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Abstract

5G vehicular communication is one of key enablers in next generation intelligent
transportation system (ITS), that require ultra-reliable and low latency communication
(URLLC). To meet this requirement, a new hybrid vehicular network structure which supports
both centralized network structure and distributed structure is proposed in this paper. Based on
the proposed network structure, a new vehicular network utility model considering the latency
and reliability in vehicular networks is developed based on Euclidean norm theory. Building
on the Pareto improvement theory in economics, a vehicular network uplink optimization
algorithm is proposed to optimize the uplink utility of vehicles on the roads. Simulation results
show that the proposed scheme can significantly improve the uplink vehicular network utility
in vehicular networks to meet the URLLC requirements.
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1. Introduction

I n recent years, the intelligent transportation system has become a research hotspot which is

one of the most promising application scenarios in the fifth generation (5G) mobile
communication systems [1-2]. Different from the traditional mobile communication networks,
the critical information generated by the vehicles need to be transmitted with very low latency
and extremely high reliability [3-4]. It is difficult for traditional vehicular networks to realize
ultra-reliable and low latency communication (URLLC) [5]. How to design a dynamical
vehicular network to achieve URLLC presents a great challenge.

Currently, there are mainly two types of network structures used to realize vehicular
networks in the existing studies, a centralized network structure based on cellular networks
[6-8] and a distributed vehicular network structure, also known as the vehicular ad-hoc
network (VANET) [9-11]. The advantage of LTE based centralized vehicular networks was
discussed in [6]. In [7], a TD-LTE based vehicular network structure was introduced and the
transmission reliability under different transmission distances was studied. The analysis
results showed that LTE is a promising technology to support the long range vehicle to
infrastructure (V21) communications. However, the high latency remains as a key issue in
LTE based vehicular networks. Since the low transmission reliability of messages in vehicular
networks lead to the large resend time which does not guarantee the short handling time for
security messages when there is a large distance between vehicle and road side unit. In fact, as
one of the most important performance criteria in vehicular networks, the latency of
transmitting critical information, such as the safety-related messages is one of key metrics to
evaluate performance of a vehicular network [8].

In distributed VANET, vehicles on the road can communicate with each other via vehicle to
vehicle (V2V) links and vehicle clusters are formed to provide a flexible network structure. In
[9], an access reliability model in VANET was proposed to analyze the vehicular access
reliability with a fixed latency constraint. Connectivity probability under different traffic
density for V2V communication scenarios in one- and two-way platoon-based VANETS was
investigated in [10]. In [11], a one-dimensional multi-hop broadcasting model considering the
different safe distances between vehicles was proposed to analyze the broadcasting success
probability and multi-hop latency in VANETS.

However, either centralized or distributed vehicular network structure cannot meet the
URLLC requirements of future vehicular networks and can only satisfy parts of the vehicular
network requirements [12]. To tackle this problem, in this paper, a hybrid vehicular network
model which can adjust network structure dynamically is proposed to achieve URLLC, as a
Pareto improvement strategy is deployed in the hybrid vehicular network which can lead to an
optimal vehicular network utility under different distances between vehicles and the
associated RSU. The contributions of this paper are summarized as follows.

1) To analyze the latency and reliability of messages in vehicular networks, a novel
vehicular network utility model based on Euclidean norm theory is proposed for the
hybrid vehicular networks.

2) By using the Pareto optimization, an uplink optimization algorithm is proposed to
improve the vehicular network utility of uplinks in the hybrid vehicular networks.

3)  Simulation results show that the proposed uplink optimization algorithm can
significantly improve the uplink reliability and reduce the uplink latency. The
vehicular network utility of the Pareto improvement strategy is improved up to 15%
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compared with random relay strategy and cellular access strategy in hybrid vehicular
networks.

2. System Model

Inp RSU Central area Vehicle cluster Vehicle R21 link V2V ad-hoc link V2R link

Fig. 1. System model

We consider typical urban vehicular network shown in Fig. 1. In this network, road side units
(RSUs) are distributed uniformly along the roads. These RSUs can provide vehicular network
access services for vehicles through the vehicle to RSU (V2R) wireless uplinks. Due to the
limited computation capability of RSUs, in most application scenarios, RSUs are only
responsible for the message forwarding, and the complex calculation service is hard to be done
in RSUs. Therefore, an infrastructure provider (Inp) is deployed to gather information from
RSUs and provide calculation services for vehicle applications. Messages or requests
generated by vehicles are first transmitted to RSUs and these messages and requests will be
forwarded to Inp through RSU to Inp (R2I) links.

In this paper we propose a hybrid vehicular network framework, integrating both
centralized and distributed vehicular network structures. In the centralized structure, vehicles
directly access to RSUs. Vehicles on the road can directly communicate with RSU through
V2R links. In the distributed vehicular network structure adjacent vehicles communicate with
each other via vehicle to vehicle (V2V) links and form a cluster. Messages can be stored and
forwarded in each relay vehicle. The vehicle with the best link to RSU in the cluster is selected
as the gateway vehicle. Any vehicles in the cluster can transmit messages to the gateway
vehicle via multi-hop V2V links. The gateway vehicle forwards this messages to the
associated RSU.

Compared with distributed vehicular network structure, the centralized vehicular network
structure can effectively reduce the transmission latency of messages when the transmission
distance is short because there is no unnecessary store and forward latency. However, the link
reliability of the centralized vehicular network structure depends on the distance between the
vehicle and the associated RSU. When the distance between the vehicle and associated RSU is
very long, the link reliability between the vehicle and RSU becomes very low. In this case, the
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distributed vehicular network structure can be adopted to guarantee the link reliability via
multi-hop V2V links. Since the distance between adjacent vehicles is shorter than or equal to
the distance between the source vehicle and the associated RSU in multi-hop links, the
reliability of the multi-hop links can be significantly improved. However, such a multi-hop
transmission introduces a long delay. Therefore, the total latency of the multi-hop V2V links
becomes very high when the number of relay vehicles is large.

To meet different requirements of vehicular networks, in this paper a hybrid vehicular
network framework is proposed by effectively integrating these two type of vehicular network
structures as shown in the right side of Fig. 1. Since the Inp can gather information from RSUs
and vehicles, the Inp is served as the central controller of this framework and has access to the

following information: 1) locations of RSUs and vehicles; 2) state information of V2R and
V2V links. A distance threshold D, based on which the controller determines which type of
network structure is selected for the hybrid vehicular network framework. When the distance

between the vehicle and associated RSU is less than or equal to D, , the centralized

hre
vehicular network structure is adopted for messages transmission. In this case, the vehicle V,,
communicates with the associated RSU directly. When the distance between the vehicle and
associated RSU is larger than D, , the distributed vehicular network structure is adopted for

hre

messages transmission. In this case, the vehicle V

out

transmits messages via V2V ad-hoc links
to the gateway vehicle V; which is closest to the associated RSU in the vehicle cluster. The

gateway vehicle V; forwards these messages to the associated RSU.

3. Vehicular Network Utility Function

To evaluate the performance of hybrid vehicular network framework, a unified vehicular
network utility function Q is defined as

def
Q = {w(x)+e(x)}1{x eC}, (1)
where W(x; ) is the latency utility function, ¢ (X, ) is the reliability utility function, 1{ }
is an indicator function, X; is the distance between the vehicle V, and the associated RSU,

and the symbol C is the set of all possible distances between the vehicle V, and the

associated RSU. In (1) the vehicular network utility function C is defined as an additive
functional form of the deterministic effect of the latency utility function and reliability
function. By utilizing the Euclidean norm with weights, the effect of latency and reliability on
vehicular network performance can be evaluated in the vehicular network utility function

space. As mentioned in Section 1, a distance threshold D, is used for the controller to
determine which type of network structures is selected for the hybrid vehicular network

framework. Therefore, the vehicular network utility function with the centralized or
distributed vehicular network structure can be classified according to the distance between the

vehicle V, and the associated RSU X; .

When the distance between the vehicle V, and the associated RSU X; is less than the
distance threshold D,

e » NIGN reliability of links can be ensured. In this case, the vehicular
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network utility depends on the latency utility. Since there is no store-and-forward latency in
centralized vehicular network structure compared with distributed vehicular network structure,
centralized vehicular network structure is adopted in this case. The vehicular network utility

function with centralized vehicular network structure Q. can be expressed as

Q. z {W° (%) +o° (X )}1{xi eC,% <Dy}
. , 1% . )
:‘(aCWC(IL)) +(Be° (L))

where the step a is the Euclidean norm operation, I denotes the wireless uplink from the
vehicle to the associated RSU, w®(LL) and ¢°(IL) are the latency utility function and

reliability utility function in centralized vehicular network structure, respectively. ¢ is the
weight factor of latency utility which indicates the weight of latency utility in the vehicular
network utility function. Similarly, /. is the weight factor of reliability utility.

The uplink in the hybrid vehicular network is configured as a wireless link between the
vehicle and the Inp. Messages of applications are produced in vehicles and need to be
processed in Inp, so a wireless link is configured to upload these messages. Considering the
URLLC in vehicular networks, these messages need to be transmitted with a short latency and
high success probability. Therefore, the uplink utility function is introduced to evaluate the
network performance under different uplinks with different transmission distances. When the

distance between the vehicle V, and associated RSU is larger than the distance threshold

D, » to overcome the negative impact of long distance link on the reliability of vehicular
network, the distributed vehicular network structure is adopted. The vehicular network utility
function under distributed vehicular network structure €, is expressed as

def

Q, = {wd (x)+o" (X, )}1{xi e C, % > Dy}

X ) ., 1 3)
:‘(adwd (IL,)) + (,Bdgod (]L))

where w* (L) and (pd (L) represent the latency utility function and the reliability utility

function under distributed vehicular network structure, respectively. The weight factor of
latency utility and reliability is defined as «, and £, .

To simplify the notation of the latency and reliability utility function, we set x {C, d}
and then the vehicular network latency utility function w* (IL,) and reliability utility function

¢" (L) is extended as
[Treq—T(]L)]
w'(L)=e T ) (4)

¢K(L)=e[ . 5)
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where T (L) is the uplink transmission latency when the uplink is L, P(L) is the

probability of successful message transmission, i.e., the transmission reliability. The latency
and reliability requirements are denoted as T, and B, respectively. Based on (4) and (5),

the values of these two utility functions are always larger than 0. When the latency and

reliability requirements are both satisfied in vehicular networks, i.e., T (]L)gTreq and
P(]L)}F’req , the values of latency and reliability utility functions are always large than or

equal to 1. Otherwise, the values of latency and reliability utility functions are always large
than 0 and less than 1 if the latency and reliability requirements are both not satisfied, i.e.,

T(L)>T,, and P(L)<P

req *

4. Uplinks Analysis of Hybrid Vehicular Networks

In this section the uplinks of hybrid vehicular networks, i.e., the wireless link from the vehicle
to the associated RSU and the wired link from the RSU to the Inp are investigated.

3.1 Uplink Latency in Hybrid Vehicular Networks

In this case, the whole uplink latency in hybrid vehicular networks T,,_, consists of two parts:
the first part comes from wireless V2R uplinks, denoted as the wireless transmission latency
T, _; the second part is the transmission latency in wired links between RSUs and Inp,
denoted as T, , . Therefore, the uplinks latency T, , in hybrid vehicular networks is
expressed as

T =T r+Tsy. (6)

Assume that millimeter wave transmissions are used for V2V and V2R communications. In
detail, 72 GHz millimeter wave path loss model is used to analyze the path loss of wireless
signal transmissions [13-14]. Based on the results in [14], when the distance between the
transmission node and receiving node is d , the path loss is expressed as

PL[dB](d) = 69.6+20.9log(d) + £,& ~ N (0,6%), @

where £ is the shadow fading coefficient, and o is the standard deviation of shadow fading.

Since the beam forming technology is widely adopted in millimeter wave transmissions, the
urban scenario in this paper is regarded as a noise-limited scenario [15], the signal to noise
ratio (SNR) in the receiving node is derived as

SNR[dB] = P, [dB]— PL[dB]~ NW, e [dB], ®)

where P, is the transmission power of vehicles, N, is the Gaussian white noise power

spectral density and W, is the bandwidth of millimeter wave. When the SNR at the

mmWave
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receiving node is larger than the SNR threshold &, the messages can be received successfully.
Therefore, the transmission success probability in the uplink with the single hop B, is

derived as

P =P(SNR[dB]>¢[dB])

=P (P, [dB]-PL[dB]~ NW, .. [4B] > O[dB])
_p PL[dB P, [dB]- e[dB] Wonae [0B]) . (%)
=P(£<P,[dB]-6[dB]-NW, [dB]-69.6—20.9l0g,,d)

mmWave

(R

(

(¢
—%[H erf ( D
y(d)=PR,[dB]-6[dB]— NW,uae [dB]-69.6—20.910g,, d , (9b)

where erf () is the Gaussian error function. Assumed that messages are encapsulated in
packets for wireless transmissions in hybrid vehicular networks. The transmitting slot of a
packet is denoted as t Therefore, the transmission latency Thop in the single hop is

expressed as

slot *

_tsot — 2tslot
e l)° /Ph"" 1+ erf[ (d)}. N

V2o

When centralized vehicular network structure is adopted in hybrid vehicular networks, V2R
uplink L, is one hop wireless link. Assumed the distance of uplink L is d.. The wireless
transmission latency under centralized vehicular network structure T, 5 c.raiized (]Lc) is
expressed as

2t
TV—R—CentraIized (]Lc) = Thop (dc) = SIOt( ) ' (11)
1+erf ( j

V2o

When distributed vehicular network structure is adopted in hybrid vehicular networks, V2R
uplink IL, is the multi-hop wireless link. In this case, the multi-hop wireless uplink L is
expressed as

]Ld:{Dl,DZ,...,Dy}(yzl,z,...,Nhop), (12)
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where D, is the y —th hop of multi-hop uplink and N, = denotes the number of the hops.

hop
Let t .. denotes the store-and-forward latency in each relay vehicle and dy denotes the

proc

distance of Dy . The wireless transmission latency under distributed vehicular network

structure Ty _q_pirivuea (Log ) IS derived as

TV—R—Distributed (Ld ) = z Thop (dy ) + ( N hop _l)tproc ' (13)

Dy elLy

In this paper RSUs are only responsible for the transmission of messages and Inps provide data
storage and calculation services. Different from the wireless transmission latency, empirical
measurements show that there is a long-tail effect on the latency of data packets in wired
networks [16]. Therefore, exponential distribution models are widely used to analyze the
latency of data packet in wired links. Without loss of generality, R21 wired uplink latency

T,_, isexpressed as [16]
* —ap,1? 1 .
T =ﬂw%fo 2p,mrie ™ dr == Bupep) v, (14)
|

where r is the intermediate variable, py is the density of RSU, p, is the density of Inp, £,
is a scaling factor that indicates the wired channel state.

Assume that the distance between two adjacent RSUs is L and the number of RSUs
associated with a Inp is N4, . Therefore, the density of RSU in this area is expressed as

Pr =P Negy - (15)

Let Ry,
Based on the results in [17-18], the PDF of the area of R

denote a typical vehicular network area which includes a Inp and Ny, RSUs.

inp 1S €xpressed as

b a

where F(g):'[:rg’le’tdr is the Gamma function, & and 7 is the intermediate variable, a

is the shape parameter and bp, is the inverse scale parameter for a Gamma distribution
[19-20]. The road length in the coverage of Inp is derived as

(bpl )a

r'(a)

e le g, (17)

LR,np (‘9) = _[: Proad
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where p, ., is the road density in urban environments. Assume that RSUs are governed by a
uniform distribution. The expectation of N, is derived as

gl . (18)

l o0
E(NRSU ) =EIO Proad

According to (14), (15) and (18), the R2I wired uplink latency T, , in hybrid vehicular
network is derived as

T, =8, %Jj 2p, 712 " dr
|

00
1 _ . 19
:E Nrsu Bup) v (19)
1 -2 [” (bpl )a a-1,—bep,
2|_ WIOI .[0 proad F(a) & € pdg

3.2 Reliability of Uplinks in Hybrid Vehicular Networks
Since the link outage problem in hybrid vehicular networks is mainly caused by the wireless
links, the probability of successful message transmission in wireless links P(L) is used to

represents the reliability of hybrid vehicular networks.
When centralized vehicular network structure is adopted in hybrid vehicular networks, the

uplink success probability P(L ) equals to the one-hop transmission probability and is
expressed as

C

P(L,)=Py, (d,)= 1[1+erf[ ﬁa)]J (20)

When distributed vehicular network structure is adopted in hybrid vehicular networks, the
uplink success probability of the uplinks P(ILd ) equals to the product of success probability

of each single hop and is expressed as

P(Ly)= H Poop (dy)' (21)

5. Uplinks Optimization of Hybrid Vehicular Networks

Let A denotes the set of all possible uplinks for vehicle V, in hybrid vehicular networks.

Obviously, set A contains not only the uplinks of centralized vehicular network structure but
also the uplinks of distributed vehicular network structure. To achieve a high network utility,
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the vehicle V, needs to choose a suitable uplink with low latency and high reliability from A.

Compared with multi-hop links in distributed wvehicular network structure, the
store-and-forward latency can be avoided in centralized vehicular network structure. However,
the reliability of distributed vehicular network structure can be improved by shorting the
wireless transmission distance compared to the centralized vehicular network structure.
Therefore, there is a tradeoff between latency and reliability for optimizing uplinks in the
hybrid vehicular networks.

In order to maximize Q(]L), a model called Pareto improvement which is widely used in

field of economics is introduced to optimize the selection of uplinks fromset A . In the field of
economics, the concept of Pareto improvement is to make any individual or preference
criterion better without making at least one individual or preference criterion worse [21]. In
this case, the uplink latency utility and reliability utility can be treated as two individuals in

Pareto improvement model and the optimization objective function is Q(IL,) in hybrid

vehicular networks. Based on the Pareto improvement, a new uplink I." in set A will be
selected if 1" leads to a shorter latency without reducing the reliability or leads to a higher
reliability without increasing the latency compared with the current link L , ie.,

T (]L') <T (]L)&P(]L')}P(L) or P(]L') > P(L)&T(L')gT(]L) .
Therefore, the optimization problem is to find an optimal uplink ]L,Opt
network utility based on Pareto improvement. The optimization problem is formulated as

which maximizes the

argmax Q(L,, )

]LOpt eA

subject to

(e1) > D, =D, . (22

Dy €Ll gpt

(62) {P(Lgp )= P} &{T (L) < T
(8) {VLeA}&{L # Ly} {T (Lo ) <T(L)&P(L,, )2 P(L)}

where the constraint (el) indicates that if the uplink 1L is a multi-hop link, the sum of
distances in all hops should be larger than or equals to D, which is the distance between the

vehicle V, and RSU in the direct V2R link. The constraint (e2) guarantees maximum latency

and minimum reliability requirements that can be tolerated in vehicular networks. The
constraint (e3) is the condition of Pareto improvement.

In order to solve the optimization problem (22), an iterative algorithm, i.e., the uplink pareto
improvement algorithm for hybrid vehicular network is developed as follows.
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Algorithm 1: Uplink Pareto Improvement Algorithm for Hybrid Vehicular Network

Begin
1. Initialize Q(Lyy ), Dy, Togs P T (Lo )+ P (Lot ):
2:  Get number of vehicles between transmission vehicle and it’s closest RSU as N, get

all vehicles positionas y,(j=12,---N,);

3 IfN,=0

6: else

7 For n=1:1:N, do
8: For k=1:1:n
o: Initialize T(L), P(L), Q(L);
10: Set target positions A, = D, -k;
n+1
11: Fori=1:1:N,
12: Find the closest vehicle V, as the kth relay vehicle which satisfy
Vz;(i=12,+N,),abs(z, - A )<abs(z, - 4,):
13: A=
14: End for

15: T(L)=T(L)+Top (A — A1)
16: P(L)=P(H")'Ph0p (ﬂk _ﬂ’k—l);
17: Get Q(IL) by equation (3);

18: End For

19: Lo={2, A=Ay e = Ao

20 I (Q(L)2Q(Lyy ))&(T(L) < T(Lyy ) &P(L) 2 P(Ly, )
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21: Lo =L

22: Q(L,, )=Q(L);
23: End if

24:  End For

25: Endif

The Pareto Optimality link is L, with the best Q(]Lopt) :

6. Numerical Results and Discussion

To evaluate the performance of the proposed algorithm, the configuration parameters for the
numerical simulations are summarized in Table 1.

Table 1. configuration parameters

Parameter Value

107 ~3x107" per square
meter[15-16]

The density of Inp p,

The vehicle density on the road p, 0.08~0.24 vehicle per meter [22]
The transmission power of vehicles P, 30 dBm
The noise power density N, -174 dBm/Hz [14, 24]
The standard deviation of shadow fading o 5
The duration of a slot t, 50 microseconds [15]
The SNR threshold & 5dB
The scaling factor of wired links between RSU and
Inp ﬁw 5x10™* [16]
The road density under urban environment p, ., 0.004 meter per square meter [23]
a 3.61[19]
b 3.57 [19]
The uplink latency requirement T, 1 millisecond [11]
The uplink reliability requirement B, 0.9
a, oy, B By 0.5

Fig. 2 shows the uplink success probability P with respect to the distance D, between
vehicle and the associated RSU considering different vehicular network structures and vehicle
densities p, on the road. When the vehicular network structure is fixed, it is shown that
uplink success probability decreases as the between vehicle V, and the associated RSU

increases. When the distance between vehicle and the associated RSU is fixed, the uplink
success probability of centralized vehicular network structure is less than the uplink success
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probability of distributed vehicular network structures. Furthermore, when the distance
between vehicle and the associated RSU is fixed, the uplink success probability of distributed
vehicular network structure increases with the vehicle density on the road.

0.95

0.9

0.85

0.8

0.75

0.7

—6—Centralized
0651 | Distributed (5,=0.08)

-o-Distributed (p, =0.2)

Uplink success probability

0.55 : ‘
0 5 10 15 20 25 30 35 40 45 50

Distance between vehicle Va and associated RSU (m)

Fig. 2. Uplink success probability with respect to the distance between vehicle V, and the associated
RSU

0-9 T T T T T T T T

0.8 —9—Centralized
— Distributed (p,=0.08)

—o— Distributed (pv=0.2)

Wireless uplink latency

0 5 10 15 20 25 30 35 40 45 50
Distance between vehicle Va and associated RSU (m)

Fig. 3. Wireless uplink V2R latency (ms) with respect to the distance between vehicle V, and the
associated RSU
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Considering centralized vehicular network structure and distributed vehicular network
structure, the impact of distance between vehicle V, and the associated RSU on the wireless

uplink V2R latency T, j is investigated in Fig. 3. When the vehicular network structure is
fixed, the wireless uplink V2R latency increases with the distance between vehicle V, and the

associated RSU. When the distance between vehicle V, and the associated RSU is fixed, the

wireless uplink V2R latency of centralized vehicular network structure is less than the wireless
uplink V2R latency of distributed vehicular network structure.

Fig. 4 illustrates the wired uplink R2l latency T, , with respect to the Inp density

considering different distances between adjacent RSUs. When the distance between adjacent
RSUs is fixed, the wired uplink R2I latency decreases with Inp density. When the Inp density
is fixed, the wired uplink R2I latency decreases as distance L between adjacent RSUs
increases. When the Inp density is fixed, the expectation of distance between Inp and vehicle is
fixed. When the distance L between adjacent RSUs is increased, the distance between vehicles
and the associated RSU is decreased. As a consequence, the wired uplink R21 latency is
increased.

0.4, T T T T T T T T
L = 80m
0.35 —7—L=100m| |
-©-L = 120m
>
g
[}
T 03
4
£
g ¢
E 0.25
=
0.2
0.15 1 1 | | | | | I )]
1 1.2 1.4 16 1.8 2 2.2 2.4 2.6 2.8 3
Inp density %107
Fig. 4. Wired uplink R2I latency (ms) with respect to the Inp density and distance between adjacent
RSUs

Fig. 5 shows the vehicular network utility with respect to the distance between vehicle and
the associated RSU considering different vehicular network structures. When the vehicular
network structure is fixed, the vehicular network utility is a decreasing function of distance

between vehicle and RSU. When the distance between vehicle V, and the associated RSU is

less than 27 meters, the vehicular network utility of centralized vehicular network structure is
larger than that of distributed vehicular network structure. This indicates that vehicular
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network utility is mainly affected by the latency when the distance between vehicle V, and the
associated RSU is short, i.e., the distance between vehicle V, and the associated RSU is less

than 27 meters. When the distance between vehicle V, and the associated RSU is larger than

or equal to 28.3 meters, the vehicular network utility of centralized vehicular network
structure is less than that of distributed vehicular network structure. This result implies that
vehicular network utility is mainly affected by reliability when the distance between vehicle

V, and the associated RSU is long, i.e., the distance between vehicle and RSU is larger than or
equal to 28.3 meters.

1.4 T ; : :
1359 —o—Centralized ]
' —Distributed (p,=0.08)
W T L -
> 1.3¢ . —o—Distributed (,oV 02
5
x 125 e
E 1
® 12f f’
c 1.31
o 1.3
8 1151 a9 \ﬁ\‘\\
o i
ﬁ 129“‘@
Z 41t oz E—
1.26
1.05 25 26 27
1 - ! \ ‘
15 20 25 30 35 40 45 50

Distance between vehicle Va and associated RSU (m)

Fig. 5. Vehicular network utility with respect to the distance between vehicle V, and the associated
RSU considering different vehicular network structures

In Fig. 6(a) and Fig. 6(b), the impact of distance between vehicle V, and the associated

RSU and network requirements on the vehicular network utility is investigated. When the
network requirements are fixed, the utility of centralized vehicular network structure is higher
than that of distributed vehicular network structure in the case that distance between vehicle
V, and the associated RSU is less than a threshold. When the network requirement is more
stringent, i.e., the solid lines indicates a stringent network requirement compared with dotted
lines, the threshold will increase.
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Fig. 7 compares the Uplink success probability with respect to the distance between vehicle
and the associated RSU considering three types of network access strategies. When the
distance between vehicle and the associated RSU is less than or equal to 25 meters, the uplink
success probability of Pareto improvement strategy is equal to the uplink success probability
of cellular access strategy in vehicular networks. When the distance between vehicle and the
associated RSU is larger than 25 meters, the uplink success probability of Pareto improvement
strategy is close to the uplink success probability of random relay strategy.

Fig. 8 compares the uplink V2I latency with respect to the distance between vehicle and the
associated RSU considering three types of network access strategies. When the distance
between vehicle and the associated RSU is less than 25 meters, the proposed Pareto
improvement strategy has the same performance with the cellular access strategy. When the
distance between vehicle and the associated RSU is larger than 25 meters, the uplink V2I
latency of Pareto improvement strategy is less than the uplink V21 latency of random relay
strategy and larger than the uplink V21 latency of cellular access strategy.
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Fig. 9. Vehicular network utility with respect to the distance between vehicle and the associated RSU
considering different network access strategies

Fig. 9 shows the vehicular network utility comparison among three different network access
strategies with respect to the distance between vehicle and the associated RSU. The cellular
access strategy is the centralized network structure in vehicular networks. The random relay
strategy means that each node chooses a network node randomly within its communication
range as the relay node. The Pareto improvement strategy refers to the proposed uplink Pareto
improvement algorithm is adopted in vehicular networks. When the network access strategy is
fixed, the vehicular network utility decreases with increase of distance between vehicle and
RSU. When the distance between vehicle and the associated RSU is larger than 25 meters, the
vehicular network utility of Pareto improvement strategy always outperform the vehicular
network utility of cellular access strategy and random relay strategy in vehicular networks.
When the distance between vehicle and the associated RSU is less than or equal to 25 meters,
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the vehicular network utility of Pareto improvement strategy is equal to the vehicular network
utility of cellular access strategy in vehicular networks. The Pareto improvement strategy is
based on the Pareto improvement scheme which can lead to Pareto optimality on this problem,
so this algorithm can always give an optimum utility function under different distances
between vehicles and the associated RSU.

7. Conclusion

In this paper, a novel hybrid vehicular network framework combining centralized and
distributed vehicular network structures was proposed. Based on this network framework, a
new vehicular network utility model based on Euclidean norm theory was proposed to
evaluate the latency and reliability utility of vehicular networks. Moreover, a vehicular
network uplink optimization algorithm based on Pareto improvement was proposed to
optimize the vehicular network utility. Simulation results indicate that the proposed uplink
optimization algorithm can improve the uplink reliability and reduce the uplink latency£-and
the vehicular network utility is improved up to 15%.
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