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A dynamic evolution model of disequilibrium
network traffic flow with quantity
regulation of congestion
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Abstract: Supposing that the travel cost on the paths and the congestion degree on the key links
were considered by the urban travelers, a price-congestion mixed dynamic evolution model was
established based on analyzing the equilibrium flow model. The model was based on the
economics theory of non-Walrasian equilibrium method and by simulating the traveler’s route
choice behavior following the economical concept of market exploration process, the equivalency
of model stability and equalization was verified. The evolution model was simulated by using a
simple test network and a medium size network, the evolution process of disequilibrium network
traffic flow and the performance of traffic network under the disequilibrium situation were
described. Analysis result indicates that the evolution model of time price regulation accords with
the classical Wardrop’s first principle; the result of quantity regulation of congestion allows the
degree of congestion on the key links of each path between OD to be the same; the result of price-
congestion mixed regulation allows the path flow to be adjusted between the paths of lower cost
and the ones of less congestion, the undulation of dynamic evolution of which is greater than that
of the single regulation. In the test network, because the model only considers the choice
behavior of congestion degree upon path, the congestion degree of whole traffic network is more
uniform, and compared with the single price regulation model, the overall uniformity coefficient
improves by 62%. However, the mean link saturation improves from 0. 60 to 0. 64, which
indicates that the traffic network becomes congested overall. By considering the joint regulation
of these two factors, the saturation of most congested link decreases from 0. 936 to 0. 787. The
overall uniformity coefficient improves by 46%. The mean saturation of links, path travel time
and congestion decrease. The test result of the medium size network also shows that such mixed
equilibrium model can describe the dynamic evolution process of traffic flow on traffic network

flexibly and objectively, and achieve steady state flow of traffic network system, which can

Received date: 2017-12-18

Foundation item: National Natural Science Foundation of China(51338002); Open Fund of Engineering Research Center of Catastrophic
Prophylaxis and Treatment of Road and Traffic Safety of Ministry of Education (Changsha University of Science and
Technology) (kfj160402) ; Educational Commission of Hunan Province of China (17C0058)

Author resume: WU Li—xuan (1979-), female, lecturer, doctoral student, penny wlx(@163. com.

Tutor resume: HUANG Zhong-xiang(1965-) , male, professor, PhD, mehzx@126. com.



168 Journal of Traffic and Transportation Engineering

2018

explain the traffic travel behavior better. 8 tabs, 9 figs, 32 refs.

Key words: traffic flow theory; evolution model; non-Walrasian equilibrium; tatonnement
process; quantity regulation of congestion
CLC number: U491, 112 Document code: A
= : 1
(1. , 410114; 2.
. 4101145 3. s 2500313
4. s K1P 1J1)
’ ;
, )
)
, ; ,
) o
Wardrop , OD
, _
, ; )
; 62%,
0. 60 0. 64, 3 )
0.936 0.787, 46 % , .

0 Introduction

Traffic system is a complex open huge system.
The emergence of a large number of travelers
forms the distribution of traffic network flow
under specific environment. Therefore, the traffic
flow assignment is always one of the core problems in
the field of traffic planning and management. In
theory, the traffic flow of traffic network distribution
will eventually reach certain equilibrium after a period
of evolution. However, the traffic flow may be
frequently led to a state of disequilibrium by the
disturbance on traffic network caused by the
sudden traffic accidents/incidents, the expected
reconstruction of road, the construction of urban
road

rail transport and the operation of

maintenance and construction area, etc. By

mastering the evolution process that how traffic

flow changes from the initial disequilibrium flow
pattern to the final equilibrium flow pattern, a
method can be provided to evaluate the overall
performance of transportation network under
disequilibrium condition. The basis for reliable
traffic network design and traffic network control
under expected or unexpected network disturbance
can also be provided. In recent years, more and
more scholars have been paying close attention to
and studying this problem™. Most analysis
paradigms proposed by the researchers are based
on system equilibrium, which means that the
traffic flow evolution rule is basically used for
exploring a dynamic evolution rule of ensuring the
Wardrop

optimum or system optimum equilibrium"*.

traffic system convergence to user

The research on the evolution model of traffic

flow initially started from 1979 when Smith
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proposed the concept of traffic flow day-to-day

(DTD) dynamic evolution. Later, many DTD

evolution models were developed. These models
described the personnel behavior of route choice of

driver as a whole and corresponding change of

]

network traffic flow™). At present, the evolution

models of traffic flow mainly use the methods of

analysis modeling and computer simulation”. The

methods include simplex gravity flow dynamics™ ,

proportional-switch adjustment process®®, network

[10]
b

tatonnement process projected dynamic

[11-12] [13-14]

systems and evolutionary game theory
Considering social economic features and weather
related variables, extensive and profound research
has been carried out for DTD dynamics from
emulation point of view. The above models
respectively take different times to tend to be
stable while simulating the traffic flow evolution
process with different stabilities, but they have a
common feature of travelers’ rational behavior of
route choice, i. e., rational behavior adjustment

processes ( RBAP).

network, travelers’ daily route choice behavior is a

Specifically, in the traffic

dynamic learning and game process with numerous
participants. The travelers constantly get the
information about traffic network to update the
path travel utility cognition and adjust their own
travel paths according to utility maximization
principle. If all travelers’ route choice behaviors
are rational and ideal, it will result in the
simulation process convergence. The whole
process will macroscopically show the dynamic
evolution of the network traffic flow from
disequilibrium to equilibrium flow. Yang et al.
paid attention to such ration behavior in DTD

05161 4nd indicated

evolution model of traffic flow
that most DTD models were the dynamic evolution
process ensuring the deterministic user equilibrium

(DUE). In this

equilibrium, no vehicles in the traffic network

way, when reaching the
could reduce travel cost by changing path. Guo et
al. also said that limitedly rational user equilibrium
can be obtained based on the limitedly rational

route choice DTD modelt'".

The current system equilibrium evolution model
of traffic flow based on rational travel behavior can
describe the evolution behavior of dynamic traffic
flow under deterministic Wardrop user equilibrium
However, in the face

very well. of many

unfavorable factors, people’ s judgment and
decision-making behaviors do not entirely follow
the Wardrop hypothesis. Furthermore, when a
large number of travelers in the network are
making decision at the same time, the level of
carrying out rational calculation under the need of
reaching the time equality and equilibrium of all
paths is beyond human capacity’'®. In recent

years, the heterogeneity of decision-making
behavior has also caused the attention. Through
experiments and studies, Brown et al. found that
even in the face of the same scene, when the
decision makers’ expectations about the results
changed, they would choose different decision

schemest'®,

Tan et al. considered the travelers
DTD path adjustment process and its difference
and proposed a method of dynamic evolution for

congestion charge strategy'*’.

Xiao et al. offered a
new look at the network flow dynamics, they
showed that the flow dynamics is analogous to a
terms of the

damped oscillatory system, in

behaviorsH™-,

aggregate effects of human
Specifically, we look the day-to-day evolution of
network flows that arises from travelers’ route
choices and their learning behavior on perceived
travel costs.

Han and Du developed an ATIS-based dynamic
model and studied network stability under ATIS
conditions?!’. Tt is indicated that stability of the
traffic network will be affected by both logit
parameters and traffic demands of the dynamic
models. Toll of related selections of roads can
improve stability of the traffic network. Wu et al.
believed that the existing DTD traffic distribution
model is supposed to have inherent limitation™*.
Current models normally assumed that the traveler
can accurately master traffic network information
and always tries to minimize travel cost. In fact,
rational. Models

the traveler is not always
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established based on entirely rational assumption
may get the conclusion not in line with the actual
situation. Therefore, this paper studies traffic
flow evolution of the urban railway network based
on bounded rationality (BR) of the traveler day
after day. Iryo proposed a continuous deterministic
evolution model of traffic flow which took the
travelers” microscopic behavior of information
collection into consideration"®. So far, most of
the common documents considering the travelers’
heterogeneity considered the differences caused by

(2] Heterogeneity

travelers” judgment of time value
exists objectively and universally and is a direct
driving factor of travel behavior difference. For the
study on evolution models of traffic flow, only by
considering  the realistic representation of
travelers’ non-rational behavior or heterogeneity
based on traditional equilibrium analysis paradigm
and establishing effective and flexible evolution
model, it can be possible to explain the traffic
behavior better.

So far,

evolution of disequilibriumtraffic flow based on the

there are few theories about the
economic theories. Carey firstly introduced the
terms of price and quantity in the economic
disequilibrium theory when he studied the optimal
models of equilibrium traffic network, but the

[24-25]

object was the equilibrium traffic flow Huang

et al. studied the application of disequilibrium
theory in urban traffic planning, in the background
of travel market, the influence of traffic spillover
effect on various stages of traffic planning was
analyzed, the concept and model of the
disequilibrium degree about total traffic supply and
demand were proposed, and the disequilibrium
degree (DD) was embedded in the traffic demand
forecasting model, the price-quantity regulation
principle of macroeconomics disequilibrium theory
was introduced into the user’s route choice behavior,
and a more general behavior principle was proposed as
a result, however, it is not a real disequilibrium
quantity regulation””?”?. In addition, Zhang and
Monden estimated the parameters of the market

model based on the micro disequilibrium double

market model with the method of maximum
likelihood estimation®’. Considering the process
of realizing user equilibrium (UE) state in traffic
network , Guo and Huang proposed a dynamical
evolutionary model of traffic assignment problem
under the advance traveler information systems
(AITS) with endogenous origin-destionation(OD)
demands by introducing the concept of decisive
travel cost. The model was solved by the modified
Euler

networkst?*,

method and verified on two test

Considering the traffic network
system as an economic system, Huang established
the urban residents travel market based on the
definition of travel demand-side and supply-side.
Based on the disequilibrium theory, Huang et al.
established a disequilibrium travel market, and
also analyzed the adjustment mechanism of the
price-and-quantity on the relationship between
supply and demand in the travel market by using
dynamic programming methods™".

During the analysis on urban transportation, the
actors are most sensitive to time during the process
of route choice. In addition, they are extremely
sensitive to the congestion degree of key link.
Based on this, this paper applies the price-quantity
signal regulation theory and method from the
economics theory of non-Walrasian equilibrium
method that the actors could not only get price
signal in the market but above all could also get
quantity signal, and the actors are bound by price
and quantity in the market. Considering the traffic
congestion regulation, this paper analyzes the
influences of path travel time (price) and path
congestion degree (quantity) on the distribution of
traffic flow on network during the travelers’ route
choice process. In this paper, the independent
evolution models of time price regulation and
quantity regulation of congestion are first
established respectively against the influences of
single signals of time and congestion. Then, the

established by

comprehensively considering the joint regulation of

mixed evolution model s
price and quantity. Finally, evolution results are

compared and analyzed based on these three
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regulations.

1 Analysis of traffic route choice

Route choice is the key for travel decision making
and determining the change of dynamic traffic flow
on disequilibrium network from disequilibrium to
equilibrium. For urban traffic travel, travelers are
most sensitive to time for route choice. Besides,
for cities with serious traffic congestion problem
sensitive to traffic

travelers are also quite

congestion degree of key links. In peak hour,
many people are not willing to take the most
congested path for the reason of safety and
discomfort caused by driving on congested road and
others, but prefer to spend more time for a less
congested path.

It is supposed that the traveler considers not
only travel time of the path but also the congestion
degree of key links of the path in route choice
decision-making process. For the purpose of this
paper, key links refer to bottleneck links affected
by road conditions and traffic conditions and are
representative links mostly congested along the
path. Low congestion degree of the routine does
not mean the shortest travel time of the path. In
case of low congestion degree of key links, it
means that the most wunsafe and most
uncomfortable links can be avoided. Thus, it can
be rationally explained why travelers are extremely

sensitive for the most congested path for route

choice.

2 Single regulation model

2.1 Evolution model based on price regulation of time
In economics, to illustrate a continuous dynamic
evolution problem, it is supposed based on the
network tatonnement process that commodity
prices adjust in response to excess commodity
demand and that the transaction price is
determined based on the average transportation
cost and commodity product at the market of the
original place. The excessive industrial ability will
be measured based on the existing market price and

the difference between the existing productivity

(31 In this section, the

and the market demand
market exploration process in economics is adopted
simulate the traveler’s route choice process. The
demand side in the market is the traffic demand
between each OD pair. The supply side is the
supply capacity of traffic network connecting OD
pairs. The travel information system acts as the
“auctioneer” for bidding. The supply and demand
sides form the market expectation of next moment
is dependent on the market information.

To give a mathematical statement of this model
we express the excess transportation demand

between OD pair (i, j) at time ¢ as

Ey (0 () = Ty (u) — D) h, () (D

PEP,

p(0) = (u; (D :1 € Nosj € Np)

ht) = (h,():p € P)

Tp()) = (T; (u()):i € Nosj € Np)
where 4(#) is minimum average travel time set at
time ¢; p;(¢) is minimum average travel time
between (i, j) at time t; h(z) is route flow set at
time ¢; h, (1) is flow of route p at time t; T(u(¢))
is traffic demand set; T, (x(2)) is traffic demand
between OD pair (i, j) at time t; No, Ny are sets
of nodes in network; P is set of paths in network;

P,

; is set of paths between OD pair (i, j).
The excess travel cost of the path p € P;
between OD pair (i, j) at time ¢ is defined as
follow

E; (s (0 sh(0)) = ¢, (h(1)) — py; (O (2)
where ¢, (h (1)) represents the cost of path p at
time ¢,

Assume p; (1) is continuously differentiable as a

function of time ¢, then

dpy (O hm/,z,,(tJrAz)—,u,;,(z) (3)
dz A0 At
The approximate value is represented as
%NK,‘; (/j;i(f+AZ>7#{,(Z))a KI,‘]‘GR (4)

where k; is approximate differential coefficient of
i () for shortest path between OD pair (¢, j); R
represents the positive real number.

According to economic cobweb model, the

following equation is assumed to hold
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i (U AD = py (O FaEyy () sh(1)) s a€R (5)
where a represents the influence coefficient of
excess traffic demand between OD pair (i, j) at
the moment ¢ on the time p; (¢) for the shortest
path at time ¢+ At.

Because the path time could not be negative at

time t + At, the above equation is modified as

follow
,u,j ([+Af) :W[/L,j (l) +(1E1,J (#(Z) 9h([) ):I (6)
where W (2) = max(0,z) which prevents having

negative value for z.

Substituting Eq. (6) into Eq. (4), we obtain the
dynamic equation of path time as follow

dt

The same procedure may be adapted to obtain

:IC,']' W[/j,j (Z)+GE1,1 (}l(l)yh(t)):l_/l{j([) (7)

the dynamic equation of path flow as follow

dh, (D)
dr

where 7, represents the approximate differential

~oy, Chy (FAD—h, (D), 7,ER ()

coefficient of path flow &, (z) between OD pair (i, j).

The path flow at time ¢+ Az is
h, (t+A)=W[h,(t) —BE., (uy () h()) ], BER (9)
where [ represents the influence coefficient of
excess time of the path at time ¢ on the path flow at
time ¢+ At.

The reason for taking a minus before parameter
B is that when the travel time is higher than
minimum average time, the travelers’ desire to
travel will reduce. Accordingly, the flow will
reduce, which means that the flow-time function is
negative correlation function. Substituting Eq. (9)
into Eq. (8), it can be obtained

dh, (1)
dz

M| Wy (0 — B, Cuy (0 s (1) ] —

h(D) g, € R (10)

Integrating Eqgs. (8) and (10), and given the
initial conditions of ;,(t=0)=," and h(t=0)=1r",
we can obtain the price (travel time) regulation

model as (t€[0, T])

Ql‘%:x{wmwﬂa () (D) ] =) |

dh(t) _
N de

/,1(0):/10
h(0)=h°

7| W LA = BE, e h) 1=hD) (1)

2.2 Evolution model based on quantity regulation
of congestion

The congestion degree of the path p &€ P; between

OD pair (i, j) at time ¢ is

h,(t)
K,

Assume taking K, () as the matched traffic

V,(h()) = (12

capacity of key link of path. The sum of matched
traffic capacities of each path of link a equals to the
traffic capacity of such link, where in the
calculated value of matched traffic capacity of path
p corresponding to each link is

h,(OHK,,
S (D

where f,(2) represents the link flow at time 7; K, (1)

K,(t) = (13)

is path p traffic capacity at time ¢.

Taking K,, as the representative traffic capacity
of path, equals to the smallest link traffic capacity
in the path, or the defined traffic capacity by
travelers

K., = ¢, K. 14
where traffic capacity of link a is represented as
K, . and relevance vector of the paths and the key
links is represented as ¢, .

The least congested path among the paths p&
P; between OD pair (i, j) is
y,; (1) = prgipn[V,,(h(l))] s

The excess congestion of each path p € P;
between OD pair (7, j) is defined as

E;,(h()) =V, (h(D) —v,; (1) (16>

The same as the reasoning of theevolution model

of time price regulation, given the initial conditions

of y(t=0)=)" and h(t=0)=h", we can obtain the

congestion (quantity) regulation model as (+&€[0, T])

YD _ W L) +E, (0 ) 10 |
%:U{W[hm—@&<h<z>>]—h<f>} an
U(O):}IO

h(0)=h’

where w is approximate differential coefficient of
the maximum surplus capacity y; for the path
between OD pair (i, j); 9 is influence coefficient

of excess demand of the path at time ¢ on the
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maximum surplus congestion y; at time 1+ Ar; pis
influence coefficient of surplus congestion of the
path at time 7 on the path flow at time z+Az; 7 is

approximate differential coefficient.

3 Evolution model with mixed regulation

3.1 Price-congestion mixed equilibrium flow model
Supposing that the traveler may choose the path
comprehensively based on the price (travel time)
degree ). The
comprehensive cost of the path shall be the

and quantity ( congestion
weighted array of the travel time cost ¢, and the
congestion perception cost ¢},

7 - A]Cp +)(2C;;
¢l = D0

A1+/\2:1
o< <1
0<<A <1

where A, , A; are weights under the joint regulation

(18)

of price; ¢}, is congestion perception cost of the key
link of 7; 0 is weight of the key link of i.

Price-congestion mixed user equilibrium (PGUE) is
the lowest comprehensive cost between OD among
all paths which is smaller than or equal to the
comprehensive cost of any other unused path.

When A, =1 and A, =0, the travel will choose
the path only based on the travel cost. PGUE will
be the simple price regulation user equilibrium
(PUE), the lowest cost among all used paths
between OD, lower than or equal to travel cost of
any other paths unused. Of course, PUE is the
well known Wardrop user equilibrium.

When A, =0 and A, =1, the traveler will choose
the path only based on the congestion degree.
PGUE will be the simple congestion quantity
regulation user equilibrium (OUE), the lowest
congestion degree among all used paths between OD.

Different equilibrium flow models can be
obtained through different route choice behavior
assumption. When the price-congestion quantity
regulation principle is applied for individual travel
route choice, it means that the individual will

select a path based on comprehensive consideration

of travel time and path comfort degree. When it is
applied for a group, it comes that a part of
travelers choose the shortest path for travel while a
part of travelers choose the path with the lowest
congestion degree for travel. The values of A;, A,
shall be determined based on individual or group
characteristics.

3.2  Evolution model with price-congestion mixed

regulation

Given the initial conditions of x (¢t =10) = ,°,
y(t=0)=)" and h (t=0) =h°, the weighed price-
congestion mixed regulation model can be obtained

as t€[0, T

d%:x{W[,a(tH-aEl(/z(f)Jz(z))]*/z(t)}

dv(t) _

0= | WO +9E, (u(0) h(D) T =)

dn(r)
= M WLh(t) —BE, (u() ,h(1)) ]+

Tl ot (19)
AL WIR(D = gE; (h(D) 1=h(D) |

#(O):#O

y(0)=)"

O =h"

3.3 Equivalency of model stability and equalization
When the evolution model Eq. (19) is stable, the
travel time, path congestion degree and path flow

dynamic evolution state shall be

D 0o (1) =W (D +aE, (e sh ()] (20)

WD 0y (1) =W (D) =9, (u(0) ()] (2D
VLD () =W LR = (B2 (a0 h () +
G Es (h(D)] (22)

The three fixed points may be expressed by the
variational inequality below

Z (Eh: = T (™)) Qg — i )+

ij PEP;

Z(Tﬁ(#*)f Zh,,*)(v,j —v; )+

PEP,

DIDIRTEUCACAP S R

ij /)EPU
o[l pr<h*)]}(hp—h:> =0 (23

KKT conditions of the variational inequality

Eq. (23) are as follows
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ﬁ/ll[cl,(h* ) —;jfjJrgMz[vf -V, ) ] —

& =0,62>=0,5h, =0 24)
Zh;_TU(/j*)_EIj:O’ 51']'207
/)eP”
s,ﬂuj =0 (25
Ty (') — Dhy — ¢y = 0. ¢y =0,
=
gyvi; =0 (26)

where &,, ¢, and ¢; are nonnegative restricted dual
variable vectors; the parameters with “ % ” are
vector solutions for variational inequality.

Meanings of KKT conditions are discussed below in
different conditions.

(a) If 2, =1, 2, =0, Eq. (24) will change into
Ble, (W )—p; ]—¢,=0. When equilibrium flow #; >0,
€, =0, it can be concluded that ¢, (h* ) =(; ; when
equilibrium flow h; =0, & >0, it can be concluded
that ¢, (h* ) >y .

user equivalence. Since g =minc,(h*)>>0, ¢; =0,
pra

u

Eq. (24) is equivalent to Wardrop

Eq. (25) is the flow conservative restriction.

(b) f A, =0, 2, =1, Eq. (24) will turn to
elv; —V,(h*)]—¢,=0. When equilibrium flow
hy >0, it can be concluded that v; =V, (h*); when
equilibrium flow 2, =0, it can be concluded that v; >
V,(h*). Eq. (24) is equivalent to single congestion
constraint, Since K,=>h,, v; =max[V,(h* )]>0 and
¢; = 0. Then, Eq. (26) is the flow conservative
restriction.

(¢) If A and A, is in the scope of (0, 1), Eq. (24) is
equivalent to price-congestion fixed restriction.
Egs. (25) and (26) shall be flow conservative
restriction.

It is known from the above analysis, when the
path > s comprehensive cost 1is positive and
continuous and when the demand function is
continuous, the stability of the price-congestion
mixed regulation evolution model and the price-
congestion mixed regulation user equalization flow

mode is equivalent.

4 Example analysis

To illustrate some of the ideas discussed above, we
begin with the simple network illustrated in

Fig. 11", There are three paths between the

single OD pair(1, 4) in Fig. 1

b = {a19a4}
p: = {assas}
Ps = {al7a3 ’aa}

The link cost function is
c(f) =A, +B,(f.(D/K)*
where p, p; are paths; a, -a;s are links; A,, B, are

coefficient variations.

Fig.1  Test traffic network!?]

The link-path incidence matrix A is shown as

1 0 1
0 1 0
A= |0 0 1
1 0 0
0 1 1

The cost function parameters are shown in Tab. 1,

and the regulation model parameters are shown in

Tab. 2.

Tab.1  Cost function parameters

Link A, B, K.
1 4 0. 60 40
2 6 0.90 50
3 2 0.30 40
4 5 0.75 30
5 3 0.45 50

Tab.2  Evolution model parameters

Parameter a B I3 7 9 @

Value 0.5 2.0 1.0 1.0 0.5 2.0

Given the fixed demand of T=60 and the initial
path flow of R(0)={0,0,0}, the initial cost x(0)
is determined by h(0), the evolution is carried out
for t€[0, 2007, the step is taken as 0. 05, and it
means that the evolutionary time domain is
discreted into 4 000 periods to calculate. The value
of the time domain is simulated, and the actual
evolution time can be selected according to the time
of loading traffic flow once in the network. The
values of above three models are respectively

calculated as follows.
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4.1 Single price regulation of time
The path flow evolution process under single price

regulation is shown in Figs. 2 and 3, which

respectively represents the dynamic evolution
processes of path flows h,, h, and h,.
60 - i
~hy
A h:‘
g0 R _
3 i
(] v
=
b -
<
-9
20
i
uulne
T
1 1 1 J
0 50 100 150 200

Time
Fig. 2 Dynamic adjustment process of price regulation

60 -

Path flow
s
(=1

o3
(=]

Time
Fig. 3 Local dynamic adjustment process of price regulation
Tab. 3 shows that under the single price
regulation, the travel costs of different paths reach

unanimity when coming to a steady state.
Tab.3 Fixed demand equilibrium network path flow,

cost and maximum congestion degree

Path congestion
Path Link Path flow | Path cost
degree
hi 1, 4 28.082 9.414 0. 936
hs 2,5 28.478 9.414 0.638
hs 1, 3,5 3. 440 9.414 0.788

4.2 Single quantity regulation of congestion
The path flow
congestion regulation is shown in Figs. 4 and 5 with
which

dynamic evolution rule of path flows &, and h,.

evolution process under single

coincident lines, indicates the consistent
Tab. 4 shows that under the single congestion
regulation, the congestion degrees ( saturation

levels) of key links of different paths are consistent

50

N
(=]

w
(=}

[
(=]

Path flow

—_
(=}
T

0 50 100 150 200

Time

Fig. 4 Dynamic adjustment process of congestion regulation

Path flow

0 10 20 30 40 50
Time

Fig.5 Local dynamic adjustment process of congestion regulation
when coming to a steady state. Because the key
links of paths 2 and 3 are consistent under this
traffic network, the path flow distributions are
consistent, which results in the coincidence of their

dynamic evolution process figures.
Tab.4  Fixed demand equilibrium network path flow

and maximum congestion degree

Path Link Path flow Path congestion degree
h1 1,4 17.143 0. 857
hy 2,5 25.714 0. 857
hs 1.3,5 17.143 0. 857

4.3 Price-congestion mixed regulation

Under the price-congestion mixed regulation, it is
supposed that the weight A, occupied by the
influence of price factor is taken as 95%, and the
weight A, occupied by congestion factor is taken as
5%. The path flow evolution process is shown in
Figs. 6 and 7.

Tab. 5 reflects the dynamic evolution process of
traffic flow under price-congestion mixed regulation.
Its undulation is greater than that of the single
regulation, and the convergence speed is the slowest.
4.4 Comparative analysis

The model calculation result shows that three
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regulation models can all simulate the process of

path flow changing along with time relatively

ideally, and all path flows will maintain a stable

state after a certain time of undulation.

The

difference between the path flows in Tabs. 3 and 4

shows that considering the influence of congestion

degree on route choice will result in more balanced

flows of paths.

Through further calculating the

link saturation (Tab. 6), it is found that compared

with single price regulation model, the congestion

regulation

relieves the most congested

link

obviously and allows the congestion degrees of

links to be more balanced,

with

the overall

uniformity coefficient improving by 62%. However,

this model only considers the choice behavior of

congestion degree upon path, which allows the

congestion degree of the whole traffic network to

be more uniform while improving the mean link

saturation from 0. 60 to 0. 64. It indicates that the

traffic network becomes congested overall. In case

of considering the joint regulation of these two

factors,

a relatively satisfactory result can be

achieved. The saturation of most congested link

Tab.5 Fixed demand equilibrium network path flow,
decreases from 0. 936 to 0. 787. The overall
cost and maximum congestion degree
- uniformity coefficient improves by 46 %. The mean
) Path congestion
Path Link | Path flow | Path cost degree saturation of links and the path travel time decrease.
h 1,4 20. 654 9.316 0.704 Consequently, the overall congestion condition of
he Z, 5 31.832 9.320 0.787 the traffic network becomes more uniform, and the
hs 1, 3,5 7.513 9. 320 0. 787 .
congestion reduces.
Tab. 6  Calculated values of saturation of road link under different regulation mechanisms
Link 1 2 3 4 5 Mean Range Variance Standard deviation
Price regulation 0.788 1 0.569 6 0.086 0 0.936 1 0.638 4 0.603 6 0.850 1 0.103 7 0.322 0
Congestion regulation | 0.857 2 0.514 3 0.428 6 0.571 4 0.857 1 0.645 7 0.428 6 0.039 8 0.199 6
Mixed regulation 0.704 2 0.636 6 0.187 8 0.688 5 0.786 9 0. 600 8 0.599 1 0.056 2 0.237 1
4.5 Medium size network test G\ 1 -1 D1 .5
_ . ) {2 &)
In order to verify the operation effect of the model
. . . 2 13 16
in a more complex network, as shown in Fig. 8, a
17

medium test traffic network is selected, including

13 network nodes, 19 links and 4 OD pairs.

In the test, considering the complexity of traffic

network, the weight of the influence of congestion

factor increases to 10%. Given the fixed demand of
(Tys Ty, Ty, Tyy) = (35, 25, 20, 25) and the

parameters

of each link cost function in Tab.

7[32]

After a period of simulation, all path flows and

Fig. 8 Medium size test traffic network



No. 3 WU Li-xuan, et al; A dynamic evolution model of disequilibrium network traffic flow with quantity regulation of congestion 177

Tab.7 Parameters of each link cost function

Link 1 2 3 4 5 6 7
A, 8. 00 5. 00 2.00 6.00 | 4.00 5.00 3.50
B. 0.060 | 0.090 | 0.030 | 0.075 | 0.045 | 0.060 | 0.030
K. 30 30 30 30 30 40 30

Link 8 9 10 11 12 13 14
A, 2.00 5.00 | 8.02 5. 40 8.00 2.00 2.50
B. 0.030 | 0.075 | 0.055 | 0.060 | 0.050 | 0.030 | 0.085
K. 50 30 30 30 30 50 40

Link 15 16 17 18 19
A, 3.00 1.02 | 4.00 1. 00 6.00
B, 0.045 | 0.080 | 0.090 | 0.040 | 0.075
K. 30 30 40 50 30

cost are maintained at a stable state. Tab. 8 gives
the path flows, path costs and congestion degrees of
different OD pairs. The process of dynamic evolution
of partial path flows is shown in Fig. 9.

Tab. 8 gives the results of dynamic evolution
model with mixed regulation in the complex network,
which shows that the mixed regulation model is
also applicable to the actual complex network.

During practical transportation process, people

25 -
20
E15F
=
=
& 10F
5F % S
LA
t ',,”le[/jﬁ'./”_ -
N NN A it —— == ———
I | )
0 100 200 300
Time
Fig. 9 Dynamic adjustment process of partial path flows

would not necessarily all choose the shortest path
according to time, even if they have fully mastered
all kinds of traffic informations. In particular, in
rush hours, many people would rather spend more
time to go by a roundabout path to drive on the less
congested road than choosing the most congested link.
Therefore, the price-congestion mixed regulation model
can take this intention of travelers into
consideration more flexibly and can explain the

transportation behavior more reasonably.

Tab.8 Fixed demand equilibrium network path flow, cost and maximum congestion degree
OD pair Path Link Path flow Path cost Path congestion degree
hy 1, 10, 19 23.510 4 23.961 9 0.827 4
ho 2,6, 9,16, 19 1.270 2 23.961 9 0.827 4
hs 2, 6,9, 15, 17 4.913 7 23.9559 0.881 4
In 2, 6, 14, 11, 17 1.867 5 23.948 5 0.947 6
(-2 hs 2,5, 7,11, 17 1.3216 23.948 5 0.947 6
hs 1,13, 9,16, 19 0.023 1 23.961 9 0.881 4
h7 1,13, 9, 15, 17 2.054 3 23.955 9 0.881 4
hg 1,13, 14, 11, 17 0.042 3 23.948 5 0.947 6
hy 2,5,8,12 9.904 9 20.783 3 0.749 7
hio 2,6, 9,15, 18 6.1317 20.761 3 0.881 4
hi1 2, 6, 14, 11, 18 3.0835 20.768 7 0. 947 6
(a9 hi2 2,5, 7,11, 18 2.2399 20.761 3 0.947 6
his 1, 13,9, 15, 18 3.272 5 20.768 7 0.881 4
hiy 1,13, 14, 11, 18 0.367 5 20.761 3 0.947 6
his 4,7, 11, 17 7.8555 20,217 8 0. 947 6
his 3, 6,9, 16, 19 0.019 3 20.231 2 0.881 4
4, 2) hi7 3, 6,9, 15, 17 5.859 6 20.225 2 0.881 4
hig 3, 6, 14, 11, 17 3.647 7 20.217 8 0.947 6
hig 3,5, 7,11, 17 2.617 9 20,217 8 0.947 6
hao 4,8, 12 11.402 9 17.030 6 0.749 8
ha1 4, 7,11, 18 3.236 8 17.052 6 0.947 6
) has 3,5, 8,12 5.312 8 17.052 6 0.749 7
9 hos 3,6,9,15, 18 2.896 7 17.038 0 0.881 4
N 3, 6, 14, 11, 18 1.057 6 17.030 6 0.947 6
hos 3,5, 7,11, 18 1.093 3 17.030 6 0.947 6
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5 Conclusions

All the three dynamic models based on economic
equilibrium theory indicate that after a period of
undulation, the path flow of traffic network will
maintain a steady state without any change., and
the network traffic system is in equilibrium. The
evolution result of time price regulation model
accords with the classical Wardrop’s first principle
for transportation planning. The result of mixed price-
congestion regulation is the mixed equilibrium of price
regulation equilibrium model and congestion regulation
which

direction to be mutually adjusted with the paths with

equilibrium  model, allows the path flow
less travel cost and low congestion degree.

Compared with single price regulation model,
the model considering the choice behavior of
congestion degree upon path allows the congestion
degree of the whole traffic network to be more
uniform. This provides a new idea about making
strategies for network traffic flow control and
guidance and for traffic construction plan.

The study in this paper is an innovative attempt
to provide a new analysis paradigm and research
conclusions available for referenceof research on
traffic flow dynamic evolution. However, there is

For

example, the initial value of the evolution model is

still some work to be further carried out.

arbitrarily given and is not calibrated based on the
actual traffic network state, the evolution cannot
Related

empirical study in the future can be beneficial for

really reflect actual traffic flow change.

parameter calibration. Besides, modeling based on
non-Walrasian equilibrium theory, the shift from
nominal demand to effective demand, the way of
considering demand change and the applications in the
aspects of dynamic traffic control, etc. are all the work

directions that we will research in the future.
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