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Abstract—In this paper, we propose a novel double cluster-
head routing scheme for motorway vehicular networks, which
is generically modelled and can be applied to single or multiple
cluster-head routing schemes, to save a significant amount of
energy through adaptive sleep cycles while maintaining the
required quality of service. Real vehicular and data traffic
measurements are utilised to evaluate the performance of the
double cluster-head scheme and compare with the existing (a
single cluster-head) scheme. The results, also verified with the
simulations, reveal that the DCH scheme is able to achieve 2x
lower packet blocking probability compared to the SCH scheme.
Furthermore, on an average energy saving of 94% with service-
tolerant delay during the whole day is achieved. In addition,
we found that with a lower market penetration ratio, which
represents the near future vehicular communication trend, more
than 4x energy is saved during peak hours in a motorway
vehicular environment.

I. INTRODUCTION

The field of vehicular communications, having a very low
market penetration ratio (MPR) compared to mobile commu-
nications (over 100% MPR), offers immense future deploy-
ment potential. In vehicle-to-vehicle (V2V) communications,
the use of flat routing schemes does not address the issue of
scalability and yield the desired results as routing table updates
are frequently required at each node. For example, in some
cases the communication overhead of some proactive routing
approaches increases with the square of the number of nodes in
the network [1]. Therefore, a hierarchical routing mechanism
can be adopted which groups the nodes according to certain
requirements in order to facilitate efficient routing [1]. Since,
in vehicular networks, the vehicles move constantly, a mobility
based clustering scheme is appropriate to form clusters. In a
single cluster-head (SCH) scheme, for example MOBIC [2],
the nodes with lower speed variances are selected as cluster-
heads (CHs).

Traditionally, queueing theory based models are extensively
used in predicting the quality of service (QoS) of access
networks. In [3], mechanical failures or unexpected road
hazards lead to safety messages which were modelled using
an M/M/1 queue with delay and throughput as performance
metrics. In another work [4], the authors described a multi-
server multi-priority queueing model for vehicular access
networks using M/M/c and M/G/c queues. Since the number
of communicating nodes were finite in [3] and [4], queues with
finite population could have been a more appropriate model.

Previous research has suggested the optimisation of RF
output power to save energy [5], [6]. However, a different
view is presented in [7] where circuitry was shown to con-
sume very high power compared to the transmitter output

power. Further, other studies show that by considering a sleep
strategy at a node during its inactivity, a certain amount of
energy can be saved [8], [9]. In [8], two cluster-based semi-
asynchronous power saving approaches based on sleep strategy
for multi-hop mobile networks are proposed. Another power
saving scheme called packet driven dynamic NIC switching-
off protocol 802.11NPS for ad hoc networks is proposed in
[9]. Very limited research has been carried out in greening
vehicular networks with [10] being the main exception where
the authors have enhanced the IEEE 802.11 Power Save Mech-
anism (PSM) to achieve energy savings. However, [10] did not
introduce any sleeping mechanism and the only QoS parameter
considered in their work, with respect to energy savings, was
end-to-end delay. Thus, the other key QoS parameter for real-
time communications, the packet blocking probability, was not
studied.

To the best of our knowledge, a detailed queueing anal-
ysis with finite population and finite buffer size for energy
efficiency (using sleep strategies) has not been performed in
conjunction with QoS parameters such as packet blocking
probability (Pp), utilisation (U) and average packet delay
(W) for real-time data services. Solving this practical problem
becomes more challenging in a motorway environment due to
the variable vehicular density, which depends on the hour of
the day. Therefore, in this paper, we propose a novel clustering
scheme, double cluster-head (DCH), which considers mobility
in selecting cluster-heads and saves energy through random
sleep cycles (that take traffic into account) while maintaining
the required QoS. In addition, a generic analytical model
of our proposed system, which can be applied to single or
multiple cluster-head routing schemes, has been developed. It
can also be used with any distribution or unknown distribution
with probability known only at certain points. To verify the
analytical results, we developed a be-spoke DCH motorway
vehicular simulator, which takes real vehicular traces [11]
from the M4 motorway, UK, as an input and emulate realistic
movement of vehicular nodes. A preliminary version of the
DCH scheme was presented in [12], however without any
analytical model and energy considerations.

Following the introduction, the paper is organised as fol-
lows: An analysis of motorway vehicular traffic is summarised
in Section II. The DCH scheme with its queueing analysis
and simulation implementation is discussed in Section III. The
performance of the system has been evaluated and compared
with the SCH (MOBIC) scheme in Section IV. Finally, the
paper concludes in Section V.
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II. MOTORWAY VEHICULAR TRAFFIC ANALYSIS

Statistical analysis has been carried out on vehicular traffic
flow profiles recorded by an inductive loop ID 2255 on the M4
motorway, UK from 00:00 to 23:59 hours [11]. The impact
of different vehicular traffic scenarios (low, varying, and
congested) for real-time communications is studied. Further
analysis was carried out on the data based on other inductive
loops at other times and dates, and similar trends were
observed [11]. The instrumented vehicular density, defined
as the number of instrumented vehicular nodes per km, is
shown in Fig. 1. Two peaks, as can be seen in Fig. 1, reflect
office traffic during the morning and evening hours of the day.
Additionally, the figure shows the density with different MPRs
where the MPR refers to the percentage of vehicles enabled
with the respective technology.
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Fig. 1. Instrumented vehicular density (vehicles/km).

This analysis helped us determine the mobility patterns
and accordingly develop the DCH analytical model and the
motorway vehicular simulator.

III. DOUBLE CLUSTER-HEAD (DCH) SCHEME

Generally, in cluster-based schemes, a cluster is composed
of a cluster-head and cluster members. Cluster members
forward their data to the cluster-head who is responsible
for inter and intra-cluster communications [13]. However, the
performance of these schemes degrades considerably with an
increase in the number of nodes causing significant overheads
on the cluster-head. Thus, we propose a novel double cluster-
head (DCH) based routing scheme, shown in Fig. 2, which
not only improves the QoS substantially but also achieves
significant energy savings. In this work, the DCH scheme
is implemented on a 3-lane motorway stretch (considering
one direction of travel of 1 km), as shown in Fig. 2. An
implementation of the DCH scheme is detailed in Section
II-A.

A. DCH Implementation

In the DCH scheme, a vehicle (node) can perform four
possible roles: 1) cluster-member (CLM); 2) cluster-head 1

CLUSTER

REAR END .. FRONT END

3D cLusTER MEMBER [ CLUSTER HEAD (CH)-1 (IJI CLUSTER HEAD (CH)-II

Fig. 2. Double cluster-head (DCH) routing scheme.

(CHI) (situated near the front end of the transmission range
span); 3) cluster-head 2 (CH2) (located near the rear end of
the transmission range span); and 4) undecided state (act as
an independent entity — not a part of any cluster).

1) Cluster Formation: Two or more nodes can form a
cluster as long as they are all in each others’ vicinity which is
determined by a communication range. Two nodes, within the
communication range, with the largest distance between them
are elected as CH1 and CH2. All the other nodes within that
range become cluster-members. Each time a new cluster is
created, the cluster-heads allocate a cluster ID to the member
vehicles in order to facilitate communication.

2) Cluster Maintenance: A scan process is continuously
carried out to check the vehicles’ positions. If a vehicle has not
moved out of the cluster, then its cluster ID remains the same.
However, its position is checked in terms of its communication
range. If it is found close to the front or the rear ends (see
Fig. 2), then the vehicle assumes the role of the cluster-head
(CHI1 or CH2) and the old cluster-head changes its status to a
member vehicle (CLM). Furthermore, if the vehicle has moved
out of the cluster or has left the motorway stretch, it is removed
from the cluster and the update process is carried out. If the
vehicle is allowed to join a nearby cluster in the first instance,
then the cluster-heads are updated and the vehicle is assigned
with the cluster ID. If cluster-heads go out of each other’s
range due to mobility pattern variations, the update process
is initiated and the nearest cluster-member assumes the role
of the cluster-head leading to a position update of all other
members. In the worst case, if the cluster-heads go out of each
other’s range and if there is no other vehicle in the cluster then
that cluster is deformed.

B. Analytical modelling of DCH with multiple sleep cycles

We represent the arriving traffic in each cluster-head as a
queue of type M/G/1/K/M [14] where the cluster-head follows
a sleep cycle. It goes into sleep mode when it is idle to save
energy. A multiple sleep model is considered where a cluster-
head, on returning from sleep mode, goes for another sleep if
it still finds the system empty. It is evident that this leads to
higher energy savings as compared with a single sleep mode
where the cluster remains awake even if there is no traffic.
We assume that the arrivals come from M vehicles where the
packet arrivals from each vehicle are Poisson distributed with
mean arrival rate, A (see Table I). The service times in a CH
are General distributed with mean service time, X = ,u_l and
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probability density function (pdf), b(t). Similarly, the sleep
cycles are General distributed with mean sleep cycle time S
and pdf fs(t). A CH can hold a maximum of K packets at
any point in time. The service times and sleep cycle times are
independent and identically distributed (iid) random variables
which are also independent of each other.
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Fig. 3. M/G/1/K/M queues with sleep cycles.

The system states at the embedded points, shown in Fig.
3, are represented by both the number in the system (waiting
and in-service) immediately after the selected time instant and
the nature of the embedded point i.e. whether it is a service
completion or a sleep cycle completion. The system state at
the i embedded point is represented by (n;, ¢;) where

n; = number of packets in the CH just after the i
embedded point and
¢; = 0 if the i"™ embedded point was a sleep cycle com-
pletion,
¢; = 1if the i embedded point was a service completion.
Considering the system in equilibrium, let qx, k = 0,1,..., K

be the probability of the state (k,0) and 7, k = 0,1,..., (K—
1) be the probability of the state (k,1). Note that r is only
defined till £ = K — 1 since the system, just after a service
completion, cannot be in state K. The arrival processes from
M vehicles can be represented as multiple Poisson processes,
where each vehicle, after transmitting a packet, becomes free
until the next packet is generated. Let f; (7 = 0,1,...,00)
be the probability of j packet arrivals in the system within a
sleep cycle. The probability f; can be expressed as

o (M A t J

; :/ Wreat) izt rgin j =0,... 00
0 J:

(D

Let o; (j = 0,1,...,00) be similarly defined as the prob-

ability of j packet arrivals in a service time which can be

expressed as

o MLt J

aj = / %e—w—,@}, Dbt)dt j=0,...,00 (2)
0 J:

Considering the system states just after the embedded points,

the following transition equations are obtained.

ax = (qo + 70) fr E=0,1,...,(K—-1) (3
gk = (q0+70) > _ [ k=K @)
j=K
k+1
re=Y (g +ri)anjn k=0,1,... (K-2) (5
j=1
K—-1 oc
TKk-1=(qK + (gj+7r5) >, ar k=K-1 (6)
Jj=1 k=K—j

where qo and 7o signify the probabilities of the system being
empty after a sleep cycle completion and a service completion
respectively. Summing up the probabilities of all possible
states, we get

K K-1
g+ > =1 @)
j=0 j=0

To solve Eqn. (3)-(7) recursively for qx, ri, we define an

intermediate variable 3 (k=0,1,...,K — 1) as
qr + 7
B =+ ®)
go + 7o

It is a ratio of the probability of the system having &k packets
to the probability of the system being empty. Using Eqn. (3)
and (5), Eqn. (8) is recursively defined as

Go=1 and
ﬁl _ ﬁo - fO and
Qg
k1
(q0 +70) fi + Y (@5 +7j) ak—jp1
B = =
(qo +70)
k
Be—fr— > Biok—jn
Br+1 = =1 k=2,...,K-1 (9
(7))

Substituting Eqn. (3), (4), (8) in Eqn. (7), we obtain

oC

K-1 K-1
(@+70) Y fot D a+ Y rj=1
k=K k=0 =0
oo K-1
S ft1+ Zﬂk] =1
k=K k=1

Using By = 1, the probability of the system being empty
(g0 + 7o) can be expressed as

(g0 + 70)

1
oc K—-1
[Z fet > ﬁk]
k=K k=0
Substituting the value of g9 + 79 from Eqn. (10) in Eqn. (3)
and (4), we find qi, k = 0,1,..., K. Further, using these

values of q; and values of J; (derived earlier), we obtain rg,
k=0,1,...,(K—1) as

qo + 1o = (10)

k=0,1,...,(K—1) (1)

The probabilities, g and rj, are now used to compute the
QoS and energy parameters of the system. Let p. be defined
as the carried load, i.e. the probability that the CH is busy at an
arbitrary time. Analysing all the intervals between successive
embedded points over a long time duration (say 7T'), we
conclude that

e = (qo +70) Br — Qi

. > service times in T
1m - . A p p
T—oo y_ sleep cycle times in T'+ > service times in T

_ (1—qo—10) X
C(@o+ro)S+(1—q—ro) X (12

Pec =
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Variable Notation SCH DCH

Number of Cluster-Heads Ncog 1 2
Channel Data Rate per C' H dpr 12 Mbps 6 Mbps
Traffic Generation Rate/Node dg 320 kbps [16] 320 kbps [16]
Average Packet Size Pg 867.4 Bytes [17] 867.4 Bytes [17]
Buffer Size per C H K 15 packets 15 packets
Arrival Rate per C H A d¢/(Pg X 8 X Nogr) d¢/(Pg X 8 X Nogr)
Service Rate per C H I dr/(Pg X 8) dr/(Pg X 8)
Transmit Power of a C H P 10 W [15] 10 W [15]
TABLE 1
SYSTEM PARAMETERS
The offered load, p in this case, is defined as
Neg

where Nogy denotes the number of CHs utilised (see Table
I). Using Eqn. (12) and (13), the packet blocking probability,
Ppg, can be obtained as

P — Pc
p

Since a fraction, Pg, of the arrivals will be blocked and will
not be allowed to enter the CH, the utilisation, U, of the system
can be obtained as

Pp

(14)

MMX
CH

U =

(1—Pg) = p, (15)
The energy savings, Eg, per hour through sleep cycles for
both CHs can be expressed as

ES: (l—U) XPt X3600><NCH (16)

where P; denotes the transmit power of a CH [15]. In order to
obtain the other performance parameters like average packet
delay, W and number of packets in each CH, N, we define
a quantity, D, which is the mean time between successive
embedded points of the above analysis, when the system is in
equilibrium. By definition, we write

D=(qp+ro))S+(1—q—ro)X (17)
Using Eqn. 17, N and W are, respectively, given as
K-1
Ncu . P — Pec

= i+ K| —— 18

V) j:1j7°g+ ( p (18)
N x NCH

W= - — 19

MX(1 — Pg) (19)

IV. PERFORMANCE EVALUATION

We begin with the performance evaluation of the proposed
DCH scheme in terms of U, Pp and W with respect to
different hours of the day in Section IV-A. Furthermore, the
results of the DCH scheme are compared with the SCH scheme
for different sleep cycles (0 ms, 5 ms and 10 ms). Both
analytical and simulation results are found to be in good
agreement. Finally in Section IV-B, to achieve maximum Eg
at each hour of the day, the DCH scheme is evaluated by
maintaining Pg < 0.05 for different MPRs (100%, 75%, 50%,
25% and 10%) and its impact on W is shown. The system
parameters are given in Table 1.

A. Comparison of DCH and SCH schemes

Fig. 4 shows U for both schemes with different sleep cycles.
As can be realised from Eqn. (14) and Eqn. (15) that U is
directly proportional to the carried load and thus dependent on
the number of vehicles. Hence, it follows the trend of vehicular
density (Fig. 1). At 17:00 hour, U for both schemes without
any sleep is 0.9. This shows the fairness of the proposed
DCH scheme in comparison with the SCH scheme. For both
schemes, U gets lower with the introduction of sleep cycles
because the CH(s) spend(s) a certain amount of time in sleep
mode to save energy, however, at the expense of higher Pp
(Fig. 5). In the DCH scheme, U reaches 0.88 and 0.85 with
5 ms and 10 ms sleep cycles, respectively. On the other hand,
U is much lower under the SCH scheme i.e. 0.85 and 0.79
with 5 ms and 10 ms sleep cycles, respectively.

Fig. 5 illustrates the variation of Pp for both schemes with
different sleep cycles. Recalling Eqn. (14), Pp increases with
the increase in vehicular density but is not in direct proportion
because of p. (Eqn. (12)). Without any sleep cycle, Pg in each
scheme is comparable and lower than 0.04, well below the
threshold, even during peak hours of the day. This reassures the
fairness of the DCH scheme with respect to the SCH scheme.
With the introduction of sleep cycles, Pg for each scheme
increases during the peak hours of the day. However, the rate
of increment is higher in the case of the SCH compared to
that of the DCH. For instance at 17:00 hour, P for the SCH
is 0.16 for 10 ms sleep compared to 0.085 under the DCH
scheme. In addition, the figure also reveals that the CHs can
have even larger sleep cycles than 10 ms during the off-peak
hours of the day to save more energy.

Finally, Fig. 6 shows the variation of I for both schemes
with different sleep cycles. Without any sleep cycle, W under
the DCH scheme is approximately 2x higher compared to that
of the SCH. This is because the collective buffer size in the
DCH scheme is twice compared to that of the SCH scheme.
Note that the buffer size in each vehicle is hardware dependent
and thus remains unchanged. As can be seen in Fig. 6, W in
both schemes is higher during peak hours without any sleep
cycle because a packet, on an average, has to wait for a longer
duration before being served. However, this trend changes with

=&~ SCH, Sleep=0ms, Analytical
~—6— SCH, Sleep=0ms, Simulation
== DCH, Sleep:

0.8

—+#— DCH, Sleep=10m:

0.6 == DCH, Sleep=10m

Utilisation

0.4F

0.2

I I I
12:00-12:59 16:00-16:59 20:00-20:59

Hours

I I
0:08—0:59 4:00-4:59 8:00-8:59

Fig. 4. Utilisation (U).
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the introduction of sleep cycles as the arrived packets may not
find the server awake or available even during off-peak hours
of the day. In case of the SCH scheme with 5 ms sleep cycles,
the off-peak W becomes approximately equal to that of the
peak hours as the CH cannot sleep as frequent as compared to
the case of the off-peak hours. The same behaviour is observed
in the case of the DCH with 10 ms sleep cycles. Note that the
trends (SCH with 5 ms sleep and DCH with 10 ms sleep)
observed are not flat but follow the same behaviour as of the
vehicular density however at a much lower scale. During off-
peak hours, in case of the SCH with 10 ms sleep cycles, the
CH can sleep more often which, in turn, increases W. On
the other hand, the CH cannot sleep that frequently during
peak hours consequently, the packets wait for shorter duration
compared to the previous case, which effectively decreases W.
Note that the proposed DCH scheme is able to support video
and data applications (email, file and video downloads etc)
where blocking/error is more critical than delay. A lower W
can also be achieved by increasing the channel data rate per
CH (12 Mbps instead of 6 Mbps). However the fairness of the
system will become questionable.

So far, we have not demonstrated the DCH scheme’s ability
to save energy while maintaining the required Pp at each hour

of the day. For this purpose, we maintain Pg < 0.05 (an
acceptable level needed for video transmission) for each hour
of the day while achieving the maximum Fg and show its
impact on W in Section IV-B.

B. Varying MPR with blocking constraint

Fig. 7 illustrates that during peak hours of the day and with
100% MPR, the CHs barely sleep which results in insignificant
energy savings. Further, P as shown in Fig. 5, approaches
0.04 without any sleep cycle, hence leaving very little leeway
to introduce any sleep cycle. On the other hand, it is negligible
even with 10 ms sleep cycle during off-peak hours, hence
allows us to introduce long sleep cycles to save maximum
energy. However, this can only be achieved at the expense of
higher W, shown in Fig. 8, as the packets would have to wait
for longer durations. On an average energy saving of 94% with
service-tolerant delay during the whole day is achieved.

For all MPRs, E'g of around 68 kJ are achieved during off-
peak hours. During peak (13:00-19:00) hours, the system is
able to save a total of 463 kJ with 10% MPR as compared to
only 113 kJ in the case of 100% MPR. These results reveal
that significant Eg can be achieved with lower MPR during
peak hours of the day.

Fig. 8 shows W while maintaining Pg < 0.05 for all
MPRs. Note that W for higher MPRs such as 100%, 75%
and 50% is low compared to that of the 25% and 10%. This
is because a higher MPR increases the traffic load which, in
turn, keeps the CHs awake thereby increases overall service
rate. Thus, the effective W decreases. In case of low MPRs,
very low vehicular nodes with enabled respective technologies
are considered, which allows both CHs to sleep for longer
periods resulting in higher W.

Note that the reason for achieving a bound on maximum
Eg, i.e. 72 kJ, at each hour in all MPRs is justified in Eqn.
(16). On the other hand, W is unbounded and can reach any
limit to achieve the bounded Pg (i.e. < 0.05). However, the
maximum observed W of around 100 ms, in each MPR, is
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Fig. 7. Energy savings (Eg) with 0.05 blocking constraint.
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Fig. 8. Average packet delay (W) with 0.05 blocking constraint.

well below the threshold of 150 ms for a video-conferencing
model [16]. This reveals that the proposed DCH scheme is
able to save significant amount of energy while maintaining
service-tolerant W.

V. CONCLUSIONS

To achieve significant energy savings while maintaining the
required QoS in motorway vehicular networks, we, in this
paper, have proposed a novel DCH routing scheme. A generic
analytical model of the scheme and its simulations were
developed and followed by the comparison of the performance
parameters using real measurements (vehicular and data traf-
fic). Without any sleep cycle, both schemes achieved utilisation
of 0.9 ensuring the fairness of the proposed scheme. However
with the introduction of sleep cycle, it can be concluded that
the DCH scheme utilised the resources in a better way during
the peak hours compared to the SCH scheme. Moreover, it
was able to achieve approximately 2x lower packet blocking
probability compared to the SCH scheme however at the
expense of higher delay which was still within the acceptable
limit. Such a scheme is more practical for video and data
applications (email, file and video downloads etc) where
blocking/error is more critical than delay.

The results also revealed that the proposed DCH scheme
was able to save significant energy while maintaining the
required packet blocking probability threshold throughout the
day with different MPRs. During the whole day, the system is
able to save around 956 kJ with 100% MPR, 1.1 MJ with 75%
MPR, 1.3 kJ with 50% MPR, 1.5 MJ with 25% MPR and 1.6
MIJ with 10% MPR. On an average energy saving of 94% with
service-tolerant delay during the whole day was achieved. A
lower MPR, which reflects current vehicular communication

trend, was able to save 4x more energy than a higher MPR
of 100% while maintaining the required QoS. This highlights
the importance of developing such a system for a motorway
vehicular environment.
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