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Abstract—Due to high mobility and frequent disconnections in
a vehicular network, reliable and efficient vehicular communi-
cation is very challenging. Previous studies focus on predicting
the trajectories of single vehicles. Due to many random factors,
however, there is little regularity in the movements of a single
vehicle in an urban area, and this motivates us to take a
holistic network perspective. With this insight, we model the time
varying regularities of road traffic flows in road segments and
intersections by mining statistic trajectories of all vehicles in the
network. Based on these regularities and local real-time traffic
information, we propose a new method to calculate the expected
transfer delay from a current position to a given destination. We
also propose a method to collect updated destination information.
By combining the above two methods, we design a routing
algorithm for vehicle-to-vehicle data transmission in vehicular
networks, and then prove that it is a linear-time algorithm.
Finally, we evaluate our algorithm by using information of real
taxi vehicles. The results show that the performance of our
algorithm is significantly better than other solutions in terms
of packet delay.

I. INTRODUCTION

With the dramatically increasing traffic load around the
world, much attention is being paid to vehicular communi-
cations, aiming to avoid accidents or alleviate congestions
in advance and to provide comfortable driving environments
for drivers. Notably, vehicular networks are used for moni-
toring vehicles and road traffic, and providing vehicle-vehicle
or vehicle-roadside communications. In particular, vehicular
networks are being developed for active driving safety [3], [4],
[16], intelligent transportation [17], [23], and entertainment
[31, [6], which rely heavily on the quality of data delivery by
vehicular networks.

Data delivery protocols in vehicular networks have attracted
significant attention during the past years, and many methods
have been proposed, including algorithms based on bus net-
works [19], trajectories of vehicles [5], [9], [10], [12], [14],
[22], network connectivity [11], [20], and geography or road
intersections [1], [7], [13], [18], [21], [25]. Despite of the
recent studies, reliable data delivery is still not well understood
in real-world vehicular networks. Recent algorithms mostly
focus on the predictability of vehicles’ trajectories. However,
in the real world, the movement of an individual vehicle (e.g.,
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a taxi) can be influenced by many uncertain factors, such
as the driver, passenger, traffic status and weather, so it is
difficult for people to predict the trajectory of single vehicle
accurately. Further, packet delivery to moving destinations is
particularly challenging for vehicular networks. Worth noting
is that existing results on this problem are mostly based on
opportunistic routing.

To address these issues, this paper proposes a new algorithm
based on data-driven traffic flow analysis and destination
collection mechanisms. Specifically, by mining the massive
trajectory datasets of 3997 taxis in the main urban area of
Suzhou over the year 2012, our extensive experiments reveal
that the traffic flows of the road network exhibit time varying
patterns, and that the traffic flow of a road segment or an
intersection is closely related to its location and the time
of the day. With this insight, we model the traffic flow of
a road segment and that of an intersection by a Markov
model. In addition, to achieve reliable data delivery to moving
destinations, we design a new method by exchanging metadata
of destinations upon meeting. In this way, the expected transfer
delay can be quantified more accurately from the current
packet carrier to the updated destination position, thereby
enabling the selection of the optimal path.

The proposed algorithm is distributed and needs one hop
information only. For performance evaluation, we study the
classic algorithms including VADD [12] and TBD [9], and
compare our algorithm with them on real taxi datasets. The
results demonstrate the superior performance of our algorithm
in terms of packet delay.

The main contributions of this paper are summarized below:

o We carry out data-driven traffic flow analysis of the road
network to characterize the time varying patterns, and
devise Markov models for the patterns accordingly.

o We design a method to calculate the expected delay of
packet delivery from a specific position to another in
vehicular networks.

o Under the restriction that a node can only obtain one hop
neighbor information, we design a new method to obtain
the updated information of moving destinations.

o We propose a routing algorithm and prove it is a linear-
time algorithm.
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The rest of this paper is organized as follows. After dis-
cussing related work, we formalize the problem in section
III. In section IV, we analyze the patterns of the traffic
flows and propose a model. Section V describes the data
delivery algorithm. In Section VI, we discuss the convergence
property of the algorithm, and prove its time complexity
strictly. Numerical studies are presented in Section VII and
conclusion of this paper is given in Section VIIIL.

II. RELATED WORK

There has been a significant body of work on data trans-
mission by taking advantage of trajectory prediction of single
vehicles, including VADD [12], TBD [9], DMC [14] and TSF
[10] to name a few .

VADD is among the earliest algorithms that exploit the
predicted mobilities of vehicles for packet delivery. To address
the issues of high mobility and frequent disconnections of ve-
hicular networks, VADD adopts the idea of carry-and-forward.
Simply put, to calculate the expected delay of delivering a
packet to a fixed destination, a critical step in VADD is
to compute the packet’s expected delay in a road segment
and its forwarding probability in an intersection. Based on
the results and the mobility patterns, VADD then determines
the corresponding action. Finally, VADD presents the idea of
sending the query data back to a moving vehicle when the tra-
jectory of the moving vehicle is determined by its destination.
Compared to VADD, the TBD algorithm presented a more
accurate link delay model of a road segment that computes
the expected forwarding distance. Built on that, the TBD
algorithm provides a more accurate mechanism for computing
the expected end-to-end delivery delay under the condition
that the packet carrier moves along the predicted individual
trajectory. DMC uses a mobile pattern that only considers the
inter-meeting times following an exponential distribution to
predict the current location of a vehicle, and then proposes
a greedy routing algorithm to moving destinations based on
localized information and predicted information. TSF uses the
moving destination vehicle’s trajectory effectively to calculate
an optimal meeting point of the packet and the destination
vehicle, and to deliver packets reliably from the access points
to a moving destination vehicle with a minimum delay. In
summary, existing algorithms are based on the assumption that
the future trajectory of a vehicle is predictable.

III. PROBLEM FORMULATION
A. Basic Settings

Considering the road network in the urban area of Suzhou,
this paper aims to find the path with minimum delivery delay
from one mobile car to another. The basic setting is outlined
as follows:

o Fact 1: All vehicles can move independently in the
urban area of Suzhou which covers 695 square kilome-
ters. There are 3997 taxis with GPS-based digital map
navigation and monitoring systems in Suzhou, China.

o Fact 2: Each vehicle can upload its current position to
the server by its equipped GPRS or WCDMA device,

and this is the case for all taxis in Suzhou, China. The
vehicles are divided into four groups, and only one group
can upload their position data in one specific round. The
round interval is 30 seconds, which means each vehicle
can upload its data to server once in every 2 minutes.
Every packet includes the information about vehicle 1D,
sample time, longitude, latitude, speed, direction and
occupied status.

o Fact 3: The source and the destination of a packet are
both vehicles. Each vehicle knows the current position
and the historical trajectory of itself.

o Assumption 1: Each vehicle has a short range commu-
nication system and participates in a vehicular network
where the communication range of the wireless device is
R. The communication device can be a reliable realtime
communication device [15] or a Dedicated Short Range
Communications (DSRC) device [2].

o Assumption 2: Each intersection in the road network
can communicate with vehicles nearby, and the com-
munication range of an intersection is also R. Each
vehicle knows the one hop information about all road
segments related to the intersection which the vehicle can
communicate with.

B. Vehicular Network Model

The vehicular network, consisting of all taxis, is denoted as

VN = {ng,n1,n2, - ,njyn|-1}, (L

where n; corresponds to the i-th node in the network.
Denote the location of node n; at time t, as py,(ts).
It follows that the collected location sequence of node n,,
corresponding to its trajectory from time % to t;, is given as:

TRTM - {pm (to)apm (tl)a Ty Png (t?")} 2)

Any two nodes in the vehicular network n; and n;, can
communicate with each other only when the Euclidean dis-
tance between them ED,, ,; is less than R, which we can
also phrase as “vehicle n; and n; meet each other”. Therefore
all possible links at time ¢, can be denoted as:

TL(ty) = {(ns,nj)|EDn;n, (tz) < R;Vng,n; € VN (3)

All the vehicles move independently in the road network
RN. The road network is comprised of intersections and road
segments between adjacent intersections. Denote an intersec-
tion as I; and the road segment between intersection I; and
I j as ;.

After generating RN, we say that a node n; in VN arrives
at an intersection /; if they can communicate with each other,
i.e., the Euclidean distance between them ED,,, I is less than
R. Tt follows that vehicles arriving at intersections at time ¢,
is given by:

“4)
Without loss of generality, consider the delivery of one

packet P in VN, where the source of P is ng and the
destination is np, and ng,np € VN. The packet starts from
the source at time ty and reaches the destination at time t,.
Thus, the delivery route of this packet can be written as:
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DRp = {pns(to)vIi1vri1i27]i27ri2i37'" ) (5)
Iiyflariyfliyvjiyap’np (tm)}

C. Problem Formulation

A primary goal of the data transmission in vehicular net-
works is to deliver packets to their mobile destinations as
soon as possible. Assume the all packets are given a fixed
lifetime limit, achieving a lower average transmission delay is
intimately related to achieving a higher average delivery ratio.
In this paper, we will focus on the transmission delay of one
single packet firstly, and then quantify the costs.

The transmission delay of one single packet P is the total
time for delivering P from its source to destination via V V.
It is obvious that the delay of transferring a packet via a road
segment r;; can be greatly influenced by its current traffic
status. Suppose the transfer delay in one specific road segment
ry; at time t is td;;(t) and the delivery route of packet P
is DRp. Then, we can write the total delay of P while the
transfer starts at time ¢ as:

y—1 z—1
TDp(t) = > tdy i, )+ Y tdi i) (6)
=1 z=0

Having presented the basic problem settings, we aim to de-
sign a proper routing strategy to minimize the packet transfer
delay:

min  TD,(¢) (7
IV. ANALYSIS OF VEHICLE TRAJECTORY

It is clear that the knowledge of current and historical
positions of vehicles can facilitate transferring packets more
efficiently and accurately in vehicular networks. As mentioned
earlier, existing algorithms focus on predicting the movements
of a single vehicle. Due to many random factors, however,
there is little regularity in the movements of a single vehicle
in an urban area, and this motivates us to take a holistic
network perspective. With this insight, we turn our attention
to model the time varying regularities of road traffic flows in
road segments and intersections by mining statistic trajectories
of all vehicles in the network.

A. Analysis of Trajectory Prediction for Single Vehicle

In existing studies a common used assumption is that there
exist spatio-temporal patterns in the movements of a single
vehicle. However, as one can observe, the future trajectory
of one individual vehicle, especially a taxi, can be influenced
by many uncertain factors. For instance, the destination of a
taxi is determined by its passenger, so the destination of a
taxi is random. Even if the destination of two passenger is the
same, the trajectory of a taxi is probably different because of
different traffic status and drivers. Some early studies [8] show
that it is difficult to propose a model for the real trajectory of
a single vehicle, and then predict it. As an alternative, it is
more plausible to incorporate road traffic flow information.

B. Analysis of Road traffic Flows

In related work on urban computing [24], it has been con-
cluded that the traffic flows in a city have obvious relationships
with people’s living and travelling patterns, which can be
influenced by time and position. For example, during work
days, most people go to work at about 7:00am to 9:00am and
go back home at 4:30pm to 7:00pm, so the traffic flows from
residence to workplaces during 7:00am to 9:00am and from
workplaces to residence during 4:30pm to 7:00pm in one work
day are similar to another work day. This kind of patterns also
exist between some other functional zones such as residence
and commercial districts, depending on whether it is a work
day or a weekend. These patterns are decided by the function
layouts of city, so the traffic flows of one specific road segment
or intersection have obvious time varying regularities.

For one road segment r;;, denote the number of vehicles and
speed at time ¢ in the kth day of year 2012 by s, (k,t) and
vy, (k,t) respectively. Then, we can calculate the expectation
of the vehicle number at time ¢ depending on whether it is a
work day or a rest day as Es, (t)lw, Els,,(t)]r. and the
same applies to the speed Elv,, (t)lw, E[v,,,(t)|r. The time
interval of updating the expectations is 2 minutes, because
all vehicles update their position information once every 2
minutes. The period of these two parameters is 24 hours and
the source data comes from all 366 days of year 2012.

Sryj (k,t)

>
_ k€workdays of 2012
E[Srij (t)]W - |work days of 2012] (8)

sp,; (kt)
_ ke&rest days of 2012
E[srij (t)]R - [rest days of 2012|

vr,; (Kst)

>
_ k€workdays of 2012
E[’Um] (t)]W - lwork days of 2012 9)
Vry k,t) (
_ k€Erest days of 2012
E[UTU (t)]R - |rest days of 2012

For one intersection I;, suppose it is an m-way intersection.
It is of great interest to find the probabilities of the moving ve-
hicles turning from one direction to another m —1 directions at
a specific time ¢, which can help to calculate the probabilities
of forwarding packets to each direction in this intersection at
that time. Assume the adjacent intersections of intersection I;
are N(i) = {I,,,1,,,---,1;,}. and the roads between them
are Tij,, Tij,y " * » Tij,, - Based on the trajectories of all taxis in
2012, we can quantify the probability of one vehicle coming
from r;;,, crossing intersection [;, and then leaving by r;;, at
time ¢, which can be denoted as T'P;(;, ; )(t). At intersection
I;, each vehicle has m — 1 turning options and each road
can get vehicles from other m — 1 directions, thus we can
formulate the turning-probabilities of intersection I; at time ¢
by a Markov matrix:

Mrp,(t)
0 TPi(jljz)(t) TPi(jljm)(t)
| TPigan (D) 0 i(jzgm) (E
TPi(j,jn(t) TPig,)() - 0

(10)
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Fig. 1: An illustration of the delay model

Each column of the matrix shows the probabilities of a
vehicle turning to its corresponding road segment from the
other m — 1 directions. The xth row of the matrix shows the
probabilities of a vehicle from road r;,, turning to the other
m — 1 directions, which satisfy that:

Y TPy, =1
y=1

So far, we have demonstrated the uncertainty of predicting.

(1)

V. V2V DATA TRANSMISSION BASED ON TRAFFIC
FLOW ANALYSIS

In this section, we propose a routing algorithm by analyzing
the traffic flows of road networks. There are three main steps:
1) For the case where the destination is partially known, find
an efficient and accurate way to decide the transfer direction
and select a path; 2) Develop online schemes for updating the
destination information; 3) Design the algorithm.

A. Delay Model Based on Road Traffic Flows

For calculating the excepted packet delay from one specific
intersection to the destination, we resort to a very successful
and typical method used in VADD [12] and TBD [9]. On
the basis of their results, we will revisit the expected delay
evaluation method by using the road traffic flow information.
The delay model is the basis of routing, and it will have crucial
impact on the performance of the algorithm.

As shown in Figure 1, one packet at intersection I; will
be sent to its destination. Let D;;(t) denote the expected
delay of transferring this packet from intersection I;, through
intersection /5, to the destination at time ¢. We can calculate
D;;(t) in a recursive manner:

Dij(t) = tdi;(t) Z DPji(t+td;j(t)) x Dy (t+tdi;(t))
KEN(j
(12)
where D Pjj(t) is the probability of a packet leaving intersec-
tion I; for intersection I at time ¢, whether it is carried or
forwarded.

Next, we will give an example to illustrate how to calculate
the expected delay of D;;(t). As shown in figure 2, we
calculate the expected delay from intersection 1 to intersection
3 by crossing intersection 2. So we can calculate delay

IEEE Conference on Computer Communications

Packet Carrier

)

Current
Intersection

O—=

Destination

Fig. 2: An example of calculating expected delay

according to equation (12) as followed.

Daa(t) = tdyo(t) + DPas[t + tdra(t)] * Das[t + tdra(t)]
+DPyy [t + tdya(t)] * Dar[t + tdyo(t)]

Dos [t + td]g(t)] = td23 [t + td12( )]

Doy [t + tdra(t)] = tdoy [t + tda(t)]
+DPyo[t + tdia(t) + tdar (t + tdi2(1))]
*Du[t + tdlz( ) + td21(t + tdl?( ))]

If Dis,Ds3 and Dy are fixed, it would be simple to
solve the above equations and get D15 which corresponds to
the expected delay of travelling from intersection 1, through
intersection 2 and finally arriving at the destination which
is intersection 3. Unfortunately, in a time varying setting
Dlg(t) =+ Dlg[t + tdlg(t) + tdzl(t + tdqo (t))], indicating it is
impossible to get Di2(t) by solving the linear equations. At
the same time, we observe that the average statuses of traffic
flows do not change rapidly during the delivery period of one
packet. Instead, we can approximate equation (12) as:

Dij(t) =tdi;(t) + > DPj(t) x Dj(t)

kEN(j)
According to (13), we can quantify each outgoing road

segment of every intersection, and get an n X n linear equation
system. Equation (13) gives an explicit way to calculate the
expected delay of a packet, and it has already been proposed by
existing studies. Nevertheless, there are still some key issues
that are ignored before when calculating equation (13). In
particular, it remains unclear how to estimate the parameters
td;; and D P} by traffic information.

1) Calculating td;; With Road Traffic Flows: For one road
segment 75, the expected transfer delay is relevant to the cur-
rent traffic situation, so td;; is also a time varying parameter,
and we can denote the expected delay of road segment r;; at
time ¢ as td;;(t). Given the following information:

e [;;: the length of road segment r;;, which is a constant.

e 8;;(t): the vehicle number in r;; at time ¢.

e v;;(t): the vehicle speed in 7;; at time .

o « and (3: weighting coefficients. They are two constants

which can make td,;(t) more rational.
The expected transfer delay can be calculated as below:

tdy;(t) = aXl” o) lfs“i (14)
v”(t) — B x = if - ’ >R

Equation (14) calculates td;;(t) in two dlfferent cases. In one
road segment, if the vehicles density is big enough then all
packet transmissions are forwarding; otherwise vehicles have
to carry data packets sometimes.

(13)
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2) Calculating DP;; With Road Traffic Flows: For one
intersection, the delivering probabilities are closely related
to current traffic flows as well. For example, if there is no
vehicle on one direction and no vehicle will turn to that
direction, the delivering probability of that direction must be
0. When calculating D P;;, we continue to use the following
assumptions: the adjacent intersections of intersection I; are

N(i) = {1;,,1;,,--- ,1j, }, and the roads between them are
Tijy>Tijas " s Tijn - Firstly, For a packet at intersection I;, we
can count the contacting probability C'P;;, (t) of forwarding
this packet to intersection I;, via r;;, at time ¢. The C'P;;, (¢)
can also be regarded as the probability of contacting at least
one vehicle which is going towards road 7;_ , and we can
calculate it using the Poisson Process probability as:

CP;j,(t) = P(N(AT) > 1)
=1-P(N(AT)=0) (15)
— 1 e g (AT o Nija (SI)AT)O
=1 — e NisamAT

In equation (15), AT is the duration that a vehicle can
communicate with other vehicles around an intersection. For
simplification, we count AT as 2R/v, and v is a constant
speed value. \;;, (t) is the average rate of contact vehicles
leaving intersection I; and going towards r;; at time ¢, and
they are composed by vehicles coming from other m — 1
directions. For one road Tij,s all vehicles on the road will leave
it at mosEtin lij, [vij, (t), so the leaving rate of a vehicle at r;;,
Sij
lijy /guy ()"
will turn towards road 7;;, . In calculating \;;, (¢), all param-
eters we need to confirm are s;;, (t),vi5, (t) and T'P;(; ;.(t)-
For s;;,(t) and vy, (t), if the position is next to the current
intersection, they can use the realtime information, otherwise
they can only use historical information. For T'P;(; ;. (1),
it can be obtained from the time varying Markov matrix of
corresponding time, day and day type directly. Now we can
calculate \;;, (t) as:

is For all cars leaving r;;, , T'Py(j,;,)(t) of them

" sig, () X TP, () X v, (¢

y=Lly#x ”y
Suppose the m intersections adjacent to I; are sorted by the
length of their shortest path to destination, the probability
DP}; (t) of a packet being forwarded to r;;, at time ¢ is:

(16)

CPy, (1) ifz=1
* _ x—1
DPj, (t) = [Hl( — CPy,t)|CPy,(t) if z=2...m
- (17)

If the packet carrier goes along ry; , it is obvious that the
packet will never be forwarded to those directions whose
expected delay is bigger than road r;;,. So we can define
the probability of a packet being forwarded to r;; while its
carrier goes along r;;, at time ¢:

DPZ’;T() ifr <y
DPLJT\%( )= 1- 21 DP;;-z(t) ifr=y (13)
0 ifx>y
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Assume the possibility of a packet carrier turning to 7;;, at
time ¢ is LP;;, (t) while it leaves intersection I;, we have:

SO TPy (1) % 545, (1)
LP;, (t) = =
Z SZJZ( )

Pij.( Z LPZJ

Jy €N (@)

3) Calculating D;; With Road Traffic Flows: At this point,
the key steps of calculating the expected delay have been
presented above. When calculating D;;(t), only the vehicle
number and average speed of those road segments that are next
to the current intersection of the packet carrier are realtime,
and the rest information comes from mining the historical
traffic information. For example, given a specific road network
as illustrated in Figure 2, D;;(t) is calculated as below:

Dlz(t) = tdlg(t) + Dng(t) * ng(t) + DPQl(t) * Dgl(t)
Dos(t) = tdas(t)
Dgl(t) = tdgl (t) + DPlg(t) * Dlg(f)

The parameters left to compute are tdyo(t), tday(t), tdas(t)
and DPy5(t), DP(t), DPs3(t). Given the one hop realtime
information of intersection 1, which are si2(¢) and wvio(t)
of road segment ri5 at current time ¢, we can calculate
tdlg(t) and tdsq (t) with Slg(t) and Ulg(t), calculate DPlg(t)
and D Py (t) with both realtime information and historical
information, calculate tdas(t) and DPo3(t) with historical
traffic flow information.

(19)

) * DPyj 145, (1) (20)

B. Online Updating Information of Moving Destinations

In the pervious subsection we focus on how to calculate the
expected transfer delay by analyzing traffic flow information.
However, in the data-driven vehicular communication prob-
lem, the destination is moving, so it is impossible to know the
exact location of the destination in advance. In this section,
we will study how to obtain the approximate location of the
destination to help delivering.

Here, given the assumption that vehicles can only obtain
one hop realtime information, it is almost impossible for a
packet carrier to know the exact position of its destination.
Instead, it is more feasible to approximate the location of
the destination. The destination vehicle is moving in road
networks, and it can meet other vehicles frequently. Similarly,
the current packet carrier is also moving in road networks and
can also meet other vehicles frequently. Therefore there are
some vehicles having met both the destination and the packet
carrier. If these vehicles can all memorize when and where
the encounters between themselves and the destination happen,
and pass the information to the packet carrier once they meet,
then the packet carrier can obtain the updated information
about the destination which can help our transmission. Here
we summarize the principles of the approximate information
collection mechanism:

o Rule 1: Suppose any vehicle n; will maintain a metadata
for all the other |V N| — 1 vehicles. In the dataset
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maintained by the vehicle n;, the metadata of vehicle
ni(i # k) stores the latest time, position, speed and
direction information of nj; which n; can obtain. If
we denote the metadata of nj; maintained by n; as

MDyi, the metadata set of n; can be expressed as
{MDypik € [1,|[VN||&i # k}. Each metadata in the

set has a lifetime limit L;, and a metadata expires once
its lifetime gets over the limit.

e Rule 2: Each intersection in the road network RN
will also maintain a metadata for each vehicle in V V.
With the same format as the metadata kept in vehicles.
We can denote the latest metadata of n, maintained
by intersection I; as M D,I;'k, and the metadata set of
intersection I; is {M D%,k € [1,|[VN|]}. This kind of
metadata also has a lifetime limit L;.

o Rule 3: Once a vehicle n; meets an intersection [}, firstly
the intersection will update the metadata of vehicle n;,
and then they will compare the metadata of other vehicles
and divide all metadata stored in n; and I; into three
cases. 1) both n; and I; maintain the metadata of ny; 2)
metadata of ny is only stored in n;; 3) metadata of ny is
only stored in I;. In the first case, n; should compare the
metadata of nj, maintained by itself with I; and find out
which one is newer, then the data is updated accordingly.
In the second case, we will copy the metadata of nj; from
n; to I; and I; will get a newer metadata of ny. In the
last case, we will copy the metadata of ny from I; to n;
and n; will get a newer metadata of ny.

e Rule 4: Once a vehicle n; meets another vehicle n;,
firstly they will update the metadata of the other one
maintained by itself, and then they will compare their
metadata set with each other. After that, the same op-
erations like rule 3 will be executed so as to keep all
metadata sets in vehicles as new as possible.

Given the above rules, if we focus on the information of one
specific vehicle ny, and then we can analyze the propagation of
this kind of information at an intersection or in a road segment
as follows: While a vehicle n; with the newest information
of ny arrives at intersection I;, this information must be
transferred to the intersection and it will be broadcasted to
other directions of intersection I; by vehicles towards those
directions. While a vehicle n; with the newest information
of ny builds a communication link with vehicle n;, it will
forward this information to n; immediately. Thus, the realtime
position of the destination will be spread as fast as possible.

C. V2V Communication Algorithm

The overall algorithm consists of two parts. The first part is
a centralized algorithm that analyzes the historical traffic flow
to get average speeds and vehicle numbers of all the road
segments and the Markov matrices of all the intersections at
the time slices throughout one year. This part only needs to be
executed once and the results will be sent to all the vehicles
before any data packet transmission begins. The second part
is the V2V communication algorithm, which is a distributed

algorithm to be executed in different vehicles with one hop
realtime information.

The V2V communication algorithm consists of two stages,
the first stage involves approximately collecting information
of the moving destination, the second stage is to calculate
the expected delay based on traffic flows and the approximate
location information collected in the first stage. The communi-
cation algorithm can be triggered by two types of events, one
is a vehicle meets another vehicle, and the other is a vehicle
arrives at an intersection.

Once a vehicle meets another vehicle, the algorithm will be
executed immediately. During its first stage, this two vehicles
will exchange their metadata set with each other, so as to keep
them as new as possible. During its second stage, suppose
one of them is a packet carrier, if they have the same moving
direction and the other vehicle is ahead of the current carrier,
the current carrier must forward the packet to the other vehicle.

Once a vehicle arrives at an intersection, firstly the vehicle
and the intersection will also exchange their metadata set
according to the updated information collection mechanism
during the first stage. During the second stage, if the vehicle
is a packet carrier, it should calculate the expected delays of
different directions from the current position to the currently
known position of destination which is collected in the first
stage and select the path with the minimum expected delay to
transfer the packet. Here is a special case: If a packet carrier
don’t have the metadata of the destination, it will keep the
packet until it obtains the metadata of the destination.

The pseudo code of the distributed algorithm is shown in
Algorithm 1. All parameters in Algorithm 1 are defined above.
Once a vehicle meets another vehicle, the algorithm will
be triggered and Procedure Vehicle Meets Vehicle” will be
executed. Once a vehicle reach an intersection, the algorithm
will be triggered and Procedure ”Vehicle Reach Intersection”
will be executed.

VI. PERFORMANCE ANALYSIS

In this section, we will discuss the convergence property of
the algorithm firstly, and then analyze its time complexity.
Proposition 1. The algorithm converges in the sense that the
packet will be delivered to the destination.

Proof:

Firstly, a packet can be forwarded or carried, and the speed
of forwarding vy is significantly faster than the speed of
carrying v., so we have vy > wv.. Secondly, according to
the number of vehicles and the road network, the vehicle
density is relatively big and a packet have high probability to
be forwarded. As a result, a packet travels faster than a vehicle
in general, we can denote it as v, > v, where v, means the
average speed of delivering packets and v, means the average
speed of moving vehicles. Suppose the distance between a
packet and its corresponding destination is L, the packet carrier
has the position of its destination before At, so we have
At = % where v, is the speed of the destination’s position
information been spread, and v, > v,. Because v, > wv,,
so the distance L between them keeps decreasing and the At
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Algorithm 1 The V2V Communication Algorithm

1: procedure VEHICLEMEETSVEHICLE(t, n;, 1)

2 if (n;,n;) € TL(t) then

3 Renew metadata by n; and n;

4 ni.metadata set <+ n;.metadata set

5: if n;(n;) is a packet carrier then

6 if nj(n;) = Destination then

7 Send Packet to nj(n;)

8 Transmission Succeed

9 else if (n;.direction =
(nj(n;) is ahead of n;(n;)) then

n;.direction) and

10: Send Packet to nj(n;)
11: end if

12: end if

13: end if

14: end procedure
15: procedure VEHICLEREACHINTERSECTION(Z, n;, I;)
16: if (ni, Ij) S Al(t) then

17: ni.metadata set <+ Ij.metadata set

18: if n; is a packet carrier then

19: Mini Delay = oo

20: if n;.metadata.destination # () then
21: for all I, EN(]) do

22: Calculate Djj(t) to Destination
23: if Dji(t) < Mini Delay then
24 Mini Delay < Dj(t)

25: Next Route < rji,

26: end if

27: end for

28: end if

29: end if

30: end if

31: Transfer Packet to Next Route
32: end procedure

also keeps decreasing, so the accuracy of the transmission will
increase. Because the distance L keeps decreasing every step
and running time is enough, so the packet will definitely reach
its destination. Thus, the algorithm is convergent. [ ]
Proposition 2. The time complexity of the algorithm is O(L)
where L is the initial Euclidean distance between the source
and the destination of a packet.
Proof:

Suppose the percentage of forwarding in all transmission is
0, the average speed of carrying is v, and the average speed
of forwarding is kv(k > 1), thus the average speed of packet
delivery is v+ (k — 1)dv.

A road network can be treated as a Manhattan grid, that is to
say, given two positions, the distance between them through
the road network is no more than /2 times the Euclidean
distance between them. Here we suppose a packet carrier
knows the realtime position of its destination, and then we
can simplify the delivery problem to the pursuing problem in
a flat. In our algorithm, a packet is always transferred to the

4Y axis

Section II Section I

S A

Packet Carrier
Node A(L, 0)

(LD
Destination X axis
Node B(0, 0)
Fig. 3: The scenario of pursuing
T
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A

Point

vt<

Packet Carrier

Node A(L, 0)

-
L

Destination
Node B(0, 0)
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X axis

path with minimum delay, so after the simplification, we can
assume a pursuer always keeps running directly to the realtime
position of its destination. Now the problem can be written as:
All nodes are moving in a flat, node A knows the real time
position of node B, the speed of A is v + (k — 1)dv and
the speed of B is v. The initial Euclidean distance between
them is L. Suppose the initial position of B is the origin of
the coordinate system, the initial position of A is (L,0) as
illustrated in Figure 3. If B moves in the negative direction of
X axis, the time cost is maximal. On the contrary, if B moves
in the positive direction of X axis, the time cost is minimal.
Suppose if B moves in the positive direction of Y axis, the
time cost is 7', then if B moves to section I, the time cost must
be less than 7" and if B moves to section II, the time cost must
be more than 7. Section I and II are symmetric, so we can
regard T' as the average time cost for A to catch B. Now,
our problem is to calculate the time cost 7. Figure 4 shows
the principle of catching. Suppose the position of A at time ¢
is (z,y), so the tangent line of the catching trajectory which
crosses (x,y) certainly meets Y axis at (0, vt). Regarding the
curve, we have the following ordinary differential equations:

% = tand = —“t;y
' (21)

[3—3}2 +[9)° = o+ (k — 1)ov]?

By consolidating and simplifying the equation system (21),
we can write the curve equations as:
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1
q

YL(1- 1)) 4 oL

— _1 _
y—2% 2 P
g=1+(k—-1)6
(22)

1+(k—1)0
(k71)26(2+2()k71)6L' So

Tttt L) and
the meeting time is [(kfl)lz-ggli_Q}I)cil)S]vL'

Note that, A can only obtain the position of B before At,
and At keeps decreasing with the distance between them. The
vehicle density is pretty big so we can calculate the initial
value of At as L/kv. Suppose A always tries to catch the
position of B before L/kv, this problem is similar to above.
After obtaining the position of B before L/kv, A tries to catch
the realtime position of B along Y axis and the time cost is
[(k71)252ﬁ(k71)6]v. It is clear that the practical time for A to
catch B must be less than above, so the realtime cost must
be less than [(k_[ll);rg_;()g]_ﬂ)&]v + [(k—1)252ﬁ-(k—1)6]'u' Back to
real vehicular networks, the moving distances of A and B will
increase for no more than v/2 times, so the increasement of
the time cost must be no more than a constant C' times. Thus,

the average time cost for delivering a packet is:

[14+(k—=1)d]
tasp < { f“*”””%““*”“” } «CxL (23
[(F—1)252+(k—1)d]v
In equation (23), k, §, v and C are all fixed constants, so the
time complexity of the algorithm is O(L), which means it is
a linear time complexity algorithm. [ |

In equation (22), if z = 0, then y =

A and B can meet each other at (0

VII. NUMERICAL STUDIES

In this section, we evaluate the performance of our al-
gorithm of Vehicle-to-Vehicle Routing(V2VR) by comparing
with VADD [12] and TBD [9] which is also based on cal-
culating the expected end-to-end delay. Before evaluation, we
improve VADD and TBD by giving them the ability to obtain
updated information of moving destination. The numerical
investigation involves the following:

We use the average delivery delay and the percentage
of vehicles who have the information of destination as the
performance metric. We investigate (i) the impact of workdays
vs. weekends, (ii) the impact of time period and (iii) the effect
of the updated destination information.

The total number of packets generated for one experiment
is 500 and the simulation is continued until all packets are
transferred to destination. Without loss of generality, the sys-
tem parameters are set based on the classical DSRC scenario.
Unless otherwise specified, the default values are set according
to Table I or as defined in Section III.

Label Parameter
Road Network
Communication Range
Number of Vehicles

Label Description
1402 intersections/4332 road segments
R = 200 meters
All 3997 taxis in Suzhou

Lifetime of Packet o)
Vehicle Speed Real data from monitoring
Vehicle Monitor Interval 2 minutes

TABLE I: Simulation Setup

A. Impact of Day Type

The day type determines the patterns of traffic flows in the
road networks. In this subsection, we investigate the influence
of the day type. Figure 5 shows the average delivery delay of
the V2VR, VADD and TBD in different day types. As shown
in Figure 5, the average delay of V2VR in workdays and
weekends is significantly lower than the average delay of both
VADD and TBD in corresponding day types. Another very
interesting observation is the difference between the average
delay of V2VR in two different day types is much smaller
than that of the other two algorithms. This is because V2VR
uses time varying models to approximate the mobile patterns
of road traffics, so its performance is more stable.

B. Impact of Time Period

In this section, we are interested with the performance of
the algorithms during different time periods in one day. Figure
6 and 7 shows the average delay during 9:00am to 17:00pm
in workdays and weekends. As shown in Figure 6 and 7, the
average delay of V2VR is lower than the other two algorithms
most of the time, and the lines of TBD and VADD are
much sharper, which proves again that V2VR is more stable
benefiting from the data-driven traffic flow analysis. Moreover,
in Figure 7, the lines of TBD and VADD are more zigzag
because the predicted trajectories of vehicles which can help
delivery are mined from historical information of all days, and
it models workdays better for most of days are workdays.

C. Effect of The Online Destination Information Collection
Mechanism

In this section, we evaluate the effect of our online destina-
tion information collection mechanism. As shown in Figure 8,
the percentage of vehicles who have the updated information
of destination is considerably high and different traffic flows
during different times in a day can rarely influence it.

VIII. CONCLUSION

In this paper, we carry out data-driven analysis to charac-
terize the patterns of the traffic flows. A method is designed to
calculate the expected delay of transferring packets by taking
advantage of the analysis. Further, an approach is proposed to
obtain the updated information of the moving destination, and
a distributed vehicular communication algorithm is presented.
Performance evaluation confirms that the performance of our
algorithm is better than the state-of-art solutions. With the
increasing popularity of vehicular networks, the proposed
algorithm offers a new perspective to use vehicle trajectory
information and deliver packets efficiently.
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