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ABSTRACT ARTICLE HISTORY C)®
This paper proposes a novel heuristic to solve the network design Received 28 March 201
problem for public transport in small-medium size cities. Such Accepted 5 Sept @ﬂ
cities can be defined as those with a diameter of a few kilometers

with up to a few hundred thousand residents. These urban ¥r§‘r:;’vit9r:‘ens an;
centers present a specific spatial configuration affecting the land heurist}c®eration;
use and mobility system. Transportation demand is widespre®d in smal 0w size cities;
origin and concentrated in a small number of attracti %ts c

close to each other. This particular structure of deman ydo-

few’) suggests the need for specific methodologies desi
of a transit system at a network level. In this e h desig
methodologies are defined in terms of m%?and solugion
procedures and tested on a selected cage s > The s &1
methods show promising results. The ki \ables of th

|
are the routes and their frequencies constraints the

problem affect the overall demand ved, t ity of the
proposed service (transfer, load fao nd the deffigi f routes.

1. Introduction &6 ‘\Q

Small-medium size Qbe efl \rban centers with a population of a few hundred
thousand inhabitantsand limi dimensions (with a diameter of a few kilometers).
These cities hav€spgcific ch: stics in terms of land use and mobility system, which very
ese common characteristics, which generally come out

often are sinfilar 0 eachfother®
from acti@a d choiCesNayered over time, can be described as follows:

. 11 histo Qr located in the central area of the city, often built-up in past cen-
tiries and ds of limited width. This area contains the main part of city activities:
?\the loeaigdmihistration and other various services, schools, hospitals, commercial and
servil % vities. Thus, this area is characterized by the presence of both residences and

. ial structure for the other neighborhoods, generally more recently developed,
which extend along the main roads connecting other nearby towns. These districts
are reserved almost exclusively for residential use with a limited presence of work activi-
ties. Building development is related to the distance from the center: the farther away,
the less densely built-up; and
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e important productive (industrial) areas and commercial areas (shopping centers) may
also be present at the periphery.

The urban structure described above affects the mobility system, which is typically
characterized by the following features:

e transport demand origins are widespread;

e transport demand attractions are instead concentrated at a few major points, often
located in the city center, such as administrative centers, school campuses, railway
station, hospital and production areas;

e the road network is radially shaped and has relatively few connections; and @

e public transport is operated by buses without any hierarchy among different lines (ife
main and feeder lines).

Such a typical ‘many-to-few’ structure of mobility demand as well as the low tivity
of the road network suggests conceiving ad hoc models for transit network ﬁ" , tailored
to this peculiar spatial configuration. Such peculiar but fajfly common. ring of the
data is the driving criterion for developing the propos sigh meth n example, in
a small size town where trips last no more than 0 mi nsit transfers are
hardly tolerable for users and should be réduced™ds much aS§possible. Dealing with
such expectations of transit users and ingludi em in ti€ design approach represents
an important innovation with respe other met proposed in literature. In
general, the innovative capability of eurlstlc to explicitly consider and control
relevant issues involving the qu of the de@ e. transfers, overlapping routes,
satisfied demand, route direct

The paper is structured s: thg 1on presents the state-of-the-art review
on the transit network dﬁproblem rd section describes the mathematical for-
mulation of the o n probl& e fourth section illustrates the solution pro-
cedure; the fifth sedon presex?xD results of the application of the procedure to a

real-life networ f@ n offers some concluding remarks.
Th Q‘[ netEO gsign (TND) problem is a well-known complex and non-convex

r (Ne 9; Ceder and Wilson 1986; Baaj and Mahmassani 1991), usually for-
w ted gs.a noMylinear optimization problem with both discrete and continuous variables
and confl ts. The best and most efficient solution methods are based on heuristic pro-
cediTendnd meta heuristic algorithms. A global review of route design, frequency setting,
tim®gabJing of transit lines, and their combination has been proposed by Desaulniers and

Hickman (2007), Guihaire and Hao (2008), Kepaptsoglou and Karlaftis (2009) and
Schébel (2012). Many solution procedures and algorithms have been proposed in the lit-
erature. Some works are especially focused on the phase of route generation: Baaj and
Mahmassani (1995) with an Artificial-Intelligent heuristic algorithm for route generation;
Carrese and Gori (2002) with a heuristic procedure for large urban areas with different
categories of lines; Bagloee and Ceder (2011) with a heuristic procedure providing
routes categorized by hierarchy (mass, feeder, local routes); Beltran et al. (2009) with an
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innovative application for the generation of routes operated with green vehicles; Mauttone

and Urquhart (2009) with a Pair Insertion Algorithm (PIA) inspired by the Route Gener-
ation Algorithm (RGA) of Baaj and Mahmassani, where its original expansion of routes by
inserting individual vertices is replaced by a strategy of insertion of pairs of vertices;
Michaelis and Schébel (2009) with a heuristic based on a new approach integrating line
planning, timetabling and vehicle scheduling; Cipriani, Gori, and Petrelli (2012) with a
route generation procedure based on the flow concentration process and a parallel
genetic algorithm for finding a sub-optimal set of routes with associated frequencies;

and D’Acierno et al. (2014) with two methods for service redesign in the case of budget
reductions. Some work is focused on the implementation of meta-heuristic algorithms:
Pattnaik, Mohan, and Tom (1998) providing one of the first applications of genetic algor- @
ithms; Chakroborty (2003) working to highlight the effectiveness of using genetic al (g)
ithms for solving the urban TND problem; Kuan, Ong, and Ng (2006) prop iﬁ
design and the analysis of two metaheuristics (genetic algorithms and ant colo

ization) for solving the feeder bus network design problem; Fan and Mumfor with

an approach using hill-climbing and simulated annealing algorithms; d Zeng
(2008) with a metaheuristic search scheme that com%simulate ealing, tabu
and greedy search methods; Lownes and Machem -u 0J0) pr &2 new mixed
integer model for a single-route circulator design grohlcRy; Sz u (2011) propos-

ing a genetic algorithm hybridized with a neij 60d search Iuristic to tackle the fre-
quency setting problem; and Yan et al. (2Q13) With#a heuristi§solution approach, based on
k-shortest path algorithm, simulated a ing algorith@ionte Carlo simulation, and
probit-type discrete choice model. T ceduregmgually work to address the solution
in a many-to-many context rather ¥harPto a m@racterized environment, like that
analyzed in this study for sma -@ium sizegithgs."General transit network design pro-
cedures are able to solve t% probl y possible context but, in many cases,

this positive aspect is an cou nced by very complex solution methods,
which may be ine 1-aolving s&' roblems with specific features.

.
3. Problem\d ition \

In this pa he trang &l design (TND) problem is formulated as an optimization

problem se obj ction, OF, accounts for the use of resources and impacts of
d1 e keholders, that is, operators and users.

orm siders the total distance and time traveled by buses, which deter-

iDes operato Varlable costs; the total number of vehicles used, which determines oper-

?a??o osts; and the disutility of users, composed of in-vehicle travel time, waiting

timesa ops and perceived discomfort of transfers.
‘@c bjective function (OF) is therefore a weighted sum of these different transport cost
ms

ite
C ZL,- i+ G Z Z tpnki - fi + Csnb + C4Z Z tPhk  Phki

i€l; i€l; hk€1,; i€l; hk€1,;

+Cs Y Y tan - pani+ Co Y by, (1)

i€, hkEl,; nel,

where
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> L; - f; total distance traveled

icl;

> Y tppk, - f; total travel time

i€l; hkE€I,;

nb number of used buses

> > tpuk - puk, total users’ time in vehicle

i€, hkEL,,

> > tapk; - pan,; total users’ waiting time
i€l; hkEI,;

> nt, total number of transfers

n€l,

The notations introduced in the formulae above are defined as follows:
L;is the length of the line i (km), f; is the frequency of line i (bus/h); I, I, ;, I,, are respect-

waiting time on link hk of line & pur;, pank; are respectively on board passenge
boarding passengers on link hk of line i; nt, is the number of passengers tr:
between any two lines on the node n; Cy, C,, C;, Cy, Cs and Cgy are tl@ etary

weights of the different items. x
Input data include the origin-destination matrix (Aﬁ the road rk, the bus
Qe ra,
i

ively the set of lines, links and nodes; tpy;, tan; are respectively the travel time afd
a
ng

capacity and the network terminals. Constraints fol jnes to make the
problem practically fitting real-world inst eOy fica total amount of
demand to serve; the desired quality of servi<ze (nz more than transfer for any O/D
pair); all central attractors served from a%(i ’tho;@ sfers; avoiding line circuits

as well as too long or too short route lengths\naintainin load factor lower than a pre-
determined threshold value. These @ ormally@ned in the solution procedure in

the next section. O o\'
4. Solution procedure 6 *Q
N

As anticipated in IMezdture revigwNthe proper formulation of the general TND
problem is extreme umbersoﬂx mvolves the simultaneous and combined solution
of vehicle ro&tﬁs&gnm ity location, line recombination and scheduling pro-

blems, man ch, even , would be challenging optimization problems, hardly
solved in gonablﬁ&f\or realistic large instances. Consequently, solution procedures
tos al fo tiohs may be mainly an academic exercise, potentially with rel-
ev& sights, L@Hy with weak practical implications. Therefore, the proposed

ch to e problem is a heuristic procedure. The goal is to provide a practical
fast glgori able to offer solutions that are better than current practices for the

ith the characteristics described above.
stic procedure can be summarized with the following steps:

e localization of central and peripheral terminals;

e construction of the base network;

e expansion of the base network;

e connection of lines of the base network with all central attractors;
e line frequency determination;

e linking of routes; and
e iterative adjustment of line frequencies.

<
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Figure 1. Solufj %cedure frk.

The ptocgdure ig depigted graphically in Figure 1 and detailed in the step-by-step

de below.
t 2 Local of terminals

, terminals %yge located at the main nodes of attraction and generation. Let m be those
p central area and n those situated in the peripheral area. The choice of m and
e planner and can be modified during the procedure.

umber of terminals is extremely important in terms of possible solutions gener-
ated —1f it exceeds, respectively, 4-5 central terminals and 10-12 peripheral terminals, the
large number of combinations between the peripheral and central terminals involves
switching from a deterministic optimization procedure to a stochastic one.

Step 2 - Base network definition

The next step is to determine the base network, which is built by linking each peripheral
terminal to the nearest central terminal trough the shortest path. The steps of the algor-
ithm are listed as follows:
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e select one of n external terminals;

e generate m paths from the selected peripheral terminal to each of the central ones,
finding the shortest paths in terms of travel time; and

e identify the shortest path among all the m generated ones.

The operation is repeated for all the external terminals (see Figure 2). The network
composed by the set of n shortest paths connecting each peripheral terminal with the
closest central one represents the most efficient network that satisfies the principal com-
ponent of transport demand; that is, the demand originated in the major peripheral areas
and directed to the city center.

Step 3 - Expansion of the base network g)g
o

The base network must be expanded in order to increase the total amount of
served. The first step is to assign the demand to the transport network accordé
‘All-Or-Nothing’ technique assignment. Then, a systematic procedure of @u odifi-
cations is applied for each previously generated route (see Figure 4). Such a gfo re con-
sists of increasing the travel cost of a selected link by a termined @ e.g. +50%).
Afterwards, the new shortest path between the endpoi f the lin gd is computed
and the feasibility of the new route is tested accor@

¢ the new route allows to serve demandxot‘Clitisﬁed'

e the length increase is less than a pre ined thres @ value (e.g. 50%); and

 the modification of the route is ratj terms ignment; that is, each node has to
be closer to the final destinatio e previ , even compared to other possible
routes.

A Central t al *

@ Perigheral terminal
3G,

—— @Roa ork

O se netwo«

Y

Figure 2. Terminal selection and base network definition.
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B A

B_D<E A 6<ﬁ)

Figure 3. Replacement of link AB.

A Central terminal 0
@ Peripheralterminal 000 TN 000 sedfemmmmm=ya= 0
—— Road network ' 6
= Base network

«===» Expansion of base network

Figure 4. Expansion Qwe network

The last crltﬁ)n s e alent; verify both the two conditions shown in Figure 3, which
refer tot @ sertion f n@de C in the route between A and B. The insertion constraint is

distance from B to D, final terminal of route, is less than that from
&e increasgo

dvel distance from C to D is less than that from A to D.
e travel cost of the selected link enables to preserve network connec-
Wn. Thy dition could not be guaranteed if the link is cut, as often used in other works
(cf. Ma 80; Pattnaik, Mohan, and Tom 1998).

are several possible selection criteria for the choice of link to be possibly replaced.

The tw0 criteria described as follows are the prevalent: (1) proceed in a sequential way by

analyzing, route by route, all the links belonging to the route starting from one of the two

terminals and (2) sort all links of the routes by passenger load and select them, one at a
time, from the lowest to the highest.

The second criterion seems to be more efficient from a computational point of view: in fact,

deleting from the routes the links with the smallest level of passengers may lead to satisfy the
minimum value of served demand before checking all the links of the network. In general,
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however, the topology of the network and the distribution of the demand are the fundamental
references in the choice of the most suitable link selection rule.

At the end of the expansion phase of the base network (see Figure 4), the procedure
checks if the served demand is greater than a fixed threshold x, for example, 95%,
through the following relationship:

D pam—) nty=x > s )

hkel, n€l, ii€lop

where s;; are the trips between nodes i and j belonging to Iop set.
If the constraint is not satisfied, a new iterative construction procedure is required by
introducing and expanding additional new routes (see Figure 5). This phase is structured

in the following steps: 0()

o select a new additional peripheral terminal;

e increase the travel cost of the links of at least one route, by a predetermi or, in
order to reduce possible overlaps of routes; and

 generate the new route of the shortest path to a centraN%.inal, and he possible
expansions.
These steps are repeated by adding new rofites gp=to satisfy tHg constraint on the total

amount of transport demand served.

Step 4 — Connecting routes to all ce actors
The connection of the routes to all c&gtral attrac @slsts in extending each route to all

the other central attractors not @ ed by t (see Figure 6). The extension takes

Ty )
.g;?:“?‘;%mg b { ) =T

Figure 5. Generation of new routes.
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place in the direction that corresponds to the minimum total travel time of passengers on
route i:

min > ki - Phki- ©)

hkEL,,

The connection phase allows transfers from any route to any other one, automatically
satisfying the constraint of not having more than one transfer to reach any possible desti-
nation. In addition, through this step, it is possible to reach directly, without transfers, all
the major attractors from any external terminals.

Step 5 - Frequency setting

After the fourth step, a first feasible solution (the base network) has been built a Qe
improved in the following steps. First of all, an iterative assignment and frequen
procedure, is applied to set the line frequency. The procedure starts by defin nitial
set of frequencies. After the first assignment, based on the maximum loa @ecorded
on each line, the frequency f; is estimated by taking into unt the m permltted
load factor on board fc,,,, and the capacity of the v

(4)

The frequency thus obtained is then ed with t V10us one. The process ends

if there are no significant Varlatlons two su 1ve iterations; otherwise, a further
assignment is required. The trans on the base network by means of a

rggnce of the iterative frequency setting

hyper-paths assignment proc%

A Central t @

@ Peripherdyerminal

\{\‘0

*

twork

Figure 6. Connection of routes to all central attractors.



TRANSPORTATION PLANNING AND TECHNOLOGY 93

procedure is not guaranteed, but all computational tests performed converged in few
iterations.

Step 6 — Linking of routes
To further reduce the number of transfers it is necessary to proceed to join routes found up
to now and to move their central terminal from the center to the external terminals. This
step should also allow to limit the overall length of the network, reducing the number of
overlapping routes. The process of linking routes is not necessarily unique, since each
route can be combined with more other routes.

Linking of routes is carried out through the following steps:

<

e select the line s with highest frequency; 0
e individuate the set of all paths of the passengers on the selected line; 0

¢ identify the lines to or from which transfers take place;

o for each of these lines, define the number of runs C; according to the followj rion:

\
o {2032* Q_Q)Q X

where C;, n;, I;; represent, respectively, th@ber of runs obthe selected line s, the
number of transfers between the line s\dt ine i a@ whole set of the identified

lines;

e join the line s with all the lines be @[0 the s€t 2y that present a number of runs C;
equal or greater than 1 (an ex@ the cogibirtfion of two routes is represented in
Figure 7);

e assign the O-D demand %, rep&@requency setting procedure and compute

the new OF value; an@lj
e compare the O e that of theg,fast solution and accept the linking of the routes
if an improvemenfgf the ‘ s achieved.

\

The algogithntfepeats theNsgquence of operations for the remaining lines; these are
in de ing order of number of runs. The process ends when all the

out@ désign network have been processed.

—— Road network
— Line 12

Figure 7. Linking routes of two lines.
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Step 7 — Frequency adjustment
Finally, the frequencies of the lines are adjusted again applying the procedure described in
Step 5, without any further route modification.

5. Case study

The proposed procedure has been applied to a real network of a small-medium size town,
Foligno, an urban center of about 55,000 inhabitants located in the Umbria region of Italy.
The aim of the application is to identify possible problems arising from the practical
implementation of the procedure and to assess its performance through a comparison of
the values of the objective function resulting by the application of the proposed model
and those corresponding to the actual transit network. For the aim of the study, a transpﬁ)
model of the transit network is carried out. The urban area is divided into 30 traffic zohe$®
The O/D transit matrix consists of approximately 3,130 trips in the peak hour. The iCal
city center and the external area with industrial activities represent the two maj ction
areas and they are the destination for about two-thirds of the total transport { d (about
2,000 trips), while origins are distributed in all traffic zongg.

The actual transit network consists of 16 bus lines xeyl route equencies that
connect the external areas, surrounding the cent lign e historical town

center and the railway station; five lines pass the city céqter.

Figure 8 illustrates the capability of the p re to &de a good coverage of the
urban area not only in terms of tran% emand s ut also in terms of links

Q Line: @ Line:
Line: O 28 78 '

A Central terminal 12

1
@ Peripheral terminal {
—— Road network @
e [odel final netw

Line:

—® s

Line:
16
56

Line:
211
311

Figure 8. Final model network for the Foligno application.
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Table 1. Performance comparison between existing network, base design network and final design
network in the Foligno application.

Indicator Existing network (a)  Base network (b)  Final network (c) A (%) (b-c) A (%) (c-a)
Number of lines 16 1 14 +21% —12%
Buses-km 347 375 348 —7% 0%
Buses-h (min) 1,015 1,040 975 —6% —4%
Number of buses 23 22 23 +4% 0%
Number of transfers 2,710 1,260 860 —32% —68%
Total in-vehicle time (min) 33,940 32,625 32,935 +1% —3%
Total waiting time (min) 39,460 67,640 34,310 —-9% —-13%
Avg load factor 0.42 0.39 0.42 +8% 0%

belonging to the road network. It is also worth observing that the high number @
lines around the central ring ensures both opportunity of transfers among every ié)
and provides a high number of runs available for passengers traveling in th @
areas of the city.

Table 1 shows the values of the different components of the OF, comp

'€§ ,rom the
results of the simulations carried out both on the designynetwork and.On, tiic existing
one. Regarding the design network, the table shows ® relate ﬁ

1

bth the initial
configuration of the network (Step 4 — Connecti ain attractors)
and the final configuration.

A detailed analysis of different compone ts o t e obje t1vez:nct1on highlights the

importance of the final phase of line joi g (STp 6), whighheliminates several overlaps
of lines that do not affect travelers pa% d improwv th travelers’ and operator’s
cost. Moreover, the algorithm’s s attains educe the number of transfers

(=32%), which are one of the significa ilities for travelers, affecting the
onboard passengers’ travel tu&€ by a nedligile quantity (+1%).

Results achieved by hnk&C s is cs nt also from the operator’s point of view,
since the space and time @ es tr l\( ehicles in the final network are shorter than
those of the base 7% a% espectively.

Further consideratigns aris mparison of the actual (a) and the final design (c)
transit netwag ith alm ame quantity of transport service supplied, the design
network pr&f a quadttativi etter service, as it reduces the number of transfers by

68%, the a&wrs’ travel time by 3% and the passengers’ waiting time by

v rth ing that benefits for passengers are achieved without detriment

0‘& perator; e design network needs the same number of vehicles, the same
{

alspace d1 and slightly lower time distances (—4%).

In this paper, we have developed a novel heuristic procedure that aims to provide a better
solution for the transit network design problem for small-medium size cities, a large
number of which exist throughout many European countries and all have similar
spatial configuration, which drove our choices in developing and identifying the proper
steps for the algorithm.

The proposed procedure provides encouraging results and is associated with a
remarkable ease of execution on real networks. The Foligno case study shows significant

7@
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improvements in nearly all considered performance measures when compared to current
practices.

The ease of both the operation and the logic on which the algorithm is built allows for
an easy understanding of the procedure which facilitates potential adjustments of the
designer. The dependence on initial choices of parameters and constraints, typical of
deterministic heuristics, is in fact partly offset by the possibility for the designer to inter-
vene during the procedure run and correct some algorithm threshold, if necessary.

The heuristic is polynomial and suitable and capable to solve much larger size city pro-
blems, whose more complex structure and characteristics could, however, undermine the
underlying assumptions applied to design transit networks in smaller cities. This would
encourage further research on the topic to conveniently expand the proposed heuristic @

procedure to properly solve the TND of larger size cities with similar layout. QC)
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