coalition based on their individual utility, which is a weighted function of the coverage
area, number of members in the cluster, relative velocities, distance to sink nodes, and
transmission delay toward the sink nodes. The distributed-solution approach based on
probabilistic greedy merging of coalitions is used to derive the grand coalition, and the
probability of grand coalition formation is analyzed by using a discrete-time Markov
chain. Our results show that the proposed solution approach yields a 95% confidence
interval of the average utility between 61 and 68% relative to the maximum utility in
the centralized-solutions. Additionally, our CGG-MC model outperforms the non-coop-
eration model by approximately 166% in terms of enlarging the coverage network area
under a transmission delay time constraint.

Keywords: Clustering, Coalitional graph game, Game theory, Vehicular ad hoc
network (VANET)

1 Introduction

A vehicular ad hoc network (VANET) is a group of vehicles with wireless transceivers
that form a wireless ad hoc network, allowing for the exchange of data among vehicles
not within single-hop communication ranges. Exchanging data through VANETs is uti-
lized for implementing a wide variety of intelligent transportation systems (ITS) appli-
cations such as traffic monitoring [1], safety warnings, driving decisions, autonomous
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driving [2], transportation payments, secure database recordings on the blockchain
[3], popular content advertisement [4], and vehicular cloud computing [5]. Vehicles in
VANETSs are usually equipped with IEEE 802.11p radio transceivers to provide wireless
access in vehicular environments (WAVE), which allows data exchanges between vehi-
cle-to-vehicle (V2V) and vehicle-to-roadside infrastructure (V2I). The radio transceiver
installed in a vehicle is called an on-board unit (OBU), and a transceiver on a roadside
infrastructure is called a roadside unit (RSU). In a typical ITS, vehicles must compete
for limited wireless channel capacity to exchange data with the RSUs for reporting to
the traffic control center, so the wireless channel can be overloaded when the number of
competing vehicles is large. That load can be shared by installing more RSUs along the
roadside, but RSU installation and maintenance can be expensive.

One of the challenging problems in VANETs is to achieve efficient routing in the pres-
ence of channel contention collisions and dynamic topological change due to the mobil-
ity of vehicles. To improve the routing scalability and reliability of VANETS, clustering
techniques have been used to construct the tree-like hierarchical network structure,
or a multi-hop cluster, where vehicles are grouped into overlapping clusters as shown
in Fig. 1. In the cluster formation, vehicles are assigned one of the three roles—cluster
head (CH), cluster member head (CMH), and cluster member (CM), and the hierarchi-
cal neighboring link relationship is established based on the assigned role. With multi-
hop clustering, only CMHs act as intermediate nodes responsible for packet routing and
can also aggregate data, which reduces the network traffic load and improves the overall
network performance.

Several algorithms have been proposed to form a multi-hop cluster that is optimized
for different performance objectives, such as cluster stability and delay. For instance,
clustering for high cluster stability will attempt to form clusters whose neighboring vehi-

cles have a low relative velocity to obtain stable links. If a low-delay cluster is desired, the
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network diameter in hops must be restricted. Therefore, a wide variety of metrics, such
as relative velocity, relative position, signal strength, and signal-to-noise ratio, have been
used for cluster formation depending on the performance objectives [6, 7]. The relative
velocity of vehicles is commonly adopted to maximize link stability and hence the cluster
lifetime. While most prior works focus on clustering with high link stability or with high
throughput, we focus on expanding the coverage area of the connected multi-hop clus-
ters to avoid the need for additional RSU installations, subject to the packet transmission
delay time constraint.
The contributions of this paper are as follows:

+ We propose a coalition graph game for multi-hop clustering (CGG-MC) model in
which vehicles can cooperatively gather, aggregate, and forward data to a sink node
or an RSU.

+ The model attempts to maximize the cluster area of a network subject to the packet
transmission delay constraint.

+ The distributed-solution approach based on probabilistic greedy merging of coali-
tions is applied to derive the clustering results, and the probability of getting each
clustering is analyzed by using a discrete-time Markov chain (DTMC).

Our CGG-MC model is a cooperative game clustering scheme in which all players in
the game can cooperatively help each other in forming the probable coalitional struc-
ture and expanding the coverage area. Unlike the traditional and non-cooperative game
clustering schemes where each vehicle or player selfishly competes to obtain the highest
benefit, CGG-MC can fairly share the utility as a win-win. The higher-level nodes such
as the RSU can gather more information from a larger coverage area, and the lower-level
nodes can obtain the channels to access the RSU for reporting their data.

The remainder of this paper is organized as follows. In Sect. 2, we review related works
on clustering techniques in VANETSs and discuss their limitations and issues. In Sect. 3,
we present the CGG-MC model for forming multi-hop clusters of vehicles. The cluster
merging process and its complexity in terms of the number of exchanged messages are
discussed. The probabilistic greedy merging of coalitions is then developed and analyzed
by using DTMC. In Sect. 4, the performance evaluation results are presented to demon-
strate the effectiveness of the proposed model under both static and dynamic scenarios.
Finally, the conclusion is offered in Sect. 5.

2 Related work

2.1 Clustering schemes

Clustering for various types of wireless networks such as wireless sensor networks
(WSN) and wireless mesh networks (WMN) has been intensively researched. However,
these environments and clustering purposes are different from VANETs. In a WSN [8,
9], the sensor nodes are statically embedded for sensing and sending the data with a lim-
ited power supply. Energy management is the main requirement of WSN clustering for
prolonging the network lifetime. The metrics commonly used in WSN clustering involve
energy consumption, transmission power, and sleep and wake-up time schedules,
whereas these energy metrics are not required for VANETs because typical vehicles can
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generate their own energy supply. On the other hand, concerns in a VANET include lim-
ited channel capacity and network stability because VANETs are larger than WSNs and
the nodes have rapid mobility. In a WMN [10], nodes are connected in a mesh topology
with robust connectivity and high reliability due to the natural self-healing of mesh con-
nections. Typically, a WMN has two types of nodes [i.e., mesh router (MR) and mesh
client (MC)], and two hierarchical levels (upper and lower). The upper level consists of
static MR nodes, and the lower level consists of dynamic MC nodes that are movable
and connected to their closest MR. The main purpose of a WMN is to continuously pro-
vide the same network access to all MC nodes even though they are moving. The signal
strength is a very important metric for WMN clustering. WMNs may seem usable in the
vehicular environment where an MR acts as an RSU and MCs act as vehicles. However,
a WMN is most suitable for mobile devices that are used in an indoor environment, or
within the building area, but not suitable for devices with rapid mobility.

VANET clustering can be classified into many categories depending on clustering
metrics and grouping mechanisms, such as flat and hierarchical clustering, central-
ized and decentralized computation clustering, single-hop and multi-hop clustering,
single-metric and multi-metric clustering, and uplink (vehicles-to-RSU) and downlink
(RSU-to-vehicles) clustering. In flat clustering, vehicles independently join a cluster and
connect as peer-to-peer, and data can be disseminated by broadcasting or flooding [11,
12]. Flat clustering minimizes the overhead of data exchanged, but it suffers a broadcast
storm problem [13] in a dense flat network. In hierarchical clustering, a rank is assigned
to every vehicle in the cluster to enable inherent tree-based routing. It requires one
vehicle to be a cluster head (CH), who is responsible for relaying data packets between
members of the intracluster and another vehicle in the intercluster. Hierarchy leads to
successful dissemination by relaying data without the broadcast storm problem, but it
requires more overhead and delay. The earliest work in hierarchical clustering is the low-
est ID (LID) protocol [14, 15]. It uses the node identification number that is assigned in
ascending order for the CH selection. This scheme is simple because the node ID is only
a single-metric for clustering, but it is not robust or reliable for mobility. Mobility-based
metric clustering (MOBIC) in [16] uses the received signal strength (RSS) power level as
a single-metric to measure the relative mobility of nodes within a single-hop distance.
Aggregate local mobility (ALM) in [17, 18] is similar to MOBIC but uses the location
information from the global positioning system (GPS) instead of the RSS to derive the
relative mobility of nodes. The node which has the smallest variance of relative mobility
from its single-hop neighbors is elected as CH. These schemes improve cluster stability
and prolong the cluster lifetime under mobility. Affinity propagation for vehicular net-
work (APROVE) in [19] forms clusters by considering multi-metrics consisting of mini-
mum distance and minimum relative velocity between each node and CH. Each node
periodically finds and updates its new preferred CH. This process is similar to the tradi-
tional K-means algorithm for cluster stability convergence. Vehicular weighted cluster-
ing algorithm (VWCA) in [20] uses multi-metrics combined and weighted with vehicle
direction, number of neighbors in the dynamic transmission range, entropy value calcu-
lated from relative mobility, and distrust value calculated from abnormal packet relaying
rate. This weighted multi-metric scheme can balance the clustering factors well in order
to obtain a longer duration of cluster lifetime. Hierarchical clustering techniques, as
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mentioned above, yield a clustering diameter that is limited to at most two hops where
the relay node is the CH. However, it can be enlarged by spreading the multi-hop links.

A recent work in [21] applies clustering in the context of data dissemination. A single-
hop cluster is formed by using arbitration based on pre-assigned cluster head indices
and the probabilistic forwarding mechanism is used to broadcast packets, where the
probability of broadcast attempts is a decreasing function of the number of transmission
rounds. The maximum allowed cluster size and the maximum number of transmission
rounds in the clustering and forwarding processes are determined by multi-objec-
tive optimization using the packet delivery ratio, end-to-end delay, and the number of
dropped packets as the metrics. Multi-hop clustering using relative mobility to select
CHs appears in the vehicular multi-hop algorithm for stable clustering (VMaSC) [22].
Each node attempts to connect with its neighbor, who is a CH or is already joined with
a CH. The nodes affiliate in a multi-hop structure with a minimum number of hops
to decrease the delay of packet transmission. This scheme combines the IEEE 802.11p
VANET with the long-term evolution (LTE) cellular network. However, LTE is not
mainly used for V2V communication. It just helps CHs to reduce clustering overhead
and disseminate data to remote regions with high cost cellular communication between
CHs and LTE base stations. The distributed multi-hop clustering algorithm for VANETSs
based on neighborhood follow (DMCNF) in [23] assumes that a vehicle can easily iden-
tify its most appropriate neighbor for following within a single-hop distance. To follow
that neighbor node, it selects the same CH and joins that multi-hop cluster based on
relative mobility, the current number of followers, and the historical cluster informa-
tion metrics. Advanced multi-hop clustering (AMC) [24] is another technique that also
uses neighborhood following to form a multi-hop cluster. With a pre-specified CH node,
the nearby nodes can directly connect to the CH and get the CM status. The farther
nodes follow only one of their single-hop CM neighbors who is the most suitable node
to share the CH. The suitability is considered from the weighted summation of four
important parameters, which are the packet transmission delay, the link lifetime, the
distance to CH, and the neighborhood degree. These parameters are iteratively checked
all the way to the CH node to maintain cluster stability and performance. The robust
mobility-aware clustering (RMAC) in [25] selects CHs based on relative node speeds,
locations, and directions. Two or more single-hop clusters, which have an overlapping
transmission range, merge to form a larger multi-hop cluster. The CH of a smaller clus-
ter simultaneously becomes a member of a larger cluster. This scheme constrains the
number of connection links per node to avoid cluster instability, and produces a perfor-
mant cluster lifetime. However, the degradation of throughput and packet delay as the
cluster enlarges has not been investigated. Dynamic backbone-assisted medium access
control (DBA-MAC) [26] and cluster-based location routing (CBLR) [27] are the rout-
ing approaches specifically applicable to multi-hop clustering for end-to-end commu-
nication. DBA-MAC forms a linear backbone topology among vehicles that resembles a
snaking chain while CBLR merges clusters into a multi-hop cluster and assigns a node in
an overlapping area of original clusters as the gateway to relay the information. Although
both schemes route data packets from a source node to a destination node efficiently,
they do not consider the delay time constraints involved in collecting data from all vehi-
cles and routing them to a central CH node.
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The computational approaches, such as centralized and decentralized computation,
should be considered for clustering. Schemes that use centralized clustering commonly
assign an RSU or a top-level CH as a central node to compute the clustering algorithms.
Centralized clustering is simple, gives an exact solution, optimizes the clustering pur-
pose, and seems appropriate for hierarchical topology. However, its computational time
may increase quickly as the number of vehicles increases based on the complexity of
the clustering algorithm. Conversely, decentralized clustering schemes distribute the
computation to all cluster members. Each node discovers neighbors by exchanging hello
messages which contain necessary information metrics. The node computes the best
interaction with its neighbors by itself based on available information at that moment.
Decentralized clustering is fast but does not guarantee the optimal solution. Distributed
clustering algorithm (DCA) and distributive mobility adaptive clustering (DMAC) in
[28] are examples of weighted multi-metric decentralized clustering schemes. The CH
election power is distributed to all members. The node having the greatest weight-sum
based on link quality and mobility metrics is elected to be a CH.

2.2 Game theoretical clustering

Another line of related work applies game theory to VANET clustering. Game theory
not only considers the metrics as the previous explained works do, but can also make a
decision based on the other nodes’ actions. Vehicles are the players or competitors in the
game. Various types of metrics are combined to form a payoff or utility function. Each
player chooses the best action strategy, such as joining or ignoring the cluster, to obtain
the best utility. Game patterns can be both non-cooperative and cooperative, but every
game has the same purpose of finding the equilibrium point or the best strategy for all
players. The multi-player game theoretic algorithm for intra-cluster data aggregation
(MGADA) in [29] is a non-cooperative game for clustering. Players in this game selfishly
compete to transmit the data to the CH. The only action strategies are transmitting or
silencing. To obtain their highest utility, players solve for their optimal solution using
the Nash equilibrium. In [30], an evolutionary game theoretic approach for stable and
optimized clustering in VANETSs (EGT) balances the population size of multiclusters by
applying an iterative evolutionary process. The structure of this scheme has connection
links from RSU to CHs, and each CH forms a single-hop cluster with its members. The
RSU acts as a central node to compute the total throughput of the network. The popula-
tion size of each cluster is raised or reduced depending on the available channel capacity
resources of each cluster. In each iteration, each vehicle has a non-cooperative selection
strategy to be a member of a cluster. It will move a membership from the current cluster
to another cluster if it obtains higher utility until the utility converges. The metrics used
in the utility calculation function are channel capacity and throughput. The evolutional
dynamic replicator adjusts the population proportion between clusters to find the equi-
librium point, and the cluster stability is proved by using the Lyapunov function.

In coalitional games [31, 32], the authors classify games into three types, such as
canonical game, coalition formation game, and coalitional graph game. The canonical
game denotes a game in which no group of players obtains worse utility than by act-
ing alone. The coalition formation game denotes a group of players joining together to
obtain the highest utility, but with a cost that each player must consider whether to
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leave or join the group. The coalitional graph game denotes a group of players form-
ing with a relationship graph between players.

In the coalition formation game approach [33], vehicles are formed into coalitions.
The vehicles in the same coalition cooperatively relay the downlink data packets from
an RSU to a vehicle node. Instead of direct delivery, relaying data packets by vehi-
cles in the same coalition yields higher efficiency than by the RSU acting alone. This
scheme uses social network analysis (SNA) to filter out some less-utilized vehicles
before forming a coalition. Nash bargaining is applied to find the utility of coalitions
and the probability that vehicles are connectable to others in the same coalition. Vehi-
cles can merge or split coalitions if they and the coalitions obtain higher utility. A
coalitional structure is a combination of coalitions. There are many possible coali-
tional structures, but the most stable coalitional structure can be proved by using a
discrete-time Markov chain (DTMC). This solution is exact. However, the possible
solution space of this coalitional game grows as a combinatorial function. The com-
putational time grows as the combinatorial complexity increases along with the num-
ber of vehicles. The approximate solution can be solved by another algorithm called
the distributed iterative merge-and-split algorithm. This is another way to quickly
find a fairly stable coalitional structure. In [34], the coalition formation game forms
a connected automated vehicles (CAV) coalition at the multi-lane merging zone of a
road. The coalition performs cooperative decision making by motion prediction. This
scheme is interesting in that it can form a sub-coalition within a coalition, which may
be applied to model a hierarchical multi-hop clustering.

In the coalitional graph game, the membership of the coalition affects not only the
utility, but also the relationship between members. The first work introduced in this
field is in [35]. The interconnection between players in the same group can be mod-
eled by graphs and vertices. Relationship graphs strongly affect the utility of each
player. Altering the link structure of a coalition will change the utility of each member.
The non-transferable utility coalition graph game algorithm (NTU-CGGA) in [36]
forms the interaction graph between players for improvement of the channel capacity
resource allocation. The player with more available channels can help the player with
less available channels to relay information. This scheme uses the throughput and the
fairness index as the utilized metrics to form the coalition. The popular content dis-
tribution problem (PCD) can be solved by the coalitional graph game in [37]. It is
the V2I communication that the RSU uses to broadcast the advertisement to vehicles.
However, the data packets can be lost. The coalitional graph game forms a coalition
among vehicles to exchange and complement the missing data packets. The miss-
ing packets and available channel slots are parameters to form the utility and graph.
This scheme models the whole network as a grand graph and may take a long time to
form a coalition when the vehicle density is high due to the algorithm complexity. The
cooperative V2V-aided transmission coalitional game (CVCG) in [4] improves the
issue of [37]. It uses the location-based blocking scheme to split a huge coalition into
several small coalitions.

In summary, although there are already some works studying the coalitional graph
game to form a stable coalition, forming a coalitional directed graph for a hierarchical
multi-hop clustering to maximize the cluster coverage area still needs to be studied.



Charoenchai and Siripongwutikorn J Wireless Com Network  (2022) 2022:67 Page 8 of 25

3 Method

3.1 CGG-MC model and coalition formation

We design a hierarchical multi-hop clustering model for a network of vehicles on a
suburban or urban road with installed RSUs. Each vehicle is assumed to be equipped
with GPS, sensors or cameras, and an ECU processor, so it can detect local informa-
tion, such as position, velocity, movement direction, and surrounding events of inter-
est. Its OBU is assumed to be an IEEE 802.11p standard radio transceiver that has
an adjustable transmission range function. The communication bandwidth is sepa-
rated into a cluster control channel and a data channel. Vehicles use the cluster con-
trol channel to organize the clustering process, and they transfer their collected data
through the data channel. These two channels do not interfere with each other. To
achieve our goal, the vehicles form a multi-hop cluster covering an area as large as
possible, and cooperatively collect and transmit data via this cluster structure to a
nearby RSU within a given transmission delay time constraint.

The vehicles are grouped into clusters to form a coalition. Each cluster has one vehi-
cle as a cluster head (CH) and at least one child node as a cluster member (CM). Data
flows from CM to CH in a single-hop. The clusters merge into the same coalition to
expand the network area as a connected multi-hop cluster as shown in Fig. 1. The
CH of a cluster becomes a member of another cluster that it merged into. Its status
changes to a dual status of CH and CM simultaneously, or it is called CMH. The CMH
performs routing between its cluster members and its CH. Routing is automatically
formed like a tree structure, so data can flow by multi-hop steps from leaf CM nodes
and be aggregated while passing through each CMH node until reaching the root sink
CH node. The root sink CH node is almost an RSU, but the vehicle that is the current
top-level node will be the CH instead if no RSU exists. Thus, the coalition of any node
is defined as the cooperation in which that node receives data from all its offspring to
aggregate and send to its parent, as shown in Fig. 2.

We use a coalitional graph game with non-transferable utility (NTU) to maximize
the coalition area A; while satisfying the transmission delay time T; from node i to the
sink node. The number of clusters joining the coalition is limited by the transmission
delay time constraint specified prior to the clustering. The coalitional graph game is a
type of cooperation game theory, where the utility is affected by both a membership
and a relationship structure between members of the coalition, as explained in the
related work section, and can be analyzed by the relational link graph among play-
ers in the game. The NTU is a sub-type of the coalitional graph game, where a player
cannot directly transfer its utility to another player in the same coalition, but they can
take some actions to support the coalition to obtain higher utility.

We model the coalition formation of connected multi-hop clusters as shown
in Fig. 2. The set of all vehicles and the RSU, denoted by N ={1,2,3,...,|N]|}, are
the players in the game. Any vehicle node i has a 2D position (x;, ;). Its coalition is
denoted by family(i) which is a set of its parent node, itself, and all its offspring nodes.
Node i directly receives data from its child nodes and transmits data to its parent
node. The Euclidean distance between the transmitter node t, and the receiver node
1y is denoted by dy,_,,,. The coalition area of node i covering the whole family of node
i is calculated as
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Fig. 2 Parameters of our proposed model
0 ; node i is alone (singleton-coalition)
Ai=4 w0l (1)
TR e bor * otherwise,

where A; is the coalition area of node i in the circular shape. This area shows the knowl-
edge of node i because it can get information from all of its covered offspring to serve its
parent. The radius Reen_spor is the Euclidean distance from the centroid to the border of
the coalition. The centroid is the average position of every node in the family(i) that is
located at the position (Xcen, Ycen)- The border can be referred to the position of the far-
thest node in the family(i). The maximum distance given from the centroid to any node
in the family(i) is the coalition radius.

The parent(i) denotes the parent of node i, and offspring(i) denotes a set of offspring of
node i. The T; is the transmission delay time of node i that node i consumes while receiv-
ing data from all of offspring(i) and transmitting aggregated data to parent(i). However,
the transmission delay time is zero if the node i is only one member in the coalition
because it does not yet receive or transmit any data. Therefore, the transmission delay
time of node i is calculated as

0 ; node i is alone
(singleton-coalition)
Ti= (2)
~ max (T,'_>L~) + T parent(iy 5 otherwise,
Vjeoffspring(i)

where T, parent (i) is the transmission time that node i successfully delivers the data pack-
ets to its parent node. Node j denotes any offspring of node i. The T ,; is the transmis-
sion time that node j successfully delivers the data packets to node i. The data channel
is fairly shared, so all of the offspring nodes can deliver data simultaneously. The oft-
spring node that has a large data size or a bottleneck path will consume more time and
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be slower than others. We use the maximum function to pick up the time that offspring
node consumes for successful delivery.

The transmission time T;_, parens (i) is calculated by the amount of aggregated data from
node i that is successfully delivered to parent(i) with the maximum throughput rate as

T, D
i—parent(i) — =~ 3
Tpieparent(i) (3)

where D; denotes the amount of aggregated data from node i. It consists of node i’s self
local data A; and all data from all offspring nodes as depicted in Fig. 2.

The maximum throughput of the path between node i and its parent node, denoted by
ﬁ’i_mwent(i), can be scaled from the data channel capacity and approximated based on
Gupta—Kumar’s model [38, 39] as

Ci—>parent(i)

ﬁi—)parent(i) X —F— (4)
/nlogn

where n represents the number of nodes in the same cluster that consists of node i,
parent(i), and siblings(i).

The data channel capacity, denoted by C;_ parent(i» can be approximated by the Shannon
capacity formula [36] as

P,
Cisparent(iy = Blog, { 1+ N ) (5)

where B is the channel bandwidth, P, is the received power at parent(i) that has decayed
along with the distance from the transmitter node, and Ny is the noise power. From the
equations of Gupta—Kumar and Shannon, the maximum throughput fundamentally
depends on the distance between nodes and the number of nodes in the cluster.

Any coalition, denoted by S, can be regarded as the subset of all players in the game
(S € N). Each player attempts to increase its coalition area by joining another coalition and
aims to increase its utility as much as possible. However, a larger coalition area leads to
throughput reduction, and thus more transmission delay time to the sink node due to the
longer transmission distance and more interfering nodes. Thus, the utility of each player
can be represented in terms of gain and cost, where the gain is the coalition coverage area,
and the cost is the transmission delay time from its most distant offspring node to its parent
node. Each player is unable to transfer its utility to another, but it can join or merge its coali-
tion with another to achieve higher utility altogether.

The utility of node i, denoted by u;, can be defined as a function of coalition area A; and
transmission delay time T; as

u; = (@A; — tT) + (0; — Vi), (6)

where the « and 7 are the positive coefficients to weigh the importance of the coalition
area and the transmission delay time. The parameters p; and y; are the reward and pen-
alty, respectively. Node i will get a reward p; if it connects to a coalition that has an RSU
as a member. We assign a constant value for a reward, such as p; = 100 for a coalition
having an RSU, but p; = 0 otherwise. Node i will get a penalty ; if its velocity differs
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greatly from that of its parent node. In particular, the penalty v; is defined as the magni-
tude of relative velocity between node i and parent(i) as

0 ; node i has no parent
Vi= |17 -y »| ; otherwise 7)
i parent(i)| » .
We define the coalitional structure, denoted by I' = {S1, Sa,. .., Siu}, as a set of m coali-

tions that occur at the same time. The coalition S that contains all nodes in N is called
the grand coalition. However, the grand coalition may not be guaranteed to occur, and
there may be many coalitions at the same time. If a coalition Sy and another coalition Sy
occur at the same time, each coalition will not contain the same node (S; N Sy = @ for
k # k).

The rank precedence and relationship graph of the nodes in the coalition S are
represented by the arrow sign (—). The head of the arrow points at the higher-rank
node, and the tail of the arrow is at the lower-rank node. The rank level status of each
node can be any one in the set L = {UN,CM, CH, CMH} which denotes un-cluster
status, cluster member status, cluster head status, and dual status (both CM and CH),
respectively. Therefore, the coalition S can be written in the coalitional graph form,
such as (1Y), 1M — 2CHy (1CM _, 9CMH _, 3CHy (1CM _, 9CH . 3CM) " ‘\where
1,2,3,...are the ID numbers of nodes in the game. The coalitional structure I" can be
written as follows:

The merge and split process is a critical part of our game model. The rank level status
can be changed during the clustering process due to merging and splitting of nodes. For
a given node, its status can change with the following merging and splitting:

« The UN changes to CM, or CH changes to CMH, when the node joins another
coalition as a child node.

« The UN changes to CH, or CM changes to CMH, when another coalition joins the
node as its offspring.

+ The CM changes to UN, or CH changes to UN, when the node leaves its coalition
to be a stand-alone node.

+ The CMH changes to CM when all its children leave the node.

+ The CMH changes to CH when its parent leaves the node.

For example, suppose at time step ¢, the coalitional structure is
Ie = {81, 82,83} = (AN, @"N), B"M)).

At time step £ + 1, if nodes 1 and 2 merge such that S7¢" = (1CH «— 26M) the new coa-
litional structure will be
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pey = (51, 530 = { (1 < 29M), (3) ).

3.2 Merging process

3.2.1 Messages exchanged in coalition forming

The UN or CH node who is the highest ranked node in the coalition acts as the requester
to join another coalition. It broadcasts the join-request message over the cluster control
channel. The join-request message contains the current node’s position, velocity, utility,
and coalitional graph. Any node of another coalition acts as the acceptor who can accept
the request if both coalitions can improve their utility. The merging of these coalitions
successfully forms a new coalition when the acceptor returns the join-accept message to
the requester, and then the requester returns the join-confirm message to the acceptor.
Then, the requester and acceptor change their rank status as explained above. Moreover,
when the requester changes its status to CM or CMH, it cannot be the requester until it

leaves the coalition.

3.2.2 Complexity of messages exchanged in CGG-MC

We consider the worst-case scenario where all N vehicles are in transmission range of
each other (all nodes can connect together with a single-hop range), and only a pair of
nodes successfully merges in each merging step. The complexity to form and expand the
coalition depends on the number of messages exchanged between nodes. To merge two
coalitions, three messages are transmitted: join-request, join-accept, and join-confirm.
If all N nodes broadcast the join-request message, the number of messages exchanged
is no more than 3N. Initially, there are N singleton-coalitions. The worst-case coalition
merging occurs when a singleton-coalition merges with another coalition so that the
number of singleton-coalitions is reduced by one after each merging. Therefore, there
are N — 1 merging steps at most to finally obtain the grand coalition of size N, and the
total number of messages exchanged is upper-bounded by 3N (N — 1) or O(N'?).

3.3 Probabilistic Greedy merging

The utility of a grand coalition depends on the coalition merging sequence. The sequence
of coalitional structures obtained from the merging in a three-node case is shown
in Fig. 3. To obtain the grand coalition with the highest utility, all possible coalitional
structures must be elaborated to identify the one with the highest utility. However, this
approach is not feasible in practice due to the explosive growth in the number of possible
coalitional structures as the number of vehicles gets large. Under the sequential merging
process discussed in Sect. 3.2, coalitions in I'; can be changed to any coalition in I'y to
I'; depending on which node initiates the join-request message first, and whether the
new coalition improves the utility. The grand coalition can be any one in I's-I"16, one of
which has the maximum utility.

If we let the merging process occur without any intervention, the grand coalition may
end up with a poor utility. In particular, any node can broadcast the join-request mes-
sage, and the next coalitional structure is formed only if the utility is improved. As such,
the next coalitional structure in the sequence can be any structure having a higher util-
ity. For instance, from Fig. 3, if Node 2 is the first node that broadcasts the join-request,
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7
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Fig. 3 Transition of possible coalitional structures for a case of 3 nodes

and Node 3 is the first node that accepts and returns the join-accept message, the next
coalitional structure to form will be T'4.

A better approach, that improves the chance of obtaining the grand coalition with high
utility, is to give higher preferences to coalitions with higher utilities in each merging
stage, which we refer to as probabilistic greedy merging. Each requester node broadcasts
the join-request message and waits for join accept messages from all acceptor nodes in
its transmission range to determine possible coalitional structures in the next stage and
their utility. All requester nodes exchange their potential coalitions in the next stage, and
each candidate coalitional structure is assigned the probability of being selected that
depends on its utility relative to the others. Therefore, the candidate coalitional structure
with the highest utility has the largest probability of being selected.

3.4 Stability analysis of coalition formation

In this section, we show that the grand coalition obtained from probabilistic greedy
merging (described in Sect. 3.3) is stable, and we derive the probability of reach-
ing each of the possible grand coalitions. A coalition Si is called internally stable if
no member can improve its utility by leaving or splitting out of the coalition, and it
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is called externally stable if it cannot improve its utility by joining or merging with
another coalition Sy'. So, the coalition is stable when its structure no longer changes.

Let @ ={I';,T"y,...,T',} denotes a set of all possible y coalitional structures for
a given number of nodes with fixed topology. An example of Q2 for a case of three
vehicles was shown earlier in Fig. 3. The probability that the merging of coalitions
described in Sect. 3.2 will result in a given coalition structure I'; can be analyzed by
using a discrete-time Markov chain (DTMC) where I'; represents any jth state in the
DTMC state space 2.

Let I'; = {S1, 82, ..., S} be an arbitrary coalitional structure with m coalitions, and
let the coalitional structure I'1 = {{1},{2},...,{|N]}} contain all singleton-coalitions.
Let v(Si) be the sum of utilities from all the nodes in the coalition S; of coalitional
structure [}, i.e., v(Sx) = EVieSkeF,- u;. It can be proved that there will be at least one
absorbing state in the Markov chain if the utility summation of the singleton-coali-
tions is less than that of the non-singleton coalition [40]. In other words, the players
attempt to form a coalition that improves their utility, because the utility of players is
just equal to zero when they act alone (ZV{i}erl v({i}) = 0). This property implies that

the coalition merging always converges to one of the coalitional structures with a
grand coalition, and remains there. Those coalitional structures are thus absorbing
states in the DTMC.

Let P be the transition matrix whose entries are the probabilities Pr,-:rj/ that the
coalitional structure changes from the current structure I'; to the new structure I'y in
a time step [41, 42], denoted by

Pri=r, ... Prisr; ... Prisr,
P=|Prisr;, ... Pror;, ... Pror,|. (8)
Pr,r, ... Pr,=sr; ... Pror,

Let Zr,—r, be the set of coalitions whose members can change when the transition from
the current coalitional structure I'; to the new coalitional structure I';y occurs. For the
probabilistic greedy merging, the transition probability Pr;—r, in (8) can be calculated
by

|:UF/:>Fj/i| |:MCH (S,?ew)}

_ . Qnew .
Prisr, = o DS €Ly )
CH € §; € Z]"i:>r/.,,

where ucy(S") is the utility of a node i that used to be the cluster head node of the
coalition in er:r/,,, and it still has a CH rank when changes to the new coalition Slf:ew.
The utility is normalized by dividing by Wr;=T; 50 that 0 < PF/:>Fj/ < 1. The normaliza-
tion term wry=T;, is the sum of utilities obtained from CH node in every possible coali-

tional structure, which is calculated by
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Oy, =D {O'Fiél"/-/} [MCH (S,?ew)} ; SV ey,

10
CH € Sk € Zri:rj/. ( )

The variable o=y takes on a binary values (0 or 1) to enforce the condition that only
the transition to a new coalitional structure with better utility is allowed. That is

1; Spev) > S
ory=r; = { MCH( k ) = ucH(Si) (11)

0 ; otherwise.

Therefore, we can solve the probability of absorption into coalitional structures with a
grand coalition by rearranging and partitioning the transition matrix P as

-84

where Q is a matrix of transition probabilities between the transient states, R is a matrix
of transition probabilities from the transient states to the absorbing states, and I is an
identity matrix [41, 42]. For an absorbing DTMC, (I — Q)™ ! is the fundamental matrix
that shows the expected time to absorption, and (I — Q)~!R is the matrix whose ele-
ments are the probabilities that each absorbing state is reached. The state which has the
highest probability of absorption becomes the most probable coalitional structure.

3.5 Splitting process

In the non-singleton-coalition, any node whose utility has decreased is becoming unstable,
and is ready to leave the current coalition to find a new one that can improve its utility. The
condition for leaving is when its utility is less than zero, meaning that splitting itself off to
form a new singleton-coalition is better than staying in the current coalition. Let the cur-
rent coalitional structure be I'; = {Sy}. The members of the current coalition Sy can split to
multiple new coalitions SV, S where S N S = @ if they obtain higher utility than
the current coalition, i.e., #;(SP®") > 0 > u;(S;) and u;(S™) > 0 > u;(Sk). The new coa-

litional structure after splitting is F},‘ew = (S, SV}

4 Performance evaluation results

We use Python and MATLAB for coding the simulations and have separated the experi-
ments into two parts, static and dynamic scenarios. The static scenarios are used to
evaluate the utilities of grand coalitions achieved by the merging process described in
Sect. 3.2 in snapshots of networks based on the DTMC analysis. The weight coefficient
ratio (« : 7) for balancing the importance of coalition area and transmission delay time
is varied to investigate how this ratio affects the coalitional structures. The effect of the
reward term p that an RSU attracts vehicles to join its coalition is investigated by setting
the RSU as a sink node.

In dynamic scenarios, vehicles randomly move and their positions are updated every
0.1 s. The penalty term v determined from the relative velocity between nodes will be
added to calculate the utility. In each snapshot, the corresponding DTMC is simulated
to determine the coalitional structure and its utility to demonstrate how the coverage
area evolves over the sequence of network snapshots and its relationship to the utility
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achieved. The performance comparison between our CGG-MC model and the non-
cooperation model is also evaluated. We collect the coalition area results and the suc-
cessful packet delivery rate obtained from each network snapshot and plot them against
the number of vehicles in the network.

4.1 Static scenarios

The map of 50m x 50 m with three vehicles is considered. The vehicles are repre-
sented by a set of three players N = {1, 2, 3} located at the positions (x1,y1) = (10, 25),
(x2,92) = (20, 30), and (x3,y3) = (30, 20). Initially, each player acts alone with un-cluster
(UN) status. The initial coalitional structure is I'1 = {S; = (1), Sy = (2),S3 = (3)}. The
initial utility of each player is zero because they each act alone. Shown in Fig. 3, the ini-
tial coalitional structure can converge to the grand coalition by passing through any of
the six transient states (I'2 to I'7) and finishing in any of the nine absorbing states (I's to
I'16).

With the weight coefficients @ = 2 and v = 1 in the utility function, the utilities of all
16 coalitional structures are shown in Fig. 4a. Based on the probabilistic greedy merg-
ing, these utilities are used to compute the transition matrix in (12) and the probability
of absorption for each coalitional structure is calculated as shown in Fig. 4b. The result
shows that the most probable coalitional structure is I';5 = {(2 — 3 < 1)}, with an
absorption probability of 0.35 or a 35% chance of being formed. However, it does not
have the maximum utility (ugf[ = 275). In this case, the maximum utility structure is
Ig (uggH = 545), with an absorption probability of 0.13 or a 13% chance of being formed.

To justify the utility of the grand coalition achieved by the probabilistic greedy merg-
ing, we compute the average utility weighted by the absorption probabilities and convert
it to the percentage of the maximum utility. Letting I, be the state absorption probabil-
ity of a coalitional structure I'; obtained by solving the corresponding DTMC, the max-
normalized weighted average utility for this 3-node case is given by

r.
Man . 21'128 (HF/) (MC]H)

o = = x 100%
(uCH>
0.09)(269 0.13)(545 0.35)(275
=( )(269) + (0.13)(545) + - - - + (0.35)( )xloo%
545
= 58%

Ten 3-node networks are generated with different node positions and the max-nor-
malized weighted average utility of each case is computed as shown in Fig. 5, with the
95% confidence interval of 64.7 +3.58 = [61.12, 68.28]. Therefore, the probabilistic
greedy merging can achieve between 61 and 68% of the maximum utility on average.

Next, we experiment with different weight coefficient ratios (« : v) by varying the
weight coefficient « = {1,2,..., 10} while keeping t equal to 1. Increasing « places more
importance on the coalition area than the transmission delay time. When the weight
coefficient ratio (o : 7) = (1:1), Table 1 and Fig. 6 show that the probable coalitional
structures are I'y; = {(1 — 2) (3)} and I's = {(1 < 2) (3)}, which only group nearby
nodes in the same coalition. If the value of « increases, other coalitional structures in the
absorbing states become more probable. Therefore, the coalitional structures that have a
larger distance between nodes can be formed without being restricted by transmission
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Table 1 Probability of absorption of each coalitional structure for weight coefficient e = 1,2,...,10
andt=1
Coalitional Probability of absorption
structure
1 0 0 0 0 0 0 0 0 0 0
2 050 0 0 0 0 0 0 0 0 0
3 0.50 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 0
7 0 0 0 0 0 0 0 0 0 0
8 0 0.09 0.09 0.08 0.08 0.08 0.08 0.07 0.07 0.07
9 0 0.13 0.10 0.09 0.08 0.08 0.08 0.08 0.08 0.08
10 0 0.01 0.02 0.02 0.16 0.16 0.16 0.16 0.16 0.16
1 0 0.10 0.09 0.08 0.08 0.08 0.08 0.08 0.07 0.07
12 0 032 032 0.31 0.18 0.18 0.18 0.18 0.17 017
13 0 0 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.11
14 0 0 0 0.03 0.03 0.04 0.04 0.04 0.04 0.04
15 0 035 035 0.34 033 033 0.20 0.20 0.20 0.15
16 0 0 0.02 0.03 0.03 0.04 0.17 0.17 0.17 0.13
1:1 2:1 3:1 4:1 5:1 6:1 7:1 8:1 9:1 10:1
(:7)
. 05
S
s 04
2
® 03
G
Z 02
Z
8 o1
<] aT=9:1
= 0 at=7:1
at=5:1
1234 5 at=3:1
7 8 4 =11
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14 35 46
Coalitional structure index
Fig. 6 Probability of absorption of each coalitional structure for weight coefficienta = 1,2,...,10and t = 1

delay time, especially when the value of « is significantly greater than . On the other
hand, when there is a small value of « (e.g., @ = 1), the coalitional structures with large
distances between nodes are not probable, and thus cannot be formed due to the restric-
tion of the transmission delay time.

Next, we replace vehicle 3 with an RSU to observe how the absorption probability of
each coalitional structure changes. In this case, the coalition where the data is flowing
out of the RSU is not allowed and the transition probability to such a state becomes zero.
Any node i in the same coalition with the RSU has the additional reward p; = 100 to
its utility. The utility of each node for weight coefficients « = 2 and t = 1 is shown in
Fig. 7a. The probability of absorption obtained from DTMC is shown in Fig. 7b. The
most probable coalitional structure is still I';5 = {(2 — RSU < 1)} as shown in Fig. 7c.
This structure has an RSU as a CH node, and vehicle 1 and 2 as the CM nodes. This
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Fig. 7 DTMC results while vehicle 3 is replaced by RSU with weight coefficients« = 2,7 = 1

experiment demonstrates that the reward term helps the RSU attract vehicles to join its
coalition. Without the reward term, vehicles may disconnect from the RSU as demon-
strated in the coalitional structureI's = {(1 < 2) (3)}.

4.2 Dynamic scenarios

In the dynamic scenarios, every parameter setup is the same as in the static sce-
nario, except vehicle movement is added. We apply a random velocity v; within a
given range to each vehicle. The position of each vehicle is updated every 0.1 s as
(1, y)™ ™ = (x5, ;)0 + 3¢ where £ = 0.1, and the utility of each vehicle is also
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updated. With vehicle movement, the utility function has a penalty value calculated
from the relative velocity between a node and its parent. The coalitional structure in
each network snapshot is analyzed by using DTMC. We sample and record the most
probable coalitional structure over a sequence of network snapshots in these veloc-
ity range settings: 0—10 m/s, 10-20 m/s, and 20-30 m/s. Figure 8a shows the most
probable coalitional structure over a sequence of network snapshots. For the velocity
ranges of 0—10 m/s and 10-20 m/s, the most probable coalitional structures remain
stable for many snapshots while the structures change more often as the velocity
range increases. This experiment demonstrates that high relative velocity reduces
the stability of the coalitional structure. The penalty term prevents the nodes with
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high relative velocity from joining a coalition and helps the coalition avoid frequent
reconstruction.

Figure 8b shows the scatter plot of utilities of CH nodes in various coalitional struc-
tures from network snapshots versus the coalition areas. The result is separated into 3
phases: structure-changing phase, structure-converged phase, and structure-unstable
phase. In the structure-changing phase, the nodes form and change their coalitional
structure to obtain better utilities while moving and covering larger coalition areas
(0-315 sq.m). In the structure-converged phase, the coalitional structures remain stable
although the vehicles are moving. The utility reaches its maximum at ucy = 512 at the
coverage area of 627 sq.m. After this phase, the coalitional structure becomes unstable
as soon as the transmission delay time begins to diminish the utility. The vehicles will
abandon their current coalitional structure and reconstruct a new one in the next snap-
shot. This experiment reveals that the highest coverage area is achieved when the CH’s
utility reaches its highest value.

4.3 Comparison to non-cooperation scheme

We compare the performance of our CGG-MC model to the non-cooperation scheme
by setting the dynamic scenario on a large size map of 1km x 1 km, with 100 vehicles
and an RSU as shown in Fig. 9. The expiration time Texpire is set to 1 s before the RSU
rejects data packets. With this constrained time, the RSU selects only nodes that can
serve the channel to receive the data packets in time. In Fig. 9a, vehicles non-cooper-
atively compete to connect to the RSU, and only a few nodes located within the trans-
mission range of the RSU can successfully send data to the RSU. Figure 9b shows that
our model cooperatively forms a hierarchy multi-hop cluster with a coalition that has an
average coverage area larger than that of the non-cooperation model.

Figure 10a shows the average coverage area obtained from each network snapshot
when the number of vehicles increases. The average coverage area result shows that the
non-cooperation model and the CGG-MC model both perform equally well with a few
vehicles, but the CGG-MC attains approximately 166% more of the average coverage
area when the number of vehicles increases beyond 30 nodes, because the nodes in the
coalition are able to cooperatively relay the data packets to the RSU. Figure 10b shows
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Fig.9 Coverage area of non-cooperation model versus CGG-MC model

Page 21 of 25



Charoenchai and Siripongwutikorn J Wireless Com Network ~ (2022) 2022:67 Page 22 of 25

50

o
w
=3

— CGG-MC
Non-Cooperation

— CGG-MC
Non-Cooperation

I

N

o
L

40

o
N
o

30 A

20 A

Average cover area (sq.km)
<) )
p —
o w

10 A

14

=}

a
L

0

o
o
S

Average successful delivery packet rate (Pkt/sec)

20 40 60 80 100 0 20 40 60 80 100
Number of vehicles Number of vehicles

Fig. 10 Average coverage area and average successful packet delivery rate

o

the average successful packet delivery rate calculated from (4) and (5). The non-cooper-
ation model outperforms the CGG-MC when a few vehicles are available at the begin-
ning, however, the CGG-MC attains approximately 195% more of the delivery rate when
the number of vehicles increases beyond 50 nodes.

5 Conclusion

In this paper, we propose the coalitional graph game to form multi-hop clustering
(CGG-MC) among vehicles and RSUs, where the objective is to maximize the network
coverage area subject to the transmission delay time constraint. The solution is obtained
by using the probabilistic greedy merging approach to construct a sequence of coali-
tions in a distributed manner. A DTMC is used to analyze the probability of the resulting
coalitional structures. The results from a three-node network case show that the grand
coalition can attain the utility around 61-68% of the maximum utility from the central-
ized solutions. The effects of weight coefficients « and t for balancing the importance of
the coverage area and the packet transmission delay time penalty in the utility function
on the stable coalition structure solution are also explored. The results suggest that we
should increase o to form a larger coalition coverage area, and increase 7 to reduce the
transmission delay time. When an RSU is a sink node, vehicles may not connect and
form a coalition with the RSU, and the reward term helps the RSU attract vehicles to join
its coalition.

In dynamic scenarios, with vehicle movement, the DTMC analysis shows that the
duration where the coalitional structure remains stable decreases as the velocity
increases to a higher range. The relative velocity between nodes may be high and reduce
the stability of the coalitional structure if each vehicle increases its velocity. The pen-
alty term prevents the coalition-joining of the nodes with high relative velocity, helps the
coalition to avoid frequent reconstruction, and prolongs the lifetime of the coalitional
structure. The relationship between the utility value and the coalition area is concave.
When the coalition area increases, the utility of the CH node also increases until reach-
ing the maximum point. After that point, the utility reduces, and the coalitional struc-
ture becomes unstable.

By using the probabilistic merging approach to obtain the solution for the coali-
tional graph game, our CGG-MC model can handle a large problem size with a large
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number of vehicles. The comparisons between the CGG-MC model and the non-
cooperation model show that our CGG-MC model outperforms the non-cooperation
model by covering approximately 166% more of the coverage area. The CGG-MC
achieves an expansion of the network area by cooperatively forming multi-hop con-
nections to more distant nodes with the stable coalitional structure.
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