
Chapter 2
Adaptive Connectivity for Vehicular
Cyber-Physical Systems

2.1 Overview

Vehicular connectivity is regarded as a backbone for communications in intelligent
vehicular CPS to provide timely information to drivers or to provide feedback to the
vehicles on the road to enhance road safety and overall traffic efficiency. Note that
about “60% of roadway collisions could be avoided if the operator of the vehicle was
provided warning at least one-half second prior to a collision” [1, 2]. When vehicles
use fixed transmit range/power for communications, they may not be able to connect
with their neighboring vehicles using single hop or multiple hops in case of sparse
vehicle density. At the same time, when high and fix transmission range/power is
used, there could be broadcast storm problem because of rebroadcast of the mes-
sages from several vehicles within the given transmission range. Thus, individual
vehicles should be able to adapt their communication parameters including trans-
mission power/range based on their corresponding local observations without any
intervention from driver/users [3]. Furthermore, quick data transmission is essen-
tial for emergency related messages in vehicular networks to disseminate them in a
timelymanner [4–9] using vehicle-to-vehicle and/or a vehicle-to-roadside-to-vehicle
communications. When all messages in vehicular CPS are treated equally, time sen-
sitive emergency messages could face higher delay in case of saturated network and
drivers/vehicles could not be informed in a timely manner. Thus message differ-
entiation becomes a vital factor for providing means to disseminate time sensitive
emergency messages in the network rather quickly. Note that when there is no prior-
ity for emergency messages, they could suffer from delays and they would have no
purpose after certain time.

This chapter investigates an analytical approach for enhancing network perfor-
mance through dynamic adaptation of transmit power and contention window in
vehicular CPS. Transmission range/power is adapted based on both local traffic
density and data collision rate in the network. Furthermore, contention window
sizes of differentiated messages is adapted based on the data collision rate in the
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network. Note that the smaller the contention window for the message, faster it gets
the transmission opportunity.

Performance is evaluated using numerical results obtained from simulations by
considering different metrics such as transmission range, throughput, delay, and CW
size.

2.2 Adaptive Transmission Range/Power

In VANETs, each vehicle is required to broadcast its status such as position, speed,
and direction periodically (approx. 10 times every second) to other vehicles. Thus,
it is assumed that all vehicles have access to periodic status data about real-time
locations of their surrounding vehicles. This information can be used to estimate
number of neighboring vehicles on the road. Furthermore, this estimated number can
be used to find local vehicle density for a given vehicle. The local vehicle density
(δ) can be calculated as the ratio of the actual number of vehicles on the road N0

and the total possible number of vehicles on the road Np for a given transmission
range as shown in Fig. 2.1. For example, for 2 lane road with vehicles maintaining
10m safety separation distance and having 500m (diameter) transmission range, the
total number of possible vehicles Np = 2 × 500/10 = 100 as in Fig. 2.1a. The local
vehicle density can be expressed as

δ = N0

Np
(2.1)

Furthermore, each vehicle can estimate the occurrence of data collision in the network
for each message category m = 0, 1, 2 and 3 as

Pc = 1

4

3∑

m=0

Pm
c = 1

4

3∑

m=0

Fm

Fa
(2.2)

where Fm is the number missing data frames observed by a given vehicle and Fa is
the total number of data frame that are expected to be received without any error.

For a given vehicle, optimal transmission range TR based on local vehicle density
δ in (2.1) and the data collision rate Pc in (2.2) can be computed as [4]

TR = min

{
L,min

{
L

(1 − δ)

Pc
,

√
L log(L)

δPc
+ αL

}}
(2.3)

where L is the road segment and its maximum value in DSRC-enabled IEEE 802.11p
based VANET is L = 1000m, and α is a traffic flow constant [10]. Based on the
transmission range calculated in (2.3), each vehicle can easily estimate its transmit
power using wireless propagation models suitable for given environment (urban,
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Fig. 2.1 Estimating local
vehicle density δ = N0

Np
on

the road for a given vehicle
for a given transmission
range

(a) Number of ‘possible’ neighboring vehicles, Np for
a given transmission range.

(b) Actual number of ‘reachable’ neighboring vehicles,
N0 for a given transmission range.

city, rural, etc.). Note that GPS can easily suggest the location of the vehicle and
then choose the suitable wireless propagation parameters such as path loss exponent
for calculating transmission power. Mapping between transmission range and actual
transmission power value can be done using look-up table as shown in Table2.1
containing the transmit power values corresponding to different transmission ranges.
Note that the look-up table approach is faster, since no computations are required to
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Table 2.1 Look-up table for
transmission power
corresponding to a given
transmission range

Transmission range (m) Transmission power (dBm)

0–9 −20

10–49 −12

50–100 −5

100–125 −3

126–149 1

150–209 4

210–299 6

300–349 10

350–379 12

380–449 14

450–549 17

550–649 20

650–749 24

750–849 27

850–929 29

930–970 31

971–1000 32

>1000 N/A in DSRC

convert transmit range to transmit power. Values in Table2.1 were obtained byMonte
Carlo simulations of wireless propagation models for different vehicular scenarios
and a specific power value is assigned for a given transmission range interval to
include urban, city, and rural environments [4].

2.3 Contention Window Adaptation

Along the line of IEEE 8-2.11e EDCA [11], messages in VANET can be grouped
into four different priorities through message categories MC as shown in Table2.2
with their minimum andmaximum contention window sizes. Eachmessage category
generates a timer value from [Wl, Wh] to get a transmission opportunity where Wl

and Wh are, respectively, lower and upper bound of the contention window size.
The newly computed TR value (at t + 1) in (2.3) is compared against the previous

TR value (at t) for a given vehicle to find whether transmission range increased or
decreased to increase or decrease the contentionwindows. IfTR(t + 1) is greater than
TR(t), the traffic density around a given vehicle is decreased (sinceTR increasedwhen
vehicle density decreased) thus contention window can be decreased to increase the
transmission opportunities. To adjust the maximum CW size Wh based on network



2.3 Contention Window Adaptation 19

Table 2.2 Four message categories with CW size in VANET

Message Category (MC) in VANET AIFS Wl Wh

MC0: Accident related messages 1 0 4

MC1: Warning messages 1 0 8

MC2: Periodic messages 2 4 16

MC3: All others data traffic 2 8 32

conditions, adaptation for CW for each message category m is carried out as

Wm
h =

⎧
⎪⎨

⎪⎩

Wm
h
2 , if TR(t + 1) > TR(t) and Pm

c < P
m
c , m = 0, 1, 2, 3.

2Wm
h , if TR(t + 1) < TR(t) and Pm

c > P
m
c , m = 0, 1, 2, 3.

Wm
h , otherwise, m = 0, 1, 2, 3.

(2.4)

Note that the Wl is also decreased accordingly. Next the probability that the Wh

window size is reduced by half can be expressed as

Pm
Wh
2

= (1 − Pm
b )(1 − Pm

c )Pm
N (2.5)

where Pm
b is the probability of the channel being busy and the probability Pm

N is given
by

Pm
N =

(
1 − λm

μm

)(
λm

μm

)N−1

(2.6)

here λm is packet arrival rate and μm is the service rate for MC m.

2.3.1 Throughput and Delay Analysis

The network throughput θm for each message categorym is analyzed with the chang-
ing Wc parameter. The probability of successful packet transmission Pm

s can be
expressed as

Pm
s = P[Tm

s ≤ tt].Pm
Wh
2

(2.7)

where P[Tm
s ≤ t] is the probability that the data packet is transmitted within a given

time (tt depends on TR and the relative velocity υ of the vehicles since t = TR/υ

and Tm
s = D

R ).
Then the normalized throughput for a given message category m in VANET can

be expressed as

θm = Pm
s .Tm

s

Pm
i .Tm

i + Pm
s .Tm

s + Pm
c .Tm

c + Pm
frz.T

m
frz

(2.8)
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wherePm
i is the probability of a channel being idle after a collision or after a successful

transmission and Tm
i is the channel being idle. Pfrz is the probability of counter being

frozen for the time Tm
frz. Then the normalized average throughput per vehicle by

considering all MCs in VANET is θ = ∑4
m=1 θm/4.

Next, end-to-end delay �m by a given vehicle for a particular message category
can be calculated as

�m = (Pm
Wh
2

)N−1.(N − 1).[AIFSm + Tm
frz + Wm

c + Tm
c ]. (2.9)

2.4 Performance Evaluation

This section presents performance evaluation results to corroborate the theoretical
analysis by using numerical results obtained from simulations. In the simulation
setup, vehicles are assumed to be equipped with computing and communication
devices for vehicular communication using IEEE802.11pWAVE.Eachvehiclemain-
tains a safety distance to avoid collisions with other neighboring vehicles. Individual
vehicles are assumed to be broadcasting their status (speed, location, direction, etc.)
periodically (10 times every second in DSRC-enabled IEEE 802.11p). A 10 mile
(16.69m) urban map using microscopic traffic Intelligent Driver Model (IDM) [12]
in ns-2 with an initial vehicle speed in the range of 11–31m/s (25–70miles/h) is
considered. The traffic constant α is assumed to be α = 0.25 as per traffic flow the-
ory [10]. Each vehicle estimates local vehicle density δ regularly using (2.1) using
periodic status information and estimates the data collision rate in the network.

In the first experiment, the variation of transmission range TR versus the local
vehicle density δ for different data collision probabilities is plotted as shown in
Fig. 2.2. From Fig. 2.2, it can be observed that when local vehicle density increases,
transmission range decreases. Similarly, for a given local vehicle density value (say
δ = 0.4), the transmission range TR decreases when data collision rate increases and
vice versa. When there is no data collision at all in the network, vehicles could main-
tain their transmission ranges tomaximum allowed values inDSRC-enabledVANET
(i.e., 1000m) as shown in Fig. 2.2 regardless of the vehicle density. Using this adapted
transmission range, each vehicle can use look-up table to set its transmission power.

Next, the variation of delay for all four message categories versus the probability
of getting transmission opportunities for the messages is plotted as shown in Fig. 2.3.
Note that the delay for each message category depends on the corresponding prob-
ability of back-off timer Wc reaching zero for a given vehicle (which depends on
data collision and local vehicle density). Higher the transmission opportunities, the
lower the delay for a given MC is observed as shown in Fig. 2.3. Furthermore, we
observed that the delay for highest priority (lowest MC) messages is lowest among
all and highest for the lowest priority messages as shown in Fig. 2.3.

Then, the variation of delays for all message categories using adaptive approach
and static approach against the probability of reducing the contention window size is
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Fig. 2.2 Transmission range versus local vehicle density δ for different Pc values
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Probability of reducing contention window size, PWh/2
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Fig. 2.4 Delay �m for each MC versus probability of reducing the contention window size

plotted inFig. 2.4.When the probability of reducing contentionwindow increases, the
delay decreases for eachMCas shown in Fig. 2.4. Furthermore, for higher probability
value than 0.4, the delay remains the same since there is no room to reduce the
contention window size further.

Next, the variation of average of end-to-end delay for the adaptive approach and
static approach versus simulation time is plotted as shown in Fig. 2.5. It can be
observed that the adaptive approach gives lower delay than the static approach (where
all parameters are fixed) and an approach presented in [4] as shown in Fig. 2.5. The
adaptive approach gives better results, because it considers local vehicle density and
data collision rate in the vehicular network, and adapts the transmission range and
CWvalues on the fly.Note that in the beginning delay value is same for all approaches
in Fig. 2.5, since adaptive approach takes some time to estimate and adapt parameters
accordingly. After certain time, delay for adaptive approach is much lower than the
other approaches as shown in Fig. 2.5.

Next, the variation of average of normalized overall throughput versus simulation
time is plotted as shown in Fig. 2.6. It can be seen that the normalized throughput
increases with simulation time and is higher for the adaptive approach than that of
static approach and an approach presented in [4] as shown in Fig. 2.6. In the beginning
throughput value is same for all approaches (as in Fig. 2.6), since adaptive approach
takes some time to estimate to adapt parameters. However, after certain time, adaptive
approach gives higher overall throughput than other approach as shown in Fig. 2.6.

In summary, it is observed that the adaptive approach gives higher throughput
with lower end-to-end delay in vehicular communications.
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Fig. 2.5 Variation of average of overall end-to-end delay for adaptive approach and static approach
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2.5 Summary

This chapter has evaluated the performance of dynamic adaptation of transmit power
and contention window based on local traffic density and data collision rate in IEEE
802.11p enabled vehicular networks. Mathematical analysis is presented to study the
impact of local vehicle density and data collision rate in the network. Specifically,
the adaptive approach has incorporated adaptation of transmission range for each
vehicle based on both local vehicle density and data collision rate in vehicular CPS,
and adaptation of contention window for each message category based on the data
collision rate. Performance is evaluated using numerical results obtained from sim-
ulations where the adaptive approach results in higher throughput with lower delay
for all messages.
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