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Abstract

Dynamic user optimum

This paper proposes a bi-level route guidance method based on macroscopic fundamental diagram (MFD) for
urban road network, which is a combination of central route guidance and distributed route guidance and it
considers the intentions of both traffic management and traveler. It is a compromise of system optimum and user
optimum. In upper-level route guidance, traffic dynamic evolution model of route guidance sub-region based on
MFD is constructed and system optimal dynamic traffic assignment method on traffic guidance sub-region level is
proposed. In lower-level route guidance, the traffic guidance paths are generated by solving the optimal path
problem of the reactive users. Through analysis of the data gathering from Changchun City, China, it is verified that
the proposed method not only meets the real-time requirements of dynamic traffic guidance but also provides
benefits for the whole traffic system and individual traveler.
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1 Introduction

Urban traffic congestion is increasingly serious; the ten-
dency of congestion range turns from single intersection,
road section to regional road network. Traditional ap-
proach which considers intersection and road section to
organize traffic cannot solve urban traffic congestion
problem efficiently. Research on traffic congestion prob-
lem is moving to region level. Hence, it is necessary to
determine a method to describe the macro traffic condi-
tion of regional road networks in the first place, and to
divide guidance sub-region of urban road networks
before formulating and implementing the guidance strat-
egy. The application of macroscopic fundamental dia-
gram (MFD) theory is an effective way. Daganzo and
Geroliminis found that link flow and occupancy rate in
road networks show a regular variation trend which ap-
pears as curve form with low discreteness during the re-
search analysis of traffic measured data of road networks
of Yokohama, Japan. Then, they put forward the concept
of MED formally [1, 2]. And in subsequent studies, they
found that MFD not only can describe the relationship
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between network flow and density (occupancy rate) but
also can reflect the relevance between outflow traffic vol-
ume (including the regional vehicle quantity of both ar-
rival and departure) and running vehicles in the road
network, in addition, the relation between vehicle operat-
ing distance and time, etc. [3, 4]. Therefore, MFD is con-
sidered to show the universal relation between operation
efficiency and traffic volume of road network, and pro-
vides an effective way to traffic management and control
[5, 6] and traffic network analysis and evaluation [7-9].
Dynamic traffic routing guidance is an effective way to
alleviate urban traffic congestion problem; it is based on
dynamic traffic assignment, which influences travel deci-
sion making of travelers through releasing dynamic
guidance information and generating guidance path and
adjusts traffic flow of urban road networks so that traffic
flow can be assigned into entire urban road network
evenly. Thereby, traffic congestion problem can be alle-
viated and operation level of entire road network can be
promoted. Traffic guidance system is divided into two
categories: ‘Central traffic guidance’ and ‘Distributed
traffic guidance, which have different ways of informa-
tion processing and guidance path generating. There are
two effective thinking to promote traffic guidance path
generation efficiency: first, it considers data processing
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capacity, through limiting the path (node) searching
range to reduce the scale of data processing [10]; second,
from the perspective of data processing, adopting paral-
lel computing, bidirectional search, and other methods
to improve computing efficiency [11, 12].

Central traffic route guidance can improved the overall
operation efficiency of road network. However, it is diffi-
cult to achieve the real-time requirement of real-time
traffic induction because of the need for massive data cal-
culation. Distributed traffic route guidance computing
time and space complexity are lower, which can satisfy the
real-time requirement, but it may cause congestion trans-
fer and new congestion. Therefore, this paper proposes a
bi-level path guidance strategy which combines both cen-
tral and distributed traffic route guidance. In upper-level
route guidance, central route guidance takes place in cen-
tral end; guidance sub-region is the elementary unit of sys-
tem optimal dynamic traffic assignment, and guidance
path of sub-region level can be generated then sent to the
vehicle terminal. In lower-level route guidance, distributed
route guidance is done by vehicle terminal; it searches and
generates user optimal path from guidance sub-region
which is passed by guidance path of guidance sub-region
level from the central end. This strategy makes a combin-
ation of central path guidance and distributed path guid-
ance, which effectively compensates their own deficiencies
of those two guidance methods. This strategy considers
the intentions of both traffic management and traveler.
And it reaches the compromise of system optimum and
user optimum, which is a commendable attempt of im-
proving traffic flow guidance system. The purpose is to
improve the rational distribution of road traffic flow, im-
prove the efficiency of road network operation, reduce
delay, and alleviate traffic congestion.

2 Methodology

2.1 Traffic guidance sub-region division based on MFD
2.1.1 Macroscopic fundamental diagram model specification
With the number of network operation vehicles (N) as
the abscissa, road network operating capacity (P) as the
ordinate, reflect the whole process of the road network
shifting from heavy to smooth. The network operating
capacity is represented as operating vehicle mileage in
the road network per unit time (the product of network
operating vehicle and average travel speed ‘V).

P = h(N) (1)
Z Vi- ll‘

P=N-V=N--. (2)

S

In the equation, /(s) is the functional relationship be-
tween the vertical and horizontal coordinate variables v;
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is the travel speed of road section i (m/s), and /; is the
length of road section i,

The operating capacity P can be obtained through
real-time monitoring the average speed V.and the num-
ber of operating vehicles N and then get the MFD scat-
ter plot of the road network.

Obtained scatter points are used for curve fitting by
cubic polynomial with the constant term of zero:

P(N) = m;N> + myN? + m3N (3)

In the equation, m,, m,, ms represent the parameter
calibrated in the model.

Considering the impact on MFD caused by the in
homogeneity of spatial distribution of road network
density, the nonuniform coefficient ¢ can be introduced
in the model, then obtain the generalized macroscopic
fundamental diagram (GMFD):

P(N,0) = (miN® + myN? + msN) (a-e"” +¢c) (4)

In the equation, my, my, ms, a, b, c represent the pa-
rameters calibrated in the model.

oo [5 Bk )

- 1
i

In the equation, k; represents the density of road sec-
tion i, k" represents the average density of the road net-
work, and I represents the number of road sections in
the road network.

2.1.2 Traffic guidance sub-region division

The more uniform the spatial distribution of section
density of the road network is, the lower the dispersion
of the scatter gained from MFD is, the more accurate
the MFD model can be built; furthermore, when the
MFD model is applied to traffic route guidance, the
error caused by data aggregating is much smaller and
the guidance effect is better. Therefore, the ‘homogen-
eity’ of road network is a principle need considering
when conduct the traffic guidance sub-region division
based on MFD. However, MFD is also the macroscopic
property of road network; moreover, in order to facilitate
the development and implementation of traffic guidance
strategy, it also need cooperating with other principles.
The principles of traffic guidance sub-region division
based on MED are as follow:

1. The guidance sub-region has homogeneity.” This is
the prerequisite of MFD stably existence and its
good performance, and the basic of applying MFD
model into traffic guidance.

2. The guidance sub-region must have a certain scale.
MED reflects the macroscopic characteristics of
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road network, and it shows the result of aggregate
and statistical regularity generated from the traffic
parameters of a certain number of road sections.
Thus, guidance sub-region division must ensure
that the sub-region has a certain size of space.

The number of guidance sub-region must be rea-
sonable and determined through considering the
actual traffic condition and guidance objectives.
Central traffic guidance in upper-level route guid-
ance of bi-level path guidance strategy proposed
by the paper is that abstract guidance sub-region
into road section and carry out system optimum
dynamic traffic assignment by using sub-region
as elementary unit. If the number of sub-region
is too much, then the operation efficiency is re-
duced. If the number of sub-region is too little,
it is hard to promote the operation efficiency of
the whole road network.

The guidance sub-region must have internal con-
nections and external connections between adjacent
sub-regions. It is aimed to provide travelers who
pass within the sub-region or pass through multiple
sub-regions a complete and connected path from
the perspective of guidance path generating.

After analyzing above principles, it is easy to find that
the less road sections in each sub-region is, the more eas-
ily the sub-region is in the ‘homogeneous’ state; neverthe-
less, that leads to much smaller scale of the sub-region,
which is inconsistent with the second principle mentioned
above; moreover, the number of sub-regions will get too
much after this division way, which does not match the
third principle. In addition, it can easily lead to internal
disconnections of sub-regions and external disconnections
among adjacent sub-regions, which is incompatible with
the fourth principle. However, the second, third, and
fourth principle are the essential requirement for the
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stably existence of MFD and that MFD model can be ap-
plied to traffic guidance and gain better effects. Therefore,
when dividing the sub-region based on MFD, it must en-
sure that the principle 1 is satisfied as far as possible on
the basis of not breaking the principle 2, 3, 4.

2.2 Bi-level path guidance strategy

2.2.1 Main idea of bi-level path guidance strategy

Suppose that the urban road network is divided into nine
rectangular guidance sub-region, as shown in Fig. 1. Ensure
the relative homogeneity of traffic flow density among each
guidance sub-region which has stable MFD property.

According to bi-level route guidance strategy of this
paper, at some point, conduct the route guidance to the
traveler whose starting point is the red pentagram pos-
ition and destination is the blue pentagram position
shown in Fig. 1. In upper-level path guidance, central
end needs to confirm the guidance path of guidance
sub-region level. For instance, at the moment, central
end can lead the traveler move along the sub-region
1-2-53—-6—>9%90r1—-4—-7-8—>9%90r1—-2—
5—8—9 to finish this journey, which the route has
been shown in Fig. 1 using three different colors. In such
a situation, central end obtains the macroscopic traffic
state of each guidance sub-region based on MFD theory,
which abstracts the sub-region as road section to build
the function relationship between road impedance and
traffic flow. Conduct the dynamic traffic assignment of
guidance sub-region level optimally based on system
optimum and send the guidance path of sub-region level
to vehicle terminal. Suppose that the travel sequence of
guidance sub-regionis 1 -2 —5—>8—9.

In lower-level route guidance, vehicle terminal receives
the guidance path of sub-region level (1 ->2—5—8—9)
sent by the central end, and only in region 1, region 2, re-
gion 5, region 8, region 9, which this path passes. According
to the real-time information of traffic condition, conduct

[\

N

7

Fig. 1 Schematic diagram of upper-level path guidance
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vehicle route optimization based on user optimum, and
suppose that the final generating path is that the red arrow
shows in Fig. 2.

This strategy considers the will of both transport man-
ager and traveler; it is the combination of central guid-
ance and distributed guidance, and the compromise of
system optimum and user optimum.

Consider two extreme cases, that is, the maximum
and minimum number of guidance sub-region generated
by urban road network division:

1. The number of guidance sub-region is maximum: it
means that each road section is divided into a guid-
ance sub-region; at this point, the number of guid-
ance sub-region is equal is the number of total road
sections of the road network, which is the most
‘homogeneity’ situation of the guidance sub-region.
Under this circumstance, the central end conducts
system optimum dynamic traffic assignment of every
guidance sub-region, namely each section is assigned
in proportion; at this point, bi-level route guidance is
equal to central guidance based on system optimum.

2. The number of guidance sub-region is minimum:
that is, the whole road network is a single guidance
sub-region; at this point, the number of guidance
sub-region is 1. In this situation, guidance path of
guidance sub-region level which the vehicle ter-
minal received only contains one guidance sub-
region; in addition, it contains all sections of the
road network, and it is easy to understand that, at
this point, bi-level route guidance degenerates into
distributed guidance based on user optimum.

Consequently, controlling the number of guidance
sub-region reasonably based on actual traffic condition
and need can effectively adjust the effect of bi-level
route guidance.
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2.2.2 Upper-level path guidance based on system optimum
Suppose that the urban road network is divided into K
guidance sub-regions, k={1,2,:--K}, each guidance
sub-region has relative homogeneity of traffic flow dens-
ity and stable MED features.

Upper-level path guidance is to carry out dynamic traf-
fic assignment of guidance sub-region based on system
optimum, which is different from the traditional link
and node oriented dynamic traffic assignment; it needs
to abstract sub-region into road section and the bound-
ary of adjacent guidance sub-regions is abstracted as
node, and re-build the function relationship between the
road impedance function and flow variation, yet the
non negative constrains, initial conditions are similar
to those in traditional dynamic traffic assignment;
only the object turns from road section to guidance
sub-region.

First, define the following symbolic variables:

Ni(t)—time ¢, the number of vehicles running in the
guidance sub-region &, unit is vel;

P(Ni(2))—operating capacity of guidance sub-region k
at time ¢, the value is the operating vehicle mileage of
guidance sub-region k per unit time, unit is ve/ - m/s;

Vi(t)—at time ¢, the average operating speed of guid-
ance sub-region k, unit is m/s;

My(t)—at time ¢, travel completion rate of guidance
sub-region k, unit is veh/s, it is defined as the vehicle
outflow of sub-region k per unit time; it is worth noting
that it includes the number of vehicles of both arrive in
and leave from this region;

L,—the average travel distance of guidance sub-region
k, unit is m. Once the guidance sub-region division is
determined, it is a fixed value;

Ti(t)—at time ¢, reactionary average travel time of
guidance sub-region &, unit is s.

Through the above definition, according to MFD the-
ory, there are:

=)

7

A /

Fig. 2 Schematic diagram of lower-level path guidance
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1 B

Fig. 3 Local road network scope of Changchun and traffic guidance
sub-region division

Vi(t) = Pe(Ni(t))/Ni(2) (6)
My (t) = Pr(Nk(t))/Lk (7)
Ti(t) = Li/Vi(t) = Li - Ni(t) /Pr(Ni(2)) (8)

T(¢) is a function of Ni(z), which can be considered as
road impedance function of guidance sub-region k.

Define N?X(t) representing the number of vehicles op-
erating in the guidance sub-region k at time ¢ whose ori-
gin and destination are sub-region r and sub-region s
respectively and travel route is path p. Here, p is a se-
quence of guidance sub-regions which consist of a series
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of guidance sub-regions that from starting sub-region r
to final sub-region s; obviously, guidance sub-region k
belongs to route sequence p, then there are:

DD D NE () = Nile) (9)

Define MP?*(t) representing the completion rate of the
vehicles at time ¢ in the guidance sub-region k whose
origin and destination are sub-region r and sub-region s
respectively and travel route is path p, then there are:

PUNL(E) NP
Ni(t) Ly

ok _ N () _
MEA(t) = N () -M:(t) =
P
= Vi(t) .N_rLsk(t)

(10)

Define Q,(f) representing the traffic demand gener-
ated at time ¢ which starts at sub-region r and ending at
sub-region s; Q% (¢) represents the travel demand
assigned to the path p, then there are:

>0 = Qu(0) (11)

Define p,(k) representing the sub-region next to sub
region k in the route sequence p.

Define p, (k) representing the sub-region closely after
the sub-region k on the route sequence p, and p _ (k)
representing the sub-region closely before the
sub-region k on the route sequence p.

My? +(k>(t) represents the diverted traffic volume
from sub-region k to sub-region p,(k). Traffic vol-
ume variation function relationship is shown in the
equation below. (In order to simply express the for-
mula, time ¢ is omitted):
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Fig. 4 The variation of vehicles in guidance sub-region
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Q-MP* k=randk =s
k —
% _ Qfs_Ml:s P (k) k = r and kzs (12)
dt Mpf(k)—’k_er’Sk kzrand k = s

MP- Ok ) lge

Dynamic system optimal state requires equal and
minimum marginal travel time zZ(¢) in all optional
paths; therefore, the vehicle can be assigned to a path
with minimal time-varying marginal cost. Identify those
paths through calculating the marginal travel time of
guidance sub-region 7;(¢) and applying the algorithm of
solving dynamic minimal path. The marginal travel time
of guidance sub-region k can be calculated from the
equation below (In order to simply express the formula,
time ¢ is omitted):

dTy Ly - Ny d Li-Ng
T« =T+ Ny - —= —
TN, T PNy T AN P (N
2 de(Nk)/de
=L;-N Ny -
‘ k<Pk<Nk> TXATE
(13)

Through above process and calculation, upper-level
route guidance—system optimal dynamic traffic assign-
ment problem based on guidance sub-region can be ab-
stracted into traditional system optimal dynamic traffic

Table 1 Total delay of road network (107(veh-s))

assignment problem based on links and nodes to de-
scribe and solve. Method of successive averages (MSA)
is a kind of common heuristic algorithm which is suit-
able for solving the problem of balanced traffic flow as-
signment. MSA algorithm is applied in this paper to
obtain the solutions to dynamic traffic assignment prob-
lem of upper-level path guidance.

2.2.3 Lower-level path guidance based on user optimum
Lower-level path guidance is that under the premise of
fully accepting the instructions of upper-level path guid-
ance, within the range of guidance path of sub-region
level generated from upper-level path guidance, vehicle
path optimization based on user optimum is achieved
through solving the optimal (short) path problem of
time-varying road network.

For the classic algorithms of dynamic shortest route,
including Dijkstra algorithm, A" algorithm, Floyd algo-
rithm, etc., as long as the time-varying road network
meet the first-in-first-out constraint (FIFO) features, it
can be used to solve the dynamic optimal path problem.
The research priority of this paper is the bi-level path
guidance strategy not the user optimal path solving algo-
rithm itself, hence, the commonly used A" algorithm is
chosen in the paper. This algorithm has higher calcula-
tive efficiency comparing with Dijkstra algorithm.

Average saturation of road networks

03 04 0.5 0.6 0.7
User optimum 035 1.02 2.29 3.14 438
System optimum 0.34 (2.9%) 0.93 (8.8%) 1.97 (14.0%) 265 (15.6%) 3.58 (18.3%)
Bi-level route guidance 035 (0) 0.99 (2.9%) 2.10 (8.3%) 2.73 (13.1%) 3.81 (13.0%)
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Table 2 Performance of different path searching algorithm
Failure rate of path Average time of path Minimum time of path Maximum time of path Node
searching searching (s) searching (s) searching () number
Overall path 2/1000 267 0.80 722 68
searching
Algorithm of this ~ 7/1000 1.68 042 459 36

paper

A’ algorithm is a heuristic search algorithm; it is not
to treat all nodes equally but only choose those nodes
which have the greatest probability, until the target
nodes are found. Therefore, comparing with Dijkstra al-
gorithm, it reduces the number of nodes required for
searching, and promotes calculative efficiency.

Note that vehicle path optimization in lower-level
route guidance is realized on the basis of upper-level
path guidance of sub-region level. Searching of links and
nodes is only carried out in the specific guidance sub-re-
gions; in other words, only the sub-regions on the se-
quence identified by upper-level route guidance are
passed. In this situation, the road sections outside the de-
fined range of the sub-regions are regarded as disconnec-
tion, and the travel time is considered as infinite, and the
intersection nodes outside the range are not extended.
Under such limitation condition, the above-mentioned A”
algorithm is applied to achieve the optimization of vehicle
path in lower-level route guidance.

3 Results and discussion

The study designs a simulation experiment by use of
ArcGIS and Paramics software, which chooses local road
network of Changchun city. The division of sub-region
is shown in Fig. 3.

By importing traffic demand files and OD matrix and
loading different flow to simulate traffic demand of dif-
ferent time, and replace and modify the original core
model of dynamic traffic assignment through API inter-
face to simulate the dynamic traffic assignment based on
system optimum, user optimum and bi-level path guid-
ance strategy of this paper, and make the comparative
analysis of simulation results. Simulation time is set to
2 h, sampling period is 300 s.

ArcGIS is used for road network building and data
storage, and it achieves the function of path searching
via secondary development. Load the traffic information
generated by the paramics simulation on ArcGIS, which
can be used as the base data for the path searching.

Under the bi-level path guidance strategy, network op-
erating vehicle variation with time in each guidance
sub-region is shown in Fig. 4.

Take sub-region 1 as an example, where MFD of local
road network is drawn and shown in Fig. 5. As can be
seen from Fig. 5, under three different path guidance,
with the increase of road network congestion, the

operation capacity of road network shows a downward
trend, and the decline scope is different: under system
optimal condition, the decreasing amplitude is not obvi-
ous; and under bi-level path guidance condition, there is
a slight drop; however, under user optimal condition, the
operation capacity of road network has a significant de-
cline. It demonstrates that bi-level route guidance strat-
egy can well adjust the number of operation vehicles in
guidance sub-region and ensure that the operation cap-
acity of road network keeps at a relatively high level.

Total delay of road network under different traffic
guidance is used for comparative analysis, and the re-
sults are shown in Table 1.

It can be seen from Table 1 that the total delay of road
network under bi-level path guidance strategy is lower
than that under user optimal condition, yet higher than
that under system optimal condition. Those discrepan-
cies are related to the congestion state of road network;
the more serious the congestion state is, the more the
discrepancy between bi-level path guidance and user
optimum mode is; on the contrary, the smoother the
road network is, the lesser the discrepancy between
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Fig. 6 The results of different guidance path generation
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Table 3 The results of different guidance path generation
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Departure time (s) ~ Guidance mode Actual travel time (min)

Travel distance (km)

Guidance path (indicated by path number in Fig. 6)

3500 Distributed guidance 54
Central guidance 42
Bi-level guidance 47
2200 Distributed guidance 30
Central guidance 35
Bi-level guidance 32
5000 Distributed guidance 13
Central guidance 14
Bi-level guidance 14

32

Path 2

4.2 Path 3
4.2 Path 3
33 Path 1
4.2 Path 3
33 Path 1
3.2 Path 2
32 Path 2
32 Path 2

bi-level path guidance and user optimum mode is. This
fully shows that the bi-level path guidance proposed in
this paper is the compromise situation between user
optimum and system optimum.

Table 2 shows that the efficiency of guidance path
generation under bi-level route guidance is higher
than that in overall path searching algorithm. There-
fore, it is fully proved that bi-level path guidance of
this paper can effectively promote real-time capacity
of dynamic traffic guidance.

Load the traffic state information from paramics simu-
lation into ArcGIS, and generate guidance paths of the
same OD at various departure times under different traf-
fic guidance, as shown in Fig. 6 and detailed results are
shown in Table 3.

As can be seen from Table 3, different time, road net-
work under different flow distribution state, the guid-
ance paths generated from different traffic guidance
mode are not the same. It can be found that bi-level
route guidance does not excessively sacrifice benefits of
individual traveler and do reduce the journey time that
traveler needs under heavy traffic congestion state, from
making comparison between the actual travel time and
journey distance of individual traveler. Through the
simulation analysis, it is found that the traffic guidance
strategy proposed in this paper can not only improve the
benefit of the whole traffic system but also improve the
individual travel benefit of travelers.

There are some shortcomings in the research of this
paper. In the dynamic division of guidance sub-region
based on MFD, only the road physical properties and
signal control parameters of road network are consid-
ered in the initial division. In the bi-level route guidance
method based on MFD, the average travel distance of
the guidance sub-region is only a simple determination
of the size of the sub-region and the relative position of
the sub-region, and there is no actual investigation of
the travel rule and characteristics of the sub-region trav-
eler. It is hoped that the improvement of these short-
comings will promote the in-depth study and application

of related theories, and provide valuable directions for
further research.

4 Conclusions

This research proposes a bi-level path guidance strategy
of urban road networks; it considers the intentions of
traffic administration and travelers, which is a combin-
ation of central and distributed route guidance and a
compromise of system optimum and user optimum.
Traffic dynamic evolution model of route guidance
sub-region based on MFD is constructed and system op-
timal dynamic traffic assignment method on traffic guid-
ance sub-region level is proposed in upper-level route
guidance. In lower-level route guidance, the traffic guid-
ance paths are generated by solving the optimal path
problem of the reactive users. Through analysis of ac-
tual examples, the method not only can meet the
real-time requirements of dynamic traffic guidance
but also provides benefits for the whole traffic system
and individual traveler.
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