10590

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 67, NO. 11, NOVEMBER 2018

MoMAC: Mobility-Aware and Collision-Avoidance
MAC for Safety Applications in VANETSs

Feng Lyu
Liping Qian

, Member, IEEE, Hongzi Zhu

, Member, IEEE, Haibo Zhou
, Senior Member, IEEE, Wenchao Xu

, Senior Member, IEEE,
, Minglu Li, Senior Member, IEEE,

and Xuemin Shen, Fellow, IEEE

Abstract—Time-division multiple access (TDMA) based medium
access control (MAC) protocol provides a promising solution to
well support delay-sensitive safety applications in vehicular ad hoc
networks, since a time-slotted access scheme ensures the trans-
mission within the ultra-low delays. However, due to the varying
vehicle mobility, existing TDMA-based MAC protocols may result
in collisions of slot assignment when multiple sets of vehicles move
together. To avoid slot-assignment collisions, in this paper, we pro-
pose a mobility-aware TDMA MAC, named as MoMAC, which
can assign every vehicle a time slot according to the underlying
road topology and lane distribution on roads with the consider-
ation of vehicles’ mobilities. In MoMAC, different lanes on the
same road segment and different road segments at intersections
are associated with disjoint time slot sets. In addition, each vehicle
broadcasts safety messages together with the time slot occupying
information of neighboring vehicles; by updating time slot occu-
pying information of two-hop neighbors (obtained indirectly from
one-hop neighbors), vehicles can detect time slot collisions and ac-
cess a vacant time slot in a fully distributed way. We demonstrate
the efficiency of MoMAC through theoretical analysis and exten-
sive simulations; compared with state-of-the-art TDMA MACs, the
transmission collisions can be reduced by 59.2%, and the rate of
safety message transmissions/receptions can be greatly enhanced.

Index Terms—Vehicular ad hoc networks, medium access con-
trol, TDMA, slot assignment, mobility.

I. INTRODUCTION

RIVING safety has been the top priority in intelligent
D transportation systems (ITS), since there is a large num-
ber of traffic accidents every year, which not only endanger

Manuscript received September 19, 2017; revised May 10, 2018; accepted
August 6, 2018. Date of publication August 22, 2018; date of current version
November 12, 2018. This work was supported in part by National Natural
Science Foundation of China under Grants 61472255, 61420106010, 61373157,
61471236, 91638204, and 61772340; and in part by the Natural Sciences and
Engineering Research Council (NSERC) of Canada. The review of this paper
was coordinated by Prof. H. Wang. (Corresponding author: Hongzi Zhu.)

F. Lyu, H. Zhu, and M. Li are with the Department of Computer Science and
Engineering, Shanghai Jiao Tong University, Shanghai 200240, China (e-mail:
fenglv@sjtu.edu.cn; hongzi @cs.sjtu.edu.cn; li-ml@cs.sjtu.edu.cn).

H. Zhou is with the School of Electronic Science and Engineering, Nanjing
University, Nanjing 210093, China (e-mail: haibozhou@nju.edu.cn).

W. Xu and X. Shen are with the Department of Electrical and Computer
Engineering, University of Waterloo, Waterloo, ON N2L 3G1, Canada (e-mail:
w74xu@uwaterloo.ca; sshen @uwaterloo.ca).

L. Qian is with the College of Information Engineering, Zhejiang University
of Technology, Hangzhou 310023, China (e-mail: lpgian@zjut.edu.cn).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TVT.2018.2866496

people’s life but also cause great economic losses. Transmitting
warning messages about dangerous traffic conditions among
vehicles through vehicular ad hoc networks (VANETS) has
emerged as a promising solution to enhance driving safety [1],
[2]. In VANETS, most of the high-priority safety-related mes-
sages are broadcast in either the vehicle-to-vehicle (V2V) mode
or the vehicle-to-road-side-unit (V2R) mode. Specifically, in
the V2V communication mode, every vehicle needs to peri-
odically broadcast their status information including position,
velocity, heading direction, acceleration and turn signal status,
to all neighbors within one-hop. With such timely updated infor-
mation, the application layer can support services such as pre-
crash sensing, blind spot warning, emergency electronic brake
alert, and cooperative forward collision avoidance [3]. On the
other hand, in the V2R communication mode, every road-side
unit (RSU) periodically broadcasts information such as the traf-
fic signal status, road surface type, weather conditions, speed
limits and the current traffic condition, to all nearby vehicles,
whereby, services such as traffic management, transportation ef-
ficiency and user infotainment services [4] can be provided. All
these applications rely on broadcast communication, and thus
we need to carefully design Medium Access Control (MAC) pro-
tocols to support reliable one-hop broadcast, i.e., with medium
access delay guarantee and transmission collision avoidance.
In the literature, various MAC protocols have been proposed
for broadcast communication in VANETS, which can be catego-
rized into the contention-based and contention-free MACs [5]—
[8]. In general, contention-based MACs such as IEEE 802.11p
are efficient when the number of contending vehicles is small.
However, the access delay will grow to significant level when the
number of users involving the back off procedure is large; there-
fore the efficiency of the MAC protocol degrades, especially
in dense traffic conditions [9], [10]. In addition, the RTS/CTS
scheme is disabled in broadcast mode for fast response, which
will aggravate the hidden terminal problem. Intuitively, it is
challenging to design an efficient MAC for reliable broadcast
services under realistic VANETS. First, to support high-priority
driving safety applications, safety messages need to be period-
ically broadcasted with a high frequency, i.e., normally 10 HZ
(every 100 msec) [3], which poses great pressures on medium
resource management and medium access delay guarantee. Sec-
ond, due to the variable network topology, diverse spatial den-
sities of vehicles and the hidden/exposed node problems, the
MAC should work with a strong scalability, i.e., seamlessly
adapting to dynamic communicating environments [11]. Third,
the lack of infrastructures in VANETSs makes it hard to achieve
fine-grained coordinations without global information. To these
ends, TDMA-based MACs have demonstrated their efficacy in
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(a) with different lane speed limits

(b) at road intersections

Fig. 1. Mobility causes merging collisions with prior TDMA-based MACs.

VANETS [5]-[7], since a predefined time-slot-usage is suitable
for periodical broadcasting in a distributed way. In TDMA-
based MACs, time is partitioned into frames, each of which has
a constant number of equal-length time slots. Time slots are syn-
chronized among vehicles and each vehicle is granted to access
the channel at least once in each frame by occupying a time slot.
In existing TDMA-based MAC:s, if every vehicle is perfectly
assigned with a unique time slot then the stringent delay require-
ment of the safety message delivery can be guaranteed since
no transmission collision would happen. However, as vehicles
change mobility constantly in real-world driving scenarios, the
performance of existing TDMA-based MAC protocols will de-
grade dramatically due to the collision of slot assignment when
multiple sets of vehicles move together, which is called merging
collision. Fig. 1 shows how merging collisions occur due to the
vehicle mobility when adopting existing TDMA-based MACs.
Specifically, in Fig. 1(a), vehicles are moving in lanes with dif-
ferent speed limits towards the same direction. At the initial
stage, the vehicle set A and vehicle set B are separate from each
other and vehicles in each set occupy a unique time slot for data
transmission. As vehicles in set A move faster and catch up with
vehicles in set B, the two sets overlap, making it possible that
vehicles in set A and B use the same time slots and thus causes
collisions. Fig. 1(b) shows how merging collisions happen at an
intersection. When a previously independent vehicle set C ap-
proaches the intersection, it overlaps with the vehicle set B and
thus merging collisions happen. To make things worse, if the
vehicle set C stops at the intersection due to a red light, it will
continuously collide with all sets traversing in front of it. An-
other significant side effect of red traffic lights is that they make
vehicles slow down until completely stop, which means that
incoming vehicle sets on the blocked road join the merging sets
at the intersection, leading to more severe merging collisions.
Contradictorily, it is intersections that have the greatest need for
reliable data communication to guarantee driving safety. There-
fore, it is important to take into account those identified merging
collisions when designs TDMA MAC protocols for VANETs.
Unlike other types of mobile users, the mobility of a vehicle
is quasi-predictable, as the movement is constrained by road
layout and the traffic regulations, e.g., road signs, traffic lights,
etc. It has potential to taking advantage of such predictability
of the vehicle mobility to reduce the merging collisions [12]-
[15]. We have the following two important observations from
the real-world vehicular conditions: 1) vehicles may converge
and diverge from time to time due to their distinct velocities
and routes; 2) the design of the road topology and lane layout
can statistically reflect the actual mobility demands of vehicles.
Specifically, vehicles in the same lane share relatively similar
mobility; if the vehicle wants to speed up or slow down, it will
first choose to change a lane, and vehicles moving in the fast lane
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will always catch up with vehicles in the slow lane. Likewise,
vehicles will eventually move together at the intersection due to
the road topology limit. Inspired by this, we propose MoMAC,
an innovative mobility-aware TDMA MAC protocol, which can
assign time slots elegantly according to the underlying road
topology and lane distribution on roads. In MoMAC, different
lanes on the same road segment and different road segments at
intersections are associated with disjoint slot sets, i.e., assigning
vehicles that are bound to merge, with disjoint time slot sets.
The beauty of this design is that each vehicle can easily obtain
the collision-avoidance slot assignment as long as the vehicle
has a lane-level digital map and knows its current information
of belonging to which road and which lane, which can be eas-
ily obtained by all the navigation systems [16]-[18]. To achieve
common agreement about the usage of slots among neighboring
vehicles, we propose a fully distributed slot assignment scheme,
in which each vehicle selects a free slot according to the re-
ceived slot-occupying information from neighboring vehicles.
Specifically, in addition to application data, each vehicle also
broadcasts the information with IDs of its one-hop neighboring
vehicles and slot indexes used by them. In doing so, transmis-
sion collisions can be detected by verifying the consistence of
neighboring messages and all vehicles can keep tracking the
link state changes in the moving. We analyze the performance
of MoMAC theoretically in terms of average collisions, packet
overhead and medium access delay. In addition, we conduct
extensive simulations considering various road topologies and
traffic conditions and the results demonstrate the efficiency of
MoMAC by checking the metrics of collision rate and safety
message transmission/reception rate. Compared with state-of-
the-art TDMA MACs, i.e., ADHOC MAC [5] and VeMAC [6],
the transmission collisions can be reduced by 59.2%. The main
contributions of this paper are summarized as follows.

® We identify two common mobility scenarios which would

result in massive merging collisions; however, existing
TDMA-based MACs do not consider and handle them
well.

® We design a mobility-aware TDMA MAC, named as Mo-

MAC, to enhance the reliability of safety message ex-
change for safety applications. In MOMAC, the medium re-
source is assigned according to the underlying road topol-
ogy and lane distribution on roads. With MoMAC, time-
slot-collisions caused by vehicles’ relative movements on
multi-lane roads and merging together at intersections, can
be relieved.

® We evaluate the average number of collisions theoretically

for existing TDMA-based MACs and MoMAC to demon-
strate the efficiency of the MoMAC design. In addition, the
packet overhead and medium access delay are analyzed to
verify the feasibility of MoMAC.

The remainder of this paper is organized as follows. Section 11
presents the related work. We describe the system model in
Section III. Section IV elaborates on MoMAC design. Perfor-
mance analysis is carried out in Section V. We conduct ex-
tensive simulations to evaluate the performance of MOMAC in
Section VI. Finally, we conclude this paper and suggest future
work in Section VII.

II. RELATED WORKS

There have been adequate studies on TDMA MACs for
VANETS. A survey about TDMA-based MACs is present in the
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work [19], in which, Hadded et al. first discussed the characteris-
tics of VANETS and the special real time requirements of safety
applications, then identified the reasons for using the TDMA-
based MAC paradigm in VANETSs and provided an overview
of proposed TDMA-based MACs; in addition, the characteris-
tics, benefits and limitations of these MACs were discussed and
compared.

Centralized TDMA MAC:s are proposed in studies [20]-[22],
in which, time slots are assigned by a central controller. For
instance, in the work [20], Zhang et al. used a RSU as a central-
ized controller to collect the channel state information and the
individual information; then the controller can calculate the re-
spective scheduling weight factors, based on which it can make
scheduling decisions. However, the method requires a large
number of RSUs which limits the scale of the network. Other
works [21], [22], chose cluster heads as central controllers; vehi-
cles were partitioned into several clusters and each cluster chose
a head as a controller. However, the method is not practical in
VANETS due to the highly dynamic features of VANETS, where
it is challenging for clusters forming and cluster heads selection
as vehicle topologies change over the time. As a result, many
studies focus on distributed TDMA MAC designs, in which,
each vehicle manages the time slot by itself. The main chal-
lenge in distributed TDMA MACs is how to coordinate among
vehicles to use time resource efficiently without global network
knowledge. The ADHOC MAC protocol was proposed in the
work [5], where a wireless communication channel was set to
a slotted/framed structure and coordinated with the well-known
Reservation ALOHA (R-ALOHA) protocol [23]. Each node not
only transmits its application data but also reports the status of
time slots used by its neighbors; by collecting such information,
collisions can be detected. Lyu et al. designed a slot-sharing
TDMA MAC, referred to as SS-MAC [7], to make multiple
vehicles (with distinct beacon rates) share a time slot by ne-
gotiation in real time, which can help save time slot resources
when the vehicle density is high. However, those researches do
not consider the moving characteristics of vehicles, which may
degrade the performance in real-driving scenarios. Taking the
transmission collisions caused by vehicular movements in oppo-
site directions into consideration, Omar et al. proposed VeMAC
[6] protocol for reliable broadcast in VANETS; VeMAC assigned
disjoint sets of time slots to vehicles moving in opposite direc-
tions to reduce transmission collisions. ATSA (Adaptive TDMA
Slot Assignment) MAC [24] tried to enhance VeMAC protocol
when the densities of vehicles moving in opposite directions are
not equal, in which, the frame length was dynamically doubled
or shortened based on the binary tree algorithm. In both two
MAGC:s, the authors just considered the stable moving situations,
where the speed, moving direction and distance among vehicles
are constant; this kind of setup is not convincing in practical
VANETs. In the work [25], Jiang et al. proposed PTMAC, a
prediction-based TDMA MAC to reduce packet collisions in
VANETs. In PTMAC, two-way traffic and four-way intersec-
tions were considered; by collecting speed, position, and mov-
ing direction information from neighbors, PTMAC predicted
the possibility of encountering collisions and tried to decrease
the potential collisions. However, PTMAC has to find interme-
diate vehicles to do potential collision detection and potential
collision elimination, causing extra coordinating overhead and
delay; moreover, the method needs intermediate vehicles for co-
ordinating, which limits the usage when no intermediate vehicle
exists in the environment.
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Fig. 2.

Illustration of the system model.

III. SYSTEM MODEL

Our system model includes three main parts, i.e., wireless
communication unit, road geography unit, and vehicles, as
shown in Fig. 2.

Wireless communication: All entities in the network commu-
nicate via Dedicated Short Range Communications (DSRC),
which contains one Control Channel (CCH) and multiple Ser-
vice Channels (SCHs) with two optional bandwidths of 10 MHz
and 20 MHz [26], [27]. The CCH is essential and used to transmit
high-priority short messages (such as periodic or event driven
safety messages) and control information (such as negotiation
of SCHs usage among vehicles), while SCHs are used for user
applications. In this paper, we focus on the design of an efficient
and reliable MAC protocol for the CCH, which is the corner-
stone for safety applications and multi-channel operations. To
control the medium access on the CCH, time is partitioned into
frames consisting of a given number S of fixed duration time
slots and each second contains an integer number of frames. To
access the medium, a node has to gain a vacant time slot in a
frame before it can transmit messages. In addition, the channel
is considered to be symmetric which has been evaluated by an-
alyzing collected real-world DSRC communication data in the
work [28]. Thus, a node z is in the communication range of
node y if and only if node y is in the communication range of
node x.

Road geography: We consider real-world road scenarios in-
volving highways and urban surface roads. We refer to a road
segment as the road segment in one direction partitioned by
two adjacent intersections. Road segments can have multiple
lanes with different speed limits and are interconnected by in-
tersections with traffic lights. We allow vehicles to have distinct
acceleration and deceleration performance and to take actions
such as overtaking or changing lanes whenever necessary.

Vehicles: Vehicles in the network have at least one DSRC
radio operating on the CCH and they have identical commu-
nication capability and the same communication range R. For
driving safety, each vehicle has to broadcast its status infor-
mation every 100 ms according to the requirement of safety
applications [3]. Each vehicle is equipped with a GPS receiver
that provides time reference and location information. For spe-
cific, the 1 pulse per second (PPS) signal provided by GPS
receivers is used as a global time reference to synchronize ve-
hicles. The rising edge of this 1PPS is aligned with the start of
every GPS second with accuracy within 100 ns even for low-
end GPS receivers [6]. Hence, at any instant, each node can
determine the index of the current slot within a frame. In ad-
dition, each vehicle has a lane-level digital map of the area of
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interest. Through GPS, each vehicle can obtain the information
of which road and which lane it belongs to, matured in all the
navigation systems [16]—[18]. Unlike previous position-guided
MAC protocols which rely on the accurate location information
of vehicles, MOMAC adopts the underlying road topology and
lane distribution on roads into medium resource allocation. It is
practical as the road topology and lane distribution are constant
and easily obtained. Furthermore, a vehicle just needs to know
which road and which lane it belongs to, which are classifica-
tion problems rather than a absolute positioning problem. As
classifying a GPS location to a specific lane and road segment
can tolerate localization errors ranging from meters to hundreds
meters, the inaccurate localization and temporary GPS shortage
have slight impact on the performance of the scheme.!

To facilitate time slot assignment in a distributed way, a ve-
hicle = needs to maintain the information of its neighboring
vehicles in one-hop and two-hop ranges and the information
lists are as follows:

® N..(x): the set of IDs of its one-hop neighbors, which

are updated by whether the node x has received packets
directly on the channel during the previous S slots. In
addition, the node x needs to broadcast this information
with application data in each transmission.

e N2, (x): the set of IDs of its two-hop neighbors, indi-
rectly obtained from the packets transmitted by its one-hop
neighbors, i.e.,

Nfch (33) = Neen (1') U{Ncch(y)vv?J € Neen (I)}

e U(x): the set of time slots that have been used by vehicles
in the set of N2, ().

e G(x): the set of time slots pre-defined by MoMAC ac-
cording to the current position of , which is the possible
set of time slots that 2 can choose from. G(z) would be
updated when = changes its mobility such as changing a
lane, approaching or leaving an intersection (elaborated in
the next section).

e A(x): the available set of time slots that « currently can
choose to use in the next frame. It is obtained based on the
sets of U(x) and G(z), i.e., A(z) = G(x) — U(x).

IV. MOMAC DESIGN

A. Preliminaries About TDMA-Based MACs

In TDMA-based MAC protocols, time is partitioned into
frames with each consisting of a fixed number of time slots.
When using the TDMA-based MAC protocol, vehicles are syn-
chronized via the GPS, and then every vehicle is assigned a
slot in a frame before it can transmit messages. Once a vehi-
cle obtains a slot successfully, it can use the same slot in all
subsequent frames until a transmission collision is detected. In
such protocols, neighboring vehicles within the communication
range of a vehicle constitute the one-hop set (OHS) of this ve-
hicle. If two OHSs overlap with each other, the union of these
two OHSs is referred to as a two-hop set (THS), i.e., each node
in a THS can reach any other node in the same THS in two
hops at most. Fig. 3 illustrates an example where the respective
OHSs of vehicle A and vehicle C' form one THS with vehicle
B standing in between.

'In addition, to support future autonomous driving, the usage of HD (high
definition) map is necessary, which can easily provide lane-level position infor-
mation.
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Fig. 3. Illustration of the hidden terminal problem and the THS.

Obviously, vehicles in the same OHS should select different
time slots to transmit messages. Moreover, vehicles in the same
THS should also choose distinct time slots for communication
in order to overcome the hidden terminal problem. The hidden
terminal problem can arise in a THS when two vehicles, locating
in each of the two OHSs respectively, cannot hear with each
other and decide to transmit a message in parallel. For example
in Fig. 3, vehicle A wants to transmit a message to vehicle B
and at the same time vehicle C' wants to transmit a message
to vehicle D. As vehicle A is not within the communication
range of vehicle C, vehicle C' thinks that the channel is free
and starts to transmit even though vehicle A has already started
the transmission. As a result, there is a collision at vehicle B.
To eliminate the hidden terminal problem when there is no
RTS/CTS mechanism, each vehicle should collect (passively
hear) and broadcast time slot-occupying information of one-
hop neighbors, to its OHS so that vehicles in one THS can
know all occupied time slots and detect possible collisions.
As in the above example, since vehicles A and C' transmitted
simultaneously and caused the collision at the vehicle B, the
IDS of A and C will not be included in N..;(B); if vehicle
B broadcasts this information with application data together,
vehicle A (and C) could detect the collision since B € N, (A)
but A ¢ N..p(B).

B. Design Overview

In VANETS, vehicles may converge and diverge from time
to time due to different velocities and routes. The collisions of
slot assignment would arise when vehicles merge together on
the move. Therefore, we need to assign disjoint time slots to
those vehicles are bound to merge, which is the key operation
of MoMAC. Specifically, the time slot assignment in MoMAC
has the following three focuses:

1) When vehicles move on a multi-lane road segment, we
take advantage of lane information to divide time slot
sets.

2) When vehicles are at an intersection, we utilize the topol-
ogy of the intersection, which converged by directional
road segments, to divide time slot sets.

3) When vehicles enter an intersection from a road segment
or leave an intersection to a road segment, we splice the
upper two schemes together according to the geographical
connection.

In the following subsections, we will first elaborate the three

focuses in the time slot assignment scheme subsection and then
present the time slot access approach for each vehicle.
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Fig. 4. Frames are divided into three slot sets, i.e., L, R, and F'; set R on a
3-lane road in the right direction is further split into 3 subsets, i.e., R, R, and
R3, with each lane using one corresponding subset.

C. Time Slot Assignment Scheme

We divide complex road network into individual road seg-
ments and intersections and assign slots for each of them so as
to minimize potential collisions caused by vehicle sets moving
together.

On multi-lane road segments: We partition each frame into
three sets of time slots, i.e., L, R, and F' as shown in Fig. 4.
The F' set is associated with RSUs, while the L and R sets
are associated with road segments in left and right directions,
respectively. A road segment is said to be a left (right) road
segment if it heads to any direction from north/south to west
(east) as shown in Fig. 4.

As vehicles moving in different lanes in the same direction
can also cause merging collisions, in MOMAC, sets L and R are
further divided into [ subsets according the number of lanes [
in that direction, i.e., Ly, L,,...,L; and Ry, Ry, ..., R;. The
subset L; and R;, i € [1,1] is assigned to the ith lane in left and
right direction respectively, counted from the right direction;
the [ can be different in left and right direction in the practical.
For example in Fig. 4, set R on a 3-lane road segment in the
right direction is further split into 3 subsets, i.e., R;, R,, and
R3, with each lane using one corresponding subset. Notice that,
in practical, the system sometimes may obtain the inaccurate
lane information or miss the lane-changing detection, due to the
technique problem. However, it has slight effect on MoMAC,
as each node holds the frame information of its THS, which
can help the node choose a free slot. Moreover, MoOMAC can
still work like VeMAC in the worst case, when without lane
information.

At intersections: To eliminate merging collisions happening
at intersections as shown in Fig. 1(b), for an intersection, we
assign a separate slot set for each road segment entering the
intersection, called an inbound road segment. More specifically,
given a n-way intersection, a frame is partitioned into n + 1
sets of time slots, i.e., ), @),...,®), and F. The F set is as-
sociated with RSUs, while set (), k € [1,n], is assigned to the
kth road segment entering the intersection counted anticlock-
wise from the north direction. In addition, set &), k € [1,n], is
also assigned to the kth road segment leaving the intersection,
called outbound road segment, counted anticlockwise from the
south direction. Fig. 5 illustrates the slot assignment schemes
for different types of intersections. For example, a three-way in-
tersection is shown in Fig. 5(a). Because the road segment in the
north-south direction enters the intersection (denoted by a solid
arrowed line) and is the first road segment counted anticlockwise
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from the north, set (1) is associated with this road segment. In
contrast, the road segment in the opposite direction (i.e., in
the south-north direction) leaves the intersection (denoted by a
dashed arrowed line) and is the second road segment counted
anticlockwise from the south, and therefore set ) is assigned.
The same assign scheme applies to other types of intersections
such as four-way intersections and five-way intersections, as
shown in Fig. 5(b) and 5(c).

Furthermore, as the density of vehicles at intersections could
be very high because of traffic control such as traffic lights
and speed limits, we do not further divide set &), k € [1,n],
according to lanes at intersections in order to fully utilize time
slots in set (k). To guarantee that any two neighboring road
segments connecting to the same intersection are collision-free,
the range of slot sets on each road segment is defined to be the
maximum size of a possible THS, which is 2R, as shown in
Fig. 5(a).

Splicing road segments with intersections: For any given road
segment and the corresponding intersections associated with the
road segment, it is straightforward to splice the slot assignment
schemes according to the geographical connection between the
road segment and the intersections. For example, in Fig. 6, the
left-direction road segment is partitioned into three parts and
associated with three slot sets, i.e., set (i) associated with a
range of 2R at the very left end of the road segment, set (»
associated with a range of 2R at the very right end, and set L in
between.

On one hand, due to the high density of vehicles at intersec-
tions, it is possible that vehicles at intersections would contend
for time slots if the number of time slots in set &), k € [1,n], is
not sufficient. On the other hand, the density of vehicle at the
middle of road segments tends to be low. To mitigate the slot
shortage issue at intersections, in MOMAC, two extra ranges of
2R are added. For example of the left road segment in Fig. 6, if
set L and set (» have common subset, a range of 2 R associated
with set L — () is arranged after set (») . The purpose of this ar-
rangement is to release time slots occupied by vehicles that have
already left the intersection so that there are more free time slots
available in set (» for vehicles that are still at the intersection.
Similarly, a range of 2R associated with set L — ()is arranged
before set (0.

D. Time Slot Access Approach

In the header of each packet transmitted on the control chan-
nel, the transmitting node x should include set N..,(x) and
the time slot used by each node y € N,.j,(x). When a node z
needs to acquire a time slot, it firstly listens to the channel for
S consecutive time slots (not necessarily in the same frame). At
the end of the S slots, the node x can obtain the information of
N2, (z) and U(x). As the set of G(z) can be achieved based on
the belonging to which road and which lane information of the
vehicle as described in above subsection, the node x can derive
set A(z) = G(x) — U(x) and randomly choose a slot ¢ from
set A(x) to use. After the node x transmits at the time slot ¢, it
listens to the next .S — 1 slots to determine whether the attempt
to acquire the slot ¢ is successful. If packets received from all
z € N () indicate that € N,.j,(2), it means that there is
no other node in the two-hop ranges of x attempting to access
the same slot ¢. In this case, node x is successful in acquiring
slot ¢ and each node z € N, (z) adds x to its N,..;(z) and
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updates the corresponding set U (z). Otherwise, there is at least
one node within the two-hop range of node x contending with
z for slot ¢, and collisions (called access collisions) happen. As
a result, all nodes contending for slot ¢ fail and each of them
attempts to acquire a new time slot until succeeds. Similarly, at
the end of each time slot, a particular node x can actively per-
form the collision detection by checking a received packet from
node y € N, (). If the packet indicates that & ¢ N..j (y), the
transmission from node x collides at node y with other con-
current transmissions. Once a collision is detected, node x will
release its time slot and try to gain a new time slot.

In addition, in MOMAC, a node x needs to actively release its
time slot and acquire a new one whenever necessary in order to
adapt its real-time road scenarios such as changing a lane and
entering or leaving an intersection. As shown in Fig. 4, assume
that a vehicle z moves in the second lane of a right-direction
road segment and thus the current G(z) is R,. Later, when
vehicle x changes the lane from the second lane to the first lane
(e.g., about to make a right turn), its G(x) now also changes
to R;. Based on the latest updated U (x), if there is a free time
slot in Ry, it releases the original time slot in R, and choose a
new time slot in R; for transmission; otherwise, it would keep
its time slot in R, until a free time slot in R; is available or a
collision with another vehicle in the second lane using the same
time slot is detected. In this way, merging collisions caused by
mobility changes can be greatly reduced. In MOMAC, although
vehicles need to change slot frequently, it will not cause extra
overhead cost to the original TDMA schemes. All decisions can
be made based on information heard from one-hop neighbors
and the local position information.

V. PERFORMANCE ANALYSIS

In this Section, we first evaluate the average number of colli-
sions for existing TDMA-based MACs and MoMAC to demon-
strate the efficiency of MoMAC theoretically. To make the

(b) four-way intersection

Frame 2 Frame 1 Frame 2

(c) five-way intersection

MoMAC design more convincing, we then analyze the packet
overhead and the medium access delay in MoOMAC.

A. Average Number of Collisions

Existing TDMA-based MACs focus on how vehicles acquire
time slots, detect collisions, reapply after collisions and access
time slots on an individual time slot set. What MoMAC making
difference on is, when time slot sets merge due to the diverse
mobility. In this subsection, we theoretically analyze the aver-
age number of collisions of existing TDMA-based MACs and
MoMAC respectively.

Collisions in existing TDMA-based MACs: In existing
TDMA-based MACs, for instance, in Fig. 7(a), there are n
(n > 2) time slot sets, each slot set includes /N time slots and
K vehicles accessing time slots on it. For safety applications,
each vehicle needs to be assigned with a distinct time slot, thus
N satisfies N > nK. When these n time slot sets merge at an
intersection or in multi-lanes, hordes of vehicles from different
sets may access common time slots, incurring merging colli-
sions. For any specific time slot among [V, let py and p; be the
probability of 0 and 1 vehicle using the time slot, and we have

cE - \" K\"
p0<$§l) <1N) , 6))
- n—1
p =C) CN i 1 CN i 2R CE "
P\ ok CcE N N) =
(2)

The probability that a collision happens at a specific time slot is
(I — po — p1), meaning that two or more vehicles are accessing
the time slot simultaneously. Let P(7) be the probability of 4

(< L%j) time slots among N encountering collisions, which
satisfies

P(i)=Cy (1—po—p1) (po+p)¥ " (3)

Let M represent the average number of merging collisions, i.e.,
[ -]

M= > ixP(i).

i=1

“)

As shown in Fig. 7(a), assume 2 * M vehicles meet merging
collisions, then these vehicles will try to acquire a new time
slot, incurring access collisions.? Consider a problem that 2 * x

2For simplification, we just consider collisions which are caused by two
vehicles. As three or more vehicles accessing a common slot simultaneously
happens rarely, which is also hard to find in our simulation results.
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(N,K)

(a) Merging happens in existing MACs. Collision vehicles need to
acquire a new time slot.

Fig. 7.
while colorful blocks denote occupied time slots.

vehicles simultaneously contend for y (22 < y) free time slots.
Let pp and p; be the probability of O and 1 vehicle accessing an
any specific time slot among y time slots, i.e.,

-1 2z

po= (yyzgﬂ) )
-1 2z —1

pr = (yyz) ©)

Let P(i) be the probability of i (i < x) time slots with access
collisions, i.e.,

P(i)=Ci(1—po—p1) (po+p1)’ " )

Then the average number of access collisions A can be calcu-
lated as

A=>"ixP(i). ®)

Notice that, these 2 * A collision vehicles will try to acquire a
new time slot, which may cause new access collisions. The new
average number of access collisions can be calculated like the
above process until all vehicles occupy an unique time slot and
then no collision will happen. Let A; be the average number of
access collisions at the jth frame. In initial stage to calculate
Ay, merging collisions M can be x and free time slots y is (N —
nK + 2M). Then A; can be calculated through Eq. (8). Based
onthe A;,tocompute A; 1, xis Aj andyis (N — nK +24;).
Therefore, total average number of collisions 7 is

T=M+)Y A )

Jj=1

Collisions in MoMAC: In MoMAC, before time slot sets
merging, the time slots will be rescheduled based on the ve-
hicle mobility and road topologies described in Section IV. As
shown in Fig. 7(b), before n time slot sets merging, vehicles
are scheduled to disjoint time slot subsets. As a result, merg-
ing collisions M can be eliminated. However, when vehicles
change the mobility such as leaving the intersection, they have
to actively release their time slots and acquire a new one, which
would cause additional access collisions. For instance, at an
intersection, consider the access collisions caused by vehicles
leaving the intersection. For each road segment, like the prob-

lem described above, the initial 2 and ¥ is (";L{/*K and N;K
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Fig. 8. Theoretical average number of collisions under different road topolo-
gies with different configuration of N and K.

respectively,3 then A; can be calculated. Based on A;, = and
y can be expressed as 4; and (25 — W + 2% A;j) for
calculating A; . Differently, the last average number of access

collisions should multiply n, for n road segments existing, and

thus we have
j=1

(10)

Theoretical results: Fig. 8 shows the theoretical results of
Eq. (9) and (10) with different configuration of n, NV and K. We
have the following three main observations. First, with the same
N and K, MoMAC always achieve a better performance under
all road topologies. For instance, when n, N and K is set to
be 5, 200 and 40, respectively, the average number of collisions
is 52.77 and 9.99 in existing MACs and MoMAC, respectively,
which about 81.1% collisions are reduced by MoMAC. Second,
when the road topology becomes complex, the average number
of collisions will increase in all MACs. However the increas-
ing range is more obvious in existing MACs, which means that

3We assume that, each vehicle enters another new road segment with an

equal probability. Thus, for a road segment, W vehicles may enter it and

contend for unoccupied N;K time slots. Notice that, due to the traffic light
control, vehicles cannot enter a road segment at the same time. Thus, parameters

set here are for conservative calculation.
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MoMAC could be more scalable to adapt to different scenarios.
Third, when increasing the value of N and K, under all road
topologies, the average number of collisions increase in existing
MACs while decrease in MOMAC. The reason is that, bigger
values of N and K would cause much serious merging colli-
sions, while mitigate the effect of access collisions. However,
the merging collision has more negative effects than the access
collision, as shown in Eq. (9).

B. Packet Overhead

The main overhead of MoMAC is the needed coordination
information for medium access, including the vehicle IDs and
the corresponding time slot indexes of neighbors in OHS. Let
Vinax and V.2, be the maximum number of vehicles existing in
a OHS and THS of one vehicle. The number of [log, V;2,.] bits
are needed to represent the individual ID of vehicles in its THS,
where the symbol [.] is ceil function. To identify a specific time
slot among S slots, [log, S'| bits are necessary. Hence, the total
overhead of MOMAC H (in bits) is

H = [Neen (2)| ([logy V] + [log, S]) . (11

As the maximum OHS area of a vehicle is a circle with the
radius R, the V},.x on a road can be computed by

2R
Vinax = L 12
e <lf:n§:§thvehicle + distancesafety> " (12)
where the length, .. 18 the length of a vehicle, normally 3-5 me-

ters for sedans, distanceg,fety is the safe following distances and
L is the number of lanes on the road. According to the 2 second
rules, drivers should drive at least 2 seconds behind the vehicle
in front during ideal conditions; given a normally speed 60 km/h
in the urban environment, the distancegfr, can be obtained
distancegagery &~ 35 m. Let R = 300 and L = 6 respectively for

normal case, then |Ne.; (2)| = Vinax = (%) * 6 = 90. Con-

sidering the conservative setting to guarantee each vehicle with
a unique time slot in a THS, we set the S and V;2,, to be 200
empirically. The overhead in this case is = 90 * 16 = 1440
bits ~ 180 bytes. As the size of application data broadcasted by
safety applications in VANETS is small, normally 200-500 bytes
[29], adding such extra 180 bytes coordination data in broadcast
packets is acceptable due to the total packet size is far less than

the size of MAC layer protocol data unit.

C. Medium Access Delay

To consider the medium access delay of safety applications,
we can analyze the following two cases. First, when a vehicle
has acquired a time slot and use it in all contiguous frames
without collisions called stable state, the access delay depends
on the number of S and the duration of a time slot. Consid-
ering that the total packet size of MoMAC is 380 bytes and
DSRC radios adopt a moderate transmission rate 12 Mbps [8],
the transmission needs 0.25 ms. After adding a extra 0.05 ms
for guard periods and the physical layer overhead, a 0.3 ms time
slot duration can be set. A complete frame last S = 200 time slot
durations, i.e., 60 ms, which means that the vehicle can access
the medium once every 60 ms for safety message transmissions.
Adding the upper layers delay and the packets queueing delay,
it can still satisfy the stringent requirement 100 ms of most
high-level safety applications.
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Another case is when a vehicle (newly opened or after collid-
ing with others) tries to access a unique time slot, called unstable
state. Considering a THS vehicles, there are K vehicles con-
tending F' free time slots. For safety applications, each vehicle
should be guaranteed an unique time slot; we only consider
F' > K. During every frame, each contending vehicle will try
to occupy a slot and can detect whether this trying acquisition
is successful; if the vehicle successfully acquired a time slot in
the frame, then the vehicle will end the contending process and
transfer to stable state; otherwise the vehicle has to continue
contending a slot in the following frame. Assuming that the /K
contending vehicles are keeping in the same THS during the
contending process, the contending process can be modeled as
follows. Let X,, be the number of vehicles that have success-
fully acquired a unique time slot at the end of nth frame and
Xo = 0 be the initial state, X, then is a stationary discrete-time
Markov chain and the transition process is shown in Fig. 9* with
the following transition probabilities,

TR 0<i<K-2,
1<) <K
Pii=31 i=j=K;
0 1>7 ort=K-—1
or j=K-—1,

(13)
where the f(l,u,v) is the number of cases that for v available
free time slots, [ nodes successfully acquire a unique time slot

4Note that, the X,, has no possibility to be the value K — 1, as one vehicle
cannot collide only by itself.
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Fig. 11.  Snapshots of the simulated scenarios.

among u contending nodes. To compute the value of f(,u,v),
| < u < v, we can consider the case that there are u balls needed
to pack into v boxes; each box can support more than one balls;
f (1, u,v) is the number of packing ways satisfying that existing
[ boxes only contain one ball and the other v — [ boxes are
either empty or contain more than one balls. Then the f(, u,v)
satisfies

CIILA]U((U - l)u_l_
fluv) = S flhu—Lv—1) 0<l<u; (14)
Al [ =u.

Based on this, the one-step transition probability matrix P can
be computed. Let P" be the n-step transition probability matrix,
the first row of P" represent the distribution of X,,, i.e.,

p(X, =i) =P, ,i€[0,K]. (15)
The probability that a specific vehicle successfully acquires a
unique time slot within n frames is

i—1 K ;pn
wr Ok (X, = i) = it i Pl
Psuccess = 24j—1 C}( pPlAy, =1) = K

(16)

Fig. 10 shows the numerical results of Eq. (16). For better com-
parison, we introduce a coefficient a to describe the relationship
between contending nodes K and available free time slots F/,
i.e.,

F=aK (17)

From Fig. 10, we have the following two guidelines. First, when
resource is limited, collisions should be carefully avoided as they
can incur severe access delay; for instance, when K = 10, to
achieve a more than 90% probability of successfully acquiring
aunique time slot, 7 frames, 3 frames and 2 frames are required
under the set of a = 1, a = 2 and a = 3, respectively. Second,
under the same resource conditions, collisions can also affect
the access delay; specifically, when a = 1, the probability can
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reach 72% at the 5th frame with the set of K = 10, while the
probability would only be 39% at the 5th frame with the set
of K = 20. As safety applications in VANETS have a very low
tolerance in terms of messages delivery delay, medium access
delay as the main delay should be carefully guaranteed without
collisions, which is also the main focus of MoMAC.

VI. PERFORMANCE EVALUATION

In this section, we conduct extensive simulations to evaluate
the efficiency of MoMAC, considering various practical road
topologies and traffic conditions.

A. Methodology

Simulation setup: We conduct simulations to evaluate the
performance of MoMAC by using the Simulation of Urban
Mobility (SUMO)[30]. Specifically, we construct two typical
VANET scenarios, i.e., highways and urban surface road net-
work. Specifically, in the highway scenario, a bidirectional 8-
lane highway of 10 km long is used and each of the four lanes
in one direction is given a speed limit of 60 km/h, 80 km/h,
100 km/h and 120 km/h, respectively. On the other hand, in
the urban scenario, three different star topologies are used with
different types of intersections, i.e., 3-way, 4-way and 5-way,
locating at the center and connecting to three, four and five bidi-
rectional 6-lane roads of 4km long, respectively. Additionally,
a respective speed limit of 50 km/h, 60 km/h and 70 km/h is set
for each of the three lanes in one direction. Plus, traffic lights
are set at each inbound road segment at intersections with the
duration of green light being 20 s. Note that the reason that
we consider star topologies is to gain better control over differ-
ent traffic conditions, without losing generality. More complex
topologies can be easily build with star topologies.

In both scenarios, vehicles have different performance pa-
rameters, e.g., maximum velocity (ranging from 80 km/h to
240 km/h), acceleration ability (ranging from 1 m/s” to 5 m/s?),
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Fig. 12. CDFs of rate of collision in different scenarios under moderate traffic
condition.

and deceleration ability (ranging from 3 m/s? to 10 m/s?). We
configure ten different settings of vehicle parameters accord-
ing to the main types of vehicles on the market and randomly
associate one of them to every vehicle. To mimic different traf-
fic conditions in a day, vehicles are generated at the open end
of each road segment with respective rates heavy (10 vehi-
cles/lane/minute), moderate (5 vehicles/lane/minute), and light
(3 vehicles/lane/minute). Each vehicle randomly chooses the
destination road segment and the lane when enters a road seg-
ment, and are driven under the Krauss car-following model and
the LC2013 lane-changing model. In addition, driver imperfec-
tion parameter is also introduced in simulations to mimic normal
driving behaviors of human. Fig. 11 shows the simulated sce-
narios, including highways, three-way, four-way and five-way
intersections; vehicles with different colors are configured with
different performance.

In all simulations, the transmission range R is set to be 300 m
according to the observation that 802.11p-compatible onboard
units can support reliable data transmission within 300 m [27].
As the performance of MAC protocols is studied, we consider
all transmissions successful unless slot usage collisions happen.
Following the requirement of safety applications [3], the time
duration of a frame is set to be 100 ms in light with the rigid
time requirement on safety-related applications and the number
of time slots in a frame is set to be 200. Each simulation lasts
for 1,500 s of simulation time.

Performance metrics: We consider the following metrics to
evaluate the performance of MOMAC:

1) Rate of collisions: refers to the average number of
transmission collisions per frame per THS.?

5To get the metrics in per THS, the metric is calculated first for the whole
simulation area, and then multiplied by 2 L or ZLR x 4 for the highway and
urban scenarios respectively, where 2R is a maximum THS length, L is the
length of the road segment and /N is the number of inbound road segments at

an intersection.
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2) Rate of safety message transmissions.: refers to the av-
erage number of successful safety messages transmis-
sions per frame per THS. A successful transmission
means when a node broadcast a packet, there is no
other concurrent transmissions happening at the same
time slot within its THS.

3) Rate of safety message receptions: refers to the average
number of successfully received packets per frame per
THS.
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We compare MoMAC with ADHOC-optimal (i.e., an up-
graded version of ADHOC MAC [5]) and VeMAC [6].

B. Impact of Various Road Topologies

We first evaluate how the road topology affects the MoMAC
performance. Fig. 12 shows the cumulative distribution func-
tions (CDFs) of rate of collisions in different scenarios with the
moderate traffic condition. We have the following two main ob-
servations. First, MoMAC can achieve lowest rate of collisions
in all scenarios. Second, with the topology becoming complex,
the performance of both VeMAC and ADHOC MAC degrade,
while the performance of MoMAC remains stable in all sce-
narios. For instance, the probability of a transmission without
being collided achieved by MoMAC is 85.9%, 82.8%, 76.8%,
and 73.6% in the highway, three-way intersection, four-way
intersection and five-way intersection, respectively, while the
probability in VeMAC is 71.7%, 59.8%, 30.4%, and 28.3%; in
ADHOC MAC, the values are less than 33.6% in all scenar-
ios. As more road segments combine at the intersection, more
vehicle sets will move together incurring hordes of merging
collisions. In MoMAG, just a slight increasing of transmission
collisions shows its advantages to adapting diverse road topolo-
gies.

Fig. 13 shows the CDFs of rate of safety message transmis-
sions in different scenarios. We have the following two main
observations. First, MOMAC can achieve supreme rate of safety
message transmissions in all scenarios. Second, the CDF gaps
between MOMAC and other two MACsSs increases when the
road topology becomes complex. For example, in Fig. 13(a),
the CDFs of rate of safety message transmissions under three
protocols are tightly closed, whereas in Fig. 13(d), the obvious
CDF gaps show up. As the road topology becomes compli-

CDFs of rate of safety message transmissions under different traffic conditions in the four-way intersection scenario.

cated and more vehicles are bound to merge, the transmission
collision effects on VeMAC and ADHOC MAC are more se-
rious than the effect on MOMAC. The similar observations are
also held for rate of safety message receptions, as shown in
Fig. 14. Differently, due to the broadcast scheme, much more
benefits are achieved by MoMAC in terms of rate of safety
message receptions. For instance, in Fig. 13(d) and 14(d), with
the CDF value of 0.5, the gap between MoMAC and other
two MACs of rate of safety message transmissions is about
10/frame/THS, while the gap of rate of safety message recep-
tions reaches 1200/frame/THS. This means that more than 1200
safety message receptions can be achieved every 100 ms by
vehicles in a THS when adopts MoMAC.

C. Impact of Dynamic Traffic Conditions

We further investigate the impact of traffic conditions on Mo-
MAC performance. Fig. 15 shows the CDFs of rate of collisions
under different traffic conditions in the four-way intersection
scenario. We have the following two main observations. First,
MOoMAC can achieve the minimum number of collisions in all
traffic conditions. Second, with heavier traffics, the performance
degrades in all three MACs. However, when meeting the heav-
iest traffics as shown in Fig. 15(c), MoMAC still effectively
works with a probability of 49.9% without collisions, whereas
the probability is about 16.6% and 15.6% in VeMAC and AD-
HOC MAC, respectively. The results demonstrate that MoMAC
can work reliably under all traffic conditions while VeMAC and
ADHOC MAC have poor performance when meeting heavy
traffics. Fig. 16 shows the CDFs of rate of safety message trans-
missions under three different traffic conditions in the four-way
intersection scenario. We have the following two main observa-
tions. First, MOMAC achieves a higher rate of safety message
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transmissions in all traffic conditions. Second, the CDF gaps
between MoMAC and other two MACs become more obvious
when the traffic condition becomes heavier, which indicates that
the heavy traffic has slighter effects on MoMAC compared with
other two MACs. Results of rate of safety message receptions
are omitted due to the similar observations and space limitations.

VII. CONCLUSIONS AND FUTURE WORK

In this paper, we have proposed a mobility-aware TDMA
MAC protocol for VANETS, named as MoMAC, to reduce trans-
mission collisions in the moving. We have first identified two
common mobility scenarios that would incur massive transmis-
sion collisions in vehicular environments. A simple yet effective
slot assignment scheme is then proposed which fully utilizes the
underlying road topology and lane layout, to reply the potential
demands of vehicular mobility. To eliminate the hidden termi-
nal problem, MoMAC adopts a fully distributed slot access and
collision detection scheme. Theoretical analysis and extensive
simulation results demonstrate the efficiency of MoMAC. Our
future work is to utilize RSUs to act as coordinators, which can
calculate the current traffic condition, make an optimal slot as-
signment for uneven traffic, and broadcast to vehicles in vicinity.
MoMAC can fit in this solution very well as RSUs can listen
to all broadcasted messages and do statistics about the traffic
condition on each road segment and then use their time slots to
broadcast out the up-to-date slot assignment scheme. We leave
this as one interesting direction to further enhance the perfor-
mance of MOMAC in the future.
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