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Abstract: Considering the influence of heterogeneous travel on traffic flow distribution, the travelers’ route
choice behaviors are classified into three types: price regulation, quantity regulation and price-quantity
regulation. Three day-to-day dynamical stochastic assignment models based on the disequilibrium theory
are established, and the existence, uniqueness, and stability of the solutions to these models are proved.
Through model simulation, it proved that each path flow in these three models can converge to a steady state
after a finite travel adjustment, and the day-to-day dynamical stochastic assignment model under
price-quantity regulation can simulate the influence of heterogeneous travel behaviors on the distribution
characteristic and dynamic evolution of traffic flow.
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Introduction traffic planning. The key to traffic assignment
modeling is making scientific, reasonable, and
Traffic assignment is an important step in urban realistic assumptions on the route choice behavior of

travelers. Wardrop’s user equilibrium principle[” is
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that is, travelers can choose the travel route with
minimum travel time; and third is homogeneity, that
is, different travelers have exactly the same travel
characteristics and preferences; in other words, the
decisions are made on the same criterion. In the
literature, some traffic assignment models have
partially relaxed the above assumptions. For example,
the stochastic user equilibrium model®! relaxes the
complete information assumption, whereas the traffic
assignment model based on the prospect theory[5'7]
and the traffic assignment model based on the regret
theorylg'm] relax the complete rationality assumption.

In recent years, the heterogeneity of travelers’
route choice behavior has also attracted the attention
of scholars. Peeta and Mahmassani™ assumed that
the advanced traveler information systems (ATIS) or
advanced traffic management systems (ATMS) have
current time intervals and short-term and medium-
term traffic information between OD pairs. They
proposed a system framework to solve a multi-user,

Florian et al.l'?

real-time traffic assignment.
classified travelers into different user types according
to the transit vehicles they use, and studied the
network equilibrium problem under a multi-class,
multi-mode variable demand. Through experiments
and studies, Brown et al.'! found that travelers
would also make different travel decisions if their
expected levels change even in the same traffic
scenarios. Ramos et al.'! discussed the role of
heterogeneity in travelers’ behavior and proposed two
distinct model frameworks: one accounting for
heterogeneity and  another  considering no
heterogeneity. Zockaie et al.*® studied the influence
of congestion charging on different travelers’ route
choice behaviors and established a multi-criteria
dynamic user equilibrium traffic assignment model.

The disequilibrium theory indicated that traders
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could not only get the price signal but also obtain the
quantity signal in the market. Huang et al."® believed
that travelers would consider not only the travel time
(price) of the current route but also the vehicle flow
(quantity) obtained from traffic information and
historical experience when making decisions on
travel routes. They proposed a new idea of
disequilibrium transportation planning based on the
disequilibrium theory. In actual traffic management,
congestion charge™*®! and parking charge®?? can
change the travel decisions of some travelers by a
price factor. Furthermore, ramp control®?! and
public transport departure frequency optimization?®>"
can change the travel decision of some travelers by a
quantity factor. Therefore, travelers are subject to the
two constraints of price and quantity. Based on this
idea, this study regards travel time as price and
regards free driving opportunity and driving comfort
as quantity. Meanwhile, we classify the travelers’
route choice behavior into three types: full
compliance with travel time on optional routes, full
compliance with free driving opportunity and driving
comfort on optional routes, and comprehensive
consideration of travel time, free driving opportunity,
and driving comfort on optional routes. In addition,
we define these three types of travelers’ route choice
behavior as fully compliant with price regulation,
quantity regulation, and price-quantity regulation
respectively. We use the path residual capacity to
describe the free driving opportunity and driving
comfort on the optional routes and analyze the
influence of heterogeneous travel behaviors on the
distribution characteristic and dynamic evolution of
traffic flow.

The remainder of this paper is organized as
follows. In the next section, we classify the travelers’

route choice behavior into three types and establish
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three day-to-day dynamical stochastic assignment
models based on the disequilibrium theory. Section 2
presents the proof of existence, uniqueness, and
stability of the solution to the day-to-day dynamical
stochastic assignment model. The properties of three
models are demonstrated in Section 3 and the

conclusions of this study are outlined in Section 4.
1 Modeling

Different route choice criteria naturally lead to
different traffic flow distributions. Based on the
disequilibrium theory, we classify the travelers’ route
choice behavior into three types, and establish three
day-to-day dynamical stochastic assignment models
under price regulation, quantity regulation, and

price-quantity regulation, respectively.

1.1 Travel route choice behavior under price
regulation

Suppose that travelers choose a travel route
according to the travel time of the optional routes; we
call this type of travelers’ route choice behavior as
fully compliant with price regulation. The relationship
between link flow f, and path flow h, can be

represented as

fa(n) = z Z G (n), VaeA 1)

weW reR,,
where W denotes the set of OD pairs, A is the set of
links, Ry is the set of paths connecting OD pair w,
and o, is the link-path incidence; specifically,
Oy =1

relationship between path-travel time c;, and link-

if aer and o, =0 otherwise. The

travel time c, can be represented as

Cr(hr(n)) = Z5arca(fa(n)) 2

acA
We formulate the expected travel time at day n as the
weighted sum of the expected travel time and

path-travel time at the previous day n-1. Then the

expected travel time C, on path r at day n can be
written as

C,(n)=«C,(n-1) + (1-«)c,(h,(n-1)) (3)
where x (0<<x<1) denotes a constant weight
corresponding to travelers, which reflects the
preference between path-travel time and expected
travel time by travelers.

Suppose that d,, is the travel demand between
OD pair wand ¢, isarandom term with E(g,)=0
denoting the traveler’s perception error. According to
the stochastic user equilibrium assignment model, the
choice probability p, on path r at day n can be
represented as

P (N =PC. (N)+¢ < kgzw(Ck (N +&))=

1
1+ e PCmC

k#r

where Z p.(N)=1, ¢ (¢>0) reflects the sensitivity
reR,

of travelers to the expected travel time. The higher

vk,reR, (4)

the value of ¢, the more sensitive the travelers, and
vice versa. The path flow h; at day n can be written as

he(n) =d,,p,(n) ()
Hence, the day-to-day dynamical stochastic assignment

model under price regulation can be written as
1
pe(n) =17 S 6 FGOCm)
k=r (6)
he(n) =d,,p,(n)
C,(n) =C, (n—1) + (- x)c, (h,(n-1))

1.2 Travel route choice behavior under
quantity regulation

Suppose that travelers cannot obtain travel time
information or do not choose a travel route according
to travel time but choose it according to vehicle flow
(quantity) on the optional routes. We call this type of
traveler’s route choice behavior as fully compliant

with quantity regulation.
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In this study, we use the link-residual capacity to
describe the vehicle flow on the link. The more the
residual capacity, the more the free driving
opportunity and the better the driving comfort.
Suppose that K is the capacity on link a, the residual
capacity v, on link a can be represented as

Va(fa(n)) =K, - f4(n) ()
The relationship between path-residual capacity v,

and link-residual capacity v, can be represented as

v, (h (m)) = mingv, (f, (M)} ®)

We formulate the expected residual capacity at day n
as the weighted sum of the expected residual capacity
and path-residual capacity at the previous day n-1.
Then the expected residual capacity V, on path r at
day n can be written as

Vi(n)=mV,(n-1) +{1-n)v,(h(n-1)) 9)
where 7 (0<<7<1) denotes a constant weight
corresponding to travelers, which reflects the
preference between path-residual capacity and
expected residual capacity by travelers. According to
the stochastic user equilibrium assignment model, the
choice probability p, on path r at day n can be

represented as
P (M) = POV, (M) + = U (VM) +5)) =

1
1+ U@V

k=r

vk,reR, (10)

where ¢ (¢ >0) reflects the sensitivity of travelers

to the expected residual capacity. Then, the
day-to-day dynamical stochastic assignment model
under quantity regulation can be written as

1

p,(n) =
r 1 PV (n)=V, ()
+ ge
h. (n) =d,,p,(n) (11)
Ve (n)=nV, (n=1) +@1-n)v,(h (n-1))

E R
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1.3 Travel route choice behavior under price-
guantity regulation

Suppose that travelers choose a travel route
according to the comprehensive travel cost weighted
by travel time and residual capacity on the optional
routes. We call this type of traveler’s route choice
behavior as fully compliant with price-quantity
regulation.

We formulate the comprehensive travel cost s, at
day n as the weighted sum of path-travel time c, and
path-residual capacity v, at day n. Then the
comprehensive travel cost s, on path r at day n can be
written as

s, (he(n) = 4c¢, (h, () —@A-A)v, (h (n))  (12)
where 1 (0<<A<1) denotes the weighting factor,
which reflects the preference between path-travel
time and path-residual capacity by travelers.

We formulate the expected comprehensive
travel cost S; at day n as the weighted sum of the
expected travel time C, and expected residual
capacity V, at day n. Then the expected
comprehensive travel cost S, on path r at day n can be
written as

S,(n)=AC,(n)— (- A)V,(n) (13)
According to the stochastic user equilibrium
assignment model, the choice probability p, on path r
at day n can be represented as

p(N)=PE (N)+¢ < kgw(sk (n)+&)) =

1
1+ 3 e AUC O -CAM TG (- 02V, (]}
k#r

vk,reR, (14)

where & (6>0) reflects the sensitivity of travelers
to the expected comprehensive travel cost. Using the
above Egs. (3), (5), (9) and (14), the day-to-day
dynamical model under

stochastic assignment

price-quantity regulation can be written as

http: // www.china-simulation.com
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P (n) = h,(n—1)=h, at the steady state of model (15), we

1
1+ z @~ OUACK (M=(=- AV, (M)-[AC, (M)-(1=-2)V, (M1}
k=r

h, (n) = d,,p, (") (15)
C,(n) = xC, (n-1) + 1~ k), (h, (1~ 1)
V, (n) =V, (1 —1) + (L n)v, (h, (n 1)

2 Properties analysis of model

It should be noted that model (15) becomes a
day-to-day dynamical stochastic assignment model
under price regulation if A=1, and it becomes a
day-to-day dynamical stochastic assignment model
under quantity regulation if 4=0; hence, we only
analyze the steady state of model (15).

2.1 Existence and uniqueness of model
solution

Theorem 1. If link-travel time is a continuous
and strictly monotonically increasing function of link
flow, and link-residual capacity is a continuous and
strictly monotonically decreasing function of link
flow, then model (15) has a unique solution under a
fixed travel demand.

Proof. We first prove the existence of the model
solution. Because the travel demand is bounded, the
set of path flows is a nonempty bounded closed
convex set. According to the definition of path-travel
time and path-residual capacity, the set of path-travel
time and the set of path-residual capacity are also
nonempty bounded closed convex sets. Hence, model
(15) continuously maps nonempty bounded closed
convex sets to itself. According to Brouwer’s fixed
point theory®®, model (15) has at least one solution.

Second, we prove the uniqueness of the model
solution. Suppose that the expected travel time
C,(n)=C,(n-1)=C, , expected residual capacity

V.(n)=V,(n-1)=V,” and path flow h(n)=

have

C; =c.(hy) (16)
vV, =v,(hy) (17)
h® Ay, (18)

s Ze—e{zc:—(1—4)vk*—[zc:“—(l—mv:]}

k=r
The above fixed point problems can be transformed

into the following variational inequality:

Z z [ﬂ’cr (h:) - (1_ ﬂ’)vr (h:) +

weW reR,,

%In h1(h, —h))=0 (19)

Suppose that model (15) has two different solutions
(CFVvr.py and (CZ,V7,h%). According to Eq.
(19), we have

> 3 e () - (- A, () + 5 Ik’

wew reR,,

(h7" -h7)=0 (20)
>3 [Ac (W) - (@- A, (W) +%In h?']
weW reR,,

(" -hZy=0 (21)

By combining Eq. (21) with (20), we obtain

{ > 2 A (h) —c (7)) - Q- A, () v, (7)) +

WeW reR,,

> %(In hr —In hf*)}(h&* ~h¥)<o0 (22)
weW reR,,

Because link-travel time is strictly monotonically
increasing with link flow, we know that c.(h,) is
strictly monotonically increasing with h,. Similarly,
we also know that v,(h,) is strictly monotonically
decreasing with h,. Additionally, Inh, is strictly
monotonically increasing with h; thus, we have

{z > A () —c (W) — A (v, () —v, (7)) +

weW reR,,
1 * * * k-
> zg(lnhi —Inh? )}(h& -h¥)>0 (23)
weW reR,,

Eq. (22) is inconsistent with Eqg. (23); therefore,

model (15) has a unique solution.
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2.2 Stability of model solution

Suppose that there exist m (r=1,---,m) paths
between OD pair w, and C,(n)=C,, V,(n)=V,,
h,(n)=h, at the steady state of model (15).

Additionally, we make the following definitions:

oc.(n
¢ = c(n) (24)
N Ml
Dl = op,(n) _
7 aC, (n)
3 e UG AANMIUC (-2 ‘
—0A k#r -
(1 + Y e O A AMIC A, ]})
et (ST ) (25)
,_op(n) _
e oCy (n)
o~ ORUAC -2V HAC,~(1-2)V, I} ‘
o1
(1+ Zee{mck(u)vk]ucramvr]})z
o (€ )
,_0p(n)
prv, - -
oV, (n)
3 GG )
9(1—2) kzr .
(1+ Ze—e{uck—(1—z)vk]—uc,—(1—z)v,1})
ke (CrVhY) (26)
o op(n) _
"V ()
o~ OLAC (-2 HAC,~(1-2), 1}
)
( )(1 £ e —(1—a)vk1—[zc,—(1—z>v,1})2
k=r V)

Theorem 2. If model (15) has a unique solution
that satisfies d,(cpic —&Pic)<1 and d,(py, — Py ) <1,
then whatever x« and 7 are any value in [0, 1),
the unique solution of model (15) is asymptotically
stable.

Proof. We first introduce the stability theory of
nonlinear system®®Y: if all the eigenvalues of the
Jacobian matrix at the equilibrium point have moduli
of less than one, then the equilibrium point is
asymptotically stable. We call the unique solution of
model (15) as the equilibrium point. Suppose that J is

E R
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the Jacobian matrix of model (15), it can be

represented as

_dw (1 - 77) pr’nVl

17=0y,(1=17) Py,

J J
J =[ 11 lZJ (27)
‘]21 ‘]22
where
dCy(n) 9Cy(n)
aC,(n-1) oc. (n—1)
In=| C =
9Cp () 9Cp ()
ac,(n—1) oC, (n-1)
xk+d,(1-x)cipic, dy, (1-x)Cpic,
: (28)
dy, (1= x)Cr Prrc, K +dy, (1= K)Ch Prc,
dCy(n) oCy(n)
oV, (n—1) oV, (n—1)
Jp=| BN E
oC,,(n) oC,,(n)
ov,(n-1) oV, (n-1)
d,, (1-x)ci Py, dy, (- x)c Py,
; : (29)
d, (1 - x)Ch Py, dy, (L= x)Cr Pry,,
Vy(n) oV (n)
oC,(n-1) oC,,(n-1)
Iu=| P =
oV, (n) oV, (n)
oC,(n-1) oC,,(n-1)
=d,,(1-7)pic, —d, (1-7)pic,
: : (30)
—dy, (L=17) Prc, —dyy (1=17) Prc,,
oVy(n) Vy(n)
oV, (n—1) v, (n-1)
I,=| P =
Nn(n) Nn ()
oV (n-1) N, (n-1)
n—d,@1-7)py, —d, 1-7)py,
: : (31)

According to Eqgs. (25) and (26), we have
pl,'C1+'--+ pl,’CmZO a.nd pI,’Vl+”'+ p;VmZO, then

the characteristic polynomial of the Jacobian matrix J

http: // www.china-simulation.com
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can be represented as

det|J — AE|=

(k= A)x— A~ K)d,, (i Pic, —CPac, )~ A] -

[ = (1= K)d (G Pic, —ChPhe, )~ A7 —2)-

[7 - (- 7)d, (P, — Ph, )~ A1+

[7—@A=mn)d,, (P, — Py, ) — 41 (32)
We thus know that the Jacobian matrix J has 2m
eigenvalues 4=, 4,=x — (1~ x)d,,(¢{Pic, ~CPic, )
o Am=x—-(1-x)- d,(cPic, —CnPrc, ) Ami=0,
Az == QA=m)dy(Pay, = Pw, ) Aom =11 = (1=77)
dy(Pny, — Py ) Because 0<x <1 and 0<p<1,
we know that |4|<1 and |4,,,|<1. Next, we will
prove that the moduli of other eigenvalues are less
than one.

Suppose that |4, <1, -+, |4,|<1, we have

|/Ir|:|’<—(1—’f)dm/(cﬂi’1'cr -C p;cr)| <1

Yr=2,---,m (33)
For further calculating, we obtain
r A [ 1_K
d,(c Pic, —Cr prcr) > . -1
o (34)

dy, (CiPic, —CrPrc,) <1+ —
1-x

According to Egs. (24) and (25), we know that ¢, >0,
Pic, >0 and pyc <0, so d,(cpic, —CiPrc,)>0.
Furthermore, since d,,(c{pic, —C;Prc,) <1, we know
that Ineq. (34) is set up, that is, the moduli of
Ay, Ay are less than one. Similarly, we also know
that d,(py, — Py, )>0 and the moduli of
Amats s Aoy are less than one.

In summary, we know that all the eigenvalues of
the Jacobian matrix J at the equilibrium point have
moduli of less than one. Therefore, the unique

solution of model (15) is asymptotically stable.
3 Model simulation

A road network with 4 OD pairs, 13 nodes, and

19 links as illustrated in Fig.1 is used to demonstrate

POPAE, A LT AR RLIR (0 AT B AR IR T N A 0

\ol. 30 No. 11
Nov., 2018

the properties of these models established in this
study.

Fig. 1 Test road network

In this numerical example, assuming travel
demands d,, =40, d,;=80, d,,=60, d,;=20
and link-travel time c, is

4

c,(f)=c¢, {1+ 0.15(;-2] } (35)
where ¢, is the free flow travel time on link a, and
K, is the capacity on link a. The link travel time
function parameters for this network are presented in
Tab.1.

Tab. 1 Parameters of link travel time function

Link No. Co Ka Link No. Co Ka
1 8 70 1 1 80
2 7 100 12 3 85
3 8 30 13 6 60
4 2 75 14 35 85
5 2 90 15 2 50
6 6 50 16 55 160
7 5 140 17 4 120
8 4 90 18 1 110
9 5 120 19 8 50

10 25 85

To satisfy the stability conditions, we suppose
x=0.9, n=0.9, ¢=0.3,
¢=0.3 and 8=0.3. Then we will calculate and

that system parameters

analyze the three models under a single price
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Tab. 2 Equilibrium results under single price regulation

OD Pair  Path No. Links in Path h, C,

1 1,3,13 6.5108  22.6730
2 1,49,11,13 6.1504  22.8628
3 1,49,12,17 59761  22.9586
4 1,4,10,16,17 5.9873  22.9523
5 2,7,9,11,13 3.9123  24.3708
6
7
8
9

regulation, single quantity regulation, and price-

quantity regulation, respectively.
3.1 Single price regulation

The evolutionary trajectories of path flow and
expected travel time on path 1~8 under a single price (1.2)

regulation are shown in Fig. 2~3. We can observe that 2791217  3.8014 24.4666

2,7,10,16,17  3.8085  24.4603
2,8,14,16,17  3.8532  24.4215
1,49,12,18  17.3881 19.9285
10 1,410,16,18 17.4209 19.9223

the path flow and expected travel time have reached a

steady state after a period of fluctuation. After

stabilization, each path flow h, and expected travel

time C; are listed as given in Tab. 2. The results of

] ] 11 2,79,12,18  11.0606 21.4365
path flow and expected travel time on path 4~5 in (1,3
12 2,7,10,16,18  11.0814 21.4302
Tab. 2 show that the path flow on the more expected 13 28141618 112113 21.3914
travel time path is lower than that on the less 14 2,8,15,19 11.8376 21.2102
expected travel time path under a single price 15 5791113  12.1464 19.2924
regulation. This means that more travelers choose to 16 5791217 11.8021  19.3882
travel on the path with less expected travel time. (4.2) 17 57101617 118244 193819
18 58,14,16,17 11.9630 19.3431
707 19 6,14,16,17  12.2642 19.2602
6.5} 20 57,9,12,18 32144 16.3581
6.0} 21 57,10,16,18  3.2204  16.3518
é 55y “3) 22 58,14,16,18  3.2581  16.3130
4,
E 50l — path] —— Path5 23 5,8,15,19 3.4401  16.1318
450 Path2 =~ Path 6 24 64,1618 33402  16.2301
SIS — Path 3 —-— Path 7
40) S ——Pahd —_pupg 25 6,15,19 3.5268  16.0489
339 20 40 60 30 100 3.2 Single quantity regulation
Day
) . o The evolutionary trajectories of path flow and
Fig. 2 Evolutionary trajectories of path flow
expected residual capacity on path 1~8 under a single
25, S . . A .
————————— quantity regulation are shown in Fig. 4 and Fig. 5. We
g can observe that the path flow and expected residual
Tﬁ capacity have reached a steady state after a period of
é — path1 —— Path5 fluctuation. After stabilization, each path flow h, and
g — Path2 —— Path 6 expected residual capacity V, are listed as given in
A — Path3 —-— Path 7 .
— Path4 —.— path 8 Tab. 3. The results of path flow and expected residual
0 , . , . , capacity on path 4~5 in Tab. 3 show that the path flow
0 20 40 60 80 100 ) i L
Day on the more expected residual capacity path is higher
Fig. 3 Evolutionary trajectories of expected travel time than that on the less expected residual capacity path

under a single quantity regulation. This means that
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more travelers choose to travel on the path with more comprehensive travel cost path is lower than that on

free driving opportunity and better driving comfort. the less expected comprehensive travel cost path
g under a price-quantity regulation.
7 Tab. 3 Equilibrium results under single quantity regulation
6 ' OD Pair Path No.  Links in Path h, vV,
zs ‘ ————— 1 1,3,13 48576 24.9045
e _ path1 —— Path5 2 1,49,11,13  4.8577 24.9046
& Path 2 Path 6 3 1,4,9,12,17 48577 24.9046
3 — Path3 —-— Path 7 2 4 1,4,10,16,17  4.8577 24.904 6
2 — Path4 - Ppath 8 ! 5 2791113 51422 250944
| . . . . . 6 2,79,12,17 51423 250944
0 20 40 Day 60 80 100 7 27,1016,17 51423 25.0044
8 2,8,14,16,17 51423 250944
Fig. 4 Evolutionary trajectories of path flow 9 1491218 128321 24.9046
30 10 1,4,10,16,18 12.8321 24.9046
1 2,7912,18 135841 25.0944
25 (1.3)
12 2,7,10,16,18 13.5841 25.094 4

[\
<
A\
=
w

2,8,14,16,18 13.5841 25.0944

2,8,15,19 13.5837 25.094 3
5791113 11.7618 29.8387
5791217 11.7620 29.8387

[y
NS

— Path1 —-— Path 5
—— Path 2 Path 6
— Path3 —-— Path 7

._‘
<

=
[o2 ¢, ]

Expected residual capacity
O

5 — Path4 —— path 8 (4,2) 17 57,10,16,17 117620 29.8387
o 18 58,14,16,17 11.7620 29.8387
0 20 40 60 80 100 19 6,14,16,17  12.9522 30.160 0
Day 20 5791218 32782 29.8386
Fig. 5 Evolutionary trajectories of expected residual capacity 21 5,7,10,16,18 3.2782 29.8386
43) 22 58,14,16,18  3.2782 29.8386
3.3 Price-quantity regulation ’ 23 58,1519  3.2782 29.8386
) 24 6,14,16,18 35987 30.1495
Suppose that the travelers’ preference for 25 6.15,19 32885 29849 1
path-travel time is 80% and for path-residual capacity
. . . : . 557
is 20%, that is 4 =0.8. The evolutionary trajectories
of path flow and expected comprehensive travel cost :
on path 1~8 under a price-quantity regulation are z Sopsg oo o
. . = B ot m
shown in Fig. 6~7. We can observe that the path flow £ T path1 — - Paths
and expected comprehensive travel cost have reached =4 Path 2 Path 6
— Path3 —-— Path 7
a steady state after a period of fluctuation. After — Path4 —.— path 8
stabilization, each path flow h, and expected 4.0 . . : s ;
0 20 40 60 80 100
comprehensive travel cost S; are listed as given in Day
Tab.4. The results of path flow and expected Fig. 6 Evolutionary trajectories of path flow

comprehensive travel cost on path 4~5 in Tab.4 show

that the path flow on the more expected
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g 14 = the price-quantity regulation is a combination of price
o)
z 127 regulation and quantity regulation, which also
B
2107 indicates that the day-to-day dynamical stochastic
= R . . .
% 8t assignment model under the price-quantity regulation
2 6!t — —-—Path 5 . .
= 6 1132:2 ; Pzth 6 can simulate the influence of heterogeneous travel
o]
S 4y — Path3 —-— Path 7 behaviors on the distribution characteristic and
2 2 — Path4 —-— pyth 8 : _ _
33 dynamic evolution of traffic flow.
= 05 20 40 60 80 100
Day Tab. 4 Equilibrium results under price-quantity regulation
Fio. 7 Evoluti raiectories of ed hensi OD Pair Path No.  Links in Path h, S
19. volutionary rajte;\(;;:eso(;t expectea comprenensive 1 1313 5408 6 13.558 4
2 1,49,11,13 52305 13.6700
. R 3 1,49,12,17 51065 13.7499
3.4 Comparison of equilibrium results . A 14101617 50840 137581
The network equilibrium results between OD 5 2791113 48752 139045
e (1 2 K le. Th h th 6 2791217 47596 13.9844
pair (1, 2) are taken as an example. Through the 7 27101617 47480 13.9926
comparison between path flow h, in the 2nd column 8 28141617 47777 139718
and that in the 8th column of Tab.5, we can observe 9 1491218 138573 113192
. . . . 10 1,4,10,16,18 13.8235 11.3273
that, in the changing process from the single price
11 2,79,12,18 129159 11.5537

=
N

regulation to the price-quantity regulation, some (1.3) 27101618 128844 115618

travelers on path 1-4 have automatically transferred 13 2,8,14,16,18 129649 115410
to path 5~8, which possesses a more expected 14 281519 135541 113929
. . - . 15 5,7,9,11,13 12.0436 9.5175
residual capacity. Similarly, through the comparison 16 5791217 1.7581 95975
between path flow h, in the 5th column and that in 4,2) 17 57,10,16,17 11.7294 9.6056
the 8th column of Tab.5, we can find that, in the 18 58141617 118027 9.5849
. . . . 19 6,14,16,17 12.666 1 9.3495
changing process from the single quantity regulation 20 5701018 32951 71667
to the price-quantity regulation, some travelers on 21 57101618 32172 71749
path 5~8 have automatically transferred to path 1~4, 3) 22 58,14,16,18 32373 7.1541
which possesses a lower expected travel time. 23 581519 3.3839  7.0065
24 6,14,16,18 34741 6.9188

In summary, we can observe that the result of o5 6.15.19 34624  6.930 1

Tab. 5 Equilibrium results of OD pair (1,2)

Path No. Single Price Regulation Single Quantity Regulation Price-Quantity Regulation
h, C, vV, h, Cr vV, h, Cr vV,
1 6.510 8 22.6730 10.566 8 4,857 6 22.2418 24.904 5 5.408 6 22.317 8 21.479 2
2 6.150 4 22.862 8 10.566 9 48577 22.370 6 24.904 6 5.2305 22.457 3 21.479 3
3 59761 22.958 6 10.566 9 48577 22.479 3 24.904 6 5.106 5 22.557 3 214793
4 5.987 3 229523  10.566 9 48577 225003 249046 5.094 0 225674 214793
5 3.9123 24.370 8 31.279 6 5.142 2 24.568 8 25.094 4 4,875 2 245105 28,5197
6 3.8014 244666  31.756 5 5.142 3 246775  25.0944 4.759 6 246105 285198
7 3.808 5 24.460 3 31.656 4 5.142 3 24.698 5 25.094 4 4,748 0 24.620 7 28.519 8
8 3.8532 244215 39.108 8 51423 246735 25.094 4 47777 245947 28.5198
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4 Conclusions

Based on the disequilibrium theory in
economics, we classify the travelers’ route choice
behavior into three types and establish three
day-to-day dynamical stochastic assignment models
under price regulation, quantity regulation, and
price-quantity regulation, respectively. The existence,
uniqueness, and stability of the solution to these
presented models are proved. Through a numerical
experiment, the distribution characteristic and
dynamic evolution process of traffic flow under
different regulation modes are analyzed. The results
show that the three models of price regulation,
guantity regulation, and price-quantity regulation can
converge to a steady state, but there are obvious
differences among the steady states of these three
models. The result of price regulation is that more
travelers choose to travel on the path with less
expected travel time, and the result of quantity
regulation is that more travelers choose to travel on
the path with more free driving opportunity and
better driving comfort. The result of price-quantity
regulation is a combination of price regulation and
guantity regulation, which changes with the setting
adjustment of a weighting factor and is rather flexible
considering the heterogeneity of travelers’ route
choice behavior.

The research on day-to-day dynamical stochastic
assignment model under price-quantity regulation can
help in understanding the distribution characteristic
and dynamic evolution of traffic flow under the
heterogeneous circumstances of travelers’ route
choice behavior. Moreover, it can provide new ideas
for traffic control, traffic guidance, traffic
information service, etc. An ongoing extension of this

research seeks to appropriate quantity regulation

variables according to road hierarchy, function, and
service level. Another future direction is to fully
consider the heterogeneity of travelers’ route choice

behavior in urban traffic management and control.
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