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Abstract—Vehicular networks have emerged as a promising
means to mitigate safety hazards in modern transportation sys-
tems. On highways, emergency situations associated with vehicles
necessitate a reliable media access control (MAC) protocol that
can provide timely warnings of possible vehicle collisions. In this
paper, we present an edge-assisted cluster-based MAC protocol
(ECMAQC) for packet dissemination in software-defined vehicular
networks. To reduce the control messaging overhead for clustering,
ECMAC separates the cluster control plane (i.e., managing cluster
formation) from the data plane (i.e., actual data transmission and
forwarding) by using a software-defined network controller in a
cellular network edge server. For transmitting packets, we design
a time-division multiple access (TDMA) schedule algorithm to
guarantee a high reliability and a low latency. The TDMA schedule
in ECMAC is determined by a joint optimization process in the
cellular edge, which is formulated as a binary integer linear pro-
gramming problem and solved by a heuristic approach based on
the divide-and-conquer paradigm. This joint optimization process
minimizes the signal interference by jointly considering channel
assignment and time slot allocation, thereby ensuring reliable
communication. Through extensive simulations, our performance
results show that ECMAC improves the successful delivery ratio of
emergency packets by at least 25 %, compared with state-of-the-art
approaches.

Index Terms—Edge computing, MAC protocol, safety, software-
defined networking, vehicular networks.
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I. INTRODUCTION

EHICULAR networks have emerged as a promising tech-
V nology to enhance road safety in modern transportation
systems, particularly in the context of future connected and
automated vehicles (CAVs) [1], [2]. A vehicle in motion on a
roadway experiencing an emergency situation (e.g., emergency
braking and a collision in foggy weather) has the potential
to initiate a chain of collisions, potentially leading to injuries
or fatalities. Timely transmission of emergency messages to
neighboring and multihop vehicles constitutes a mission-critical
service capable of mitigating such tragic events. In order to
enable such a mission-critical service to future CAVs, IEEE
has published the next generation of dedicated short-range
communications (DSRC)-based Vehicle-to-Everything (V2X)
communication standard, designated as IEEE 802.11bd [3],
building upon the previous 802.11p standard [1], [4], [5]. Con-
currently, the 3 rd generation partnership project (3GPP) has
proposed the 4 G LTE/5 G V2X standards [6], [7], which
facilitate direct communication among user equipments (UEs)
and vehicular user equipments (VUEs) without the intervention
of a base station (BS) such as eNodeB in 4 G LTE and gNodeB
in 5 G. Notwithstanding these efforts and initiatives aimed at
establishing a more intelligent CAV environment, a number
of challenges impede the widespread adoption of vehicular
networks for the automated vehicles in terms of reliability and
scalability [8].

In the realm of vehicular networks, a significant challenge lies
in the broadcast storm problem [9], which has the potential to
impair the effective dissemination of information. Among vari-
ous approaches, vehicle clustering has emerged as a promising
solution to mitigate this issue [9], [10], [11], [12], [13], [14]. A
clustering approach typically entails grouping a number of vehi-
cles and scheduling packet transmissions in a manner that min-
imizes packet collision probability. However, such approaches
inevitably introduce substantial overheads associated with clus-
ter management. Research efforts have been directed towards
investigating mobility-aware cluster-based media access control
(MAC) protocols [10] in vehicular ad hoc networks (VANETS).
Additionally, the integration of cellular networks in VANETS has
led to the proposal of LTE-assisted cluster-based protocols for
packet relaying [11], [15]. More recently, several cluster-based
schemes have been proposed, including a unified clustering
framework for VANETS [12], traffic-differentiated clustering
routing in hybrid vehicular networks [13], and reinforcement
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Fig. 1. Dual protocol stacks in a vehicle.

learning-based cooperative vehicle cluster scheduling [14]. De-
spite these advancements, the management of vehicle clusters
remains a challenge, potentially affecting channel utilization and
compromising the efficiency of communication systems.

The 5 G and beyond 5 G cellular networks have undergone a
significant advancement in various dimensions, including sup-
port for new wideband carriers, varying sub-carrier spacings, a
customizable slot-based framework, and cutting-edge channel
coding methods [16]. This advancement has paved the way
for the segregation of control and data planes in cluster-based
vehicular networks, as the cluster control messages consume
substantial channel resources, resulting in additional overhead.
Additionally, software-defined networking (SDN) technology,
when coupled with edge computing, has facilitated more adapt-
able and efficient network control and management [17]. An
SDN controller operating within an edge computing device
(ECD, also known as an edge server) [18] in vehicular net-
works can gather network parameters and expeditiously update
the network configuration, particularly in light of the dynamic
nature of vehicular network topologies. Hence, in this paper, we
propose an edge-assisted cluster-based MAC (called ECMAC)
protocol in software-defined vehicular networks (SDVN). A ve-
hicle implementing ECMAC protocol has dual protocol stacks,
as illustrated in Fig. 1. Vehicles routinely upload their mobility
attributes (e.g., position, speed, and direction), which is called
vehicle mobility information, to an SDN controller in an ECD
through cellular networks (e.g., 4 G LTE and 5 G). Based on
the collected vehicle mobility information, the SDN controller
calculates an optimal cluster size for virtually clustering vehi-
cles. Subsequently, it executes a joint interference optimization
for the channel access schedule of vehicles, which results in
minimized channel and signal interference, as depicted in Fig. 2.
The joint interference optimization is formulated as a binary
integer linear programming problem and is addressed using a
heuristic method based on the divide-and-conquer approach,
given its NP-hardness. The SDN controller then distributes the
optimization results to vehicles over the cellular links. Upon
receiving the optimized schedule, each vehicle can determine its
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role in the current network and transmit packets over a DSRC
channel during its allocated time slot. Note that ECMAC can fa-
cilitate the dissemination of both emergency and non-emergency
packets.
The main contributions of this work can be summarized as
follows:
® An edge-assisted network architecture based on SDN for
multihop packet dissemination: In the proposed architec-
ture, a centralized SDN controller in an ECD virtually
manages vehicle clusters, and a controlled VANET is re-
sponsible for a reliable packet dissemination. This archi-
tecture can enable new safety and non-safety applications
in SDVN. (see Section III).

® A delay-bounded clustering structure for reliable packet
dissemination: We analyze a delay-bounded optimal clus-
tering structure in an SDVN, which reveals a design
principle for cluster-based time-division multiple access
(TDMA) protocols. The analysis suggests that a balanced
tree structure shall be built for a TDMA protocol in SDVN
and the optimal cluster size shall be the square root of total
count of nodes. (see Section IV-A).

® A joint optimization process to minimize channel and signal
interference for reliable information dissemination: The
proposed optimization process is formulated as a binary in-
teger linear programming problem and solved by a heuristic
approach. With this process packet delivery among ve-
hicles has a higher successful rate and lower delay. (see
Section IV-D).

The rest of this paper is organized as follows. We summarize
related work in Section II. Section III describes the problem
formulation and statement. Section IV explains the design of
ECMAC protocol, including cluster formation and channel in-
terference mitigation. Section V demonstrates the performance
of our ECMAC with other baselines. Section VI examines the
issues that arose in the development of ECMAC. We conclude
this paper along with future work in Section VII.

II. RELATED WORK

In this section, we discuss several related approaches, such
as contention-based approaches [5] and probability-based ap-
proaches. Then, we discuss several state-of-the-art cluster-based
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MAC protocols. At the end, we highlight the differences between
our work and the related work.

Contention-based Approach: The IEEE 802.11-OCB (out-
side the context of a basic service set, i.e., previously called
IEEE 802.11p) [5] defines a basic MAC process that adopts
the EDCA [19] mechanism for quality of services (QoS)
with carrier-sense multiple access with collision avoidance
(CSMA/CA) mechanism in vehicular networks. A vehicle in the
OCB mode can operate in control channel (CCH) and service
channel (SCH) alternatively. However, since the IEEE 802.11-
OCB is designed for broadcasting instead of unicasting or for-
warding packets, i.e., it does not suggest using request-to-send
(RTS)/clear-to-send (CTS) and acknowledgement (ACK) mech-
anisms, vehicles in OCB mode will try to access the channel
when the channel is idle and do random backoff after collision
detected. This approach may suffer from unreliable delivery
due to no acknowledgment for successful packet delivery and
also a well-known issue due to no provisioning of both RTS
and CTC (e.g., a hidden terminal problem). A vehicle using an
ALOHA-like protocol will try to transmit a packet whenever it
has a packet to send. If more than one node tries to access the
channel simultaneously, a collision happens and all nodes will
try to re-transmit the packets after random backoff time [20]. A
successful transmission shall trigger the receiver to send an ACK
back to the sender. The channel access mechanism of both OCB
mode and ALOHA-like protocols is similar in the sense that
they all have random backoff time for retransmission and there
is no RTS/CTS process. The IEEE 802.11-OCB mode tends to
have an ALOHA-like performance when vehicle density is high,
which causes serious packet loss [8]. For the pure and slotted
ALOHA protocol, they do not check for an idle channel before
transmitting, which is different from the OCB mode, indicating
that they should have worse performance than the OCB mode
when vehicle density is high. Thus, for emergency packet dis-
seminations, the IEEE 802.11-OCB may not be reliable.

The authors in [9] proposed several probabilistic and timer-
based techniques for mitigating the broadcast storm problem in
VANET. The weighted p-persistence scheme in the work [9] en-
ables a node to forward a packet with a higher probability p that
depends on a sender-receiver distance. The slotted 1-persistence
scheme assigns an intermediate node a time slot to forward pack-
ets with probability 1. The farther the node is, the earlier time slot
is assigned. The slotted p-persistence combines the above two
schemes, where a node forwards a packet with a probability p in
its assigned time slot. Although the three techniques can increase
a certain reliability for packet forwardings, they are not able to
guarantee that emergency information can be disseminated to all
vehicles. Also, it may take a long time to forward an emergency
packet when some forwarded emergency packets are lost.

Cluster-based Approach: The work in [10] presented a dis-
tributed multi-channel and mobility-aware cluster-based MAC
protocol (DMMAC) for VANET. DMMAC includes a channel
scheduling and an adaptive learning mechanism via a fuzzy-
logic inference to organize vehicles into more stable clusters.
The study in [11] proposed a multihop cluster-based IEEE
802.11p and LTE hybrid architecture for VANET safety message
dissemination (VMaSC-LTE). VMaSC-LTE combines an IEEE
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802.11p-based multihop clustering scheme and a data packet
relay process via a 4 G LTE system. VMaSC-LTE uses BSs to
forward packets, which can increase the packet delivery delay
and reduce the packet delivery ratio when the number of cellular
users increases due to the capacity issue in cellular systems. The
work in [12] introduced a unified framework of clustering (called
UFC) in VANET. UFC has a backoff-based cluster head (CH)
selection process to reduce the cluster management overhead,
where each vehicle competes for CH by a backoff timer. For
further reducing cluster control message exchanges, a neighbor
sampling scheme was proposed so that the CH selection process
is only conducted by a stable set of neighbors. However, one
limitation in UFC is that the multichannel of DSRC was not
considered, which significantly reduced the system usability.
To investigate the collaboration of road-side unts (RSUs) and
vehicles for message exchange in VANET, Ko et al. [21] pro-
posed an RSU cooperation-based adaptive scheduling scheme
that includes centralized and ad hoc data scheduling with cluster
management. When considering to mitigate network congestion
caused by pedestrian safety messages, Sewalkar et al. [22]
introduced a multi-channel clustering-based congestion control
algorithm that groups pedestrians based on their location and
direction as well as uses separate channels for cluster manage-
ment.

Unlike previous work, our ECMAC explores an edge-assisted
cluster-based MAC protocol in vehicular networks, aiming at
high reliability and low packet delivery delay. ECMAC sep-
arates the cluster management from the data plane in DSRC
channels and moves it to the ECD side behind the cellular BSs.
Furthermore, we propose a joint interference optimization to
improve the delivery reliability of packets in a realistic wireless
environment. The joint interference optimization is modeled by a
binary integer linear programming problem, which is solved by a
heuristic method using the concept of divide-and-conquer. In the
next section, we will first formulate the problem and highlight
the challenges.

III. PROBLEM FORMULATION

The objective of ECMAC is to enable vehicles to reliably and
rapidly disseminate packets to multihop-away vehicles with an
optimized cluster structure in a highway environment. In this
section, we first give a system model for ECMAC protocol, then
identify several design challenges and problems, and give several
assumptions for the design of ECMAC.

A. System Model

In ECMAC, a vehicle can be a cluster member (CM) or a
cluster head (CH). As shown in Fig. 3, we consider several
cellular BSs connected to an ECD for cluster management
in control plane. The ECD has an enough computation power,
and can collect highway traffic through multiple BSs.

On the cellular network side in Fig. 3, the cluster control plane
isin charge of the cluster management (i.e., cluster formation and
maintenance). A vehicle periodically uploads its mobility infor-
mation (e.g., vehicle speed and position) to the ECD via cellular
links. For scheduling transmissions of the managed vehicles,
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the ECD constructs a directed interference graph G = (V, E),
where V' is a set of nodes (i.e., vehicles), and E is a set of edges
in which a directed edge ¢; ; indicates an interference from node
n; to n; in terms of interference range of n;. That is, node n;
is within the interference range of node n;, which may result
in node n; not receiving its packets correctly while node n; is
transmitting. Note that throughout this paper, we use node and
vehicle interchangeably. A definition of the interference set for a
node n; is given below, suggesting that during the transmission
time of some node 7, node n; may not be able to transmit or
receive any packets due to the signal interference from node n;,
which is denoted as e; ;.

Definition I11.1: Interference Set (1,,)All other nodes that
can interfere transmissions of a node n;, where the interfering
edges to node n; can be expressed as I,,, = {e; ile;; € E}.

The ECD calculates a cluster structure and a TDMA schedule
for all covered vehicles, and disseminates the schedules to the
vehicles via BSs. The ECD monitors the mobility of the covered
vehicles to determine whether the cluster structure and schedule
need to be updated. We give a series of definitions of clusters as
follows and an example shown in Fig. 4.

Definition I111.2: Cluster Set (C)A group of clusters, where
each cluster ¢, contains a number of vehicles (i.e., a subset of
V), can be expressed as C' = {c,|c, C V'}.

Definition II1.3: Inter-cluster Interference Set (I1.*)The in-
terference (i.e., an edge) from cluster ¢, affects a cluster c,,
which can be expressed as Ic¥ = {e;i|n; € ¢, and n; € ¢, }.

Definition 111.4: Total Inter-cluster Interference Set
(I.,)The interference set of a cluster ¢, with all other clusters,
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i.e., the interference from all other nodes that are not in the ¢,
which can be expressed as I., = {e;;|n; € ¢; andn; ¢ ¢;}.

Definition 1I1.5: Maximum Inter-cluster Interference
Level (|1 e |)The maximum (i.e. top) interference count of
a cluster ¢, from another cluster ¢, among all other clusters,
which can be expressed as |I;"].

As depicted in Fig. 4, the inter-cluster interference set of c;
from ¢; includes three incident edges. The fotal inter-cluster
interference set of ¢, has seven incident edges from both ¢; and
c3. The maximum inter-cluster interference level of ¢, is 4, which
is contributed by c3 having four nodes.

On the side of the DSRC link in Fig. 3, a vehicle can transmit
packets to its CH through a channel assigned by a schedule
received from the ECD. The CH also follows the schedule to
relay the packets to other CHs through a common channel used
by CHs. Eventually, any other CHs can receive the information
from the original sender and disseminate it to their CMs. In the
proposed system model, we employed a practical channel model,
called Two-Ray Interference (TRI) model [23]. The TRI model
considers both the freespace path loss model with shadowing and
the ground reflection effects in vehicular network environments,
which can capture a more realistic vehicle mobility scenario.

B. Problem Statement

When the SDN controller schedules packet transmissions for
vehicles via a cluster structure, we may have the following
challenges:

e The size of a cluster (i.e., the number of vehicles in a
cluster) can affect the packet delay. Finding an optimal
cluster size that provides the optimal delivery delay is
challenging. With a given cluster structure, a transmission
schedule shall also serve the timely delivery of emergency
packets.

e Channel interference between clusters can cause packet
collisions that may reduce the reliability of packet dis-
seminations. Thus, another challenge is how to assign
available channels to different clusters that can minimize
the interference.

¢ Although channel interference can be reduced by a channel
assignment plan, CMs can still experience packet collisions
at a high vehicle density, especially if the interference
range of vehicles is considered. Finding an interference
minimized TDMA schedule for all vehicles can be another
challenge.

To deal with the above challenges, we formulate the problem
as a binary integer linear programming (BILP) problem as fol-
lows. Let C be the set of all clusters, the channel interference can
be optimally minimized by solving the following BILP problem:

S M) Y I(ni,njrr(m,nj)),

min
Vea,cy €U Ca,cy€C n;Ecy
TFy oy njecy

subject to Zc <|C,

Zn-cg V|,
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¢z > 0,]ey[ >0, ey

where ¢, and ¢, are clusters in cluster set C' and n; is a node
in cluster ¢,. H(cq,¢y), Z(n;,n;), and T (n;, n;) are indicator
functions of common channel use, interference range, and com-
mon time slot use, respectively, which are defined as follows:

_J 1, if ¢, and ¢, with the same channel
H(carcy) = {O, if ¢, and ¢, with different channels ’ )
T(nin;) = 1, ifn; and n; in interference range
") =0, ifn; and n; not in interference range ’
&)
and
|1, ifn; and n; in the same time slot
Tniny) = {O, if n; and n; in different time slots - @)

In (2), H(cq, ¢y) equals to one if clusters ¢, € C'and ¢, € C
operates with the same channel, and zero otherwise. Similarly,
in (3) and (4), when n; € ¢, nj € ¢y, and ¢, # ¢y, Z(n;,nj)
equals to one if vehicles ¢ and j are within each other’s interfer-
ence range, and zero otherwise, and 7 (n;, n;) equals to one if
vehicles 7 and j are assigned to a temporally overlapping time
slot, and zero otherwise. >~ Z(n;,n;),n; € ¢z, n; € ¢, gives
the interference level for each node. When 7 (n;,n;) always
equals one for all pairs of vehicles, that is, if two or more
vehicles are assigned into the same time slot, they shall be
assigned with different channels to transmit packets to reduce
transmission collisions, which is a special case of the time slot
allocation problem having only one time slot available. However,
the number of channels is limited, which leads the channel
interference optimization problem to be equivalent to a graph
coloring problem (e.g., vertex coloring) [24], which is one of
the NP problems. We are using this special case to prove that
this problem is an NP since if one of the cases of the problem is
NP it makes the whole problem NP. Thus, we solve this BILP
problem by a heuristic approach described in Section IV-D.

C. Assumptions

Along the design of ECMAC, we have a number of assump-
tions as follows:
® A vehicle is equipped with both a DSRC interface and a
vehicular UE (VUE) interface inside a vehicle On-Board
Unit (OBU) [25].

® We assume that the time synchronization in each vehicle
is done through the cellular networks. In practice, the
global positioning system (GPS) and cellular networks can
provide a reliable time synchronization function.

e Forhandover of nodes and packet forwarding between BSs,

the 3GPP X2 interface is used.

Note that if a vehicle is equipped with only the DSRC in-
terface, the proposed model can also work with the sacrifice
of extra time slots for uploading vehicle mobility information
toward the ECD for channel interference optimization. In the
following sections, we first analyze an optimal cluster formation,
and then develop a joint optimization process to minimize the
interference impact.
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IV. DESIGN OF ECMAC PROTOCOL

For emergency packet dissemination, it is very important for
a MAC protocol to guarantee a high successful packet delivery
ratio within a bounded time. Our ECMAC is designed to achieve
ahigh delivery ratio while minimizing the guaranteed worst-case
delay. ECMAC consists of the following three components: clus-
tering, channel assignment, and TDMA scheduling. Since these
three components are interdependent, it is not feasible to solve
all of them at once by a best-effort solution. Instead of solving
the problems simultaneously, we address the problems one at a
time. First, we propose a procedure for optimal clustering. Next,
we design a channel assignment scheme for clusters. Finally, we
find the best TDMA schedule by assigning a unique time slot
within a frame to each vehicle and cluster head. Note that as
described in Section III due to the NP-hardness of the formulated
problem, identifying an optimal solution within polynomial time
is challenging, thus we rely on multiple heuristic approaches to
attain the best-effort solutions.

A. Analysis of Optimal Cluster Formation

Suppose that there are /N nodes. A maximum slotted delay f
can be formulated as follows:

f:m—l—{N-‘ form > 0, 5)
m

where m denotes a number of children per parent (i.e., cluster
size), and the second term [%] is the number of parents (i.e.,
cluster head). Therefore, the worst-case delay from any CM to
its CH would be m in a TDMA manner. There are [2] CHs
and each cluster owns a time slot for communication among
CHs, as they share one common channel. Thus, the worst-case
communication delay among CHs equals [%W . Thisisillustrated
in Fig. 5. Note that it is possible that a cluster does not have
enough cluster members, but it shall build a cluster that has a
cluster head. That is why we use the ceiling function to reflect
this scenario. We can obtain an optimal m* by differentiating f

and solving it when it is equal to zero as follows.

f'=1—=Nm?=0form >0, (6)
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and the optimal m™ is
m* = VN. (7

Let d denote the number of layers of a balanced tree con-
structed by vehicles. For example, when d = 2 as shown in
Fig. 6, the minimum slotted delay f* is

f*=2N1. (8)

Considering a vehicular network with vehicle size N = 100
has the optimal cluster size of m* = 10, and the optimal slotted
delay is f* = 20, indicating that the maximum delay is 20 time
slots. Note that obtaining the optimal cluster size m™ requires the
current number of all vehicles managed by the ECD. In our de-
sign, vehicles periodically upload their mobility information to
the ECD to calculate the optimal cluster size. Other approaches
can also be used to estimate the total number of vehicles in the
network, such as an adaptive compressive sensing method [26].
Although we can get the optimal cluster size through this
analysis, we may fail to provide reliable emergency packet
disseminations in realistic wireless environments (having signal
interference, radio fading, and multipath interference). To cope
with this kind of failure, in the next section, we will describe the
design of ECMAC protocol with an optimal clustering process
and a joint optimization process for interference minimization.

B. Clustering Process

Our analysis in Section I'V-A reveals that the minimum worst-
case delay can be achieved by routing a packet along a full
balanced tree. Obtaining an optimal tree that minimizes the
worst-case delay from any general graph is NP-hard.

Therefore, we propose GreedyFullBalanceTree, which is a
heuristic procedure for constructing an optimal tree from any
general graph. This heuristic procedure is an iterative process
and has two phases: grouping (i.e., clustering) and parent (i.e.,
cluster head) selection. The procedure first determines the num-
ber of children according to (7) in the analysis of Section IV-A.
Suppose that the total size of the nodes is NV and the optimal num-
ber of children is m. We sort all nodes based on their positions
in the ascending order on the road. Then, we divide the nodes
into [£] groups, which can minimize the maximum packet
forwarding delay by balancing the cluster size of each group,
and also follow the analysis of optimal cluster size described in
Section IV-A. For example, the first m nodes in the sorted list
will form a group. Next, we select one node from each group as
the parent node. This selection process considers connectivity
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to other members, geographic position, and relative speed of a
vehicle. The connectivity of a vehicle ¢ within its cluster ¢ can
be expressed as:

CON; = {ej,i|€j,i € F and n; € C}, )

where e; ; represents an interference source from ;. We use an
eccentric distance d; for a vehicle 4 in its cluster ¢ to select a
potential geographic center node. The center point of the cluster
is determined by the two farthest nodes in this cluster, and the
distance between the two farthest nodes is defined as dp,.x. An
average relative speed v; of a vehicle ¢ in its cluster ¢ can be
represented as:

— ZnJEc |Ui,j|
v — T 1

—— (10)

where v; ; is the relative speed between node ¢ and j (i.e., speed
difference).

Based on the metrics defined above, we define a CH weight
metric, W, (n;), for vehicle n; as:

d; v
1-2 1—
* ( dmax) * ( vmax) ’
(11)

where |C'O Nypax| and vmax are the maximum connection num-
ber for a vehicle to its neighbors within the cluster and the
maximum speed limit, respectively. A node with the highest
weight shall be selected as the CH for its cluster.

|CON;|

Wy(n;) = [CON o]

C. Cluster Control

For efficiently forwarding packets, clusters in vehicular net-
works should be well maintained. Here, we consider two major
cluster control functions, member joining and leaving and head
re-selection.

Member Joining and Leaving: When a CM moves fast, it
can leave the current assigned cluster and join another cluster.
Different from traditional approaches where a CM shall inform
its CH for leaving and notify a new cluster CH for joining, a CM
in our proposed architecture informs the ECD about its leaving
from its current cluster. ECD then notifies the CH of the cluster
where the CM is leaving and the CH of a cluster where the CM
will be joining.

Head Re-selection: When a CH of a cluster is not capable
of carrying on the role of cluster head, the ECD will determine
a new CH for this cluster based on the mobility information
reported by the vehicles in this cluster. The re-selection of CH
is determined by the metric defined in (11). Once a new CH is
selected, the ECD will notify all members of the cluster for the
updated roles.

D. Minimizing Channel Interference

An optimal solution of channel interference minimization
would require a joint optimization of channel assignment and a
TDMA time scheduling. This joint optimization problem is for-
mulated in Section III, which is an NP-hard problem. Therefore,
we propose a heuristic method that basically divides this joint
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optimization into two phases. The first phase attempts to mini-
mize the total inter-cluster interference by reusing the available
channels. The second phase attempts to minimize the maximum
inter-cluster interference. The channel assignment step (i.e., the
first phase) receives a series of inputs, including cluster size,
cluster number, CM IDs, and CH IDs, and it produces an array
of channel assignments for clusters, which can be represented
by a mapping data structure having pairs of key (i.e., cluster ID)
and value (channel ID). The TDMA scheduling step (i.e., the
second phase) receives the output from the previous step and
mainly creates an allocation of channel access time for vehicles,
which can be represented by a mapping data structure having
pairs of vehicle id and a series of data that have role, cluster
ID, start time, time slot indexes, and channel switching time.
Fig. 2 illustrates the inputs and outputs of different steps in the
proposed channel interference minimization.

1) Channel Assignment: We first construct an interference
graphof clusters, G. = (V,, E..), where V.. is a set of clusters and
FE. is a set of edges representing interference between clusters.
We define W (e; ;) as a weight of an edge e; ; € E. connecting
clusters ¢; and ¢; such that

Welei;) = _max, (leil, lej]) = U (ng € ¢ Any € ¢) .
i,Cj
(12)

The W, (e; ;) represents the interference level between cluster
¢; and c;, and the term on the right hand side represents the
number of unique edges between two clusters. For example, if
there are two edges e;» € F, (connecting ¢; and ¢;) and e 1 €
FE. (connecting ¢, and c;), only one edge is counted since c;
appears on both edges.

Then we apply the well-known K-way max-cut algo-
rithm [27]. This algorithm basically finds a cut set which divides
the nodes into K sets such that the total weight of edges in the cut
set is maximized. A common channel is assigned to all nodes
in the same set. Note that the DSRC regulates four SCHs for
service communications, and two pairs of them are adjacent
channels that may cause adjacent channel interference. Due to
the constraint of adjacent channel interference, the algorithm
may not find the solution for the problem. For this case, the four
SCHs can be assigned to clusters by geographical locations as
long as the neighbor clusters do not use the adjacent channels,
since the one-way highway scenario can ensure that the distance
between any two clusters with the same channel is the longest.

2) TDMA Scheduling: Now, we discuss how we can schedule
the vehicle transmissions such that the maximum interference
between vehicles is minimized. We assign unique time slots to
all the vehicles in the cluster ¢’ such that

¢ + argmax(|¢;|),Ve; € C.

13)

To solve the problem, we propose a greedy time slot alloca-
tion (GTA) algorithm, which is shown in Algorithm 1. In this
algorithm, we let C be a collection of all clusters, ¢; € C' be
a cluster in this collection, n; € ¢; be a node that belongs to a
cluster ¢;. We denote the degree of a node n; as deg(n;), which
is the number of one-hop neighboring nodes of node n;. We
define deg(n;, cx) as the number of edges incident to the node
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Algorithm 1: Greedy_Time_Slot_Allocation_Algorithm
(GTA):
1: function Greedy_Time_Slot_AllocationS > S: vehicle
node set
2:  C <«ClusterGroupSet(S) > C contains all clusters
3: BuildNeighborList(.S) > build a neighbor list in each
node

4:  schedule < () t> initialize time slot schedule set
5: while S # 0 do
6:  Construct {deg(n;, ci)|n; € S, ¢, € C}
7. deg(n;, c*) + max., cc{deg(n;, ci)}
8: Sort(S) > sort nodes in a descending order by
deg(n;,c*)
9: for all n; € S do
10: if i = O then
11: TS < T'SU{n;} > assign n; with the
current time slot
12: S+ S\ {n;} > remove n; from S
13: elseif n, ¢ T'S and {n; ¢ n;.neig|Vn,; € TS}
then > n; is not in 7'S and is not in the neighbor
list of a node n; that is in 1T'S.
14: TS+ TSU{n;}
15: S« S\ {n;}
16: end if
17: end for

18:  schedule < schedule U {T'S} > put the current
time slot into the schedule.

19: end while

20: return schedule

21: end function

n; in the cluster cg. Also, let

deg(n;, c*) + gjgg{deg(nhck)}. (14)
The input S in Algorithm 1 is the vehicle node set. The algorithm
process is as follows:

e Each node is assigned into the cluster group set C', and
builds its neighbor list.

Compute deg(n;, c*) forallnode i = 1,..., N.

Sort the nodes in the descending order of deg(n;, ¢*).
Assign an available time slot to the first node in the list.
Go through the list and allocate a time slot to every node
that is not connected to the allocated nodes and the time
slot has never been assigned to another node in the same
cluster.

® Crossoutall the nodes allocated to the time slot by updating

their neighbor lists.

® Repeat the process from the beginning on the unassigned

nodes with a new or available time slot.

A flowchart of the GTA algorithm for greedy time slot allo-
cation is shown in Fig. 7 . The GTA algorithm is an extension
of the greedy coloring algorithm (also known as Welsh-Powell
Algorithm [28]). Therefore, it also shares the same computation
complexity of O(N?) as it iterates through all the nodes with
their neighbors in polynomial time. More importantly, this is
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Fig. 7. The flowchart of GTA algorithm.
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Fig. 8. Simulation setup for a highway environment.

an approximation algorithm that bounds the maximum num-
ber of time slots to less than 7% = max;{min(deg(n;),?)|i =
I,...,N}. It means that the longest delay between any pair
of vehicles is bounded by 7. The inter-cluster interference
is completely eliminated after the time slot allocation phase is
over. Also, there is no intra-cluster interference since a unique
time slot is allocated to each node within the same cluster.
Note that the major difference between the original greedy
coloring algorithm and the proposed GTA algorithm is that
GTA allocates the same time slots (i.e., color) to nodes that
do not have interference, where the original greedy coloring
algorithm (e.g., Welsh-Powell Algorithm) colors a vertex having
the highest degree each time. In the next section, we demonstrate
the performance of ECMAC protocol.

V. PERFORMANCE EVALUATION

In this section, we show the performance evaluation of EC-
MAC protocol. We developed our protocol based on Veins [29]
and SimuLTE [30] with a realistic vehicle mobility from the
SUMO simulator [31]. The SUMO simulator uses an integrated
and verified microscopic vehicle movement model to generate
moving vehicles, having such as vehicle speed deviations and
imperfect ratio for a driver’s reaction time. We use a three-lane
highway with a length of 2 km. The length of a vehicle is
5 m, and the minimum gap between any two vehicles is 2.5 m.

In the simulations, vehicles are randomly generated according
to different vehicle densities, and use Krauss car-following
model [31] with the LC2013 lane-changing model [32]. When
arriving at the end of the highway, vehicles are removed from
the simulation and new vehicles are injected from the entry of
the highway following Poisson distribution. For other vehicle
mobility-related parameters, we use the default values in the
SUMO simulator. Two cellular BSs are placed at 500 m and
1500 m positions along the roadway, respectively. The two BSs
can equally cover as many vehicles as possible. The simulation
setup is shown in Fig. 8.

We have simulated an emergency packet dissemination sce-
nario where a vehicle at the head of a highway encounters an
emergency. The vehicle having the emergency floods emergency
packets (EP) periodically to all other vehicles. The frame struc-
tures of CM-to-CH and CH-to-CH are shown in Fig. 9, which
follows the IEEE WAVE Short Message Protocol (WSMP) stan-
dard [33] that uses the WSMP-N-Header and WSMP-T-Header
to specify the network and transport information, respectively.
The time-to-live (TTL) in the frame is set to 255 in our simula-
tion. Other evaluation settings are as follows:

® Performance Metrics:

— Packet Delivery Ratio (PDR): The total successful delivery

ratio of packets among all transmitted packets to reach a
node 2 km away.
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Frame Structure of CH to CH Message

Time_ | Sender_ Sender_ | Emg_ | CM_1's | CM_2's CM_n's
Dest_ID | Sour_ID | TTL Stamp Pos Ser_No Speed Flag Info Info Info
Octets: 2 " "~ =2 ——_1_ _ 2 2 2 1 Variable Variable Variable//
____________ ,
WSMP-N-Header WSMP-T-Header Data
* TTL: Time to Live —
* Emg_Flag: Binary Emergency - ——7"7" \
Flag; 1:emergency packet. _—————"" |
Time_ | Sender Sender_ | Emg_
Dest_ID | Sour_ID | TTL Stamp Pos Ser_No Speed Flag
Octets: 2 2 1 2 2 2 2 1
Frame Structure of CM to CH Message
Fig. 9. The structure of frames in ECMAC.
TABLE I TABLE I1

SIMULATION CONFIGURATION

PARAMETERS IN CELLULAR NETWORK

Parameter Description

Parameter Description

The occupancy of all vehicles on road
segments, indicating vehicle traffic volume.
The default vehicle density is 0.3 veh/m.
The highest speed of a road segment. The
default is 75 MPH (i.e., 120 km/h).

The packet generation interval. The default
is 0.1 s (i.e., 10 packets per second).

The data transmission rate in physical layer.
The default is 18 Mbps.

The time taken to switch from RX to TX
mode for OFDM PHY. The default is 1 us.
The guard time for channel switch. The
default is 2 ms.

The default packet size is 50 Bytes.

The interference range in wireless commu-
nications. The default is 1100 m.

The default power is 20 mW.

The signal receiving threshold. The default
sensitivity is -89 dBm.

The default noise level is -110 dBm.

To calculate the signal attenuation. The de-
fault path loss exponent is 2.

Vehicle density (D)

Speed limit (Vimaz)

Packet interval (1)

Data bit rate

Radio delay

Channel switch interval

Emergency packet size

Interference range

Transmission power

Receiver sensitivity

Background noise

Path loss exponent

Mean End-to-End Packet Delay (ME2E delay): The mean
delay of a packet from a source node to a destination node. It
includes queuing delays, transmission delays, forwarding
delays at intermediate nodes, and any other delays.
Mean Maximum E2E Packet Delay (MMEZ2E delay): The
average E2E delay for the worst cases in packet forwarding.
® Baselines: 1) IEEE 802.11-OCB [5], ii) DMMAC [10],
iii) slotted p-persistence [9], and iv) Cellular-Relay [11].
® Parameters: i) vehicle density (veh/m), ii) with or without
GTA algorithm, and iii) background traffic interval (s).
For the IEEE 802.11-OCB baseline, we use a simple receive-
and-forward process to disseminate packets with a single chan-
nel. For the slotted p-persistence baseline, we set forwarding
probability p to 0.5 and the slot number to 5. The WAIT_TIME
of the scheme is 5 ms. For each measured data point, we simulate
10 times, so all the performance results have error bars to show
90 % confidence interval. The rest of simulation configuration
is shown in Tables I and II.

The number of BS
The BS TX power
Upload & download
resource block (RB)

The default number is 2.
The default value is 46 mW.

Available spectrum resources for uploading
and downloading flows, the default is 100.

The number of
sub-carriers per RB
The number of OFDM
symbols per slot
Maximum HARQ
Re-transmission count
VUE TX power
VUE mobility update
interval

The default number is 12

The default number is 7

The default number is 3.

The default value is 36 mW.
The default is 0.1 s.

120 - \ X
Q =¥-N=50
\ \ —A-N=250
100 - % N=450
a The optimal cluster size - N=650

Time Slot Count

0 5 10 15 20 25 30 35 40
Cluster Size
Fig. 10.  The numerical results for the relation between the cluster size and the

time slot count by different vehicle volume (N).

A. Numerical Analysis for the Optimal Cluster Size

Fig. 10 shows the numerical results of the relation between the
cluster size and the time slot count in different vehicle volumes,
which was discussed in Section IV-A. From Fig. 10, we learn that
one can select a cluster size near the optimal points for different
traffic volumes, which gives a similar value for time slot count.
Moreover, we can easily find that the optimal time slot count f*
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has a linear increasing relation with the optimal cluster size m*,
which is f* = 2m*.

B. Impact of Vehicle Density

In order to compare the performance of ECMAC with the
baseline schemes [5], [9], [10] in different vehicle density,
we varied the vehicle density to run the simulations. The ve-
hicle density is to measure the heaviness of road traffic. In
our simulation, it ranges from 0.05 to 0.6 vehicle per meter
in a 3-lane highway environment. The higher vehicle density
indicates heavier road traffic. The results are shown in Fig. 11.
From Fig. 11(a) and (d), we can see that the emergency PDR of
ECMAC is close to 100 % at most densities except density 0.05.
This good performance is because that ECMAC provides an
optimum cluster structure through an interference optimization
process that can minimize the channel interference. The per-
formance downgrade of ECMAC at density 0.05 is due to the
sparse vehicular network where some vehicles in the optimum
cluster structure cannot connect with each other. The emergency
PDRs of 802.11-OCB continuously decrease when the vehicle
densities increase due to the broadcast storm. Both DMMAC
and Cellular-Relay have a low PDRs as the vehicle density is
low, and when the vehicle densities increase, the PDRs fluctuate
between 80 % and 90 %. The slotted p-persistence scheme has
almost 100 % PDRs at most of the time. This is because the
scheme uses a probability based forward process that mitigate
the broadcast storm problem.

We also measure the ME2E and MME2E delays for an
EP traveling to 2 km away in a highway. Fig. 11(b) and
(e) show that the ME2E delay in ECMAC is worse than
that of 802.11-OCB, DMMAC, but better than that of slot-
ted p-persistence and Cellular-Relay. The CSMA-like process
(802.11-OCB and DMMAC) enables a vehicle to transmit a
packet whenever the wireless channel is not occupied. On the
other hand, since ECMAC uses TDMA schedule for packet

Vehicle Density (veh/m)
(e) E2E Delay

Vehicle Density (veh/m)
(f) Maximum E2E Delay

Impact of vehicle density. (a) CDF of Emergency PDR. (b) CDF of E2E Delay. (c) CDF of Maximum E2E Delay. (d) Emergency PDR. (e) E2E Delay.

dissemination, a vehicle needs to wait for its time slot to trans-
mit a packet, which may increase the packet delivery time.
However, considering the high PDR of ECMAC, ECMAC can
provide a more reliable emergency packet dissemination ser-
vice than other baselines. Fig. 11(c) and (f) show the perfor-
mance of the MME2E delay (i.e., worst cases). The MME2E
delay of ECMAC is lower than that of slotted p-persistence
and Cellular-Relay but higher than that of 802.11-OCB and
DMMAC.

By the performance of ECMAC and other schemes in var-
ious vehicle densities, we can see that ECMAC obtains a
good balance between reliability and efficiency for packet
dissemination.

C. Effectiveness of GTA Algorithm

To verify the effectiveness of GTA in Algorithm 1, we use a
sequential time slot allocation scheme as a baseline that does not
consider the interference among vehicles (marked by “w/o GTA”
in Fig. 12). In the simulation, vehicles periodically generate
packets with random destinations, which is different from the
other evaluation setting where a vehicle tries to disseminate EPs
to multihop-away vehicles.

The results are shown in Fig. 12 where the “w/ GTA” indicates
using GTA. It can be seen that the PDR increases from about
74 % to about 90 % compared with that of without GTA as
the vehicle density increases. Since GTA algorithm removes
the channel interference by extending the TDMA schedule of
ECMAC, the ME2E delay and MMEZ2E delay are also increased
in comparison with that without it. It is also interesting to see the
gains in PDR and losses in E2E delay at the same time. We show
the trade-off between PDR and E2E delay in Fig. 13. Algorithm 1
improves the PDR by about 20 % at a high vehicle density
(>0.25), whereas the ME2E and MMEZ2E delay downgrade by
about 10 % and 12 %, respectively. Because our primary concern
is on the reliability of packet dissemination, this trade-off is
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Fig. 12.  Effectiveness of the GTA algorithm. (a) The CDF of PDR. (b) The
PDR. (c) The CDF of E2E delay. (d) The E2E delay.
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Fig. 13. Trade-off between PDR and E2E delay.

acceptable as long as the E2E delay is within a safe-zone for
emergency situations, which is less than 0.1 s [34].

D. Impact of Background Traffic Interval

To evaluate the impact of background traffic on the proto-
cols, we conducted simulations with background traffic intervals
(BTI) ranging from 0.01 s to 0.1 s. Note that BTT is the packet
generation interval of each vehicle for broadcasting, where 0.1 s
(i.e., 100 ms) is generally considered to be the largest interval
of sending beacons for driving safety [35]. Figs. 14 and 15
show the performance of ECMAC and other baselines in terms
of PDR and MME2E delay. Fig. 14(b) demonstrates that as
the BTI increases, the PDRs in most of the schemes increase
correspondingly except for 802.11-OCB. As shown in Fig. 15,
when the BTI is greater than 0.03 s, the MME2E delays of
ECMAC fluctuate between 0.02 s and 0.04 s. The MME2E
delays of ECMAC have a surge when the BTTis lower than 0.03 s.
This is because ECMAC allocates time slots to vehicles for
transmitting packets and the total time of the schedule depends
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on the count of vehicles. When the BTI is smaller than the period
of a schedule, the generated packets have to be queued in the
MAC layer to wait for the next transmission opportunity, which
can cause a longer delay.

In sum, based on our simulation results, ECMAC performs
well in emergency PDR compared to other state-of-the-art
baselines. To distribute emergency packets to multihop-away
vehicles, ECMAC can guarantee a high delivery ratio while
maintaining a proper delivery delay.

VI. DISCUSSION

In this work, we used the SUMO simulator to generate vehicle
traffic in a highway environment for evaluating our ECMAC
with other baselines. Our simulator can also accommodate
real vehicle trajectory data for the evaluation, such as highD
dataset [36], by importing a dataset of vehicle trajectory into
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the SUMO simulator. Generally, the order of magnitude in the
packet E2E latency is in millisecond level, whereas relative
speeds among vehicles are on the order of magnitude with sec-
onds. That is, the relative distance differences between vehicles
have less effect on the latency of the packet E2E. Since our
focus is on the efficiency and reliability of the proposed protocol,
using real vehicle trajectory data would have less impact on the
performance evaluation.

Another issue may arise in collecting vehicle mobility in-
formation via BSs. Generally, a BS has its capacity to serve a
certain number of UEs. If the number of UEs (including general
UEs and VUEs) simultaneously accessing the cellular network
channels exceeds the serving capacity of a BS in extreme cases
(e.g., natural disasters), a congestion can happen and the update
for vehicle mobility information in ECD can be delayed. In this
situation, the messages transmitted by vehicles can be lost due to
a stale transmission schedule. For solving this issue, dedicated
cellular channels shall be guaranteed for VUEs to upload vehicle
mobility information.

VII. CONCLUSION

In this paper, we have presented an edge-assisted cluster-
based MAC protocol (called ECMAC) in software-defined ve-
hicular networks. In our design, an edge computing device cal-
culates an optimum cluster formation and conducts an channel
interference optimization process, which guarantees the reliable
packet forwarding. The delay-bounded optimal cluster structure
reveals a design principle for a cluster-based protocol. As future
work, we may extend ECMAC to a two-way traffic environment
in which a dynamic channel switching will be applied for clusters
in both directed roadways to minimize the frame collisions due
to duplicate channel assignment.
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