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Abstract

This paper introduces three vehicle trajectory—based
data forwarding schemes, tailored for vehicular ad hoc
networks, Nowadays GPS—based navigation systems are
popularly used for providing efficient driving paths for
drivers, With the driving paths called vehicle trajectories,
we can make data forwarding schemes more efficient,
considering the micro—scoped mobility of individual
vehicles in road networks as well as the macro—scoped
mobility of vehicular traffic statistics, This paper shows
why the vehicle trajectory is a key ingredient in the
design of the vehicle—to—infrastructure, infrastructure—
to—vehicle, and vehicle—to—vehicle data forwarding
schemes over multihop, Through the mathematical
formulation, the key design techniques are shown for
three forwarding schemes based on vehicle trajectory,
compared with a state—of—the—art data forwarding

scheme based on only vehicular traffic statistics.

I . Introduction

Recently, Vehicular Ad Hoc Networks (VANETSs) have
been intensively researched for the safe and efficient
driving in road networks [1]—[7]. Especially, Korea was
ranked as the third among the OECD countries in terms
of the highest death rate [8], VANET can reduce this
fatality rate by helping vehicles communicate with each
other to avoid collisions in roadways, Also, in the era
of high oil price, VANET can provide individual vehicles
with efficient moving paths, considering their final

destinations and real—time traffic conditions in road
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networks [9], Through vehicular networks, as shown in
Fig. 1, a variety of automotive cloud services [10] can
be provided to vehicles, such as 1) Automatic update of
automotive software, 2) On—Board Diagnostics (OBD) [11]
data report for online diagnosis, and 3) Remote control
for vehicle by smartphone,

The vehicular networking for the driving safety and
efficiency has been feasible through the standardization
of Dedicated Short Range Communications (DSRC)
as [EEE 802.11p in 2010 [12]-[14]. IEEE 802.11p is an
extension of IEEE 802.11a, considering the characteristics
of vehicular networks, such as the high—speed mobility
and high node density in roadways, As an important
trend for the vehicular networking, GPS—based
navigation systems (e.g., dedicated GPS navigator [15]
and Smartphone navigator [16]) are popularly used by
drivers, It was expected that 300 million mobile devices
will be equipped with GPS receivers only in 2009 [17],
With these cutting—edge technologies of DSRC and
GPS navigation, one natural research question is how
to utilize the vehicle trajectories in order to make data

forwarding more efficient in vehicular networks,
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Fig. 1. Automotive Cloud Services through Vehicular Networks
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Let us assume the setting of vehicular networks,.
Traffic Control Center (TCC) [18] is a central node to
collect vehicular traffic statistics in road networks and
to maintain individual vehicle trajectories. Access Points
(APs) are sparsely deployed as Road—Side Units (RSUs)
[19] and interconnected to provide vehicles with the
connectivity to the wired networks (e.g., the Internet)
having the TCC, Since the APs have the limited coverage
due to the sparse deployment of APs, the vehicular
networks are one of Disruption Tolerant Networks
(DTNs) such that vehicles use the forward—and—carry
approach for data delivery, Using this forward—and-—
carry approach, many data forwarding schemes (such as
VADD [4], Delay—bounded Routing [5] and SADV [6]) for
the vehicular networks have been proposed so far, These
schemes use vehicular traffic statistics (e.g., vehicle
arrival rate per road segment) to compute the forwarding
metric, such as expected delivery delay.,

Given vehicle trajectories as future moving paths
available through GPS—based navigation systems, three
data forwarding schemes (i.e., TBD [1], TSF [2], and
STDFS [3]) have been proposed to take advantage of
these vehicle trajectories for 1) the better computation
of forwarding metrics and 2) the determination of target
points that are the rendezvous positions of the packet
and the destination vehicle,

This paper is structured as follows, Section II
summarizes the literature review of vehicular
networking, Section III describes the modeling of link
delay, packet delivery delay, and vehicle travel delay,
Section IV describes a vehicular traffic statistics—
based data forwarding called VADD [4] and three data
forwarding schemes based on vehicle trajectories, Section
V analyzes three trajectory—based forwarding schemes
along with VADD, Section VI concludes this paper along

with future work,

I. Related Work

For vehicular networks, many researchers have

researched on the multihop vehicle—to—infrastructure

(V2D [1][4]]5], infrastructure—to—vehicle (I12V) [2].
and vehicle—to—vehicle (V2V) [3] communications for
the driving safety and efficiency. For these vehicular
networks, Vehicular Ad Hoc Networks (VANETSs) have
been designed, different from the traditional Mobile Ad
Hoc Networks (MANETSs) [20]. This is because VANETS
should consider the networking in road networks rather
than two—dimensional open space in MANETSs with the
following three characteristics: 1) High—speed vehicle
mobility in roadways, 2) Confined mobility within
roadways, and 3) Predicted mobility through roadmaps.
Due to the first characteristic, the frequent network
partition and mergence happens, so the forward—
and—carry approach is required [1], With the second
characteristic, the vehicular traffic statistics can be
collected, such as vehicle arrival rate and average speed
per road segment and vehicle branch probability at each
intersection [1]. The third characteristic is due to vehicle
trajectory provided by GPS navigator [2].

Many data forwarding schemes have been proposed with
digital roadmaps and vehicular traffic statistics [4]-[6].
VADD [4] formulates the data forwarding process as a
stochastic process in road segments and at intersections,
aiming at the minimal delivery delay. Delay—bounded
Routing [5] aims at the minimization of communication
cost in terms of the number of packet transmissions for
better channel utilization, SADV [6] proposes a stable
forwarding structure in road networks based on relay
nodes to reduce the deviation of the delivery delay, All
of these three schemes are for the multihop V2I data
delivery such that the packet destination is static node,
Also, they utilize only vehicular traffic statistics to 1)
estimate a link delay that is the delivery delay for a
packet to be forwarded and carried over a road segment
and 2) estimate a forwarding metric of End—to—End (E2E)
delivery delay, Thus, these vehicular traffic statistics
are macro—scoped vehicular information to describe the
overall patterns of vehicle mobility in road networks,

In addition to the forwarding schemes based on the
macro—scoped vehicular information, the following three
data forwarding schemes have been proposed, based on

micro—scoped vehicular information, such as vehicle
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trajectory: 1) Trajectory—Based Forwarding (TBD) [1], 2)
Trajectory—based Statistical Forwarding (TSF) [2], and
3) Shared—Trajectory—based Data Forwarding Scheme
(STDFS) [3]. Based on vehicle trajectory information,
TBD, TSF, and STDFS are designed for the multihop V2I,
I2V and V2V data delivery, respectively, In this paper, it
will be shown how much useful the vehicle trajectory is in
the design of the data forwarding schemes for vehicular
networks, Also, the main ideas of TBD, TSF, and STDFS
will be discussed to let the audience get some insights for
the design of data forwarding schemes,
Machine—to—Machine (M2M) communications have
recently received a lot of attention from the networking
community [24], In the road network setting, M2M
needs to allow drivers, passengers, and pedestrians
to communicate with vehicles, infrastructure nodes,
and Internet servers, This M2M is very important to
realize automotive cloud services (as shown in Fig, 1)
that have been spotlighted for next—generation vehicles
[10]. Nowadays most of vehicles have more than 50
embedded computer components [11] including On—Board
Diagnostics (OBD) Systems. When vehicles can connect to
the infrastructure nodes, they can support 1) the auto—
update of software related to their embedded systems,
2) intelligent navigation services even in damaged
roads after earthquake, 3) passive safety to mitigate
the damage in an accident, 4) active safety to avoid an
accident, and 5) the remote control of vehicles through
mobile devices and smartphones, For these automotive
cloud services, DSRC—based data forwarding schemes can
provide vehicles with the network connectivity through
vehicular ad hoc networks at a lower cost than cellular

networks,

I, Delay Modeling

In this section, we describe link delay, E2E packet
delivery delay, and E2E vehicle travel delay. We assume
that the vehicular traffic is one—way traffic for simplicity
in delay modeling, The link delay modeling based on

two—way traffic is left as future work,
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[II1 Link Delay

We consider link delay in the following two cases: 1)
No Relay Node exists at each intersection and 2) A Relay
Node exists at each intersection as a temporary packet
holder,

1.1 Link Delay for Road Segment without Relay Nodes

Forwarding Direction

Connected Ad-hoc Network Movement Direction

I f (Forwarding Distance) lc (Carry Distance) ]

I (Road Segment Length) Exit

Fig. 2. Link Delay Modeling for Road Segment

In this section, we model link delay for a road segment

Entrance

without relay nodes at intersections that are the end—
points of the road segment., As shown in Fig, 2, Packet
Carrier ny4q arrives at the entrance of road segment
(IL-,I]-), The link delay over the road segment length | is
the sum of the communication delay over the forwarding
distance lr and the carry delay over the carry distance I,
. For simplicity, we represent the link delay as the carry
delay because the forwarding delay in milliseconds is
negligible compared with the carry delay in seconds,

To compute the link delay, we need to compute the
forwarding distance lf over road segment | at first, and
then compute the carry distance I, as [ —lf. Let v be
average vehicle speed over the road segment, Thus,
for the road segment (Ii,Ij), the link delay dij can be

computed as follows:

bk ok 0

d.. =
S Y) v

The expected link delay E[d;;]is computed as follows:

l [-1 I E[l

pla =[] =[] =L -2 o
v v v v

Thus, for E[dj] in (2), the expected forwarding

distance E[lf] needs to be computed. As shown in Fig.

2, the expected forwarding distance can be computed as
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the sum of vehicle interdistances Dy, for B = 1..k from
the entrance intersection I;, leading to the connected
ad—hoc network, We assume that the vehicles arrive at
the entrance intersection I; of road segment (I;,1)) by the
Poisson process of the arrival rate ). Note that in the
light—traffic vehicular network that is our target setting,
this assumption is validated from traffic measurements
[25]. The expected forwarding distance is computed as
the conditional expectation of the length of the connected
ad—hoc network, consisting of vehicle interdistances Dy,
interconnected by the communication range R. Note that
the vehicle interdistance Dy is the product of vehicle
interarrival time T, and average vehicle speed v, that is,
Dy, = vTy,. In [1], the expected forwarding distance E[Lf]
is computed as follows:

P[D, < R]

E[lf] = E[Dthh < R] X m

6)

In (3), it can be seen that E[l] is the product of 1)
the average interdistance of two vehicles within the
same connected ad—hoc network and 2) the ratio of the
probability that the interdistance is not greater than
the communication range to the probability that the

interdistance is greater than the communication range,

Il 1.2 Link Delay for Road Segment with Relay Nodes
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Fig. 3. Link Delay Modeling for Road Segment with Relay Nodes

In this section, we model link delay for a road segment
with relay nodes at intersections that are the end—points
of the road segment, In this case, we consider that a
relay node is placed at each intersection as a temporary
packet holder for the reliable 12V data delivery [2]. Fig.
3 shows the link delay modeling for road segment (I;1;
) with relay nodes at intersections I; and I;, For the case
with relay nodes, we consider two cases of 1) Immediate
Forward and 2) Wait and Carry. As shown in Fig. 3(a),
the first case is that Packet Carrier n. can forward its
packets to the head vehicle nq of the connected ad—hoc
network (consisting of f vehicles from ny to ny) via the
relay node (denoted as ny4q) at the entrance I;. As shown
in Fig. 3(b), the second case is that Packet Carrier n,
forwards its packets to the relay node at the entrance I;
and the relay node will hold the packets until a vehicle
arrives at I; and moves from /; to Ij.

The link delay 4 for the two cases in Fig, 3 is
represented as follows:

-, —R . .
——— for case 1: immediate forward,

_ v
=11 1-R | @
for case 2: wait and carry.

A

The expected link delay is computed as the conditional

expectation of the link delay for the two cases as follows:

E[d] = E[link delay|forward] x P[forward]

+E[link delay|wait] x P[wait] (5)
I—R—E[l] 1 [—R
NEN

v Hzro)a-e

_AR
where plforward]=f=1—e v and pl[wait] =
_AR

1— B = e v. Refer to Appendix in [2] for the detailed
derivation of E[d]. In the similar way, the variance of the

link delay can be computed as follows:
Var[d] = E[d?*] — (E[d])? 6)

(1-R)?-2(1-R)E[L¢]+E[1] _R\2
where E[d?] = — i fxﬁ"'(%"‘lTR) X (1-p)
and E[d] is (5). Refer to Appendix in [2] for the detailed
derivation of E[d?],

Finally, we model the link delay as a Gamma

distribution with the mean E[d] in (5) and the variance
Var[d] in (6). This is because the link delay is a

positive continuous random variable, Though we use
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this approximated distribution for the link delay,
our forwarding design can accommodate any better
distribution if available, Thus, the distribution of the
link delay d; for the directed edge e; € E(G) for the road
network graph @ is d;~T'(k;, 6;) such that 6; = VE%;:]"]
and K; = %dii], Refer to [26] for the detailed the derivation
of the parameters 68; and k;, So far, the link delay over a
road segment with relay nodes has been modeled, With
this link delay, we will model End—to—End (E2E) packet

delivery delay,

Il .2 E2E Packet Delivery Delay

We define E2E packet delivery delay as the packet
delivery delay along a forwarding path from a source
position to a destination position in the road network, We
model this E2E packet delivery delay as the sum of the
link delays of the road segments on the forwarding path,
In the same way with Section II.1.2, the E2E packet
delivery delay can be modeled as a Gamma distribution
with the mean and variance of the E2E packet delivery
delay as follows, assuming that the forwarding path

consists of |y edges:

E[P] = Z Eld,] (7)
Var[P] = Z Var[d;] ®)

i=1
With the mean in (7) and the variance in (8), the E2E
packet delay distribution can be modeled as P~T (kp, 8p)

0. — Var([P] _ EIP]
such that Y = 55 and *» = T .

I.3 E2E Vehicle Travel Delay

We define E2E vehicle travel delay as the travel time
for a vehicle to take from its current position to its future
position along its vehicle trajectory that is the driving
path in the road network, provided by GPS navigator, It
is known that the travel delay for a road segment in a
light—traffic road network follows a Gamma distribution

[27]. Thus, for a road segment e; € E(G), the travel

L . . Var(t;]
delay distribution is ¢,~p(k;, §;) such that 0; = E)
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E[t;] .
and Ki = 9—;, Note that even for a heavy—traffic road
network, our design can use an appropriate distribution

from a mathematical model or travel measurement,

For the E2E vehicle travel delay, we take the same
approach with the E2E packet delivery delay in Section
II.2. Assuming that the vehicle trajectory consists of N
edges, we have the mean and variance of the E2E vehicle

delay distribution as follows:

N
E[V] = Z Elt] ©)
N
Var[V] = Z Var(t;] (10)

With the mean in (9) and the variance in (10), the E2E

vehicle delay distribution can be modeled as V~T (i, 6,,)

Var[V] _ E[V]

such that 0y = ey and Ko =

In the next section, we will describe four data
forwarding schemes with the modeling of the packet

delay and the vehicle delay.

IV, Data Forwarding Schemes

In this section, we describe four data forwarding schemes,
such as VADD [4], TBD [1], TSF [2], and STDFS [3].

IV.1 VADD: Vehicle—Assisted Data Delivery for V2
Data Delivery
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Fig. 4. VADD Data Forwarding in Road Network
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Fig 5. Road Network Graph for Data Forwarding

VADD [4] is a data forwarding scheme for the V2I
data delivery, based on vehicular traffic statistics, such
as the vehicle arrival rate and average speed per road
segment along with the digital roadmaps provided by
GPS navigation systems [15], VADD is explained here at
first because TBD [1] (as one of vehicle trajectory—based
forwarding schemes) is based on the stochastic model of
VADD,

VADD aims at the minimization of the delivery delay
from vehicle to infrastructure node (e.g., AP). For
example, as shown in Fig, 4, the current packet carrier
(denoted as Carrier) wants to deliver its packet to AP
in the road network, It has two neighboring vehicles
(denoted as Cary; and Car,) within its communication
range, note that their future trajectories are denoted
as solid arrows, Cary’s trajectory passes through a light
traffic path where a few vehicles are moving statistically.
On the other hand, Cary’s trajectory passes through a
heavy traffic path where a lot of vehicles are moving
statistically, so the data forwarding over communication
has a high chance by using intermediate vehicles during
the packet’s forward—and—carry process. In this case,
definitely, Carrier needs to forward its packets to Cary
as a next—hop carrier rather than Cary, In VADD, to
support this selection of next—hop carrier based on
vehicular traffic statistics, an Expected Delivery Delay
(EDD) is computed as a forwarding metric by vehicles

adjacent to the current packet carrier, A minimum—EDD

vehicle will be selected as the next—hop carrier. Thus,
the EDD computation is a key contribution in VADD,
Now we will explain how to compute EDD value
given the packet's destination (i.e., the location of the
infrastructure node) along with the vehicular traffic
statistics, Fig, 5 shows the road network graph as a
representation for the road network in Fig. 4. This road
network graph is a directed graph G = (V, E) where y 1s
the vertex set of intersections and E is the directed edge
set of road segments, The EDD is computed on the basis
of a stochastic model as follows, Let dij be the expected
link delay for edge €ij in (2), discussed in Section II.1.1,
Let Dij be the EDD at the intersection ; when a packet
is delivered over the edge €ij. The EDD Djj is formulated

recursively as follows:

D;; = d;; + E[delivery delay at j by forward or carry]
=d; + Z Py Djj (11)
keN(j)
where N(j) is the set of j’'s adjacent intersections, This
recursive formation makes sense because the packet
delivered over edge €ij arrives at intersection j and it is
forwarded to one of j's adjacent intersections (denoted
as k) with the probability Pik and the EDD Djk. Refer to
TBD in [1] for the detailed computation of the average
forwarding probability Pjx.

Carrier ) L.
Candidate Yorwarding Direction .
7
Current g!l 5,10 Next
A 9 ) .
Intersection Intersection

Do

Fig 6. EDD Compuitation for Edge €9,10

For example, Fig, 6 shows the EDD computation
for edge €910 where Carrier Candidate is currently
moving. The EDD Dg 14 is computed by (11) as follows:
D10 = dg10 + Pro9D109 + Pro2D102 + Prog1Droar +Pro17D1017-
Even though VADD solves the data forwarding nicely
through the linear systems of recursive equations in
(11), the limitation of VADD does not use the vehicle

trajectory available for a better forwarding metric

AUGUST - 2012 | 77



ZH| | Vehicle Trajectory—Based Data Forwarding Schemes for Vehicular Ad Hoc Networks

computation. In the next subsection, TBD [1] takes

advantage of vehicle trajectory to improve VADD,

IV.2 TBD: Trajectory—Based Data Forwarding for
V2| Data Delivery

Fig. 7. TBD Data Forwarding in Road Network

TBD [1] is a data forwarding scheme to improve VADD
for the V2I data delivery, using not only vehicular traffic
statistics, but also vehicle trajectory in the privacy—
preserving manner, As an extreme example, Fig, 7
shows the data forwarding in an extremely light—traffic
vehicular network, The current packet carrier (denoted
as Carrier) has only two neighboring vehicles (denoted
as car; and cary) for the next—hop carrier in this road
network, We assume that only these three vehicles exist
in the road network, The next—hop carrier candidates
cary and car, are moving at the same coordinate and
in the same direction toward intersection 11, One
difference is that cary’s trajectory is far away from the
communication range with AP and cary’s trajectory
passes through AP, In this case, car, should be selected
by Carrier as a next—hop carrier because car, has a high
chance to deliver Carrier's packets to AP, In this section,
we will explain how individual vehicles compute their
EDD with their own trajectory in order to allow for this
next—hop selection while they do not expose their own
trajectory to other vehicles due to privacy concerns.

The main idea of TBD is to divide the data delivery
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process into two steps: 1) The packet carry process at
the current carrier and 2) The delivery process after
the packet leaves the current carrier, Note that in the
case of light—traffic vehicular networks, a vehicle could
carry a packet continuously over multiple edges along its
trajectory until it meets a better next—hop carrier,
Suppose the current carrier has the trajectory T (.e.. a
- M
. Let Cij be the total packet carry time (i.e., travel time)

sequence of intersections to visit) as T:1 — 2 — -

from intersection j to intersection j along the trajectory
(1<i<j<M), That is, Cij is the sum of the carry
delays of the road segments between intersections i and j
such that C;; = Z{; Ly ke+1/v. The EDD for the trajectory
T is computed as follows:

M

D= Z (P[packet is carried from intersection 1 to j]
j=1

x (Cy; + E[delivery delay atj]))

M j-1
=Z HP;?,M x|+ Z P, D; (12)
j=1 h=1 kEN(Jj)

where 1) Ijk is the forwarding probability to forward
packet at intersection j to another vehicle moving toward

2) Phpy1 is the
carry probability to carry packet from intersection p to
h + 1 such that Prpyr = 1 — [lkenen Ph/,h+1’ and 3) Djk
is the EDD at edge €ji in (11).

intersection f (computed in (6) in [1])

s

Carrier . .
Candidate Vehicle Trajectory .
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D Dyyyz =
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Fig. 8. EDD Computation for Vehicle Trajectory

For example, Fig. 8 shows the EDD computation for

carrier candidate with the trajectory (T:10 - 11 = 12).
The EDD p is computed by (12) as follows:
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D=P 103D102+P 109D109+P 1011D1011 +
P 1017D1017 + Pfo11(Cio11 + P 114D114 +

P 1110D11,10 + P 1112D11,12 + P 11,18D11,18) +
. . . .
Pio11Pi112(Croa2 + P 125D125 + P 1211D1211 +

p 12'13D12,13+P 12'19D12,19)-

Therefore, TBD can allow individual vehicles to
calculate their own EDD based on their own trajectory
so that the packet carrier can select the best next—
hop carrier among its neighboring vehicles, However,
TBD is designed for the static packet destination, Thus,
when the destination is moving in the infrastructure—
to—vehicle data delivery, we need a totally different
approach considering the mobility of the destination
vehicle, In the next subsection, we will introduce TSF [2]

for the multihop infrastructure—to—vehicle data delivery.,

IV.3 TSF: Trajectory—Based Statistical Forwarding
for 12V Data Delivery

(P, P, PSR, . SN

—-==p Vehicle Trajectory —— Forwarding Path

l [Relay Node i Access Point ‘ Traffic Control Center
(RN) (AP) N (TCC)
Fig. 9. TSF Data Forwarding in Road Network

TSF [2] is a data forwarding scheme for the multihop

infrastructure—to—vehicle (I12V) data delivery, using the
trajectory of the packet destination vehicle, Fig, 9 shows
the 12V data delivery from AP; to Destination Vehicle,
One remarkable difference from VADD and TBD for

V21 is that TSF requires relay nodes at intersections as
temporary packet holders that are not directly connected
to the wired network for the deployment cost reduction
unlike Access Points (APs) [22]. The relays nodes are
necessary for 12V because the delivery delay standard
deviation should be bounded to deliver packets from AP
to a moving destination vehicle in a timely manner [2](6)].

The challenge for 12V is how to select a target point
that corresponds to a relay node to guarantee the
rendezvous of the packet from AP and the moving
destination vehicle, In the figure, AP; selects intersection
13 (denoted as ny3) as a target point through the current
position and trajectory of Destination Vehicle; note
that the current positions and trajectories of vehicles
are available to APs via Traffic Control Center (TCC)
(18] because the vehicles regularly update their current
position and trajectory in TCC, Thus, TCC plays a role of
a home agent for the location management of vehicles in
the similar way with Mobile IPv6 [28].

In TSF, the target point selection is performed with
the following two delay distributions: 1) Vehicle delay
distribution from Destination Vehicle's current position to
Target Point and 2) Packet delay distribution from AP to
Target Point, Fig, 10 shows the packet delay distribution
from AP; to target point candidate nq3 and the vehicle
delay distribution from Destination Vehicle's current
position nqg to target point candidate nq3. For each
intersection along Destination Vehicle's trajectory, we can

draw a set of delay distributions like Fig, 10,

0.01+

/I [—Packet Delay (P)
' \|--—Vehicle Delay (V)
0.008!
0.006/
[T
[m]
o
0.004/
0.002/
056700 150 200 250 300 350 400

Delay [sec]

Fig. 10. Packet Delay Distribution and Vehicle Delay Distribution

For the delivery optimization, we formulate the target

point selection as follows, Let | be a set of intersections
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on Destination Vehicle's trajectory. Let P; be the packet
delay from AP to target point candidate j. Let V; be the
vehicle delay from Destination Vehicle's current position
to target point candidate ;. As a target point, TSF selects
an intersection to minimize the packet delivery from AP
to Destination Vehicle, while satisfying the user—defined

delivery probability threshold ¢ (e.g.., 95%) as follows:

i* «arg meiInE[Vi] subjectto P[P, < Vil = a (13)
L

In (13), P[P; < V;] is the delivery probability that the
packet will arrive at intersection j earlier than Destination
Vehicle. In (13), E[V;] is the actual packet delivery delay
from AP to Destination Vehicle in that the packet held
by the relay node at intersection ; will be forwarded to
Destination Vehicle when Destination Vehicle passes
through intersection ; after E[V;],

For the packet delay distribution and the vehicle delay
distribution in Fig, 10, we model those delay distributions
as Gamma distributions such that P~T(kp,6p) and
V~TI'(k,, 0,), discussed in Section .2 and Section I3,
respectively, If more accurate delay distributions are
available, TSF design can accommodate those better
distributions for the target point selection,

Given the packet delay distribution and the vehicle
delay distribution, the delivery probability P[P; < V;] is
computed as follows:

TTL rv
Pr<vi= [ [ r@owdpas, 00
0 0
where f(p) is the probability density function (PDF) of
packet delay p, g(v) is the PDF of vehicle delay ¢, and
TTL is the packet’s Time—To—Live (TTL).

Actually, TSF can be used for the multihop V2V
data delivery, That is, Source Vehicle sends a packet
to a nearby AP using TSF (or TBD), regarding AP’s
intersection as a target point (or destination), The AP
contacts Traffic Control Center to locate Destination
Vehicle and get the corresponding trajectory in order
to compute a target point, sending the packet toward
the target point for the 12V data delivery to Destination
Vehicle,

One limitation of TSF is to require relay nodes as

infrastructure nodes for the reliable 12V data delivery,
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In the next subsection, we will introduce STDFS [3] to
support both 12V and V2V data delivery without relay
nodes by fully utilizing the trajectories of vehicles

existing in a target road network,

IV.4 STDFS: Shared—Trajectory—Based Data
Forwarding Scheme for V2V Data Delivery

Fig. 11. STDFS Data Forwarding in Road Network

STDEFS [3] is a data forwarding scheme for the multihop
vehicle—to—vehicle (V2V) data delivery through the
sharing of the trajectories of vehicles moving in a target
road network; note that V2V can support 12V (or V2I)
by regarding infrastructure node as stationary source
vehicle (or stationary destination vehicle) staying at
the corresponding intersection, Fig. 11 shows the data
forwarding from vehicle g (denoted as V,) to stationary
vehicle s (denoted as V;) via the intermediate vehicles p or
d (denoted as V,, or V). STDFS assumes that vehicles can
periodically download the trajectories of other vehicles
from APs sparsely deployed at intersections, as shown in
Fig. 11,

In STDFS, source vehicle constructs the predicted
encounter graph to determine the next—hop carrier that
can guarantee the user—defined delivery probability o
like in TSF, In Fig, 11, V, is the source vehicle and Vg is

the destination vehicle, The vehicles V;,, V. and V,; are
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intermediate carriers. As shown in Fig. 12, V, computes
a sequence of encounters with other vehicles, In this
figure, V, and V; may be the next encountered vehicles
for V, for data forwarding. In the expansion of the
predicted encounter graph, V}, may encounter V. and then
V. may finally encounter the destination V;, In the same
way, V4 may finally encounter the destination V;, Fig,
12(h) is the final predicted encounter graph considering
all of encounter events with encounter probability, Refer
to [3] for the detailed computation of the encounter

probability for two vehicles,
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Fig. 12. Predicted Encounter Graph Construction
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Fig. 13. EDR Calculation of Vehicle V,

As a forwarding metric, the Expected Delivery Ratio
(EDR) is computed from each intermediate carrier to the
packet destination with the predicted encounter graph
obtained from Fig, 12. To compute the EDR for a given
vehicle ¢ (denoted as V), first of all, we need to compute
the forwarding probability P, (i) that V, can forward its
packet to the jth forwarder in the predicted encounter

graph:

=] [a-re) P (5)
j=1

where Pej is the encounter probability between V, and
the jth forwarder of V, in the predicted encounter graph;
for example, in Fig, 12, V}, is the 1* forwarder of V,
and Vy is the 2" forwarder of V, because V,, and V; may
encounter V, in the temporal order, Now, the EDR of 1,

can be calculated by the following recursive formula:

n
EDR, = Z P,(i)EDR,;. (16)
i=1

For example, given the predicted encounter graph with
encounter probability Pij on each directed edge €ij (rep—
resenting the event of the encounter between vehicles j
and j), we can calculate EDR, for the forwarder candi—
date V,. By (16), the EDRs for forwarders can be recur—
sively calculated from the destination Vg up to the source
V.. For the source V,, the corresponding EDR is calculated
as follows: EDR; = papEDR, + (1 — Dap)PaaEDRy =

09%09+(1—-09)%0.7+1=0.88
Next, we will explain how to compute Expected Delivery
Delay (EDD) from V, to the packet destination Vi, Let
Q. (i) be the conditional probability that V,'s packet is
delivered to V; via Vs jth forwarder under the condition
that Vz's packet is delivered to V! that is, Q () = Pe(DEDR;

EDR,
. The EDD of V, can be computed recursively as follows:

EDD, = Z Q.()(d;+EDD;), an
i=1

where d; is the vehicle travel delay (discussed in Section
II.3) for V, to carry the packet until V, encounters its jth
forwarder,

For the data forwarding in STDFS, the packet carrier
announces the packet destination to neighboring vehicles
within the connected ad hoc network, The neighboring
vehicles individually calculate their own EDR and EDD
by (16) and (17) for the selection of next—hop carrier.
The current carrier selects a neighboring vehicle with a
minimum EDD so long as the next—hop vehicle’s EDR is
at least the user—defined delivery probability a,

STDFS requires the sharing of trajectories among

vehicles through APs, This means some overhead for the
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Table 1. The Comparison among Four Data Forwarding Schemes for Vehicular Ad Hoc Networks

Forwarding ) Vehicular Vehicle Privacy L
Forwarding T L . Infrastructure Nodes Target lication
Scheme 2 He Statistics Trajectory Exposure get Aop
VADD V2l Yes No Access Points No Road condition report
8D V2l Yes Yes Access Points No Road condition report
Access Paints, Road information sharing,
TSF V2, 12V, V2V Yes Yes Relay Nodes, No Detour guidance, Cloud
Traffic Control Center services
Access Poinis Road information sharing,
STDFS V2, IV, V2V Yes Yes ) ’ Yes Detour guidance, Cloud
Traffic Control Center cenvices

data delivery STDFS, Also, the sharing of trajectories
makes concerns about privacy, In the future work, we
will design a forwarding protocol to address these two
issues. So far we have explained three vehicle trajectory—
based data forwarding schemes (i.e., TBD, TSF, and
STDFS) as well as one vehicular traffic statistics—based
data forwarding (i.e., VADD). In the next section, we will
analyze the four forwarding schemes discussed in this

section,

V. The Analysis of Forwarding
Schemes

In this section, we will analyze the four forwarding
schemes (i.e., VADD, TBD, TSF, and STDFS) explained
in Section IV, Table 1 shows the comparison among those
schemes, VADD and TBD can support only V2I, On the
other hand, TSF and STDFS can support all of V2I, 12V
and V2V, leading to more target applications, as shown
in Table 1, All of four forwarding schemes use vehicular
traffic statistics for their forwarding metric computation,
Except for VADD, the remaining three schemes take
advantage of vehicle trajectory for the more efficient
forwarding metric computation (for TBD) and the more
forwarding types (for TSF and STDFS).

All of four forwarding schemes require Access Points
for the connectivity to the wired network, such as the
Internet, TSF additionally requires Relay Nodes and
Traffic Control Center for the reliable multihop 12V
(or V2V) data delivery without exposing the vehicle
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trajectories, On the other hand, STDFS does not require
Relay Nodes for I2V or V2V, but it needs the exposure of
privacy—sensitive vehicle trajectories through the sharing
of trajectories among the participant vehicles for STDFS
data forwarding,

For the automotive cloud services through vehicular
networks as shown in Fig, 1, TSF or STDFS are
recommended because they can support bi—directional

data communications among vehicles and infrastructure,

VI, Conclusion

This paper explained three data forwarding schemes
based on vehicle trajectory in vehicular networks, The
vehicle trajectory is a good asset to the design of data
forwarding schemes because it allows for either a better
forwarding metric computation or a better location
estimation of the packet destination vehicle, As future
work, we will investigate more the characteristics
of vehicle trajectory to make better data forwarding
schemes, considering the minimization of trajectory
sharing overhead and the privacy protection on

trajectory.

References

[1] J. Jeong, S. Guo, Y. Gu, T. He, and D, Du,
“Trajectory—Based Data Forwarding for Light—Traffic
Vehicular Ad Hoc Networks,” IEEE Transactions on
Parallel and Distributed Systems, vol, 22, no. 5, pp.



ZH| | Vehicle Trajectory—Based Data Forwarding Schemes for Vehicular Ad Hoc Networks

743 =757, May 2011,

[2] J. Jeong, S. Guo, Y. Gu, T. He, and D, Du,
“Trajectory—based Statistical Forwarding for
Multihop Infrastructure—to—Vehicle Data Delivery,”
IEEE Transactions on Mobile Computing (TMC),
August 2011,

[3] F. Xu, S. Guo, J. Jeong, Y. Gu, Q. Cao, M. Liu, and
T. He, “Utilizing Shared Vehicle Trajectories for Data
Forwarding in Vehicular Networks,” IEEE Infocom'11
Miniconference, April 2011,

[4] J. Zhao and G. Cao, “VADD: Vehicle—Assisted Data
Delivery in Vehicular Ad Hoc Networks,” IREE
Transactions on Vehicular Technology, vol. 57, no. 3,
pp. 1910 -1922, May 2008,

[5] A. Skordylis and N, Trigoni, “Delay—bounded Routing
in Vehicular Adhoc Networks,” in MOBIHOC, ACM,
May 2008,

[6] Y. Ding, C. Wang, and L. Xiao, “A Static—Node
Assisted Adaptive Routing Protocol in Vehicular
Networks,” Proc., ACM Int1 Workshop Vehicular Ad
Hoc Networks (VANET), Sept. 2007,

[7] G. Dimitrakopoulos, “Intelligent Transportation
Systems,” IEEE Vehicular Technology Magazine, vol,
5, issue 1, pp. 77—84, March 2010,

[8] OECD report in 2008, “South Korea's road fatality
rate among worst,” http://english.yonhapnews,
co.kr/national /2010/08/26/89/0302000000AEN20100
826005300315F, HTML

[9] M. Ferreira et al., “Self-Organized Traffic Control,”
ACM VANET, September 2010,

[10] M. Aoyama, “Computing for the Next—Generation
Automobile,” IEEE Computer, vol. 45, no. 6, June
2012,

[11] On—Board Diagnostics (OBD), http://epa.gov/otaq/
regs/im/obd/index htm

[12] Y. Morgan, “Notes on DSRC & WAVE Standards
Suite: Its Architecture, Design, and Characteristics,”
IEEE Communications Surveys & Tutorials, Vol, 12,
No. 4, Fourth Quarter 2010,

[13] ETSL, “DSRC Standardization,” http://www.etsi.org/
WebSite/Technologies/DSRC. aspx.

[14] SAE International, “DSRC Implementation

Guide, "http://www.sae.org/standardsdev/dsrc/
DSRCImplementationGuide, pdf

[15] Garmin Ltd., “Garmin Traffic,” http://www8, garmin,
com/traffic, 2012.

[16] Smartphone Navigator, “Apps with Maps: 11 iPhone
GPS apps compared,” http://www. macworld, com/
article/1156720/gps. html

[171 H. Yomogita, “Mobile GPS Accelerates Chip
Development, "http://techon. nikkeibp. co.jp/article/
HONSHI/20070424/131605/.

[18] Philadelphia Department of Transportation, “Traffic
Control Center,” http://philadelphia, pahighways.
com/philadelphiatce, html,

[19] Savari Networks, “StreetWAVE: Roadside
Unit, "http://www, savarinetworks,.com/files/
StreetWAVE—-DS—final, pdf,

[20]E. M. Royer and C.—K. Toh, “A Review of Current
Routing Protocols for Ad—hoc Mobile Wireless
Networks,” IEEE Personal Communications, vol, 6,
no, 2, pp. 46155, Apr, 1999,

[21] J. Eriksson, H. Balakrishnan, and S. Madden,
“Cabernet: Vehicular Content Delivery Using WiFi,”
in MOBICOM, ACM, Sep. 2008,

[22]N. Banerjee, M.D. Corner, D. Towsley, and B.N.,
Levine, “Relays, Base Stations, and Meshes:
Enhancing Mobile Networks with Infrastructure,”
Proc, ACM MobiCom, Sept. 2008,

[23] A, Vahdat and D. Becker, “Epidemic Routing for
Partially—connected Ad Hoc Networks,” Tech,
Rep., 2000, http://www.cs.duke.edu/~vahdat/ps/
epidemic, pdf,

[24] IEEE 802.16p, “Machine to Machine(M2M) System
Requirements Document(SRD),” 2011,

[25]N. Wisitpongphan, F. Bai, P, Mudalige, and O.K,
Tonguz, “On the Routing Problem in Disconnected
Vehicular Ad Hoc Networks,” Proc, IEEE INFOCOM,
May 2007,

[26]M. DeGroot and M. Schervish, Probability and
Statistics, third ed, Addison—Wesley, 2001,

[27]D.S. Berry and D M. Belmont, “Distribution of
Vehicle Speeds and Travel Times,” Proc, Second
Berkeley Symp. Math, Statistics and Probability,

AUGUST - 2012 | 83



ZH| | Vehicle Trajectory—Based Data Forwarding Schemes for Vehicular Ad Hoc Networks

July 1950,
[28] C. Perkins, D. Johnson, and J. Arkko, “Mobility
Support in IPv6,” RFC 6275, July 2011,

Biography

1999 BS. at Sungkyunkwan University

2001 M.S. at Seoul National University

2009 Ph.D. at the University of Minnesota,
Twin Cities

2001~2004 Researcher in Protocol
Engineering Center in ETRI

2010~2012 Software Engineer in Brocade

Jaehoon Communications Systems
(Paul) Jeong 2012~Present Assistant Professor in
the Department of Software at

Sungkyunkwan University

Research Areas: Vehicular Ad Hoc Networks,
Wireless Sensor Networks,
Cyber—Physical Systems,
Cloud Computing/Storage, and
Machine—to—Machine Systems.

84 | Huot 54



