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Abstract—This paper focuses on the integration of timetabling, problem, most existing studies assumed that all the vehicle
multi-type vehicle scheduling and user routing in transit retwork  are identical. Laporte et al. (2017) studied the multi-otije
considering fuel consumption. For the integrated problem,we integration of timetables, vehicle schedules and useiimgsit

consider the users’ preferences for departure and arrival tmes h th | d the identical vehicle factor. In
and the capacity limits of vehicles. Additionally, the muli-type ve- owever, they also assume € ldentical venhicle factor.

hicle and fuel consumption factors are also the key contribtions, fact, many public transports, such as train, subway or bus,
which are firstly added into the integrated problem. The objective  have various configurations or types. Therefore, the spedd a
is to minimize the inconvenience of the users (i.e. in-veH&times, fyel consumption are also different, then the various speed

line-transfer penalties and deviation between desired depture  f \apjcles will also impact on the users’ optimal option for
and arrival times), penalties of users not served and the co®f .. - .
itineraries and the departure times.

line runs and fuel consumption for operators. Finally, we e&blish

a mixed-integer programming model for the integrated problem. In this paper, we focus on the integration of timetabling,
multi-type vehicle scheduling and user routing in trangt-n
l. INTRODUCTION work considering fuel consumption. Our main contributions

In recent decades, the transit network has become huges as follows. 1) For the integrated problem, we not only
and huger due to the development of road network and thersues transfer coordination but also users’ preferefares
increasing of vehicles. The complex transit network forms @geparture and arrival times. 2) Each user need to be treated
bigger challenge for the road traffic planning and the vehicindividually with hard time windows constraints for trip du
scheduling. Especially for the public transit network, morration, departure and arrival times. 3) We consider myftiet
convenient service for users is an quite important problenehicle, vehicle capacity limits and vehicle fuel consuioipt
meanwhile, the factors of energy saving and environmen#l We establish a mixed-integer programming model for the
protect are also an unneglected problem. integrated problem.

The transit network timetabling and scheduling problem The rest of this paper is organized as follows. In Section
(TNTSP) includes two subproblems: the transit network, a brief literature review of previous work is given. Seati
timetabling problem (TNTP), vehicle scheduling probler3 describes the problem under consideration, and Section 4
(VSP). The transit network timetabling problem and vehiclrmulates the mathematical model. Finally, some conchsi
scheduling problem in transit network have attached moaee given in Section 5.
attention. In this paper, we also consider the user routing{
lem. For the user routing, we assume that users are intdreste
in minimizing their scheduled inconveniences related to in Recent research in transit network has mainly focused on
vehicle times, line-transfer penalties and deviation leetw the transit network timetabling problem, vehicle scheatli
desired departure and arrival time. For the timetablingoproproblem and the integration of the two problems.
lem, it needs to consider the potential itinerary and depart The timetabling problem has caught a lot of attention in the
and arrival times, then a convenient timetable can be obtiainfield of bus and train scheduling. For the train timetabling
On the other hand, the convenient timetable can also retieceproblem, Huang (2006) developed ant colony optimization
waste of public transport resources. For the vehicle sdirefgu (ACO), considering the trains scheduling in the transitiquer
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between peak period and off-peak period, the conflict résglv model, the regional bus vehicle scheduling, which is design
and the balance of in and out trains for each depot. Kang ettal.minimize the total number of the required vehicles and the
(2016) studied the optimization of first train timetables &m total time of the deadheading trips, is formulated as a class
urban railway network, which focuses on designing convanieof the scheduling problem complying strictly with the vdhic
and smooth timetables for morning passengers, then prdposkain-running time, the maximum capacity, and the required
a mixed integer programming (MIP) model for minimizing theetaining vehicles in each depot. In the lower model, the
number of missed trains. Hassannayebi and Zegordi (20Dhjective is to minimize the total transfer time of passeage
focused on the rail rapid transit timetabling problem, aigni in every connection stop, and the synchronization coefficie
at minimizing the total and maximum waiting time of thedescribing the cases of lines-crossing in one connectigm st
passengers through optimization of the train timetables fand the satisfaction criteria. Guihaire and Hao (2010) $ecu
urban rail transit systems. To solve the problem, they dgeel on combining important features of these two steps and pro-
d mixed-integer linear and non-linear programming modelgpsed a simultaneous solution approach to redefine tinestabl
then proposed adaptive and variable neighbourhood seawith the objective of bringing improvements to both quality
algorithms to tackle large instances. Canca et al. (201@)exi of service and vehicle costs incurred, then introduced an
the design and optimization of non-periodic train timegsbl optimization procedure based on Iterated Local Searchitve so
when passengers demand follows a dynamic behavior alahg problem. Fedorko and Weiszer (2012) presented a s@iecti
certain planning horizon, then present four different folam of crossover operator and determination of maximum number
tions for this problem. Ibarra-Rojas et al. (2015) propotted of generations in algorithm for integrated timetable ankicie
multiperiod synchronization bus timetabling (MSBT) preinl, scheduling optimization in public transport. Michaelisdan
which specifies the departure times of the trips of all lineSchobel (2009) suggested to reorder the classic sequettoe of
where each line has its own planning periods along the dgyanning steps: first designing the vehicle routes, theittisl
with the objective of optimizing synchronization eventsxxn  them to lines and finally calculating a (periodic) timetable
imize passenger transfers and minimize bus bunching aldngporte et al. (2017) studied the transit network timetapli
the network. and scheduling problem, aiming at determining an optimal
Compared with the transit network timetabling problentjmetable for each line of a transit network by establishing
the research of vehicle scheduling problem has formed ratlieparture and arrival times at each station and allocating a
mature methods and contents. Foster et al. (1976) describedicle to each timetable.
an integer programming formulation of the vehicle scheduli  Some of the above studies only focused on a subproblem,
problem and illustrated how such a formulation can be esuch as timetabling problem or vehicle scheduling problem.
tended to incorporate restrictions on work load, coveragk aln addition, most of the studies about the integration pobl
service that occur in real world vehicle scheduling protdemignored the user factor, even assumed that all the vehiales i
Huisman et al. (2004) focused on dynamic scheduling atnsit network are identical. In this paper, we develop the
considered three measurements throughout the paper, yhanmgkgration of timetabling, multi-type vehicle schedgjiand
the number of vehicles used, the percentage of trips sgartinser routings, based on Laporte et al. (2017). Specificariy,
late, and a virtual measure for delay costs. Hadjar et aD&P0 user can choose different types of vehicles to complete his
considered the multiple depot vehicle scheduling probleitinerary. Meanwhile, each user has the desired deparhde a
(MDVSP) and proposed a branch-and-bound algorithm farrival times.
solving it that combines column generation, variable fmngIII
and cutting planes. Haghani and Banihashemi (2012) predgent
new models for multiple depot vehicle scheduling probled- Problem Statement
(MDVS) and multiple depot vehicle scheduling problem with We define a public transportation network (PTN) as a graph
route time constraints, considering the route time coigga G = (5, A) with a set of nodes' representing stations and s
Based on the two aforementioned problems, some literatiset of arcsA. Each arc denotes a direct connection between
gradually turns to the integration problem. Ibarra-Rojaale two stations ofS. A directed graphG, = (S, 4;) stands
(2014) focused the trade-off between the level of servia afor a public transportation line (PTL), andbelongs to the
operating costs in transit system, then presented two énteget of linesZ, S; C S is the set of stations and; C A
linear programming models for the timetabling and vehicleontains the direct connections between two stations using
scheduling problems, and combined them in a bi-objectiViee [, the set of direct path line€ C £ and the set of
integrated model. Ceder (2011) addressed the timetabkd-dedirect cycle lines£ C £. Additionally, the set of linesC
opment and vehicle-scheduling with different vehiclesetyp can also be divide into two categories: going forward lines
and proposed a method to construct timetables with tket 7 and going backward lines Ser. Figure 1 shows
combination of both even-headway and even-load conce@sPTN with 4 nodesS = {1,2,3,4} and 8 arcsA =
then the vehicle-scheduling problem are based on giveroset{(1, 2), (2,1), (2,4), (2, 3), (3,2), (3,4), (4,2), (4, 3)} We de—
trips and vehicle types arranged in decreasing order oftleshifine the set of line€ = {1, 2, 3,4}, andA1 {(1,2),(2,3)},
cost. Liu and Shen (2007) established a bi-level programgminl. = {(2,3),(3,4), (4,2)}, 43 = {(3,2),(2,1)}, A4 =
to study the regional bus operating problem. In the uppéf2,4), (4,3),(3,2)}. Meanwhile,Z = {1,3}, £ = {2,4},
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T = {1, 2}, T = {3,4}. Additionally, users can transferof itineraries andl,; C II the subset the itinerary that can be
lines on the nodes (stations) included by no less than twwailable for user. Note thatl, is the set of lines related
lines, for example, a user departing station 1 along linerl cwaith itinerary = € II. Once his path is defined, a user can
transfer to line 4 at their common station 2. consider different options of departure times, depending o
the combinations of timetables that can be implemented on
each line of the path. ByRS, (R]) we denote the set of
options that can be used to serve requastder the itinerary

m by a express-vehicle (general-vehicle). We define a styateg
as a combination of an itinerary and a potential timetabdg th

a user can choose to travel in a PTN. For the Figure 1, if a
user want to travel from station 2 to station 4, he can choose
three itineraries: 1) itinerary 1, starting from the stat® to
station 4 along the line 4; 2) itinerary 2, starting from istat

2 to station 4 along the line 2; 3) itinerary 3, starting frame t
station 2 to station 3 along line 1 and transferring to the lin

2 at the station 3, then starting the second trip from station

3 to station 4 along line 2. For the itinerary 1 of the user,
we will introduce the available options about the departure
times. If the traveling time of the express-vehicle and gakhe
vehicle between adjacent stations are 1 and 2 respectively.
addition,t;” denotes the earliest time at which useran start

the trip andt;", ;, denotes the latest time at whictcan reach
his destination. If the two parameter are 3 and 8 respeytivel
Therefore, if usef chooses itinerary 3 by express-vehicle, then
the options for departure time and transferring are asvaio
1) starting his trip at time slot 3 and transferring at any of

@ e e e the time slots{4,5,6,7}; 2) starting his trip at time slot 4
and transferring at any of the time slofs, 6, 7}; 3) starting
his trip at time slot 5 and transferring at any of the time slot
{6,7}; 4) starting his trip at time slot 6 and transferring at
e e the time slots 7; so he has 10 options under itinerary 3 by

express-vehicle. On the other hand, if he chooses itinedary
by general-vehicle, then his options are as follows: 1)}tisigr
his trip at time slot 3 and transferring at any of the time slot
{5,6}; 2) starting his trip at time slot 4 and transferring at the
For timetabling problem, we first define a line run as thi#éme slots 6; so there are only three options by generalelehi
journey of a vehicle making stops for boardings and aligigtinto carry out his trip in itinerary 3.
at every station along the line. Each line is provided two The remaining of this paper is based on the following
types of vehicle: express-vehicle and general-vehiclersuspreliminary assumptions.

can choose any one alone this line. The travel time and, | express-vehicle (general-vehicle) have the saneedp
capacity of two types of vehicles are different, and theistco and stopping time at every (non-terminal) station along a
of implementing a line run in a same line are also differemt. | line.

addition, when a vehicle allocated ke 7 can start a line run (2) Once a line run is completed, the associated vehicle
at any time slot. Once the line run is completed, the asstiat ~ po.omes part of the fleet size 0f’ the lihe |f| (- |f|
vehicle becomes part of the fleet size of the line- |?| if I e <Z)
(- |f| if [ € f). Circular lines, are similar to path lines 3) '
except that they have only one terminal station. Therefore,
any itinerary that involves traversing the terminal statigill
require a transfer at that station. Each user has fixed up[@s
and lower bounds associated to the departure and arrivestim
Additionally other inconveniences related to in-vehidheds,
line-change penalties and deviation between desired tigpar
and arrival times will be taken into account.

Each itinerary offers different travel options accordimg t In this section, we adopt some notions in Laporte et al.
each combination of the potential timetables from the diif¢ (2017). Additionally, our models are also an extension @f th
lines that can be used for completing a trip. Lebe the set models in this paper.

Fig. 1. A PTN with four nodes and eight arcs

Fig. 2. The going forward line 1 and its opposite direct line 3

Fig. 3. The going forward line 2 and its opposite direct line 4

Each user can choose express-vehicle or general-gehicl
to carry out his trip, and the express-vehicle has a higher
speed than the general-vehicle.

All the users only consider the strategies involving at
most one transfer.

B. Model formulation



Indices

s: indices of nodes (stations);
a: indices of arcs;

[: indices of lines;

r: indices of options of departure times for users;
1. indices of user requests;

7. indices of itineraries;

t: indices of time slots;

Input parameters

G Graph corresponding to the public bus transit network;
S: the set of nodes, i.e., public bus stations; S; -
A: the set of arcsq € A4;

L: the set of lines| € Z; -
S;: the subset of stations used by liheS; C S;

Ay;: the subset of arcs that used by lihe4; C A; -
L: the set of directed path lineg, C £;

L: the set of directed cycle lineg, C Z;

L: the set of path lines going forward; C £;

L the set of path lines going backwan%, C L,

N: the set of stations of all linegy’ = {(I,7) : l € L,i € -
St}

A: the set of arcs of all linesd = {(l,4,5) : | € -
‘C__a (%.7) € Al};

N the set of transfer stations; -
Altra): the set of transfer edges (") = {(l,i,n): 1 €
LyieS,neN; -
T: the set of time slotT = {1,...,|T|}, |T|: the
planning horizont € T, -
77 the fixed travel time required by a express-vehicle to
complete a line run in ling; -
7/: the fixed travel time required by a general-vehicle to
complete a line run in ling; -
Q¢ the capacity of a express-vehicle;

Q?: the capacity of a general-vehicle;

cj: the cost to locate a line run by a express-vehicle in
line {, including fuel cost;

¢]: the cost to locate a line run by a general-vehicle in
line I, including fuel cost;

A¢: the cost of a express-vehicle;
A9: the cost of a general-vehicle;
p: the total available budget to locate line runs by the
express-vehicle and general-vehicle;

KC¢: the fleet size of express-vehicle;

K9: the fleet size of general-vehicle;

I: the set of users’ transportation requests;

t;: the preferred departure times for user request
ti+1): the preferred arrival times for user requést

t1: the earliest times that can serve the user reqyest
tho
i+|1]

|£.|: the number of lines contained by the itinerarye
IT;

Li=: the set of lines chosen by usérwhen itinerary
m € II is selected,;

RS, the set of options available for usérby express-
vehicle when itineraryr € 11 is selectedy € R, ;

RY : the set of options available for userby general-
vehicle when itineraryr € II is selected; € RY ;
Mz @ binary parameter equals to 1 if the itinerarg 11
contains ara: € A, O otherwise;

v¢. .. the cost that user chooses express-vehicle under
the itineraryn and optionr;

©? . the cost that usei chooses general-vehicle under
the itineraryn and optionr;

t¢ .- the departure time slot of a express-vehicle in line
[ when user chooses the itinerary and the optionr;

t9 ... the departure time slot of a general-vehicle in line
[ when user chooses the itinerary and the optionr;

Decision Variables

py: the number of line runs to be deployed in lihdy
express-vehicle;

pj: the number of line runs to be deployed in lihdy
general-vehicle;

K7 the number of express-vehicle initially allocated to
line (;

K7: the number of general-vehicle initially allocated to
line (;

x5,: a binary variable equals to 1 if a express-vehicle starts
a line run in linel at time slott, 0 otherwise;

z,: a binary variable equals to 1 if a general-vehicle starts
a line run in linel at time slot¢, O otherwise;

y¢... a binary variable equals to 1 if usérchooses
express-vehicle under the itinerary and optionr, O
otherwise;

y? .. a binary variable equals to 1 if userchooses
general-vehicle under the itinerary and optionr, 0
otherwise;

Mathematical Model: The model for the problem can be
expressed as follows. the objective function:

min{wl Z Z ( Z wfwryiewr + Z @?wry%qwr)

1)

iel mell; TeRS, reRy
e g
+ws E [17 E ( E Yigr T E yiwr)]
i€l mell; reRs, reRY

tws D (cfaf, + faf) +wa Y (AKF + MK}

leLteT el

the latest times that can serve the user reqijest The objective function is to minimize the total user incon-

IT: the set of possible itineraries in the public bus transienience. The first term denotes the inconvenience related

network, 7 € II;

to in-vehicle times (express-vehicle or general-vehjctbg

IT;: the subset of itineraries that usecan choose from, penalties of changing lines and deviation between desired

IT; C II;
L. the set of lines related the itineranye II;

departure and arrival time, which are all about the users who
have been served in transit network. The second term compute



the penalty cost of users not assigned to any service initrarike vehicle capacity of the express-vehicle or generaleleh
network. The third term computes the cost of line runs and the

last term computes the cost of fleet size. The first and second > (e, + zigml) < (£« =1) (10)
terms are user-oriented, while the the third and last temas a l€Lr
operator-oriented. + Z Z Ye

ﬂ/GHiT’ERfﬂ
iel,mell,r € Ri.,rpeRY

17T

SO vir+ Y. vh) <1, ield 2 S, taly )< (Ll =) (11)

nell; TeRE reRy_ leLy
. . + Z Z yfﬂ"r”
Constraint (2) ensures each ugecan choose no more than o eIl ' €RY

one strategy, specifically, a user can only choose more than

20 s A iel,mcll;,ri € RE ,r9 € RY
one combination of an itinerary and a potential timetable of ot im0 o

express-vehicle or general-vehicle vehicle. Constraint (10)-(11) ensure that if there exists a giverertry
and a vehicle type for a given user, then the user must be
leet <, el 3) served.
teT g
g g Z (xletfﬂrll + xltfnrzz) + Z Z yfﬂ',’”/ (12)
let < P lel (4) l€Lr n’ €Il v €RE ¢, PP
teT i
+ Z Z yigw’r/ = |£7T|’
Constraint (3) guarantees no more thgine runs by express- m el eRY 0!, >l
vehicle can be located on each liheSimilarly, Constraint (4) iel,mell,r € RS, re R
guarantees no more thari line runs by general-vehicle can
be located on each link Constraint (12) guarantees that if there exists a giveeriéiry

and a vehicle type for a given user, then the user will not

Calyl., < Z 8 ielmell.reRe (5) choose another combination of itinerary and vehicle typia wi
T\ dimrr = te 9 ) 79 T

l higher cost.
leLr
|Lr |y, < ady, , iel,mell,reRry (6) 7l
i l;ﬁw - " > af, <Kf, leL (13)
t'=1
Constraint (5)-(6) ensure no request will be allocated to a i g ;
strategy that cannot be carried out with the available luresr Z Ty <K lel (14)
i.e., if the right term equals to 0, then the left term must be 0 t'=1
Constraint (13) ensures that the total number of line runs by
Z(C?Ple +clp?) < p ) express-vehicle cannot exceed the fleet size of expressleeh
ez N in line [ during 77, which is time required to complete a

line run along linel. Specifically, during the time interval
[1,77], there are no more thal{ express-vehicle. Similarly,
no more thank’] general-vehicle can be located on a same
arc simultaneously.

Constraint (7) guarantees the total cost of incurred byhal t
line runs by express-vehicle and general-vehicle canrosezk
the total available budget.
t t—rp
©, - ¢ < Ky 15
S Y Y et <@ ® 2w m 2w <K as)
i€l mellj:leln TGRSW:thTz:t t =1 t =1
leLiaeAyteT le L telr,|T] -]
g 9.9 ¢ t=7f
> > Yo meayl, < Q% 9 o
i€l mell:l€Ly reRY 9 =t Z Ly — Z x

i ’Lﬂ'Tl: ’
lelac A,teT t=1 5t
le L. telf,|T| -]

g < K7, 16
l+\f\,t/_ ! (16)

Constraint (8)-(9) consider the capacity limit of the exge Constraint (15) (Constrain (16)) describes the differebee
vehicle and general-vehicle, ensuring the total numbesefsi tween the number of express-vehicle (general-vehicle) tha
use an same arc by the same type vehicle that cannot exdeaek departed from liné and the number of express-vehicle



(general-vehicle) that have arrival atannot exceed the fleetspeed have a higher efficiency, then the fuel consumption of
size of express-vehicle (general-vehicle) in line the former is less from the long term. 3) When the difference
between the ticket price of the two types of vehicle is not big

t t—7y K . .
PIETEDY mi\f\ o =K (17) €enough, users will be more partial to the express-vehicle.
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