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Abstract. Dynamic path planning can efficiently enhance the validity
and reliability of real-time navigation for vehicles to avoid unexpected
traffic congestions and to shorten the whole traveling time. In this paper,
we present a dynamic path planning method in which the density of road
links is set as the main measurement for traffic status. By analyzing the
traveling time and waiting time, we propose a mechanism for vehicles to
decide whether to revise the current path. Our method aims at offering
a path with smallest time cost for vehicles towards the destination. Fur-
thermore, we give the discussion on time complexity and convergence of
our method. Finally, simulation is conducted to evaluate the proposed
method.
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1 Introduction

Nowadays, path planning for vehicles plays an essential part in Intelligent Traffic
System (ITS). The objective is to provide the drivers with a path leading from
source to destination with shortest time or distance. The conventional navigation
technology is static, which only takes the length of roads or the historical data of
traffic mobility into consideration. This kind of navigational service is launched
before the travel starts, so it does not make quick response to traffic congestion
and select an alternative route for vehicles. So it is crucial to work out an effective
dynamic path planning method for urban transportation scenario.

There are many works on dynamic path planning in traffic scenarios. A par-
tial path planning algorithm is proposed in [1]. Several fixed intermediate des-
tinations were selected between the source and the final destination in order
to reduce the re-calculation complexity. The segment route was monitored for
vehicles’ arrival speed and when necessary, a better route was re-calculated. He
et al. presented a skyline for candidate path selection method in paper [3]. It
mainly focused on the prediction of traffic condition by a density-speed traffic
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flow model. If the estimated speed for a road link was too low, this road link
would be discarded for path planning. Other papers such as [2,4] concerned
path planning from a global perspective. They studied how to keep balance of
the entire road network to avoid congestion.

All the above works are based on a consumption that the traffic congestion
lasts for a rather long time and thus the road segments suffering congestion will
not be considered for path planning anymore. In addition, the situation that
the alternative route to bypass the congestion may suffer another congestion is
not taken into consideration. From a realistic point of view, it makes sense to
predict the duration of congestion and the time to bypass the congestion. If the
former exceeds the latter, then the vehicle will take the alternative roads, and if
the former is less than the latter, the vehicle will just wait in the queue for the
smoothness of traffic.

In this paper, we use the real-time traffic information obtained by Vehicular
Ad hoc Network (VANET) for dynamic navigation path planning service. We
propose a recursive algorithm to continuously revise the route for a vehicle on
the purpose of offering a dynamic available path which will take the shortest
time to traverse. Moreover, we devise a traveling time and waiting time compar-
ison mechanism, which consider both the congestion duration and alternative
candidate path time consumption. This mechanism is in accordance with reality
and will improve the reliability for path planning.

The remainder of this paper is organized as follows. System model is pre-
sented in Sect.2. Then the analysis of the proposed problem is illustrated in
Sect. 3. The simulation is given in Sect. 4. Finally, Sect.5 concludes this paper.

2 System Model

2.1 VANET in Urban Area Scenario

VANET in urban area scenario is shown in Fig. 1. Each vehicle is assumed to
be equipped with Onboard Unit (ONU). A VANET is a self-constructed net-
work without any host server. All vehicles within one-hop region constitute an
independent group. If one vehicle is going to launch communication with one
from another group, it should call for a specific routing protocol to transfer data
packet in different groups.

To further develop the model of path planning, we first devise a symbolized
VANET architecture as (I, R). The set of intersections in the urban road network
is denoted as a collection I. Let R be the set of all road links. A road link k
is denoted in Fig.1 as r(t) = {ir(z,v), jk(z,y), ve(t), d, wi(t)}, where i and j
is the start and end point of the road link. vy (t) is the traffic flow speed of the
road link k. d is the direction, confining to d € {i — j,j — i}. The weight is
wy(t), which is related to the variant density of the road.

The symbols and notations used in this paper is shown in Table 1.
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Fig.1. VANET in urban area scenario

Table 1. Symbols and notations

Symbols | Definitions

ri(t) A road link k

|ri(t)] | Length of r(t)

wi(t) Weight of road link &

P(t) A path in road network

deng(t) |Road density

N(t) The list each vehicle keeps locally

|N(t)] | The total number of vehicles

vk (t) The average spatial velocity of traffic flow on ry(¢)

tesTI The time candidate path takes to bypass congestion

tp The time of congestion to resume smoothless

Deong(t) | Set of congested segments

2.2 Dynamic Path Planning Model

In this part, we mainly focus on a dynamic path planning model. Graph Theory
is used here to illustrate the model. As is mentioned, I is the set of road net-
work intersections. R is the set of road links. Let W(t) be the set of road link
weight, where W (t) = {wy(¢)|k € R}. It is related to its real-time traffic density.
A navigation path P(t) can be denoted as P(t) = (r1(t),r2(t), -+ ,mn(t)) [3],
where r; € R and 7,,(t) = {in(x,v), jn(2,y), vn(t),d, w, (¢)}. Our final objective
is to work out a path P(t) along which vehicles can spend the shortest time to
the destination.
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Referred to the expression in [3], our problem can be formulated as:
Input:

(1) aroad network (I, R, W (t))
(2) the start point s and the destination point d, where s,d € I, s # d

Objective: Find a path P(t) = (r1(t),r2(t), - ,r(t)) leading from s to d,

which minimize
ri(t)EP(t)

Ttime= Y I 8' 30, (1)

where t,, € Q, @Q is the set of waiting time and v;(t) is the speed of traffic flow
and |r;(t)| is the length of road link 7;(¢).

Subject to: Z?(t)ep(t) |ri(t)| < ©, where O is a length constraint.

Our aim is to find a path, which takes the least time to the destination when
considering the real time traffic condition. We first find a preset route which
consumes minimal time in static situation, which can be obtained by classical
algorithms like Dijkstra or A*. In a free traffic situation, a vehicle following
the preset route can spend least time to the destination, but if parts of the
preset route is congested, our proposed iterative algorithm is used to bypass the
congestion.

3 Dynamic Path Planning Solution

3.1 Traffic Information Collection

Since dynamic path planning is based on real-time road condition, it is essential
to collect ambient traffic information regularly and efficiently. In vehicular ad-
hoc network, this task is accomplished by the vehicle itself. It is assumed that
each car maintains a list, in which every entry denotes the parameters of all
the other car nodes on the same road link within one-hop region and updates
every At time. The entry records the vehicle’s id, current velocity, road link id
it belongs to and time stamp. The standard format is shown in Table2. As is
mentioned above, the list each vehicle keeps can be defined as a set N(t). We
define | N (t)| as the total number of vehicles running on the current road link.

Table 2. Beacon message format

Vehicle | Velocity | Road link | Time stamp
1D u(t) r(i,]) %

With all these vehicles’ information stored, vehicles can get some crucial
statistic results such as the mean velocity of vehicles on the road link and its
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current density. According to the Traffic Flow Theory [5], the space mean speed
of traffic flow on road link r(¢) is denoted as

[N (@)

vp(t) = — WL
Yoenw oo

(2)

And density of road link rg(¢) is

_ IN@)I
denk(t) = |’I“k<t)|.

3.2 The Criteria for Revising the Preset Route

When a vehicle launches a request for path planning and navigational service, we
assume that with the help of ONU and the static parameters stored, it will first
work out an initial path Pj,;; = (r1,72,- -+ ,7,) as a preset route leading from the
source position to its destination. When the initial route P, = (11,72, ,75)
is obtained, it becomes the base to be adjusted and revised with the real-time
traffic information. It is assumed that each source node automatically creates a
dynamically-updating table, in which there records road links included in Pj,;;
and the corresponding initial weight and subsequent updated value. The weight
of the road links are updated every At time. Since road link weight w(t) is a
function of the density, it fluctuates all the time. It is impractical to recalculate
the route as soon as the weight changes, for in reality a slight fluctuation in road
link density may not exert an obvious impact on the real-time traffic condition
and thus there is no need to change the current route. So we set a threshold
a(> 0) to denote the weight fluctuation. Unless the real-time road link weight
fluctuates beyond the threshold, the vehicle keeps moving forward along the
preset route. When

wp(t+ At) —w,(t)  w(t+ At)

won (D) TN R )
where 4

A is a non-negative constant, it is necessary to revise the preset route and select
a candidate path. By substituting inequality (4) with equation (5), we get

deny(t)

donp(t + A L7 (6)

Since weight w,, (t) is a function of the inverse of density deny (t), when density
increases, its weight should be set lower due to the high possibility of congestion.
wp(t + At) lower than w,(t) shows the increased density of the road. When
—1 < «, it means the density of road links fluctuates within a rational
range and thus there is no need to launch a path planning service.
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3.3 Candidate Path Selection

Once a set of consecutive road links are congested, i.e. the density increases and
the corresponding weight declines beyond the threshold «, the candidate path
selection algorithm is launched. A general example of the proposed algorithm
is explained in Fig.2(a). When there is a congested segment AB on the preset
route s — d, we just work out a candidate path to bypass the congestion.

L4 junction
junction maybe involved
——> normal path
= = = congested path

Vo
(a) congested (b) general
segment =1 case

Fig. 2. Example for proposed algorithm

The current route is denoted as P(t) = {r1(t),r2(¢), - ,7n(¢)} and the con-
gested road segments is peong(t) = {rr(t), 7e41(t), -+ ,rm(t)}, which is a subset
of P(t). We select the subset peong(t) as the next miniature of path planning,
i.e. r(t) is selected as a sub-source and r,,(t) is selected as the sub-destination.
A preset route leading from ry(t) to r,,(¢) is first worked out by static methods.
The vehicle goes along the preset route and bypass congestion. It is an iterative
process and manifests the dynamic feature.

Let Puer(t) = (r3,(t), 7541 (t),--- , 7, (t)) be the candidate path to bypass
the congested roads peong(t). Then we analyze the time to take the candidate
path tgsrr and the time for congestion to consume free t,.

O] e ® )
tepsTr = o (1) + 0 + + ) (7)
e ®l . )]
P oen om() (®)

If tgstr < tp, it demonstrates that taking the candidate path will help cut
the total traveling time towards destination and so the vehicle should take it
to bypass the congestion. Otherwise, if tggrr > t,, the vehicle should wait
in the queue for the congestion to resume free. The algorithm is described in
pseudocode Algorithms1 and 2.
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Algorithm 1. Dynamic Path Planning

Initialize preset route

Pinv’,t = @

for r,,(to) € R do
Tinit(to) = [rn (to)l

vn (to)
Pinit — Piniz J{argminy_, %
apply Dijkstra to work out Pins¢
end for
procedure DYNAMICREVISING
Peong(t) = 0
for : =0,7i <=n,i++ do

if % — 1> a and wy,(t + At) < w,(t) then

Pcong (t) < Pcong (t) U Ti(t)

elsecontinue

end if
end for
launch FindAlternativePath()
compare tgstr and ¢,
if thentgsrr >t,

stick to the current path and wait for congestion relieved
end if

end procedure

In Algorithm 1, a preset route is first worked out by static method. Then the
vehicle collects the statistics of road links in the preset route to detect congestion.
Once the road weight drops beyond the threshold, Algorithm 2 is launched to
find an alternative path. By analyzing the time, whether to take the candidate

path or wait in the queue is decided.

Algorithm 2. Find Alternative Path

source «— 1 (t), destination «— 7, (t)
Pinit < Pinit U{arg%}

DynamicPathPlanning)()
return Pyier(t)

Algorithm 2 is a subfunction of Algorithm 1. Its function is to find an Alter-

native path. It also calls Algorithm 2 to form an iterative method.

3.4 Algorithm Analysis

The analysis of time complexity of the algorithm is given as the following

theorem.
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Theorem 1. The time complexity is in proportion to the number of congested
road segments which need revising.

Proof. First we assume that the preset route is free and sound enough to go
through without any other effort to revise. In this case the complexity is O(n),
where n is the number of road links contained in preset route. Then if there is
only one congested segment containing k consecutive road links, the complexity
is O(n)+O(k). And further if the there is m congested segments, the complexity
is O(n) + mO(k). The deduction shows that the complexity of this algorithm is
related to the number of iteration, which is actually the congested road segments
to bypass. So the whole time complexity of the algorithm can be denoted as

KO(n), (9)
where K is the number of iteration and can be regarded as a constant.

Theorem 2. The revision process of a route is convergent as long as the inter-
section angle between the search direction and the direction pointing from starter
to destination or sub-destination is less than 90°.

Proof. Figure2(b) shows the search direction should be always towards the
destination. We define the intersection angle between searching direction and
the direction pointing from starter to destination as 6. 6 should be less than
90° because based on common sense, drivers never retrace their steps. For
further proof, we introduce the theory of gradient descent here to prove the
above theorem. Based on the gradient descent, we have the iterative formula
apy1 = ap + pks_(k), where s~ (%) represents the negative gradient direction
and py is the step. In our realistic urban traffic situation, the negative gradient
direction s~(®) can be specified as the direction pointing from the starter to the
destination or the sub-destination and the step py end coordinate of one road
link for the candidate path search. In addition, a; stands for the terminal coor-
dinate of road link k and aj;1 stands for the successor’s terminal coordinate. So
the objective function is

|lak+1 — 2al, (10)

where x4 is the sub-destination’s coordinate. During the exploring process, we
minimize the objective function, that is, the candidate path is found towards the
destination and finally the whole process will be convergent for the destination
is locally unique.

4 Numerical Simulation

In this section, we evaluate the performance of the path planning algorithm
proposed in Sect. 3. First we construct a virtual urban area road network shown
in Fig.3(a). Fig.3(b) is the corresponding graph, in which the road length is
randomly created by Matlab ranging from 0 to 30.
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Fig. 3. Performance evaluation

We consider the total traveling time from source 3 to destination 27 with
the increasing congestion time (recovery time). From the urban area road graph
shown in Fig. 3(b), the preset route from node 3 to node 27 is 3 - 2 — 1 —
4—-8—10 — 15 — 19 — 24 — 27, with the total length of 112. And further
we suppose that the velocity of vehicle is 5, so the time to go along the preset
route is 22.4. Now the road link 3 — 2 — 1 — 4 — 8 — 10 (total length 64) is
congested. So we alternatively select 3 — 7 — 6 — 12 — 11 — 10 (total length
73) to replace the congested road segments. Results on the total traveling time
for vehicles with increasing congestion time is shown in Fig. 3(c).

From Fig. 3(c) we can see that when congestion time is short, sticking to the
preset route and wait for congestion recovery is a better choice. When congestion
time is long, taking an alternative route to bypass the congestion costs less total
traveling time.

5 Conclusion

In this paper, we propose a dynamic path planning mechanism in urban area
traffic scenario. Our method is based on the principal of consuming the least time
to travel to the destination rather than the shortest distance in the time-sensitive
traffic situation. If congestion emerges, the source node would be notified ahead
of time and launch alternative path selection algorithm to bypass the congestion.
In addition, we devise a time-comparison mechanism to decide whether to take
the alternative route or wait for the congestion recovery. Further, we discuss
the time complexity and convergence of our proposed algorithm and simulation
results are given, which shows that the revision-based dynamic path planning
fits the traffic reality better. Future work will concentrate on the study of routing
protocols in VANET for this dynamic path planning method.
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