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Abstract 

Recently, the bus rapid transit (BRT) systems have been implemented around the world as an 

efficient and low cost mass public transportation alternative. This work intends to draw general 

guidelines for complete transportation systems modelling that seek to diagnose and improve 

performance, as well as to present auxiliary models needed for transportation systems modelling. 

Users and buses logic within a BRT station are described using a unique cost function for each user 

and a “Lego Approach” is implemented for creating any kind of BRT system model. Using the 

methodology described in this research a valid simulation model of the complete Transmilenio BRT 

is built and a heuristic methodology for obtaining good feasible buses frequency assignment is 

proposed. 

Key words 

Discrete Event Simulation, Agent-based simulation, BRT, Transmilenio, Travel Plan, Decision 

Theory, Lego Approach 

 

Resumen 

Recientemente, los sistemas BRT (Bus rapid transit) han sido implementados a nivel global como 

una alternativa de transporte eficiente y de bajo costo. Este trabajo de investigación pretende crear 

lineamientos generales para el modelado de sistemas de transporte completos que busquen 

diagnosticar y mejorar el desempeño, así como presentar los modelos auxiliares necesarios en el 

modelado de sistemas de transporte. Se describe el modelado de la lógica de los usuarios y buses al 

interior de un sistema BRT teniendo en cuenta una función de costo única para cada usuario y se 

utiliza una aproximación tipo “Lego” para crear todo tipo de sistemas BRT. Usando la metodología 

descrita en este trabajo, un modelo de simulación valido del sistema BRT Transmilenio fue 

construido y una metodología heurística para obtener una buena asignación de frecuencias factibles 

es propuesta. 

Palabras clave 

Simulación de eventos discretos, Simulación por agentes, BRT, Transmilenio, Plan de viaje, Teoría 

de la decisión, Aproximación tipo Lego 
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Introduction 

A BRT (Bus Rapid Transit) system is defined as a flexible massive transportation solution, with rubber 

tires, high passenger capacity and low costs of implementation and operation compared to 

alternatives as trains or subways (Danaher, Levinson, & Zimmerman, 2007). In transportation 

problems, discrete event simulation offers a valuable tool for analysis as it allows to forecast results 

of changes, learning of the system dynamics and educating the actors involved in the decision 

making process (Pursula, 1999). 

From a financial perspective, South American countries have invested more on BRT systems than 

other countries around the world. More than 45 Latin American cities have invested in BRT systems, 

which represents 63.6% of the total number of passengers transported by BRT systems worldwide 

(Rodriguez, 2013). Examples of BRT systems that have been operational for more than 5 years are: 

Bogotá (Colombia); Curitiba (Brasil); Goiânia (Brasil); Ciudad de Guatemala (Guatemala); Guayaquil 

(Ecuador); Quito (Ecuador); and the metropolitan area of São Paulo (Brasil), specifically the “ABD”. 

Together, these cities represent the 16% of the total number of passengers transported by BRT 

systems worldwide, and the 31% of the same statistic in Latin America (Rodriguez, 2013).  

Several work has been published referring to the routes design and frequencies problem in public 

transportation systems. Exact and heuristics methods have been tested, and the results promise to 

improve the system performance (Medaglia, Walteros, & Riaño, 2015). Other fields that have 

approached the transportation systems performance are the probabilistic modelling (Watling & 

Cantarella, 2013), fuzzy logic (Lo & Chang, 2012), simulation (Sarvi, et al, 2010), petri nets (Mejia, 

2008) and genetic algorithms (Karlaftis & Vlahogianni, 2011), among others. In general, the 

stochastic nature of the decision making process of the user is not directly involved in previous work, 

or there are other stochastic factors that are left out of the modelling process. Furthermore, some 

work has been published regarding routes and frequencies assignments taking into account multi-

objective cost functions involving user’s decision making process (Baaj & Mahmassani, 1995) (Ceder 

& Israeli, 1993) (Fan & Machemehl, 2006). 

Transmilenio is the BRT that operates in Bogotá since the year 2000. According to the Asociación 

Latino-Americana de Sistemas Integrados y BRT and de Institute for Transportation & Development 

Policies ITDP, Transmilenio is considered as the world leader transportation system for its 

effectiveness, reach and implementation success as one of the largest BRT systems in the world 

(SIBRT, 2013) (Institute for Transportation & Development Policies, 2015). Given its influence 
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worldwide, and its impact on the transportation process of a capital city with over 8 million people, 

a model that allows to evaluate the changes in performance, is a useful and meaningful tool for 

public policy formulation. 

This paper is the result of the third of a three phase research in simulation of BRT systems that 

started with the thesis of Campos that draw the first guidelines on how to model a BRT system 

station template (Campos, 2013). The second phase refers to the work of Álvarez, Campos and 

Amaya, who based on the first phase, improved the model of a single station introducing the 

decision making process interactions and proposed a single station template  (Campos, Álvarez, & 

Amaya, 2014). 

Main objective 

The main objective of this work is to show valid strategies for modelling massive transportation 

systems, specifically applied to BRT systems. We mean to describe a single BRT station templates 

toward building a valid simulation model of the complete Transmilenio BRT system. The research 

intends to draw general guidelines for future investigations that seek to diagnose complete massive 

transportation systems towards improvement of performance, as well as to present the solution 

methodology for auxiliary models needed for transportation systems modelling. 

Specific objectives 

 

 Presenting a methodology for obtaining the Origin-Destination matrix in massive 

transportation systems 

 Developing a network linear programming model for obtaining the three fastest paths for 

any Origin-Destination in a transportation system 

 Presenting a methodology for obtaining the average occupancy of buses in a transportation 

system 

 Presenting a methodology for knowing the time remaining for next bus arrival in a 

simulation model 

 Creation of a functional single BRT station template in the software Arena 

 Building a valid simulation model of the complete Transmilenio BRT system 

 Developing an heuristic methodology for assigning buses frequencies based on Origin-

Destination dynamics and sequences length 
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Problem definition 

Transmilenio is the BRT system of Bogotá and counts with 143 stations and 160 services. The system 

is divided in 12 lines as it can be seen in Figure 1¡Error! No se encuentra el origen de la referencia.. 

Ending 2014, has a fleet of nearly 1500 buses of two types: articulated buses with capacity of 160 

passengers and bi-articulated with capacity of 240 passengers. It transports over 2 million users per 

day, and only in the first four hours of operation (5a.m. – 9a.m.) moves over 600.000 passengers. 

 

Figure 1. Transmilenio BRT system diagram 

Even when ranked as one of the most efficient BRT systems in the world by ITDP, Transmilenio has 

operational problems, specifically with sub and over utilization of buses, long waiting times and long 

queues in stations. In the satisfaction poll driven by DATEXCO COMPANY S.A. in 2014, the users 

scored the system service 2.57 out of 5 as seen in Figure 2. This result reflects the general 

unconformity of Transmilenio users, and shows the main problem: the users are unhappy with the 

service, and services programming should be better planned. 
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Figure 2. User’s satisfaction poll 

Service planning is one of the main responsibilities of the organization. The job is to assign the 

services frequencies each day based on demand forecasts. Currently, exists an efficient forecasting 

model that estimates the demand of each station for each 15 minutes with a maximum error of 2%. 

With the forecast as an input, an optimization model called GOAL is used to find the frequencies of 

each service. The model runs based on two main types of constraints: the total users demand on 

each station every 15 minutes and the buses availability in each starting station. About the first type 

of constraints, it has to be mentioned that the origin-destination dynamics are not included in the 

optimization process, mainly, because until 2014 Transmilenio didn’t had a proper origin-

destination matrix. This creates a problem in the operation, as allows sub utilization and over 

utilization of buses. 

The following example shown in Figure 3 illustrates the current frequencies assignment by 

Transmilenio and how it contributes to the inefficiency problem. In the example there are three 

stations: a unique origin and two destinations called A and B. In this case, 3/4 of the users mean to 

travel to station B and the remaining 1/4 means to go to station A. Assuming a bus can transport 

one group of users, a possible bus assignment could be assigning three buses for going to station A 

and one bus to travel to station B. This configuration will meet the station demand requirement, 

but certainly would make users going to B very unhappy. 
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Figure 3. Example diagram 

As seen in the example, not including the origin-destination dynamics in the frequencies planning 

allows inefficient buses assignment. Some of the solutions might include optimization models for 

route and frequencies assignment including service’s pricing based on origin-destination dynamics. 

The problem is for a system of three stations and two services it would be easy, but for a system as 

Transmilenio with 143 stations, 20,449 origin-destination couples exist, and with 160 

heterogeneous services, the possible travel plans for each pair origin-destination is almost infinite, 

which makes the problem NP-Hard. That way, the system simulation might allow diverse alternative 

testing and stochastic optimization for finding good frequencies assignment and performance 

improvement. 

Simulation process 

The simulation process starts with a one BRT station model. The model is intended to be used with 

a “Lego Approach” for building a complete BRT system and applying it to the Transmilenio case. The 

objective is to draw a general guideline for future investigations that tend to evaluate and diagnose 

complete massive transportation systems towards improvement of performance measurements. 

The innovation factor lays in introducing stochastic elements in two components. First, the decision 

making process of a user that can select a service using a cost function. The second component, is 

the variability of input data. In the following sections of this work, the assumptions and logic 

surrounding the simulation model will be discussed. 



7 
 

Conceptual model 

The conceptual model of the system is composed by the users and the buses logic. The general 

diagram of the conceptual model can be seen in the Figure 4, and in the following sections, the 

logic of the two types of entities will be explained in detail. 

 

Figure 4. Conceptual model 

Users logic 

The users in a BRT system face a main decision while using the system: what travel plan to take for 

going their destination. The decision is taken once the user enters the system but in each stop, the 

user is able to change its original plan depending on variables as the queue length or the time 

remaining for next bus arrival. There are several variables that affect the decision process, so for 

identifying the importance users give to each variable, 606 polls were made. The variables identified 

in the decision making process are: 

1. The total travel time of the service 
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2. The average occupancy of the bus at the time the user uses it 

3. The time remaining for next bus arrival 

4. The queue length in the door the selected service stops 

Even when a huge number of travel plans exist, with enough use of the system a user identifies the 

best travel plans for getting to his usual destination. But even with experience, the user doesn’t 

always choose the same travel plan, as it might change it depending on the value of the four decision 

variables at the time the user enters the system or makes a transfer in a station. That way, the 

assumption made is that each user knows the three fastest ways to get from his usual origin to its 

usual destination. Each person or entity will choose one of the three fastest travel plans in order to 

get to his destination. These three route plans are called candidate travel plans. 

While choosing one of the three candidate travel plans, a user evaluates the value of the four 

decision variables and select the travel plans that best fits his interests. Is important to point out 

that users might have different preferences, and therefore will assign a different weight to each 

variable. Even the same user might have different preferences depending on if he is in a hurry in a 

particular day or not. The combination of weights assigned to the variables is called a profile, and 

from the polls, users were divided in two group: users with a hurry and users without a hurry. For 

finding representative profiles, a clustering process was applied finding 58 profiles for users with a 

hurry and 68 profiles for users without a hurry. 

Having a profile, a user can calculate a “cost function” for each of his candidate travel plans, 

weighting the value of the variables with the profile weights. As the user means to minimize the 

value of all four variables, he will select the travel plan with the lowest cost function. This process 

occurs as soon as the user enters the system, and with a service selected for traveling, he would go 

to the queue of such service and wait for an available bus to arrive. If the travel plan includes 

transfers, the travel plan selection process will be repeated in each transfer station. Finally, while 

getting off the bus in each station, the user would see if he reached his destination, and if so, he 

would go off the station. 

Buses logic 

When created, a bus is assigned a service, a sequence and a capacity. Afterwards, it’s routed to the 

first station in its sequence, where it would be in charge of searching the people that wants to get 

out and into the bus. First, the bus searches into the passengers for those who mean to drop off and 
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let them go out, then it searches the station queue for those who mean to get in and batch them 

with the bus. Then, the bus is routed with the passengers to the next station in the system and the 

process is repeated until reaching the final station in its sequence and going out of the system. 

Auxiliary Models 

This far, the methodology for modelling a single BRT simulation model has being described. Though 

entities flow should be clear, several information is needed for users and buses to interact in the 

system. The needed information is: the origin-destination matrix, the three fastest travel plans for 

every origin-destination couple, the travel time of each travel plan, the next transfer or drop off 

station, the average occupancy of each service, the time remaining for next arrival, and the queue 

length. In the next sections, guidelines will be given on how to model or obtain such information 

needed in the simulation process. 

Origin-destination matrix 

Each user knows before entering the system his origin and destination stations. Even though, for 

modelling the behavior of all users the complete origin-destination matrix is needed. This seems 

obvious, but the methodology for finding that matrix is not trivial as the users only use their ticket 

while entering the system but not while getting off. Equation (1) shows the calculation needed for 

finding of the origin-destination probability matrix, where N is the set of stations. The question is 

then, how to find the number of trips made between station i and station j? 

𝑂𝐷𝑖,𝑗 =
𝑇𝑟𝑖𝑝𝑠 𝑏𝑒𝑡𝑤𝑒𝑒𝑛𝑖,𝑗 

∑ 𝑇𝑟𝑖𝑝𝑠 𝑏𝑒𝑡𝑤𝑒𝑒𝑛𝑖,𝑘
𝑁
𝑘=1

   ∀   𝑖, 𝑗 ∈ 𝑁          (1) 
 

For answering the question, it has to be pointed out that most transportation systems use a frequent 

traveler ticket for regular users. Such tickets have a unique serial number that identifies each user. 

With this information, a simple algorithm can be applied to frequent traveler’s entrance data base 

for finding the origin-destination matrix. The algorithm is described below: 

1. Search the entrance registration of a user in the rush hour, saving the unique identifier, and 

saving the entrance station i. 

2. Search the user entrance with the saved unique identifier later the same day and save the 

entrance station j. 

3. Add 1 to the global variable 𝑇𝑟𝑖𝑝𝑠 𝑏𝑒𝑡𝑤𝑒𝑒𝑛𝑖,𝑗  
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4. Repeat the process for all users that enter in the rush hour in the frequent traveler’s data 

base. 

5. Calculate the probability for going from i to j with Equation (1). 

Finding the origin-destination matrix is crucial for routes and frequencies programming. Though, as 

simple as it may seem, this methodology is not known by most frequency’s programmers. 

Fastest travel plans, travel time, and drop off station 

It was mentioned that the three fastest travel plans, the travel time, and the drop off or transfer 

station are known by users. This knowledge is acquired by people by using the system repeatedly 

and continuously learning. The question is, how to know the travel plan, the travel time, and the 

drop off station for all origin-destination couples? For answering this question, a network linear 

programming model is needed. 

First, the nodes and arcs must be defined. For that matter, the flow network proposed by Medaglia, 

Walteros & Riaño was used (Medaglia, Walteros, & Riaño, 2015). In Figure 5, all feasible routes for 

a 4 consecutive station system are shown. In yellow there are the first type of nodes that will be 

referred to as gate nodes, and correspond to each station in the system. In Figure 6, the network 

involving one station can be seen, and in colors there are the second type of nodes that will be 

referred to as stop nodes. Note that for each station, exists a node for each route that stop in such 

station. The arcs are referred to as station arcs and exist among stop nodes representing transfers 

within a station, and between the gate and the stop nodes representing the drop off from a service 

and getting into a service from the station. Finally, as seen in Figure 7 the whole network is joined 

by route arcs that connect stop nodes corresponding to the same route among different stations. 
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Figure 5. Feasible routes 

 

Figure 6. Station nodes and arc 
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Figure 7. Complete network representation 

Based on the network described, the linear programming model is shown below. As seen in 

Equation (2) the objective function would be to minimize the total travel time of a travel plan. 

The first group of constraints shown in Equation (3) correspond to the balance constraints. The 

second group shown in Equation (4) is needed for finding the nth fastest travel plan. It needs to 

be pointed out, that this model has to be runned for each origin-destination couple three times, 

adding iteratively the restriction in Equation (4) for prohibiting the fastest path found and that 

way, obtaining the second and third fastest travel plans. For the Transmilenio system, 61,347 

optimization models must be runned, so even having an efficient shortest path algorithm, it 

takes several computational time for running, but will allow to know the three fastest travel 

plans, the travel time of each travel plan including transfers, and the next drop off or transfer 

station while choosing each travel plan for each origin-destination. 

Sets 

𝑁:  𝑆𝑒𝑡 𝑜𝑓 𝑛𝑜𝑑𝑒𝑠 

 

Parameters 

  𝑇𝑖,𝑗: 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑢𝑠𝑖𝑛𝑔 𝑡ℎ𝑒 𝑎𝑟𝑐 𝑓𝑜𝑟 𝑔𝑜𝑖𝑛𝑔 𝑓𝑟𝑜𝑚 𝑛𝑜𝑑𝑒 𝑖 ∈ 𝑁 𝑡𝑜 𝑗 ∈ 𝑁 

  𝐵(𝑖):  𝐷𝑒𝑚𝑎𝑛𝑑 𝑜𝑓 𝑛𝑜𝑑𝑒 𝑖 ∈ 𝑁 

   

  Decision variable 

𝑋𝑖,𝑗:  {
1     𝐼𝑓 𝐴𝑟𝑐 𝑖, 𝑗 𝑖𝑠 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑡𝑟𝑎𝑣𝑒𝑙 𝑝𝑙𝑎𝑛

0                                                                   𝑑. 𝑙. 𝑐.
 

   

  Objective function 
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  𝑴𝒊𝒏 ∑ ∑ 𝑋𝑖,𝑗 ∗ 𝑇𝑖,𝑗𝑗∈𝑁  𝑖∈𝑁                (2)            

   

  Constraints 

  Balance 

  ∑ 𝑋𝑖,𝑗𝑗∈𝑁 − ∑ 𝑋𝑗,𝑖𝑗∈𝑁 = 𝐵(𝑖)       ∀𝑖 ∈ 𝑁                    (3)              

  Route prohibition (iterative) 

  ∑ ∑ 𝑋𝑖,𝑗 |𝑔𝑒𝑡𝑆𝑜𝑙(𝑋𝑖,𝑗 = 1)𝑗∈𝑁 ≤  𝑖∈𝑁 ∑ ∑ 1 |𝑔𝑒𝑡𝑆𝑜𝑙(𝑋𝑖,𝑗 = 1)𝑗∈𝑁 − 1 𝑖∈𝑁            (4)         

   

Average bus occupancy 

The average bus occupancy refers to the average number of passengers a bus carries while stopping 

in a station in relation to its total capacity expressed as a percentage. It’s important to clarify that a 

user doesn’t know the actual occupancy of a bus before it arrives but can estimate its average at 

the time he uses it, as he takes a sample of the number of users carried every time he takes a service. 

This way, a user that give a high weight to the average occupancy will avoid the selection of services 

that usually have a big occupancy while stopping in his origin station. The question is, how to know 

the average occupancy for each service at each station? 

As there’s no record at all of the number of passengers carried by a bus at any time, what can be 

done for answering the question is to run the simulation model iteratively and recording as an 

output statistic the occupancy of each service each time it reaches a station. Is important to point 

out that the average occupancy might change during the simulation, but for modelling purposes, 

the assumption of a constant occupancy through the four hour period modeled is valid.  

For the first run, a solution is used in which all services have the same average occupancy for all 

stations, in this case 50% was used as an initial solution. What happens is that services with more 

desirable characteristics for users are used more frequently, so their average occupation increases 

and less desirable services do the opposite. For the second run, outputs taken from the first run are 

used as input parameters, and repeating this process enough times, average occupancy of each 

service tend to a stable state. When the modeler considers variation in occupancy outputs is small 

enough between simulations such values can be used as permanent input parameters for the model. 
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Time remaining for next arrival 

Most massive transportation systems have screens for informing users about the time remaining 

for each service to arrive to a station. In real systems, this screens work with a central information 

system that via GPS receives the position of each bus, and forecasts the time remaining for each 

service to arrive to each station. Modelling this through discrete event simulation is not easy, as 

there’s no easy way to know where is the bus that is going to arrive first to each station, so the user 

can know how much time he must wait for the arrival.  

For knowing the time remaining for each service to arrive to each station, what can be done is to 

use “cloned entities”. Each time a bus departs from a station, it sends cloned fictitious buses to all 

stop stations remaining in its sequence. The cloned buses arrive to a special queue in the station, 

were they stay until a more recent clone or the real bus arrives. The cloned buses have an attribute 

with the last step in the sequence from which the real bus sent the clone and the time when it was 

sent. When a user enters the system, he can search the cloned buses queue for the one representing 

his candidate service. Knowing the last stop made by the bus, and the time it departed, the user can 

forecast the remaining time for the bus to arrive to the station using a travel time matrix. With this 

methodology, a user that enters the system can know at any time how much time is remaining for 

the next arrival of its candidate service to the station. 

Queue length 

In the model as in the real system, the queue length is observable by the user. This way, a user entity 

must search the door queue corresponding to each of his candidate services, and count the number 

of entities waiting. As different services might use the same door in the same station, users can’t 

know which service is going to select each one of the queued entities, therefore the value of this 

variable refers to the total number of people waiting in the door independently of what are the 

other users travel plan.  

Single BRT station template model 

With the methodology described in precious sections, the logic of users and buses within a station 

can be modeled. Each single station model contains over 50 logic modules, and must reference 

specific variable and module names with operands defined by the user. The single station model is 

included into a template, where all statistics and modules names are indexed with the station 

number for avoiding mistakes in the simulation run while using several templates in the same 
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model. The connection among templates is made with routing modules that transport entities from 

one template to the other.  

Is recommended that as all templates use general data of the system, such data is left out of the 

template and included only in the general BRT model for two reasons: first, for reducing the memory 

necessary for loading the data and second, for allowing the user of the simulation model to modify 

the input data freely without needing to modify the original template model in any way. For that 

purpose, the matrixes, expressions, queues, and resources dimensions must be big enough for the 

modeler to be able to create several BRT systems of different sizes and capacity without needing to 

change template parameters or input data dimensions. 

Model utility 

Building a complete BRT system model using the BRT station template will allow to test the following 

scenarios: 

1. BRT systems design 

2. Route design 

3. Route changes 

4. Frequency changing 

5. Station opening and closing 

6. Demand changes 

7. Changes in user’s decision behavior 

The possibility for testing such scenarios would be of great help to city planning, transportation 

planning and operational efficiency of BRT systems. 

Transmilenio Case 

With the methodology described in previous sections, a simulation model of entire Transmilenio 

BRT system was built. In the next sections the assumptions, verification process and validation 

process will be explained, and improvement experiments will be proposed. 

Assumptions Summary 

1. The peak hour occurs between 6:30 a.m. and 7:30 a.m. 

2. The system to model functions between 5 a.m. and 9 a.m. 
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3. There is a one hour and a half warm up period and a two and a half hours data collection 

period 

4. The arrivals follow a Poisson Process 

5. Each user has 3 options for reaching his/her destination and chooses one of them based 

on a cost function defined by 4 variables weighted by a personal profile coefficients 

6. The service time can be modeled as a normally distributed variable 

7. Accidents or failures never happen 

8. For optimization, all transfer take 5 minutes 

9. There is always an available bus to cover a service 

10. The buses travel an average speed of 25 km/h 

11. All buses have the same capacity of 160 passengers 

12. The average occupancy for a service in each station is constant through the simulation 

time. 

Verification 

The verification process consisted of two stages: the verification of the single BRT station template 

and the verification of the complete BRT system model. The single station model built was verified 

in order to assure that the decision making process of the users is working properly. To do so, 

Transmilenio S.A. shared data of arrivals and services among others, in order to verify the model 

logic and to build the final model of the system. A model of five stations of the real system was built 

considering one unique station origin and four possible destinations. The 3 fastest services for each 

possible destination are shown in Table 1 and the travel time in seconds is shown in Table 2. 

Table 1: Candidate services for each possible destination. 

 Service 

Destination 1 2 3 

Calle 100 H74 G12 F14 

Heroes F14 G5 F1 

P Norte B72 B53 B14 

Virrey L18 G5 F1 

 



17 
 

Table 2: Travel time between origin and destination in seconds. 

 Service 

Destination 1 2 3 

Calle 100 720 840 840 

Heroes 600 780 780 

P Norte 240 300 360 

Virrey 480 600 600 

 

The average utilization of each service was set so the fastest service (service 1) would have the 

highest utilization, the second fastest service (service 2) would have the second highest utilization 

and the slowest service (service 3) would have the lowest utilization as shown in  

Table 3. 

Table 3: Average utilization per service. 

Service Average utilization 

L18 0.7 

F1 0.45 

G5 0.6 

G12 0.45 

B14 0.45 

F14 0.7 

B72 0.7 

B53 0.6 

H74 0.7 

 

In order to verify the logic of the decision making process, 5 scenarios were tested changing the 

coefficients of the cost function of the users. Table 4 shows a description of each scenario. 
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Table 4. Verification scenarios 

Scenario Description 

1 The cost function has the original coefficients found in the clustering process 

2 
The coefficient of the travel time is set to 1 and the others to 0 (Travel time is all 

that matters) 

3 
The coefficient of the bus average utilization is set to 1 and the others to 0 (Bus 

average utilization is all that matters) 

4 
The coefficient of the time remaining for the bus to arrive is set to 1 and the 

others to 0 (Time remaining for the bus to arrive is all that matters) 

5 
The coefficient of the number of entities standing in line is set to 1 and the 

others to 0 (Number of entities standing in line is all that matters) 

 

The objective of this experiment is to identify the change in the average number of times each 

service (1, 2 or 3) is selected by the users to get to their destination in each scenario. Results of the 

experiment are shown in Figure 8. The results show consistency with the expected behavior for each 

scenario. For example, in scenario 2 all the users selected the fastest service, as the only important 

criteria is the travel time and in scenario 4, the value is similar for two services, as the time remaining 

for the bus to arrive is independent from the attributes of the service.  

 

Figure 8. Number of times a service is selected per scenario 
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For verifying the complete BRT system model, the 143 stations Transmilenio BRT system model was 

built and two consecutive stations were created independently outside of the template. Additional 

users were created in the first station with particular attributes to observe their behavior. The new 

users were assigned several stations as destination including the second outsider station to see the 

dynamic of getting out and into the bus using the selected service. The path of users was carefully 

followed to understand and verify the user’s flow. Users go to the queues appropriately and the 

buses pick them adequately as well. The number of users in queues, the travel times, queued time 

and total users out were checked in order to behave as the real system. After verifying both models, 

the next step will be to validate the model. 

Validation 

For validating a massive transportation system model one of the best statistics that can be used is 

the total time in the system spent by users as it includes all the dynamics inside the system. The 

problem is in most massive transportation systems users only leave a personal register while 

entering with a frequent traveler ticket but not when getting out of the system. This is what happens 

in Transmilenio, so there is no register of any kind of the time in the system of the users. Two 

alternatives are proposed for validating the model. The first one is using the number of users that 

leave the system at each station every 15 minutes, if the model behaves as the real system with this 

statistic for most stations, this represents a proxy of the total time as for this to happen, travel times, 

transfer times, users decision making process and buses logic must be accurately modeled. Though, 

this doesn’t compare the model with a real system time.  

The second alternative is to apply polls to users asking what their travel plan is and how much time 

they spend in the system. The problem with this second approach is that user’s appreciation can be 

biased as users may tend to increase the time they spend in the system if they have a negative 

opinion of the system’s performance. For avoiding biased appreciations, specific instructions to 

avoid biased answers must be included in the poll and a representative number of polls must be 

conducted to compensate the biased introduced by some users. 

For the Transmilenio BRT model, the second approach was selected as it might give a better 

representation of the time spent by users in the system. Even tough, it might be useful to try both 

types of validation methodologies in order to validate the model with a higher level of confidence. 

For this study case 241 polls were applied. The histogram of the data can be seen in Figure 9 and 
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the descriptive statistics can be seen in Table 5. It was decided to use five minutes as the tolerance 

for the system time, obtaining a validation interval between 46.4 minutes and 56.4 minutes. 

The model was runned with 18 replicates, each one of 4 hours with a one hour and a half of “warm 

up period”. It was runned in a server with 10 cores and 64 GB of RAM memory. The real running 

time of one replicate is about three and a half hours. The system timed obtained with the simulation 

model has an average of 47.13 minutes with a half-width obtained with 95% confidence of 3 

seconds. Table 6 shows a summary of the results. As the simulated interval is included in the 

validation interval, with this parameters it can be concluded the simulation model for Transmilenio 

is valid. Though it must be mentioned that the number of polls conducted for such a big system is 

small, so for a more accurate validation process the number of polls should be enlarged as the first 

type of validation methodology should be checked as well. 

 

Figure 9. System time data histogram 

Table 5. Descriptive statistics 

Sample Size 241 

Average Time 51.4 

Minimum 10 

Maximum 120 

Satandar Deviation 18.57 
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Table 6. Validation interval Vs. Simulated interval 

 

Lower 

Bound 

Upper 

Bound 

Validation Interval 46.4 56.4 

Simulation interval 46.63 47.63 

 

Improvement experiments 

After having described the methodology for building a complete BRT simulation model, the next 

step is to make a proposal for improving the system performance that might be tested with the 

simulation model. As one of the main operational issues identified in the system is not including the 

origin-destination dynamic into the planning process, the suggestion is to modify the services 

frequencies by making a pricing process of such services depending on the origin-destination matrix. 

The idea is to give a higher frequency to those services that are useful for the greatest amount of 

users without transfers, taking into account that user also will prefer express services in the peak 

hour. In this next section, the pricing methodology and the experimental design will be explained. 

Service pricing 

Thus far, with the origin-destination matrix an estimate of the number of users that might use a 

service for going to their destination without transfers can be found. The general idea is to identify 

the most desirable services for assigning those the higher frequencies. Even tough, has to be pointed 

out that the OD matrix alone doesn’t completely represent the fitness of a service, as a user might 

prefer express buses in the peak hour. Even when express services won’t be useful for the same 

amount of people than buses that stop in all stations, they are desirable as they are faster, so the 

fitness of a service will be defined by a linear combination of two adjusted variables: the number of 

users that can be transported without transfers and the inverse of the number of steps in the 

service’s sequence.  

The fitness referring to the first variable will be called OD fitness and for finding it, a score that will 

be called OD price is needed. Such score is found using the origin-destination matrix applying 

Equation (5), where set S contains all stations in the service Z’s sequence, and relation a>b indicates 

a goes before b in Z’s sequence. Take for instance service X that starts at station 15 and ends at 
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station 5 stopping in station 28 as shown in the following sequence 15-28-5. The first variable for 

such service would be 𝑂𝐷15,28 + 𝑂𝐷15,5 + 𝑂𝐷28,5 that represent the probability in the OD matrix 

for going from station 15 to station 28, the probability of going from station 15 to station 5 and the 

probability of going from station 28 to station 5 respectively. 

𝑂𝐷 𝑃𝑟𝑖𝑐𝑒 𝑜𝑓 𝑆𝑒𝑟𝑣𝑖𝑐𝑒 𝑍 = ∑ ∑ 𝑂𝐷𝑎𝑏

𝑏𝑎

   ∀   𝑎, 𝑏 ∈ 𝑆 |𝑎 > 𝑏            (5)   

As the OD price is the result of the addition of probabilities, it has no defined boundaries, so the 

final step for finding the OD fitness is standardizing the values. After calculating the OD price for all 

services, the OD fitness is defined as the OD price over the maximum OD price of all services as 

shown in Equation (6). 

𝑂𝐷 𝐹𝑖𝑡𝑛𝑒𝑠𝑠 𝑜𝑓 𝑆𝑒𝑟𝑣𝑖𝑐𝑒 𝑍 =
𝑂𝐷 𝑃𝑟𝑖𝑐𝑒 𝑜𝑓 𝑆𝑒𝑟𝑣𝑖𝑐𝑒 𝑍

𝑀𝑎𝑥 𝑂𝐷 𝑃𝑟𝑖𝑐𝑒 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑠𝑒𝑟𝑣𝑖𝑐𝑒𝑠
            (6)   

The fitness for the second variable will be called SL Fitness (for sequence length) and for finding it, 

a score called SL Price will be needed. The SL Price is calculated with the number of steps in the 

sequence using Equation (7), as the inverse of the number of steps in Z’s sequence over the 

maximum sequence length among all service’s sequences. Take for example service X that has 3 

steps in its sequence. Assuming the longest sequence has 21 steps, the SL Price of service X would 

be 
1
3

21

= 7. 

𝑆𝐿 𝑃𝑟𝑖𝑐𝑒 𝑜𝑓 𝑆𝑒𝑟𝑣𝑖𝑐𝑒 𝑍 =
1

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑒𝑝𝑠 𝑖𝑛 𝑍′𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒
𝑀𝑎𝑥 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑒𝑝𝑠 𝑜𝑓 𝑎𝑙𝑙 𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒𝑠

            (7)   

As for the OD Price, the SL Price doesn’t have established boundaries, so it will be standardized in a 

similar way as shown in Equation (8) for finding the SL Fitness. This way, the SL Fitness of a service 

is defined as the SL Price over the maximum SL Price for all services. 

𝑆𝐿 𝐹𝑖𝑡𝑛𝑒𝑠𝑠 𝑜𝑓 𝑆𝑒𝑟𝑣𝑖𝑐𝑒 𝑍 =
𝑆𝐿 𝑃𝑟𝑖𝑐𝑒 𝑜𝑓 𝑆𝑒𝑟𝑣𝑖𝑐𝑒 𝑍

𝑀𝑎𝑥 𝑆𝐿 𝑃𝑟𝑖𝑐𝑒 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑠𝑒𝑟𝑣𝑖𝑐𝑒𝑠
            (8)   

Now we can assign the price to a service as a linear combination of OD Fitness and SL Fitness as seen 

in Equation (9) where d and e are coefficients from 0 to 1 that give the weight of the origin-

destination matrix score and the sequence length score respectively. With the service’s price 

defined a methodology for assigning the frequency can be formulated. 
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𝑃𝑟𝑖𝑐𝑒 𝑜𝑓 𝑆𝑒𝑟𝑣𝑖𝑐𝑒 𝑍 = 𝑑 ∗ 𝑂𝐷 𝐹𝑖𝑡𝑛𝑒𝑠𝑠 𝑜𝑓 𝑆𝑒𝑟𝑣𝑖𝑐𝑒 𝑍 + 𝑒 ∗ 𝑆𝐿 𝐹𝑖𝑡𝑛𝑒𝑠𝑠 𝑜𝑓 𝑆𝑒𝑟𝑣𝑖𝑐𝑒 𝑍           (9)   

Heuristic frequency assignment 

The objective is to determine a set of frequencies for all services towards reducing the total time 

spend by users in the system. The frequencies are defined in seconds, but for finding them through 

an optimization model, they must be standardized. For Transmilenio, the boundaries for frequencies 

oscillate between 90 and 420 seconds, so the adjusted frequency of a service is defined as seen in 

Equation (10) as the frequency of the service in seconds over 420 that is the upper bound.   

𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑠𝑒𝑟𝑣𝑖𝑐𝑒 𝑍 =
𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑠𝑒𝑟𝑣𝑖𝑐𝑒 𝑍

420
                (10) 

For assigning the frequencies, the buses capacity constraint must be defined. The buses required 

for a service depend on two variables: the service frequency and the total travel time of the bus 

including stops in seconds. The bus requirement per service can be found with Equation (11) 

rounding to the nearest integer the total travel time of the service over its frequency. Even when 

this is an approximation to the total buses requirement, is enough to find a good solution that later 

will be modified to find feasibility to the problem. It must be pointed that is assumed that there is 

always a bus available when a departure is to happen in the model. Assuring the physical presence 

of each bus when needed in each station corresponds to the resource allocation problem and will 

not be assessed in this paper.  

𝐵𝑢𝑠𝑒𝑠 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑓𝑜𝑟 𝑠𝑒𝑟𝑣𝑖𝑐𝑒 𝑖 = 𝑅𝑜𝑢𝑛𝑑 (
𝑇𝑜𝑡𝑎𝑙 𝑡𝑟𝑎𝑣𝑒𝑙 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑠𝑒𝑟𝑣𝑖𝑐𝑒 𝑖

 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑠𝑒𝑟𝑣𝑖𝑐𝑒 𝑖
)        (11) 

As for finding the buses requirement rounding a decision variable is needed, a nonlinear 

optimization model must be formulated to find a combination adequate frequencies, such model is 

shown below. The objective function is to maximize the addition of the adjusted frequency of a 

service by its price as seen in Equation (12). Equation (13) shows the constraint regarding the buses 

capacity and Equation (14) bounds the decision variables. As LB will always be positive, non-

negativity constraints are not needed. This models intends to find a combination of frequencies that 

minimize the total system time of users but is important to point out that is merely an approximation 

that needs to be adjusted for operational purposes and that its effectiveness can only be tested with 

help of the simulation model. 
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Sets 

𝑅:  𝑆𝑒𝑡 𝑜𝑓 𝑠𝑒𝑟𝑣𝑖𝑐𝑒𝑠 

 

Parameters 

  𝑃𝑆𝑖: 𝑃𝑟𝑖𝑐𝑒 𝑓𝑜𝑟 𝑠𝑒𝑟𝑣𝑖𝑐𝑒 𝑖 

  𝐵𝑅𝑖: 𝐵𝑢𝑠𝑒𝑠 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 𝑓𝑜𝑟 𝑠𝑒𝑟𝑣𝑖𝑐𝑒 𝑖 

  𝐵𝐶: 𝑇𝑜𝑡𝑎𝑙 𝑏𝑢𝑠 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 

   

  Decision variable 

𝑋𝑖:  𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑠𝑒𝑟𝑣𝑖𝑐𝑒 𝑖 

   

  Objective function 

  𝑴𝒂𝒙 ∑ 𝑋𝑖 ∗ 𝑃𝑆𝑖𝑖∈𝑅                (12)            

   

  Constraints 

  ∑ 𝐵𝑅𝑖𝑖∈𝑅 ≤ 𝐵𝐶          (13) 

  𝐿𝐵 ≤ 𝑋𝑖 ≤ 𝑈𝑃      ∀𝑖 ∈ 𝑅         (14) 

   

It must be noticed that in real transportation systems, the buses frequencies is not a continuous 

variable. For instance in Transmilenio, frequencies can vary with 30 seconds intervals, so for making 

the model operational, the frequencies obtained are rounded to the nearest 30th second starting in 

90 seconds. For example, if the solution for the frequency of a model is set in 410 seconds it will be 

rounded to 420 seconds, and if it is 100 seconds it would be rounded to 90. For solving the 

optimization model, Excel’s GRG Nonlinear solver was used, which runs until 5 non changing 

iterations that satisfy the KKT (Karush Kuhn Tucker) conditions of local optimality. 

As this is not an exact but heuristic methodology, a final adjustment must be made for assuring 

feasibility for the problem. For that purpose real system data of the number of buses departing in 

the simulation time is needed. An adjustment must be made to assure the number of buses 

departing in the simulation model is less or equal than the number of buses used in the real system. 

For doing it, frequencies in valley hours are reduced until assuring feasibility. For example, if in the 

real system 4.000 buses departed during the simulation time and the proposed solution needs 5.000 
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departures, all frequencies are diminished in a percentage for the first simulation hour until 

achieving 4.000 or less departures, leaving the solution in the peak hours unmodified.  

Alternative proposal 

This far the complete methodology for finding feasible good frequencies for a BRT system was 

described, but there’s still one more inquiry to answer. It was mentioned earlier that the coefficients 

d and e are needed for finding a service’s price but there’s no way to accurately estimate those 

coefficients. Coefficient d corresponds to the importance of the OD Fitness in the service’s price and 

e to the SL Fitness, so for testing the impact of changing the value of those coefficients a sensibility 

experiment is proposed. Table 7 shows the five scenarios to be tested changing the values of d and 

e. 

Table 7.  Proposed scenarios for improvement 

 Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

d 0.8 0.2 0.5 1 0 

e 0.2 0.8 0.5 0 1 

 

For each scenario, the frequencies assignment heuristic was applied for finding service’s assignment 

in the proper format needed for the simulation model. With the complete Transmilenio BRT 

simulation model, testing such alternatives will be possible towards finding ways to improve system 

performance. 

Conclusions 

This paper is motivated in the increasing use worldwide of BRT systems as massive transportation 

solutions and on the dissatisfaction of users of Bogota’s BRT system Transmilenio. This research 

draws a general guideline to create simulation models of complete transportation systems including 

the calculation of the Origin-Destination matrix, the decision making process of users modelling, 

users and buses flow through system and the optimization models for finding travel plans, among 

other modelling strategies for simulating transportation systems properly. 

A template of a BRT station was built and verified towards building all types of BRT systems. The 

methodology applied to the construction of the simulation model allows to represent the behavior 

inside one station of a BRT system. The model is flexible enough to include new services, new 
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stations, new decision variables or behaviors of the decision makers, different times of travel and 

different frequencies of both arrivals and buses services. Each user is modeled as an independent 

decision maker that has a unique cost function. This allows the model to represent different decision 

behaviors incorporating four concrete decision variables: total travel time, the bus average 

occupancy, the time remaining for the next service arrival and the number of people in queue. 

Using a “Lego Approach”, the template was used for creating a valid simulation model of the 

complete Transmilenio BRT system. Such model is able to test changes in routes, frequencies, 

station opening and closing, user’s demand and user’s behavior among others for testing changes 

in performance measurements. Methodologies for verifying and validating such models are exposed 

and applied to the Transmilenio BRT model. 

Not including the origin-destination dynamics in planning was identified as a main problem in the 

frequency assignment of services in BRT systems. A pricing methodology for services was described 

for identifying services with need for higher or lower frequencies. A heuristic frequency assignment 

methodology was proposed based on a service pricing model that contemplates a multi-objective 

function and comprehends an operative tool for alternative creation towards improving 

performance. 

Future Work 

This research leaves the door open for testing innovative alternatives that mean to improve 

transportation systems performance. The next step is to test and quantify the impact of several 

scenarios in the users travel time and to share those results with the academic and city planners 

worldwide towards having better transportation systems and improving people’s life quality. 

Additional system’s behavior can be added to the model for increasing accuracy such as dynamic 

changes in user’s behavior, accidents in the lanes and over utilization of stations among others. The 

nature of complex systems require complex modelling analysis for properly diagnosing and 

improving systems, but this is a first approach to analyze and improve complete massive 

transportation systems that can be used for extending the reach of future research. 
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