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ABSTRACT

This article addresses the search for adequate frequencies of bus dispatching in an Integrated Public Transporta-
tion Systems (IPTS). An optimization model is proposed to find these frequencies for bus dispatching travelling in differ-
ent exclusive lane routes. The model was applied to a reduction of the Integrated Public Transportation Systems (IPTS)
in the city of Pereira (Risaralda, Colombia), which is of the Bus Rapid Transit (BRT) type. Nevertheless, the model can be
applied to a larger BRT system.

The frequencies are determined according to an estimated travel demand in a given bus station, the capacity of the
buses, and the size of the available fleet. There is resolution of a multi-objective function that minimizes downtimes at
the stations, the economic costs of the business operators and takes into account a penalty that occurs when users must

wait for a second bus. Finally, a methodology to choose the weights of the multi-objective function is shown.
The model was solved using a genetic algorithm (GA). Dispatch frequencies are bounded, achieving a reduction of

the solution space and obtaining operable intervals.

KEYWORDS: Bus Rapid Transit (BRT); Dispatch frequency; Integrated Public Transportation Systems (IPTS);

Optimization Model; Waiting time; Travel time.

ASIGNACION DE FRECUENCIAS APROPIADAS A TRAVES DE UN
MODELO MULTIOBJETIVO PARA UN SISTEMA BRT

RESUMEN

En este articulo se aborda el problema de la busqueda de frecuencias apropiadas de despacho de buses en un Sis-
tema Integrado de Transporte Publico (SITP). Se propone un modelo de optimizacién multiobjetivo para encontrar estas
frecuencias de despacho de buses que transitan por un carril exclusivo en diferentes rutas. El modelo se aplicd a una
reduccion del SITP en la ciudad de Pereira (Risaralda, Colombia), el cual es del tipo Bus Rapid Transit (BRT), no obstante

puede ser empleado en otro sistema BRT de mayor tamafio.
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APPROPRIATE FREQUENCY ALLOCATION FOR A BTR SYSTEM THROUGH A MULTIOBJECTIVE MODEL

Las frecuencias se determinan de acuerdo a la demanda de viajes estimada en una estacion de buses dada, la ca-
pacidad de los buses, y el tamafio de la flota disponible. Se resuelve una funcién multiobjetivo que minimiza el tiempo
de parada en las estaciones, los costos econdmicos de las empresas operadoras, y considera una penalizacién cuando un
usuario debe esperar por un segundo bus, por falta de cupo. Finalmente, se propone una metodologia para escoger los

ponderadores de la funcidn objetivo.

El modelo fue resuelto con un Algoritmo Genético (AG). Las frecuencias de despacho fueron acotadas, para lograr
una disminucidn del espacio de soluciones, obteniéndose de la solucién intervalos de despacho operables. El modelo fue
probado en diferentes escenarios con demanda baja, media y alta, lo que permitié evidenciar el impacto de estos en los

tiempos de espera, tiempo de viaje promedio, y en general evidenciar los cambios en la calidad del servicio.

PALABRAS CLAVE: Bus Rapid Transit (BRT); frecuencias de despacho; modelo de optimizacidn; Sistema Integrado

de Transporte Publico (SITP); tiempo de espera; tiempo de viaje.

ATRIBUICAO DE FREQUENCIAS APROPRIADAS ATRAVES DE
UM MODELO MULTIOBJETIVO PARA UM SISTEMA BRT

RESUMO

Neste artigo aborda-se o problema da procura de frequéncias apropriadas de envio de 6nibus num Sistema Integrado
de Transporte Publico (SITP). Propde-se um modelo de optimizagdo multi - objetivo para encontrar estas frequéncias de
envio de 6nibus que transitam por um carril exclusivo em diferentes rotas. O modelo aplicou-se a uma redu¢édo do SITP na
cidade de Pereira (Risaralda, Colombia), o qual é do tipo dnibusRapid Transit (BRT), ndo obstante pode ser empregue em

outro sistema BRT de maior tamanho.

As frequéncias determinam-se de acordo a demanda de viagens estimada numa estacdo de 6nibus devido, a capa-
cidade dos 6nibus, e o tamanho da empresa disponivel. Resolve-se uma fun¢do multi- objetivo que minimiza o tempo de
parada nas estagdes, os custos econdmicos das empresas operadoras e considera uma penalizagdo quando um usuario deve
esperar por um segundo Onibus, por falta de vaga. Finalmente, propde-se uma metodologia para escolher os ponderadores
da fungao objetivo.

0 modelo foi resolvido com um Algoritmo Genético (AG). As frequéncias de envio foram disminuidas, para conseguir
uma diminui¢do do espaco de solugdes, obtendo da solucdo intervalos de envio operaveis. O modelo foi provado em dife-
rentes cendrios com demanda baixa, média e alta, o que permitiu evidenciar o impacto destes nos tempos de espera, tempo

de viagem média, e em general evidenciar as mudangas na qualidade do servigo.

PALAVRAS-CHAVE: OnibusRapid Transit (BRT); Frequéncias de envio; Modelo de optimizagio; Sistema Integrado de
Transporte Publico (SITP); Tempo de espera; Tempo de viagem.

1. INTRODUCTION

transport means. This is why the development of a
public transportation system is one of the priorities

The operative planning of an Integrated Public
Transportation System (IPTS) is very important for a
city, since an improvement translates to a reduction
of expected time travel, impacts service quality
and cost and increases trust in users, as well as,

decreasesthe possibility for preference of another

of public management. It is also one of the most
efficient ways to solve mobility problems (Luhua,
Yin, & Xinkai, 2011).

The fact that it is common for travelers to

experience stressful situations due to unfavorable
travel conditions, such as excessive wait times and
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system saturation, because of the accumulated
demand at stations, makes one think of planning
mechanisms that will enable the improvement
of conditions. These mechanisms must take into
account the need for reasonable costs of operation,
as well as, new demands from users (fast and reliable
service, wide coverage, cheaper service and friendly
drivers) (Rohani, Wijeyesekera, & Karim, 2013).

In accordance to the above, (Martinez,
Mauttone, & Urquhart, 2012) establish that an
appropriate decision of frequencies improves
users’ conditions (wait time, travel time), as well as
operators’ conditions (determined operational cost,

mainly, for the size of the required fleet of vehicles).

In the present research paper, we determine
the exit frequencies of the bus fleet for routes in a
reduction of the Megabus IPTS in the city of Pereira.
This system is a Bus Rapid Transit one (BRT),
(Cervero, 2013). Also, the sequence of the bus
stations is considered, as well as, transportation
times between them, trip demands at each station,
given by an Origin-Destination matrix and the size of
the fleet. The applied methodology can be extended
to another BRT system of greater size.

The model looks to improve the quality of
the service, decrease in average travel time of
passengers, average wait time at a station, financial
costs of operators considering a penalty when a user
has to wait for a second bus due to lack of bus seats.
Lastly, a methodology is proposed for choosing the
weighted averages of the multi-objective function.

This article is organized as follows. First,
there is a review of the state of the art. Then, the
mathematical model is formulated, after which the
resolution algorithm is described. Following, results
are analyzed and, finally, conclusions are provided
and future work is proposed.

2. THEORETICAL FRAMEWORK

The definition of frequencies in an ITPS is a
problem that has been widely addresses by different

researchers. In (Ceder, 2015), it is established that
the design and planning process of an ITPS should
be considered in five stages. The second stage should
be the definition of appropriate frequencies, after
having defined the appropriate routes, sincethese
depend on the demand variation(Martinez et al,
2012). The problem with optimization of routes
and frequencies in public transportation systems,
known as Transit Network Design Problem (TNDP),
solves both the planning stages mentioned above. In
this problem, the routes must be defined according
to the infrastructures of streets and stops, satisfying
a determined demand.

The problem of frequency configuration on a
transportation network (Transit Network Frequency
Setting Problem - TNFSP) is dealt with in the present
research, where the total number of necessary buses
for the operation of the ITPS, mainly depends on the
time intervals of the departures (inversely to the
frequencies). The public transportation operators
try to offer maximum departure intervals in order to
reduce operation costs. Passengers, on the contrary,
demand minimal departure intervals in order to
reduce wait times, as well as, travel times.

(Cepeda, Cominetti, & Florian, 2006), (Kov,
Fukuda & Yai, 2011) address the previous problem
modeling different contexts. For example, they take
into account traffic congestion on the streets and
look to improve the performance of each route
exposed to variables of transportation time due to
vehicular congestion. This also affects wait times
of users and therefore, their behavior within the
system. In the context of the present research, the
congestion of routes is not taken into account, since
is has its own runner, making it possible for wait
times in the stations to be assumed as constants due
to the bus’ transit.

Moreover, (Qian, Luo, & Zeng, 2005)apply

models which are reduced in mathematical
complexity and consider a maximum of cargo
This

frequencies. The intention is to reduce, in the

allowed on buses. conditions dispatch

objective function, only the saturation of passengers
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but it does not take into account stop times at
stations or size of thefleet, conditioning only the
maximum and minimum frequencies allowed.

In (Luhua et al, 2011), a
mathematical model is proposed where the net

simplified

social and financial benefits are maximized. Shared
routs are considered for the calculation of wait time.
A factor to determine the amount of persons who
gets off at a determined station is used and, through
an average time per person, the amount of time the
bus stays at a station is calculated.

A mathematical reason is introduced which
determines the percentage of passengers that have
to transfer in a determined origin-destination. Also,
maximum stop times at the stations are defined,
as well as maximum cargo factors in the routes.
The leading difficulty of this focus is related to the
parameterization of the information used as input
for the model.

(Huang, Ren, & Liu, 2013) consider the
demand and its uncertainty as an additional factor
influencing the variation of transportation times,
directly affecting the time a bus takes at a station.
This is why they include, in the objective function,
the reduction of the variability of expected travel
times for the purpose of improving system reliability.
Notwithstanding, these efforts to reduce the time
variability are subject to the characterization level
of the potential demand of trips, in a very detailed
and current manner, which implied having and
information system that constantly updates the
information of the operation. In (Ibeas, Alonso,
dell’Olio, y Moura, 2014), congestion on the public
transportation system is considered, as well as,
elastic demand. They propose a model of fleet
frequency optimization with different capacities
(buses of different sizes). The objective is to minimize
the costs of operations and the users, enabling the
analysis of the impact of the dispatch configuration
on changes in users’ transportation means.

In (Y. Li & Si, 2014), a multi-objective

optimization model is presented which includes
the travel cost and benefit of the transit company,

where acceptable wait time is limited to a fixed
value. Dissatisfaction is generated on this factor. It
also contemplates dissatisfaction of passengers who
stand. Time costs are converted to monetary units,
which implies estimating the parameter associated
to the cost of the time unit.

In (Herbon & Hadas, 2015), afocusis presented
which combines, both for passengers and operator
within, a general model. The model intends to find
the combination of frequencies that maximize
benefits, taking into account wait and overcrowding
costs, as well as, operator costs related to the size of
the vehicle, empty seats and lost sales. A stochastic
demand is assumed. The saturation of passengers is
modeled under the concept of aggregate demand,
that is, that this one considers not only the station
of origin but also the other stations that are
intermediary to reach a destination. However, in
the formulation, a factor penalizing the unsatisfied
demand that doesn’t actually get on the buses and
must wait for another one is not considered.

The
carrying an assignation sub-model for the purpose

previous  formulations  implicitly
of adequately representing the way in which
passengers use to available supply (in terms of
infrastructure, line frequencies ad other predefined
functioning regulations) to travel through the
transit network (Cortés, Jara-Moroni, Moreno, &
Pineda, 2013). These types of models are complex
in their solution because they present decision
variables that, not only have to do with frequency,
but also with user behaviors within the system.
(S. Li, Ye, y Wang, 2016) use the law of gravitation
to analyze the relationship between the volume
of passengers and the different frequencies of
the service. The model is parameterized for the
information gathered in a survey which asks about
the factors that most greatly influence the choice
of transportation means (bus, metro): ticket cost,
travel time, comfort, convenience and distance from
home to bus or metro station.

For the present research, the allocation
of passengers is proportional to the service
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level (frequency) of each route, assuming these
passengers lack a priority strategy to choose a
bus, as is considered in (Spiess & Florian, 1989),
(Leurent, Chandakas, & Poulhés, 2012), (Verbas, S.
Mahmassani, & F. Hyland, 2016). This is mainly due
to the size of the IPTS considered, since choosing one
or another feasible route to his destination does not
represent a significant difference for the passenger
regarding travel time. When not considering the
effect on congestion of routes, stop time at stations
is the factor that most greatly impacts travel time,
as Wirasinghe y Szplett (1984) ); Lam, Cheung y
Poon (1998) describe. All of the above enables
simplifying the formulation of the models, and thus

the complexity of the solution.

This the

model minimizes operation costs and travel times,

way, proposed multi-objective
penalizing, in the objective function, the amount
of passengers that have to wait for a second bus,
focusing on balancing factors, such as stop time at

stations (according to the amount of passengers

that get on and off at each station) and the cost of

operation, considering as restrictions the size of the
available fleet, given an origin-destination matrix.

3. MATERIALS AND METHODS

The ITPS structure has 3 routes (see Figure
1). Route 1 shares the same transportation
stations (origin and destination). On route 2, both
transportation routes share some stations (first and
last station of each route). Route 3 is circular but
divided in half (node 13), to define a route of origin
and a destination route.

Following the mathematical model proposed
by (Luhua et al., 2011) and including the amount
of passengers that have to wait for a second bus,
a topological structure is defined through the
graphs R = (E, ), which represent each one of the
three routes of the system considered, divided
in two ways, destination and return, for a total of
six graphs. Graphs 1 (route 1 - destination) and 4
(route 1 - return), graphs 2 (route 2 - destination)
and 5 (route 2 - return), 3 (route 3 - destination)
and 6 (route 3 - return) make up each one of the
complete cycle.

Figure 1. Route network of system model.
Own creation
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Parameters Sub-indexes | Description
R r=12,..6 System routes
E i=1.2,..15 System stations
C c=12,..28 Streets or edges that belong route section r
o reR, ceC | Average transportation time per edge (minutes)
0D, ijeE Passenger demand from origin to destination (passengers/minutes)
CF, rer Cost of service level on route ($)
Variables Sub-indexes | Description
f rer Frequency of route (number of buses/minute)
P, reRIi€E Probability of choice of route at station
TE, ijeE Average passenger wait time with origin and destination (minutes)
TEE,.]. ijeE Average passenger wait time for second bus (minutes)
TP, reRI€E Average trip time of route at station (minutes)
, icE Amount of passengers (served) that reach a station obtained from the origin-
- destination matrix
. i€EE Amount of passengers that board a bus at station
DTI.j ijeE Total trip demand
M Size of available fleet
a B Weighted averages associated to each one of the objectives
The weighted average that depends on the degree of importance given to the
4 amount of persons that have to wait for a second trip

The IPTS system is represented by frequencies
that will be assigned to graphs R. The demand is
given by users (passengers) that need to take trips
between different stations of the system. Table 1

shows the parameters and variables used.

The demand distribution within the system
is not conditioned by a strategy of allocation, that
is, it is assumed that passengers board the first
feasible bus that serves them in order to get to their
destination. As such, the demand at a station is
distributed throughout the route proportionately to
the value of the frequency assigned, according to the
following expression:

r

P = ——— reR,viekE

. S
By

The previous expression shows that if a station
is shared by more than one route R in the same
direction, then the demand shall be proportionately
distributed at the level of service offered, 0 < P <1,
and in another case, P =1, when there is only one
route to choose from. Thus, it is assumed that the
user does not consider information about travel
times on board, the frequencies of each route, and
wait times in order to make a priority choice of the

route he should use.

In the present case, the demand of each station
is taken as a known factor. The previous information
implies that the model calculates the appropriate
frequencies for a given time, without taking into
accountthe variability of the demand on time. As such,

different scenarios are considered (low, medium and
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high demand) and the appropriate frequencies are

calculated for each one.

When considering a simplified user routes
allocation model, the problem for calculating
appropriate frequencies for the entire system is

reduced to minimize wait time at each station.

The average wait time (TE,-,-)' at each station is
obtained from the distribution of times between bus

arrivals, given by the following expression:

TE !
/ 2ZrER f;

The expression above assumes that, once the

reRVij€eE (2)

appropriate frequencies are found, bus arrival times
remain constant as proposed by (Spiess& Florian,
1989), where average wait time of a passenger is
calculated taking into account the different feasible
routes the user may board.

For any passenger, wait time will be between

_ 1 .reRrvijeE|

2oer Sy

It is important to note the this time strictly

o

depends on the service level offered (f). This way,
wait time for a second bus (TEEU.) results from the

sum of average wait time (TEI.],) and maximum wait
1

Z rer f;’
The time

they’ve boarded the bus, reached their destination

time,

invested by passengers once
(stopping at intermediate stations) and getting off
at the station of their destination, will be called
travel time. The run time between stations will be
noted as T . Stop times at stations (TP,), will vary

according to the assigned frequencies.

The frequency is defined by the set of values
fr= {‘»01' [ (pm}, where each element @, is not
negative and represents a possible frequency to be
assigned to a route R composed by graphs 1 & 4, 2
&5and 3 &6.

3.1. Optimization Model

Thefollowingformulaminimizesacombination
of objectives corresponding to users and operators,
weighted by coefficients of importance that,
additionally, should convert common units.

The users’ objective is represented as a
minimization of average travel times, (wait at one
station TEI.],, wait time for a second bus TEEI.J, , run
time between stations Trc , stop time at stations
TP ) for all pair of feasible stations on routes R.
The weighted averages a, [, associated to each
one of the objectives depend on the priority given
to the user’s and operator’s interests, respectively.
The weighted average y will depend on the degree
of importance with which the operator wishes to
reduce the amount of persons waiting for a second
trip. The objective of the operators are represented
by the cost of the frequencies (or level of service
they represent) CF.

a, B affect the model in any demand scenario,
while y is only useful from a determined demand.
The formula is as follows:

min a <Z TEi].+yz TEEI.]. + Z T +

ij€E ijEE reR, ceC
(3)
Z TP”.) +p Z CF f.
reR, ieE rer
Subject to:
Z D - Z D,=0D, Vij€E 4)
i€E i€E
DT, < fTE, VijeE reR (5)
DT, >0 VijeE (6)
z (ZTrC+ZTPri>ﬁsM VGEER (7)
rer ceC IEE
(Z T + ZTPn)frz 1 VGCEER (8)
ceC i€E

In the Equation (4), D, is the amount of
passengers (served) that reach a station i, which
is given by the origin-destination matrix D, is the
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amount of passengers that board a bus and it is
calculated as D = P OD_ . In Equation (5), a level
* )

of service in accordance with the system demand
is offered. In equation (7), the service level is
restricted according to size of the available fleet (M).
In Equation (8), the presence of at least one bus per
route is assured.

3.2. Application of Genetic Algorithm

The solution to the system of equations 3 to 8
defines a frequency for each one of the six graphs of
the trajectories/trips 1 and 4, 2 and 5, 3 and 6. When
we discretize the feasible values of the frequencies,
we get a combinatorial optimization problem
whose search space has an exponential value of |fc |r
(Martinez et al., 2012).

Given the nonlinear complexity of the problem
and its multi-objective structure, algorithm focuses,
as those based on decomposition of the problem or
other gradient methods, are not usually the most
appropriate, (Huang et al, 2013). In the present
project we searched for solutions by means of
metaheuristics based on Genetic Algorithms (GA)
(Holland, 1992), which enables finding solutions
for non-linear problems using the Pyevolve de
Python (Perone, C. S., 2009) library. Following, some
generalities of the GA used are shown.

Coding. Each route R must have an assigned
frequency f. As such, an individual (chromosome)
of the population will be composed of three possible
frequency values (the value of the outgoing frequency
is equal to the return for each one of the routes).

Initial population. By default, a list of 500
chromosomes is created whose size coincides with
the amount of routes, that is, 3. The assigned value
of each gene varies between 3.5 and 15.5 minutes
(converted to frequencies). These are the limits the
current operation has. The values to be assigned
have an interval of discretization of 0.5 minutes.
Therefore, 25 possible values are obtained which
could take fr in each gene. Consistent with the above,
each chromosome is initiated with random values

equally distributed, for which the random number

generator, Pyevolve’sintegerRangeMutator, was used.

Adaptation function. The given object
function is calculated by equation 3, according to
the assigned frequencies and the object function of
individuals of the population who exceed any of the

restriction equations 5, 7, and 8 are penalized.

Selection. The selection enables solutions
with the best object functions to have more
survival and reproduction possibilities. By default,
the 20 best individuals were chosen by the
PyevolveGRankSelector.

Crossings. The production of new solutions
were generated combining the best existing
solutions with fixed point crossing.

The
evolve method was used. The method analyzes

Convergence criterion. Pyevolve
statistics from the last 5 generations and if they
were unchanged for 20 generations, the process
is detained. The average computation time was
30,405 seconds and the end uncertainty found was

obtained after 2016 iterations.

4. EXPERIMENTATION, RESULTS AND
DISCUSSION

Three scenarios were run under high, medium
and low demands. Frequencies found were compared
in each scenario against the current system
operation. We were able, then, to compare operation
configurations (combinations of frequencies) in
terms of fleet size, average travel times (travel time it
takes to complete a full cycle in each route is taken as
reference) and passengers waiting for a second bus.
The base system for the model is shown in Section
I11, Figure 1.

Time intervals between departures, for each
one of the scenarios were obtained calculated the
inverse of frequencies found, upon solving the model

given in Equations 3 to 8.
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Results are shown in Table 2. For comparison,
intervals of departures that are currently applied in
the Megabus system are also shown.

TABLE 2. DEPARTURE INTERVALS FROM FREQUENCIES
FOUND COMPARED TO CURRENT ONES
Demand Intervals betwgen R1 R2 R3
departures (min)
GA 4,5 6,0 50
High
Current 4 4 6
GA 55 9,5 4,0
Medium
Current 6 6 5
GA 11 155 | 15,5
Low
Current 11 11 13

Table 3 shows how all the solutions obtained
through the optimization model (resolved via GA)
have a lesser objective function (with respect to
average time and the required fleet size) compared
to the current strategy of operation.

Currently, in the high demand scenario (see
Table 3), the real dispatch frequency plus buses (32)
would be used in the reduced system. This results
in lesser travel times, if both configurations are
compared. However, as is shown on Table 4, we can
see the difference between the number of persons
that have to wait for a second bus, under both fleet
sizes, is only three passengers in the total of the
three routes. This indicates that the current system

is overestimating the number of buses under the
high demand scenario.

In the medium demand scenario, the contrary
occurs. The configuration with the three frequencies
and the GA (see last column of Table 3), uses 3
buses above the current configuration, which
reduces average travel times on all three routes.
Notwithstanding, there is a significant difference
in this case between the medium demand scenario
and the GA frequency and the current one, reducing
the number of passengers that need to wait for a bus
from 95 to 53 (see Table 4, last column).

The
difference

low demand scenario shows little
in both (objective
function, average travel time, fleet size and number

configurations

of passengers waiting for a second bus). This is
due to the fact that under this scenario, there are
no critical points (saturation of passengers) which
elevate users’ costs for having to wait for a second
bus or for the operators for having to offer smaller
departure intervals.

We can observe that by solving the model by
means of GA, we get a strategic operation overview
which can improve the use of available resources. It
is not necessarily true that the maximum available
fleet should be used with a high demand. Other
departure configurations exist with lesser fleet in
use, for example, by reaching the same average
number of passengers that need to wait for a
second bus.

TABLE 3. COMPONENT VALUES OF MODEL FROM THE CURRENT FREQUENCY CONFIGURATIONS AND WITH GA, IN
DIFFERENT SCENARIOS

. Average travel time (min) ) )
Demand Configuration F.O Required fleet size
R1 R2 R3
Hiah GA 727.376 57,5 51,6 43,4 28
i
J Actual 757.082 56,8 50,7 42,6 32
GA 506.655 53,5 43,8 40,0 22
Medium
Actual 589.230 54,5 44,6 41,5 19
L GA 324.530 484 41,0 453 8
ow
Actual 330.339 47,2 39,5 42,6 9
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TABLE 4. PASSENGERS WAITING FOR THE SECOND
BUS FROM CURRENT FREQUENCIES AND THOSE
FOUND WITH GA, IN DIFFERENT SCENARIOS
Passengers waiting for
Demand | Frequencies second bus
R1 R2 | R3 | Total
GA 273 | 43 | 228 544
High
Actual 238 | 46 | 263 | 547
GA 53 0 0 53
Medium
Actual 61 0 34 95
GA 0 0 0 0
Low
Actual 0 0 0 0

On Table 5, for the high demand scenario, the
impact of different values in the coefficients «, 3,
vy, is shown, as well as, the objective functions (see
equation 3) on the number of passengers waiting
for a second bus and the fleet size.

TABLE 5. VARIATION OF RESULTS FROM THE MODEL
WITH RESPECT TO COEFFICIENTS USED
Weighted Intervals Passengers |
Avg. (min) waiting for F get
d bus size
al|p R1/R2/R3 | S€con
3| 45/6/5 544 28
111
51| 35/5/4 437 34
3 |35/5/35 417 36
2 11
5|35/5/35 417 36
3 |45/55/7 625 24
112
51| 45/6/5 543 28

If a= B=1, user and operator objectives,
respectively, have the same priority. The weight
factory determines the service level in the high
demand scenario, increasing the size of the fleet and
reducing the average amount of passengers that
have to wait for a second bus, similarly, when varying
a y B, contrasts are produced in both variables
analyzed. It is important to note that, in equation

3, «, affects all scenarios, whether low, medium or
high demand. While parameter y, only affects wait
time of the second bus, TEE,.I. which occurs in high
demand scenarios.

This
methodological strategy to choose the weight

article proposes, as a possible
factors o, B, y appropriately, graphing the behavior
of the variable analyzed (passengers waiting for the

second bus and fleet size), as shown in Figure 2.

Figure 2. Behavior of variables analyzed for each varia-
tionof aBy

2

1

23 5

—e—Passengers waiting for a second bus

——Fleet size

To avoid the impact of the magnitude of the
values and the measurement units, the values
“passengers waiting for a second bus” and “fleet
size” given in Table 5 were standardized (the average
value was subtracted from the original value of the
variable and was divided by the standard deviation).

The average of “passengers waiting for a second
bus” and its standard deviation was calculated, this
way standardizing the value for each combination
of values assigned to the weight factors «, f3, y. So,
in Graph 1, the abscissa 113, corresponds to a=1,
B=1, y=3. In the ordinate, we find the value of the
standardized value.

Figure 2 shows the relationship between two
variables analyzed and the nature of the conflict
(upon the reduction of number of passengers waiting
for the second bus, the size of the fleet increases and
vice versa). The graph also shows crossings in which
a combination of weighted averages is found, a, {3,
v, which tend to balance the interests of the user
and the operator. This way, under a high demand,

RevistalEDA  Rev.EIAEsc.ing.Antioq / Universidad EIA



DIEGO ARMANDO GALINDRES GUANCHA, JOSE ADALBERTO SOTO MEJiA, SANDRA ESTRADA MEJiA

the weighted averages of commitment between the
parties are obtained by averaging, one by one, each
pair of weighted averages among which there is a
crossing, obtaining, for the first crossing a=1, =1,
y=4 or for the second crossing a=1.5, f=1.5,y=4. In
both cases, the result is 526 passengers waiting for
the second bus and a fleet size of 29 required buses.

5. CONCLUSIONS AND FUTURE WORK

The departure time intervals defined through
the appropriate frequencies are key for the
improvement of the quality of public transportation.
The definition of frequencies must be in accordance
with what both implicated parties expect, users and
operators. For the former, a reduction of average
travel time and amount of users that have to wait
for a second bus was taken into account. For the
latter, operators, the reduction of costs of operation
measured by the size of the fleet was considered.

Results obtained through GA show that with
the configuration of GA (see Table 3), one does not
always obtain the least average travel time (see high
demand scenario), since this configuration uses less
buses than the current configuration. However, one
can observe that the medium demand scenario with
similar fleet sizes, 22 and 19 buses, respectively, for
the GA and current configurations (see Table 3), does
have a marked reduction in the number of passengers
expected on a second bus, from 53 passengers found
according to the frequencies obtained for GA, to 95
passengers who wait for a second bus with current
frequencies (see Table 4). The previous result shows
that there was a better distribution of the fleet in a
routes, until the number of passengers waiting for a
second bus came down to zero in routes R2 and R3,
in the medium demand scenario.

As future work, the proposed model in the
expanded MEGABUS system will be evaluated.
Research associated with the estimated demand of
passengers and their behavior within the system
must be addressed, given their importance in the
estimation of frequencies.
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