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We propose a dynamic combined-mode traffic network model considering transfer behaviors. We assume that travelers can be
classified into two classes: one class is pure-mode travelers who complete a trip by single transportation mode, and another is
combined-mode travelers who cover a journey by car, bus, and so forth. The multimode point queue model is used to model the
interaction of cars and buses on the network. We present an integrated variational inequality formulation to capture the complex
traveler choice behaviors such as departure time choices, transfer point, and route choices. Finally, a numerical example is given to

illustrate the effectiveness of the proposed heuristic algorithm and model.

1. Introduction

Over the past decades, many researchers have been devoted
to static multimodal network models and algorithms. Re-
cently, Bliemer [1] and Bliemer and Bovy [2] were among the
first to extend a single-mode macroscopic dynamic traffic
assignment model to multimode dynamic traffic model with
interacting user-classes and propose various algorithms to
solve the assignment problem. However, the previous
models have assumed that a trip from origin to destination is
completed by taking only one single mode (bus, car, etc.).
Fernandez [3] denoted a trip that occurs on one single mode
as a “pure-mode” trip. In recent years, with the continuous
increase of the city area and the rapid growth of the traffic
demand, for example, Beijing and Shanghai of China, the
traveler can use multiple transportation modes to take a trip,
such as a private car, bus, metro, or bike.

Meanwhile, the traffic authorities encourage people to
adapt combined modes for alleviating traffic congestion by
developing faster and more comfortable bus modes, in
conjunction with the use of convenient transfer facilities for
parking and pricing. Fernandez (1994) denoted a trip that

occurs on multiple styles as a “combined-mode” trip. Thus, it
is necessary to include more realistic mode choices and
travel choices in the model.

Garcia and Marin [4] proposed a bilevel program model
to determine the capacities and fares of parking facilities for
park’n ride trips. The lower-level program models the static
multimodal traffic equilibrium problem with combined
mode. The upper-level program then minimizes the total
travel cost by using the capacities and fares of parking lots as
control variables. Huang and Li [5] transformed a multi-
modal network to one called state-augmented multimodal
system by using a state-augmented technique. In the Sam
network, the numbers and kinds of transfer and nonlinear
fare structures for buses can be captured. However, the
application of the approach is limited due to the difficulty of
the construction of the Sam network. Recently, Huang and
Li [5] presented a variational inequality formulation for
modeling a two-mode elastic demand transportation system
with park’n ride trips.

The multiple traveler behaviors (mode, route, transfer
point choice, etc.) can be integrated into a general variational
inequality formulation. The heuristic algorithm based on the
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block Gauss-Seidel decomposition approach was proposed to
solve the related problem. Kim et al. [6] used discrete choice
modeling to develop equivalent mathematical programming
formulations for the combined modal split and traffic as-
signment problem that explicitly considers mode and route
similarities under congested networks. Ryu and Chen [7]
provided an alternate weibit-based model for the combined
modal split and traffic assignment problem that explicitly
finds both similarities and heterogeneous perception vari-
ances under congestion. Liu et al. [8] presented a combined
modal split and traffic assignment model to evaluate the
impacts of park-and-ride behavior on the network flows. The
models, as mentioned earlier for network equilibrium
problems with combined mode, are static. It is well known
that treating the problem from a static perspective might miss
essential dynamic aspects of the issues. To overcome the
limitation, the conceptual dynamic traffic network model
with the combined mode is proposed in this paper. The ul-
timate aim of the proposed model is to evaluate the effects of
transport policies such as improving the transfer facility and
adjusting bus fare and capacity and so on.

In this paper, for the simplicity of the exposition, we
study a classical combined-mode problem. We classify
travelers into two classes: one is pure-mode travelers who
complete a trip by the private car, and another is combined-
mode travelers who take the first part of a trip by the private
car from origin r to parking lot ¢, walk to riding lot £, and
then complete the remainder of the trip by the bus from
riding lot ¢ to destination s. There exist two vehicle types in
the transportation system: cars and buses. The single-mode
deterministic point queue model can be extended to a
multimode point queue model for modeling time and spatial
interactions between cars and buses on a network.

In this paper, we use the nested-logit-type functions to
capture the complex traveler choice behaviors for two classes
(departure time, transfer point, route choices, etc.). A dy-
namic traffic network model with combined mode under
hierarchical structures can be formulated in an integrated
way as a variational inequality problem. The reminder of the
paper is as follows. In Section 2, we propose a conceptual
dynamic traffic network model with combined mode. Sec-
tion 3 discusses the complex travel behaviors and offers a
variational inequality formulation in an integrated way.
Further, in Section 4, the heuristic algorithm is described.
Finally, a numerical example is given to demonstrate the
effectiveness of the proposed model and algorithm.

2. Model Formulation

We consider a road network G(N, A) composed of a finite set
of nodes, N, and a finite set of directed links, A. Let R be the
set of origin nodes and let r represent an origin » € R. Let S
be a set of destination nodes and let s represent a destination
s € S. Let a be a link, and let p be a route, which is simply an
acyclic ordered set of links, {a;, ay, .. ., a,}, which connects
an origin r and a destination s. P represents the set of all
feasible routes (including combined routes for combined-
mode travelers) between an OD pair (1, s). Denote pb as a bus
line composed of a finite set of the road links. P,, pb € P,
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represents the set of all bus lines. Here, two modes of
transportation are explicitly considered: bus and car. We
consider two kinds of link: one is the general road link used
by car and bus, and another is the transfer link (¢, £) used by
combined-mode travelers. Denote (t, t) as a transfer link;
here ¢ is a parking lot (transfer point) in the road network,
and # is a t-nearby riding lot (bus stop) in the road network.
Furthermore, denote P}° as the set of routes used by pure-
mode travelers between OD Pair rs, denote P%° as the set of
combined routes used by combined-mode travelers be-
tween OD Pair rs, and P™ = P* UP%,Vrs € RS. Denote P5;
as the set of combined routes via transfer point ¢
used by combined-mode travelers between OD Pair rs;
P} € PP, Vrs € RS. A combined route that used pt, pt € P%,
by a combined-mode traveler between OD pair rs consists
of three parts: the road part by car from origin r to parking
lot t (let pf be the link set of the parts), the transfer part for
walking from parking point ¢ to riding lot £, and the road
part by bus from riding lot £ to destination s (let p? be the
link set of the parts). Then we have p, = {p¢, (t,'), p?). T,
represents the set of all possible transfer points to be chosen
between OD pair rs. Both “path” and “route” are used
without difference in this paper.

The studies’ horizon is discretized into m intervals of
length § such that T =m - §. In other words, we have in-
tervals, and index k represents the interval [(k—1) - 6,k - J).
Here, it is assumed that the study horizon is long enough to
ensure that all travelers can exit from the network after the
time T. On the other hand, it is also assumed that the value of
¢ is small enough so that the discrete-time model can ap-
proximate its continuous-time counterpart. Further, it is
assumed that the flow rate, specified either by link or by
route, is constant during a given interval.

2.1. Dynamic Network Model. Li and Su, [9] and Li and Ju
[10] proposed a multimode stochastic dynamic simulta-
neous route/departure time equilibrium model and proved
that the multimode deterministic point model within each
mode-user meets the FIFO discipline, and the speeds of
different modes approach consistency during congestion.
Each link consists of two distinct segments. The first segment
is the running segment of the link on which car (bus) can run
according to the free-flow velocity of cars (buses). In other
words, cars (buses) experience the constant running time
t¢ (£%) to the exit queue segment of link. The second segment
is the exit queue segment (car and bus are assumed to be a
point without length). The queue delay experienced by cars
(buses) is caused by the limited link exit capacity (in Pcu) or
the maximum link exit flow rate (in Pcu/h).

2.1.1. Link Dynamic Model. The traffic flow of cars (buses),
u¢ (k;) (ub (k,)), entering link a during interval k,, experi-
ences the constant running time ¢ (#%) to arrive at the exit
queue of the link, and the arrival flow rate of cars (buses) to
the exit queue segment during interval k on link a is
b b
ul (k—t5)(u, (k—t))). The departure flow rate of cars
(buses) from the exit queue segment during interval k is
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ve (k) (VZ (k)). Thus, the link dynamic model on link a can be
formulated as follows:

%sa(k—l) =u(k—15) —v(k), Vak (1)

b b
90 (0 = dy (k= 1) _ W(k-12) =i (k), Vak (2

1)
where ¢ (k) (qﬁ (k)) represents the queue length of cars
(bus) at the bottleneck of link an at interval k. Equations (1)
and (2) show that the queue length marginal change of cars
(bus) is equal to the difference between the arrival flow rate
of cars (bus) to exit queue segment during interval k — t¢ (k —
tZ) and the departure flow rate of cars (bus) from exit queue

segment during interval k on link a [9, 10].

2.1.2. Link Exit Model. The temporal and spatial interactions
of cars and buses mainly appear in the exit queue segment of
the link, if the sum of queue lengths of cars and bus, g, (k)
(here, let q, (k) = pcu - g€ (k) + pcu, - g© (k), in passenger car
units) is equal to zero. In other words, cars and bus will pass
the exit queue without delay. According to nonnegativity of
the queue lengths of cars and bus, we can obtain
q. (k) = O,qZ (k) = 0. Substituting it into equations (1) and
(2), we can obtain

3
GRS R b A S C)
b b by | 4o (k—1)
va(k)zua(k—tu)+”T, va, k. (4)

If g, (k) >0 or the sum of arrival flow rates of cars and
buses to the exit queue segment v, (k) = pcu - uS (k—t5) +
pcuy, - uZ (k- tZ) + (pcu- g (k- 1) + pcuy, - qﬁ (k=1))/8 is
more than s,, then the arrival flow rate to the exit queue
segment must not wait, and the flow rate exiting from the
link exit queue segment is s,. According to the assumption in
(2), the link flow rates of cars and buses exiting from the exit
queue segment can be calculated as follows:

(k=) + gl (k= 1)/8

v (k) = Ya v (k) Sy Va,k, (5)

up (k=) + g, (k- 1)/8

b —
v (k) = ) Sa>

Va, k. (6)

Furthermore, equations (1) and (2) can be rewritten,
respectively, as follows:

i ¢ (k) - (k-1
W (k= 1) - 8 + g (k — 1) - Yo 5+(;1)a( Vs, ifv,(0zs, Vak,
g5 (K) = 1 Ya 7)
| 0, otherwise,
W(k—12)-8+qk k-  Bak) Ot dak=1) e e ek
qZ(k):« a a qa Vu(k) a’ a =*a’ > v (8)
0, otherwise.
2.1.3. Link Travel Time. The total link travel times for cars
and buses entering link a during interval k are the sum of the k+tb
g g b 9a a
travel times of the running segment and the queue delay, as d, (k) = ——= (11)

given below.
2 (k) = 2+ d° (), £ (k) = £ + d° (k) Va,k,  (9)

where

k (o
A& (k) = @ Va, k, (10)

a

a

where d¢, (k) and dZ (k) express the queue delays of cars and
buses entering link a during interval k which are dependent
on the link total queue length, respectively. The cars and
buses entering link a during interval k will spend the travel
time #¢,° to arrive at the exit queue.



2.1.4. Flow Conservation

<7
Llfap - Vfi; (k),
£ k),

ufaqt (k) = { sz;t (k),

where equations (12) and (13) depict the flow conservation
constraints of pure-mode and combined-mode travelers
at the origin and the other nodes, respectively. ufy, (k)
and vf; (k) are the inflow and departure flow rate of
pure-mode travelers entering link a of route p between
OD pair rs during interval k, respectively; uf., (k) and
Vfaq (k) are the inflow and departure flow rate of com-
bined-mode travelers entering link a of route g via

by (K) = {

Vapp (k)

where u,, (k) is the flow rate of buses entering link a of bus
line pb, which is the general road link during interval k.
Vapp (k) is the flow rate of buses exiting link d of bus line pb
during interval k. Link d is the predecessor of link a on bus
line pb. When link a is first link on bus line pb, the inflow rate

uft Ky =Y Y ufi, k),

aisfirstlink on route p,

ais firstlink on route gt,

Fo, ais firstlink on bus line pb,

Vae (t,t'),k € K,
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Vp € P,Vk € K,Va € p,Vrs € RS,
(12)

bislink precedinglink a on route p,

Vqt € P}’,Vk € K,Va € qt,Vrs € RS, (13)
13

bislink preceding link a on route gt,

transfer point t between OD pair rs during interval k,
respectively; f77(k) represents the inflow rate of pure-
mode travelers entering route p between OD pair rs during
interval k. f;i (k) represents the inflow rate of combined-
mode travelers entering route g via transfer point t be-
tween OD pair rs during interval k.

The flow conservation of buses can be expressed as
follows:

Va € pb,Vpb € P,,Vk € K,
(14)

dislink precedinglink a on busline pb,

on link a of bus line pb is equal to the bus dispatching
frequency of bus line pb, Fyy,.

2.1.5. The Route-Specific Link Flow. The traveler flow rates
on the link can be given as follows:

rsERS pt (15)
ufo(k)="Y Y Yufy, (k), Vaep)kek, (16)
rs€RS t pt
ufe k)= Y ufu )+ Y Y Y ufr (k) -y, VaelLkeKuf,(k), (17)
s p s t pt

where u f! (k) represents the flow rate of combined-mode
travelers entering transfer link (f, ) during interval k.
ufb (k) represents the flow rate of combined-mode
travelers on bus entering link a during interval k. u f¢ (k)
describes the flow rate of travelers (including combined-
mode and pure-mode travelers) on the car entering link a
during interval k. y, ,, =1 if link a lies on the link before

transfer link (¢, ') of route pt, a € p;, and y, ,, =0 oth-
erwise, a € p!. The first term on the right side of equation
(17) expresses the flow rate of pure-mode travelers on link
a during interval k. The second term on the right side of
equation (17) expresses the flow rate of combined-mode
travelers by the car at the first part of a trip on link a
during interval k.



Journal of Advanced Transportation

The link inflow rates of cars and buses can be expressed
as follows:

u, (k) =uf; (k)/®,, VacelLkekK, (18)

up (k)= Y upp(k),Va € Lk € K, (19)
pbep,
Vg (K) = tape (1) v (k) ky + 15 (k) = k,
ua(kl)
(k) = “PC( l)v (k) ky + £ (ky) =k,
ﬂPC (k )
where w5, (k) and v, (k) are the inflow and departure flow

rates of cars on link a of route p between OD pair rs during
interval  k, respectively. Uy, (K)=u frs (k)/@,, or
u f;pt (k)/®,,. Equations (20) and (21) represent the ways of
calculation of the route-specific link flow rate, respectively. A
similar way was used to determine the route-specific or
destination-specific link flow rate [11, 12]. Here, we assume

ufa, (k)
ug (ky)

fat( )
Wi () = =5

frs (k) = e~ e (k). ky + (k) =

v, (k). ky +t, () =

where equations (22) and (23) represent the ways of cal-
culation of the route-specific link flow rates associated with
pure-mode travelers and combined-mode travelers using
cars on link a. Furthermore, we assume that the pure-mode
and combined-mode travelers on different routes randomly

“an Oy s 1) -

o) =
o =70

Here, we assume that the combined-mode travelers on
different combined routes randomly distribute themselves
among buses entering link a at the same interval.

2.1.6. Transfer Link. Huang and Li [5] proposed several
different ways to model the transfer behavior of travelers
on the transfer link. In this section, the travel times ex-
perienced by combined-mode travelers on the transfer
link can be calculated based on the point queue model.

where ®@,, is the fixed average car occupancy rate between
OD pair rs.

The following relationship must hold to satisfy the FIFO
within each mode (car and bus):

Va € L,Vk € K,Vpb € Py, (20)

Ya € L,Vk € K,Vp € P”*,Vrs € RS, (21)

that cars and buses belonging to different routes are ran-
domly mixed in the link provided that they arrive at the link
at the same interval.

Substituting uy, (k) = ufy, (kK)/®, or uf, (k)/®, into
equation (21), the route specrﬁc flow rates for pure-mode
and combined-mode travelers by private car on link a can be
calculated as follows:

Va € L,Vk € K,Vp € P}, Vrs € RS, (22)

Va € p;, ke K, pt € P),t € T”,rs € RS, (23)

distribute themselves among cars entering link a at the same
interval.

Similar to equations (22) and (23), the route-specific link
flow rate of combined-mode travelers on buses can be
expressed as follows:

Va € pt,k € K, pt € Py,,t € T",rs € RS. (24)

Firstly, we assume that the exit capacity of the transfer
link, s,, is the time-invariant constant. Combined-mode
travelers entering transfer link (#, ) experience the
constant travel time ¢/, (including parking time, walking
time from parking lot to riding lot ¢, and average waiting
time for the bus at bus stop t’) to arrive at bus stop £. Due
to the limited exit capacity of transfer link (t, '), the
combined-mode travelers arriving at bus stop ¢’ must not
wait and form a queue.



The departure flow rate of combined-mode travelers on
transfer link (¢, £) is given as follows:

vfo (k) ={

S

a’

The link queue model on the transfer link can be
expressed as follows:

q, (k):{ (ufalk=te) = sa) -8+ g (k-
‘ 0

>

where ¢, (k) is the number of combined-mode travelers
waiting at the bus stop (riding lot) ¢ on transfer link (¢, ¢') at
interval k.

The total travel time over link a for a combined-mode
traveler entering transfer link during interval k is given as
follows:

fk+ ¢
= o delE ) : )

a

Va e (t,t'), k. (27)

s B ”fz;z (kl)
Vfape (K) = TH k)

a

where we assume that the combined-mode travelers be-
longing to different routes are randomly mixed in the queue
of bus stop provided that they arrive at the transfer link at the
same interval. u/°, (k;) and vzspt (ky)(a € (t,tr)) are the
inflow rate and ﬁeparture flow rate of combined-mode
travelers entering transfer link (¢, ') of route pt between OD
pair rs during interval k, respectively.

In the above studies, we use multimode dynamic traffic
flow model to model the interaction of vehicles such as
cars and buses. Further, the conversion between the
traveler flow and the vehicle flow can be realized at the
route-specific link flow and transfer link, and so forth. So
the problem with the parallel paths for buses can be
solved.

2.1.7. Link Travel Cost and Route Travel Cost. The travel
costs for different travelers can be given on link a, which is
either a road link or transfer link, as follows. Also, we define
the unit of travel cost in money terms.

(k) =y -t (k) +p, Vae (tt')k (29)
¢ (k)=ay-t;(k), VaeLkekKk, (30)

ufy(k—t,)+q, (k= 1)/6,

1), ifuf;(k - t;) 25,

v(k) Ky +t (k) = K,
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if ufl(k=t)<s,

Va e (t,t'), k. (25)
otherwise,

Va e (t,t'), k. (26)
otherwise,

The second term on the right side of the above equation
expresses the overload delay time at the bus stop due to the
limited capacity of the transfer link.

The following equation can give the route-specific link
flow rate of combined-mode travelers to satisfy the FIFO on
transfer link (¢, £) similar to equations (22)-(24):

Va € (t,t'),Vk € K,Vpt € P}, Vrs € RS, (28)

ufb (k)

2
31
ug(k)-cb) VaelLk  (31)

k) = a, - 1 (k) +/\2<

where equation (29) represents the travel cost incurred by
combined-mode travelers entering transfer link (t, t)
during interval k. Equation (30) represents the travel cost
incurred by travelers (including pure-mode and com-
bined-mode travelers) by a private car entering link a
during interval k. Equation (31) represents the travel cost
incurred by combined-mode travelers by bus entering
link a during interval k, where y,, «;, and «, are the
coeflicients that transform the travel time into the travel
cost, A, is a conversion coefficient too, and the parameter
p, is the fare (RMB) associated with transfer link (¢, ¢)
such as parking fare. The second term (uff, (k)/uZ (k) - cb)2
on the right side of equation (31) expresses the discomfort
that is experienced by a combined-mode traveler by bus
on a link a.

Now we use the nested function to establish the route
travel times and route travel costs for pure-mode and
combined-mode travelers. Note that the calculation of
route travel time and travel cost for pure-mode travelers is
different from that for combined-mode travelers. The
travel times required to traverse route p ={ay, a, .. ., a,}
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for pure-mode travelers entering the network during
interval k can be given as follows:

£ (k) =t (k) +t; (k+t; (k) +

+t, (k+t +t5 +-+t, ), VrseRS,pePy,

(32)

where ta, =15, (k) t& = =1, (k+t” (k)). . .for short.

The route travef cost experlenced by a pure-mode
traveler entering route p between OD pair rs during interval
k is given as follows:

c;s (k) = cg, (k) + c;2<k +1, (k)) +
+cp (k+ty +1g +---+£, ), VrseRS,pePy.
(33)

The route travel time and route travel cost for a com-
bined-mode traveler can be classified into three sections
associated with the three parts of the combined route (from
origin r to parking lot ¢ by car, from ¢ to riding point ¢ by
walk, and from £ to destination s by bus). Thus, the travel
time required to traverse route pt={ay, a,, . . ., a, (t, t), de, ..,
a,} for combined-mode travelers entering the network
during interval k can be given as follows:

th (k) = t;l () + tg, (k+1t; (k) +
wtg (k+tg +t +o+t5 )

-1

(k+t;1+t22+-~-+t°)

a
c c c t
to(k+1tq +15 +-oe 4t +1, )+

t

(k+t21+t22+--~

t

h

+ tZ AR A +t‘;H), Vp € P}

(34)

The route travel cost experienced by a combined-mode

traveler entering route pt via transfer point ¢ between OD
pair rs during interval k can be expressed as follows:

e (k) = g (k) +c5 (k+1t, (k) +

c c c c
+ (k+ty +t +otty )

+ tZ,)

c t
+E +1, )+

t c c
+Cu,(k+tal+tuz+“'

b c c
teg(ktt, +t, +o-

t

b c c c t b b 7S
+cur(k+ta1 +ta2+"'+ta,+ta,+tut+'”+tan,l)’ Vp e Py,

(35)

Considering the schedule delay costs of arriving at
destinations as well as bus fare, we give the generalized route
travel cost functions for pure-mode and combined-mode
travelers as follows:

B[k = Akt k)], ifk+ty (k) <k -
ol fif)=cy R+ y. [k+ty (k) -k - A, ifk+t) (k) >k} +A,, (36)
0, otherwise,
/3~[kr*s—A,s—k—t“ (k)], if k + 15, (k) <k,
Cot (ks s fe) = (k) + X prysy + 1y [k+ £ (R) =k = A ], ifk+ £ (k) > k) + A, (37)
0, otherwise,

where f3 is the unit cost of schedule delay time-early, y is the
unit cost of schedule delay time-late, and [k — A,k + Al is
the window of arrival times at destination s. k is middle
point of the time window and may represent the official
work start time for trips between OD pair rs. p, ), in
equation (37) represents the nonadditive bus fare from
riding lot (bus stop) ' to destination s and A, is a conversion
parameter. f (f,) is the vector of all route inflow rates for
pure-mode (combined-mode) travelers.

2.2. Traveler Choices. Figure 1 shows the nested choice
process of travelers during regular peak hour periods. Here,
we assume that the travel choice process can be broken down

into a sequence of mobility choices represented by a choice
tree. Pure-mode travelers who complete a trip by car first
decide what time to depart and then which route to follow;
otherwise, combined-mode travelers who complete a trip by
car and bus first determine what time to leave and then what
transfer link to choose and finally which route via transfer
link (t, ') to follow.

2.2.1. The Traveler Choices for Pure-Mode Travelers. For
pure-mode travelers, their route and departure time
choices are random to a certain extent because they only
have partial information for decision-making. Here, we
assume that a pure-mode traveler first chooses what time
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Pure mode

Departure time Departure time

Route Route

FIGURE 1: The nested choice process of travelers.

to depart and then which route to follow. A nested-logit
formulation is used in modeling the sequential decision-
making process. The behavior that a pure-mode traveler

xp(~6y - Cp (k,))

departing during interval k between OD pair rs selects
route p can be expressed as follows:

Vp € P{’,Vrs € RS,Vk € K, (38)

(k) = q¢;" (k)

where ge’’ (k) is the number of pure-mode travelers during
interval k between OD pair rs. 0% is the parameter calibrated
on observed data that reflect the route travel cost uncertainty
on route choices of pure-mode travelers. The larger the value
of 67 is, the smaller the perception error to route travel cost
is. When 67 leads to infinity, a pure-mode traveler will tend
to select the route with minimum generalized unit travel
cost.

The expected minimum costs (EMC) for pure-mode
travelers departing during interval k between OD pair rs can
be given as follows:

W (k) = - 9” <Z exp(_e;;.c;s(k))>

peby

(k)
0

= Crs(k) 0” <q ), Vrs € RS, Vk € K.

(39)

The departure time choice behaviors for pure-mode
travelers can be described as follows:

exp ( 9?5 rs (k))

e ,S , VrseRS,Vk € K,
1 IZkeKeXp( Op - ¢y (k)

ge;* (k) =

(40)

where ge® is the number of pure-mode travelers between
OD pair rs. The parameter 67 reflects the travel cost sen-

sitivity on departure time choices. To ensure the validity of
formulations (38)-(40), 8% > 67 must hold.

Y peprexp(=6 - C5 (k. ))

The EMC for pure-mode travelers between OD pair s is
given as follows:

rs 1
U =_6_gln< Y exp (=05 -y (k))>

pepy
(41)

qe1 (k) -0

), Vrs € RS.
1

= U () + 71 (

Substituting equation (39) and then equation (38) into
equation (41), we can obtain

(k) 1 ge? (k) - 6)
—Crs k, rs }i +—In( A ——
.‘41 o) 6 (‘h (k)> b ( U

ers e ers oS e
= Grs C (k ) ers 9/3 1n< z eXP(_QR ' Cp (k’ ))>

pePy

(42)

The above equation is similar to the result derived by
Huang and Li [5]. Here, following Huang and Li [5], for each
generalized unit route travel cost of pure-mode travelers
C;f (k), we define a so-called augmented travel cost that is
equal to the right-hand side of equation (42).
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C (k,) =

O 0y - 0
1
61"5 C (k ) GI’S 61’5 n <

Lam and Huan [13] indicate the equalization of aug-
mented travel cost C (k) for all used routes p and selected
departure time k implies a nested-logit stochastic dynamic
route and departure time equilibrium solution as given by
equations (38)-(40).

= oo 1 £ (K) >0

C, (k")
mm’lff (k)

where C.. = min{é;s (k,-), pe P,k € K}. Under the
equilibrium condition, the augmented travel cost experi-
enced by all pure-mode travelers between OD pair rs is equal
and minimum and less than (or equal to) the expanded
travel cost for pure-mode travelers on any unused routes.
Pure-mode travelers cannot modify departure time and
route choices to diminish the expanded travel cost.

The above SUE-SRD equilibrium condition of pure-
mode travelers can be expressed by a finite-dimensional
variational inequality formulation.

Find a vector f € Q if and only if it satisfies

222G G fL S = £ ()0,

rs p k

Vfed,

(45)

where Q is a closed convex.

fpu (k) = qé; (k)

xp(-05" - C (k. )

(k) )

Z exp(—@;S.C;S(k, ))> 6,51 qu. (43)

pepry

Therefore, the nested-logit stochastic dynamic route and
departure time equilibrium condition for pure-mode trav-
elers can be given as follows:

Vp € P,k € K,rs € RS, (44)
{fl ZZf”* (k) =LL £ =0, ‘v’rs]». (46)

2.2.2. The Traveler Choices for Combined-Mode Travelers.
A combined-mode traveler uses the car in the first part of the
trip, walks at the transfer link, and then uses the bus to
complete the trip. Here, we assume that a combined-mode
traveler first decides what time to depart and then which
transfer point to choose and finally which route via transfer
point to follow. Similar to pure-mode travelers’ travel choice
analysis, the sequential decision-making process of com-
bined-mode travelers results in a nested-logit formulation.
The behavior that a combined-mode traveler departing
during interval k between OD pair rs selects route p via
transfer point ¢ can be depicted as follows:

where gel; (k) is the number of combined-mode travelers
during interval k between OD pair rs via transfer point t. 6"
is the parameter that reflects the travel cost sensitivity on
route choices of combined-mode travelers.

Y pepgexp(=0%" - Cy (k, )

Vpe Pyt eT",rs € RS,k €K, (47)

The EMC for combined-mode travelers during interval k
between OD pair rs via transfer point ¢ is given as follows:

7St TS TS f TS
s (k) = e”f <Zexp( 0" - C (K, ))) Chy (k) + 9’” ( 2t(k)) Vt € T rs € RS,k € K. (48)

peP
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The transfer point choice behaviors for combined-mode
travelers can be depicted as follows:

Xp(_ers,t . (‘urs (k) _ X:s))

Journal of Advanced Transportation

Vte T rs e RS,k € K,

qey; (k) = gey’ (k)

2

teTrs

where ge}’ (k) is the number of combined-mode travelers
during interval k between OD pair rs. 67 is the parameter
that reflects the travel cost sensitivity on transfer point

Finally, the departure time choice behaviors for com-
bined-mode travelers can be expressed as follows:

X rst k
qe; (k) = gey p(- Dm“z ES ) , VrseRS,keKk,
Y exp(=6" - 45 (k)
keK
(51)
rs 1 rst
iy == grerln| ) exp(=05" 45 () | =
D keK

Substituting equations (48) and (50) into equation (52),
we can obtain

Fio ()

— Crs (k ) _ (k)
2t

(L)

Substituting equations (47) and (49) into equation (53),
we can obtain

ers ot

rs erRS ! TS ers ! 0;‘5 * rs t rs
Wy = erstcpt(k’ )+ Wln Y exp(-6;" - Chy (K,
ptePy
91’5 St eg St . -1
+Wln Z ( 6 erst - In Z exp(
teT ptePy

exp(=65" - (us (k) = 1))

exp( 07" - (us (k) —x?))) =W (k) =y +

choices of combined-mode travelers. x;° represents the
relative attractiveness of transfer point f.
The EMC for combined-mode travelers during interval k

between OD pair rs is given as follows:

1

L [ 9ey (k)
ot

In rs
(qez (k)

where ge’’ is the number of combined-mode travelers be-
tween OD pair rs. The parameter 6}y" reflects the travel cost
sensitivity on departure time choices. In order to ensure the
validity of formulations (47)-(51), 63" > 67" > 6" must
hold.

The EMC for combined-mode travelers between OD pair
rs is given as follows:

), Vk € K,rs € RS. (50)

W () + ] <M) Vrs € RS. (52)
b 2
1 qut (k) 1 qey (k) -6
1 I 2222°9), 53
o “( ) o\ e (3)

)

)

Grst Crs (k ))

7St
T rs
Hrs,t t

1 rs k . 8
St hl(%
GD’ qu

)

(54)

)<))
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We follow the analysis of the travel choice behaviors for
pure-mode travelers. For each generalized unit route travel
cost of combined-mode travelers C;St (k,-), we define a so-

grs St 97’5 St

7St
6 TS

Cpt(k )_ 61’5! pt

(k) +

ptePy

91’5 ! 9;)3 ! 7S,t -1 7S,t rs GTFS ! rs
+ W In Z exp 9 Qrs oy - In Z exp( 9 C (k )) - WXf
D

teT ptePy;

Meanwhﬂe, we can find the equalization of augmented
travel cost C (k -) for all actually used route p via transfer
point £, chosen transfer point, and selected departure time k
implies a nested-logit stochastic dynamic route, transfer

t min’ 1ff (k) >0

t min’ ff (k)

where Ct min = mln{C (k,-), pt € P5;,te”, k € K}. Under
the equ111br1um condmon, the augmented travel cost ex-
perienced by all combined-mode travelers between OD pair
rs is equal and minimum and less than (or equal to) the
expanded travel cost for combined-mode travelers on any
unused routes. The combined-mode travelers cannot alter
departure time, transfer point, and route choices to diminish
the expanded travel cost.

The above SUE-SRD equilibrium condition of com-
bined-mode travelers can be expressed by a finite-dimen-
sional variational inequality formulation.

Find a vector ft € Q, if and only if it satisfies

SN Y ol fo ) Fr - fi ()20 VFed,

rs p k t
(57)

YN e £ Sy = £ () +

rs p ok rs

Here, we discuss the property of the solution to VI (59).
Huang [11] proved that the route travel cost functions are
continuous in route inflow rates for the simultaneous route
and departure time user equilibrium problem with single
user class. The dynamic link model in this paper is similar to
the point queue model proposed by Huang and Williams
(2001). Thus, we consider that the continuity of the

11

called augmented travel cost that is equal to the right-hand
side of equation (54).

Wln( Y exp(-05" - Chy (k- )))

1n(f ¢ (k) - 6)
erst qez .

(55)

point, and departure time equilibrium solution as the one
given by equations (47)-(51).

Therefore, the nested-logit stochastic dynamic route,
transfer point, and departure time equilibrium condition for
combined-mode travelers can be given as follows:

Vpt € Py, t € T”,k € K,rs € RS, (56)

where (), is a closed convex.

{ﬂIZZZf“*(k) aey fh (k) 20, Vrs]».

(58)

2.2.3. The Composite VI Formulation. The composite VI
problem that integrates VI (45) with VI (57) is equivalent to
the above user equilibrium conditions (44) and (56)
The composite VI model can be formulated as follows.
Find a vector (f* € Q, f; € Q) that is a stochastic
dynamic user equilibrium pattern with combined mode if
and only if it satisfies the VI problem:

SN o £ R - F(R)20, VT eQVS €,
p k t

(59)

generalized unit route travel cost functions for _pure- -mode
and combined-mode travelers holds. Since C .k,-) and
C " . (k,-) are continuous and Q is the compact convex set, VI
(59) admits at least a solution. In general, the monotonicity
of the generalized unit route travel cost functions cannot
hold; therefore, C’ pt k Jyand C ot (k -) are not monotonic too.
Further, there exist multiple solutions in VI (59).
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3. Algorithms

In this section, we propose a heuristic algorithm to solve VI
(59). The proposed algorithm is heuristic in that conver-
gence cannot be proved. Details of the heuristic algorithm
are described as follows.

Step.l (Initialization): Choose initial route flow pat—
terns f7 5 (k) iy» f (k) (;)- Set the iteration index i=1

Step.2 (Dynamic network loading): Perform the dy—
namic network loading as described in (1)-(28)
according to the route flow pattern. Obtain the

Journal of Advanced Transportation

corresponding route travel cost C;f(k)(, C” (k) iy»
respectively.

Step.3 (Auxiliary route flow): Assign the demand of
pure-mode travelers ge}’, to the route by using
equations (38) and (40), and obtain the auxiliary route
flow rates of pure-mode travelers f % (k) ;) Assign the
demand of pure-mode travelers ge’;,, to the route via
transfer link by using equations (47), (49), and (51), and
obtain the auxiliary route flow rates of combined-mode
travelers f (k)(l)

Step.4 (Method of successive average):

Fot (B iy = e (K) iy + (f (k) = £ () ,)) Vpt € Py, t € T,k € K,rs € RS,
(60)
1 * s 1S
;S (k)(i+1) =f (k)(,) ( ;S (k)(i) —Jp (k)(i))’ Vpe P, keK,rseRS.
Step.5 (Convergence): If
Co (k) = Crg T+ Y YD i (R)[Clp () = Cp i ()]
rs k p t (61)

222170 IDDVHCCAEED D $ Y NACCHRCED

otherwise, set i=i+1; then go to Step 2.

4. Simulation Examples

The example network in Figure 2 consists of 9 nodes, 12
links, 2 bus lines, and 1 OD pair (1, 9).

The route sets of pure-mode and combined-mode
travelers between OD pair (1, 9) are shown in Figure 3. The
data associated with roads and transfer links of the network
are given in Table 1. These bus stops are not marked with a
superscript ” to avoid the confusion. Two bus lines are No.1
line = {5, 6, 9} and No.2 line = {5, 8, 9}. Hence, there are three
transfer points {5, 6, 8}. The dispatching origins of two bus
lines are node 5. Let the dispatching frequency of two bus
lines be 12 (veh/h), and the capacity of the bus is 50 persons.
The nonadditive bus fares (RMB/person) are as follows: for
bus lines No.l and No.2, ps_¢ g = pPs_59 =1, Ps_g = Pg_g =
0.5. The demands for pure-mode and combined-mode
travelers are 10000 and 4000, respectively.

The example network with symmetric structure shows that
some routes and links will have the same traffic condition, such
as route and link inflow rate [11]. For pure-mode travelers, the
traffic conditions on routes 1 and 6 and routes 2, 3, 4, and 5 are
identical. For combined-mode travelers, the traffic conditions
on routes 2, 3, 4, and 5 via transfer point 5, on route 1 via
transfer point 6, and route 6 via transfer point 8, on routes 2
and 4 via transfer point 6, and on routes 3 and 5 via transfer

stop;

point 8 are identical. Thus, we will discuss the numerical results
on routes 1 and 2 for pure-mode travelers, route 2 via transfer
point 5, route 1 via transfer point 6, and route 2 via transfer
point 6 for combined-mode travelers.

The passenger car equivalents parameters of car and bus
are Pcu =1 and Pcuy, = 2. Other input dataare A, = 0.5, = 8,
ay =, =y, =10, y =22, A,,=0.25h, and k,," =9.0h. The
study period is composed of four hours, from 6:00 am to 10:
00 am, which is discretized into 400 intervals with
& =0.6 min.

The data associated with travel choices is as follows:

O =1,0," = 1,6, =0.08,6, =0.5,6," = 0.5,
(62)
A =100 =520 =14

The value of the convergence indicator is generally decreasing
as the iteration proceeds, although oscillations occur. While the
iteration number amounts to 50, the value of the convergence
indicator has a very small change in Figure 3. Figure 4 gives the
route inflow rates and the augmented travel costs on routes 1 and
2 for pure-mode travelers. We can find an approximate dynamic
equilibrium pattern for all route inflow rates of pure-mode
travelers between OD pairs (1, 9). Figure 5 shows the route inflow
rates and the augmented travel costs on route 2 via transfer point
5, route 1 via transfer point 6, and route 2 via transfer point 6 for
combined-mode travelers. From Figure 6, we can see that the
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° The path set for pure-mode users

Path1=(1,2,3,6,9)
Path2=(1,2,5,6,9)
Path3=(1,2,5,8,9)
Path4=(1,4,5,6,9)
Path5=(1,4,5,8,9)
Path6=(1,4,7,8,9)

The path set for combined-mode users
Paths 2, 3, 4, 5 by the tranfer point "5"
Paths 1, 2, 4 by the tranfer point "6"
Paths 3, 5, 6 by the transfer point "8"

Link 6

Link 10 Link 12

7 > 8 ) “

FIGURE 2: The example network.

1.1

0.9 -

Convergence indicator value

0.1 1 1 1 1 1
0 50 100 150 200 250 300
Number of iterations
FiGure 3: Convergence indicator.
TaBLE 1: The link data.

Road network Transfer link

L, ta ti Sa Ltt, tit, Stt,
1 0.2 4000 55 0.01 1000
2 0.15 2000 66’ 0.01 1000
3 0.2 2500 88’ 0.01 1000
4 0.15 2000

5 0.1 0.15 2000

6 0.2 0.3 3000

7 0.2 4000

8 0.15 2000

9 0.2 2500

10 0.15 2000

11 0.1 0.15 2000

12 0.2 0.3 3000
equalization of the augmented travel costs for the chosen route via Figure 6 shows the queue length of a car on some links at
transfer point, transfer point, and departure time can be obtained. ~  all intervals. The queuing peaks mainly occur on links 1 and

In other words, the stochastic dynamic user equilibrium for a 7. There are few queues on links 3(9), 5(11), and 6(12). Links
route via transfer point, transfer point, and departure time choices 2, 4, 6, and 10 have a null queue. There are no passenger
of combined-mode travelers can be obtained. queues on transfer links 55', 66/, and 88'. The queues of
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combined-mode travelers.

1800

1600 |
Links 1 and 7
1400
1200
1000 |

800

Queue length (car)

600 Links2and 8

Links 6 and 12
400 Links 3and 9} | o 220414

0 L 1 L L 1 L
0 50 100 150 200 250 300 350 400
Time interval number

Links 5/
and 11

200 +

FIGURE 6: Link queue.

Journal of Advanced Transportation

buses on links 5, 6, 11, and 12 are few due to the small bus
dispatching frequency at the origin of the bus.

5. Conclusions

In this paper, we propose an integrated variational inequality
formulation to model dynamic network equilibrium condi-
tions with combined mode. We classify travelers into two
classes: one is pure-mode travelers, and another is combined-
mode travelers. We use the nested-logit-type functions to
capture the complex traveler choice behaviors for two classes.
Finally, using a simple example demonstrates the validity of the
heuristic algorithms and model.

Future studies may focus on the extensions of the proposed
model, including individual transfer choices and the model
parameters calibrated. The approach in this paper may be used
to assess the impacts of various traffic management policies
such as parking lot planning and park fare [14-17].
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