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Abstract 

 

Transport supply models, such as territorial accessibility, have been used over the 

years as a method of urban planning and transportation in various cities around the 

world. In this sense, it is essential to execute these models in reality as much as 

possible in order to make better decisions. Territorial accessibility models use the 

road infrastructure network and average speeds to calculate travel times. Using the 

Dijkstra minimum path algorithm, the minimum route in the road network can be 

found which includes the global turn costs since, hypothetically, the vehicles use 

more time when performing these maneuvers. In the city of Manizales, the turn 

costs has been determined in a subjective way, in the year 2011, in 69 seconds when 

turning left and 60 seconds when turning right, which has been used in various 

investigations of territorial accessibility in recent years. This investigative work 

seeks to update these turn costs for the city of Manizales in an empirical way. 

Videos will be recorded in 20 intersections according to a prioritization order 

described, which will be further analyzed taking into account the time spent by 

vehicles (cars, trucks, buses and motorcycles) when turning left and right. 

Subsequently, a statistical analysis is carried out to determine the new turn costs for 

use in territorial accessibility models for the city of Manizales. 
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1 Introduction 
 

Transportation models have been used for decades as methods for the planning and 

construction of cities, facilitating the provision of investments and efficient future 

policies, since people must travel to meet different needs such as work, recreation, 

education and health [26, 35]. According to [24], these are a simplified 

representation of reality, so in the different types of model (abstract and physical) 

replicating what happens in it as close as possible was intended. In this sense, the 

models try to replicate different conditions that transport has in reality, such as 

speeds and vehicular volume, by combining data collection in the field and 

mathematical prediction abstract models [24]. The transport supply models, which 

are understood as a service, aim to measure their level in certain circumstances [24]. 

As a transport supply model, accessibility aims to measure the opportunities for 

interaction that people have in a city by measuring the relationship between urban 

equipment and the road infrastructure network [18]. In order to execute these 

models in reality, different methods have been used, such as geographic information 

systems (GIS) for the construction of the road infrastructure network [11], the 

calculation of operating speeds through GPS, and the inclusion of global turn cost 

at the moment of calculating the minimum routes [10]. In this sense, it is essential 

to have the global turn costs (by left and right turn) for each city because each of 

them has different mobility conditions. In this research article, the methodology 

used to calculate the turn costs in the city of Manizales, Colombia, is presented, 

which had been determined in 2011 subjectively in 60 seconds for the right turn and 

69 seconds for the left turn [10]. These have been used in different territorial 

accessibility analyses carried out to date in the city, so obtaining an updated turn 

costs, with an empirical basis, will bring the accessibility models closer to the 

reality of mobility in the city. 

 

Manizales (Figure 1) is the capital of the department of Caldas, located in the 

western part of Colombia on the central mountain range at 2150 meters above sea 

level on average, which makes it a steep city where the construction and expansion 

processes are difficult [28]. On the other hand, by 2018, it has approximately 

400,138 inhabitants, according to the official population projections of the National 

Administrative Statistics Department (DANE for its acronym in spanish) [8]. On 

the other hand, in terms of mobility, according to the quality of life report of the 

cities network carried out in 2017 in Manizales, 51% of citizens use public transport 

as the main mode of transportation, followed by motorcycles at 19%, walking at 

14% and private cars at 10%. Bicycles obtained 1% of the daily trips for this period. 

Likewise, there are records of 158,000 cars (50% cars, 47% motorcycles and 3% 

others) which represents an increase of 102% compared to the 2009 registry and a 

motorization rate of 398 vehicles per thousand inhabitants, a high sum compared to 

cities such as Bogotá (198), Medellín (337) and Cartagena (110) [21]. 
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As for the turn costs is has been used frequently as a complement to the Dijstkra’s 

algorithm of minimum paths (1959) [9] which is used by various transport modeling 

software to find the optimal route between two nodes connected by arcs of the road 

network by minimizing a given variable, often travel time or distance [6, 13, 34, 

39]. Over the years, several researchers have made improvements to this algorithm, 

seeking to solve the various shortcomings that it has [35, 36], especially when 

analyzing networks of large size [7, 30, 32]. 

 

 
 

Fig. 1: Manizales location. Source: Authors. 

 

Accessibility models have been used in transport and territory planning since the 

1950s when Hansen (1959) [18] defined it as "the potential for interaction 

opportunities" and also proposed the method of gravity as a measure for calculation. 

Later, Pirie (1979) [26] compiled the different investigations that had been made in 

this topic, finding different methods of calculation such as distance measures, 

topological, gravity, accumulated opportunities, among others. On the other hand, 

Ingram (1971) [20] made a classification of accessibility in relative accessibility, 

which is the measurement between two points of the road network and integral 

accessibility which is the measure between one point of the road network with 

respect to the others. The global average accessibility, which is the measure 

between all the nodes in the network, complements this classification. In 2001, 

Geurs & Ritsema van Eck (2001) [14] defined four different components of the 

concept: land use, transport, temporary and the individual. They also presented the 

different perspectives on which the accessibility measures are based: infrastructure, 

locations, people and utilities [15]. Accessibility models have been used over the 

years by different researchers in various topics such as: land use [38], transportation 

planning [17], social exclusion and accessibility [16], health facilities [5], location 
and supply of public bookstores [25]. In addition, in Manizales, different accessibility 
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studies have been carried out, taking into account the turn costs, since 2011 in areas 

such as: health equipment [12], commercial [23, 40], public bicycles and cycle-

route network [4], impact of new transport infrastructures [22], among others 

 

After the introduction, the research methodology for the calculation of the turn costs 

for left and right in the city of Manizales is presented, followed by the presentation 

and discussion of results and the main conclusions of the investigation. 

 

2 Methodology 
 

Next, each of the four (4) stages that are part of the investigation will be described 

plus a stage where the input data is collected. In Figure 2, the flow diagram that 

describes the methodology can be seen. 

 

 
 

Fig. 2: Investigation Methodology. Source: Authors. 

 
2.1 Entry Data 

In this preliminary stage of the investigation, it is necessary to georeference the road 

intersections that will be considered in the analysis of turnaround times, for which 

it is necessary to obtain its longitude and latitude, that is, its location in the city of 

Manizales. This is a necessary input for its later prioritization analysis where the 

intersections to be studied in the investigation will be determined. 

 

2.2 Classification of road intersections and prioritization analysis 

Classification of road intersections: First of all, it must be taken into account that 

road intersections have different classifications. In the first instance, they are 

classified according to the plane in which the conflicts are found, so there are "At-

grade intersections" and “Grade-separated intersections" or “interchanges" (Figure  
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3, A and B). The "At-grade" intersections have all their crossings in the same plane 

while the "interchanges" intersections have different levels of infrastructure so the 

conflicts between the different crossings, the congestion and the waiting time are 

diminished. This study will focus on the analysis of at-grade intersections because 

it is in these where the greatest number of conflicts between turnarounds and direct 

flow occur while the grade-separated intersections are designed to reduce this type 

of conflicts. 

 

 
 

Fig. 3: At grade intersections (A) and Interchanges (B). Source: Author´s  

 

On the other hand, at-grade intersections can be classified according to the type of 

flow channeling. In this: I) simple intersection, in which there is no channeling of 

flows of any kind, II) intersection with channelization of differentiated flow by 

infrastructure, in which infrastructure is allocated to separate the left or right turns, 

III) intersection with signs canalization, in which there is a differentiated flow for 

turning to the left or right by horizontal and vertical signaling. Likewise, the road 

intersections have classification according to the number of access branches, from 

2 to 6 or more. Lastly, in the classification of road intersections, the traffic 

regulation method will be taken into account, distinguishing between those that are 

regulated by traffic lights and those that have regulation by STOP or GIVE WAY 

signaling. Figure 4 shows the synthesis of the classification that will be used in this 

investigation for the at-grade intersections. 

Priorization analysis of road intersections. In this section, the method used to 

determine the prioritization of road intersections will be described. Five (5) 

different variables are studied, each of which will have a score from 1 to 10 as 

maximum score. In the end, each intersection will be able to obtain 50 as the 

maximum rating, making it more prone to the turn costs analysis by the grades that 

are closest to 50. Next, each of the analyzed variables is described: 

1. Variable 1, Traffic channeling: this variable takes into account the type of 

channeling per traffic described in the classification of intersections, giving 

greater value to those that increase the turnaround time at intersections due to 

waiting time in queue. For the simple channel type, there will be a score of 10 

because the waiting times are assumed to be greater because the cars that turn 

left or right share the flow with those that perform the other maneuvers. For  
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intersections with channeling with  traffic signs there is a rating of 8 because 

they have a flow separation but it is not definitive, as in the intersections with 

channeling by infrastructure that have a rating of 7. 
 

 
Fig. 4: Classification of At-grade intersections. Source: Author´s 

 

2. Variable 2, Type of traffic regulation: this variable considers the type of traffic 

regulation that the intersection has. The intersections regulated by traffic light 

obtain a score of 10 because the waiting time of the vehicles grows considerably 

compared to the intersections regulated by signals type STOP or GIVE WAY 

which reach a rating of 5. 

3. Variable 3, Number of turnarounds: in this variable, the number of turnarounds 

to be analyzed at each intersection is quantified. Thus, the left turns that have 

conflict with direct traffic add 5 points to the variable, while the direct left or 

right turn adds 3 points to the variable. Finally, the qualification of all the 

turnarounds is added being 10 the maximum that can be registered. 

4. Variable 4, Intersection location: in this variable, the location of the 

intersections is classified according to the road hierarchy present in the 

Territorial Ordinance Plan (POT for its acronym in Spanish) of the city, urban 

planning instrument for the period 2017-2031 [2], according to which the city 

has the urban road subsystem composed of the urban arterial road network 

where the main arteries (10), secondary arteries (8) and collector roads (7) are 

located. On the other hand, there is have the complementary road network, 

which has local roads (5), pedestrian, semi-pedestrian and marginal 

landscaping, which have no final qualification because the interest of this 

research is focused on the turn costs times automobiles so intersections that have 

a high traffic flow are observed. 
5. Variable 5, Relationship with road accident analysis: the road intersections that 

have relation with traffic accident analysis will have a higher score, reaching 10 

points, while those that are not within these analyses will have 5 points. In the 
city of Manizales, Phase I and II of road safety audits were carried out in corridors 
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and road intersections of high accident rate with the support of the City Hall of 

Manizales, the National Road Safety Agency (ANSV for its acronym in 

Spanish) and the National University of Colombia, Manizales campus [1, 3].  

 

These variables are analyzed in each georeferenced intersection, studying those that 

have the highest rating. Table 1 shows a summary of the variables analyzed and 

their respective rating.  

 

Table 1 Intersection prioritization analysis variables 

 

Variable Type Classification Qualification 

1 
Traffic 

channeling 

Simple intersection 10 

Intersection channeled by traffic signs 8 

Intersection channeled by infrastructure 7 

2 
Type of traffic 

regulation 

Traffic light 10 

STOP or GIVE WAY 5 

3 

 

Number of 

turnarounds 

Turn left with direct traffic conflict 5 

Simple left turn 3 

Simple right turn 3 

4 

 

Location of the 

intersection 

Main Artery road 10 

Secondary Artery road 8 

Collector road 7 

Local Way 5 

5 

Relationship 

with road safety 

analysis 

There is a record of road safety audits 10 

There is no record of road safety audits 5 

 

2.3 Field data collection 

At this stage of the investigation, it is sought to record the turnaround times at the 

intersections, given in the order of prioritization of stage 1. To take better advantage 

of the data collected, it was decided to take a video record for an approximate time 

of 45 a 60 minutes of the intersections using a Canon T5 camera, facilitated by the 

Audiovisual Production Center of the National University of Colombia Manizales 

headquarters (CEPAUN for its acronym in Spanish), which allows registering 

videos from 480 p to 1080 p. The video record was analyzed in the next stage. 

 

2.4 Analysis of data collected in the field 

In this stage, the videos recorded in the intersection are analyzed, recording the time  
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it takes each vehicle (car, truck or motorcycle) to make the left or right turnaround 

maneuver at each intersection. For this, the maneuvers to be analyzed are taken into 

account according to the recommendations given by the RILSA institute [29]. On 

the other hand, a statistical analysis is performed on each maneuvers recorded at 

the intersections using frequency tables when the data is greater than 25. In addition, 

the Sturges rule is used to determine the number of frequency intervals [19, 33] and 

the guidelines of various authors in traffic engineering statistics for calculations of 

the arithmetic mean and the standard deviation for pooled data. If the number of 

data is less than 25, they are calculated using formulas arranged for non-grouped 

data [31]. 

 

2.5 Turn costs calculation 
In this last stage of the methodology, the penalties for left and right turns to be used 

in transport models were calculated, taking into account the results obtained in the 

preliminary stage of data analysis and the various types of intersections studied. In 

addition, the characteristics of the intersections studied will be taken into account. 

 

3 Results and discussion 
 

3.1 Classification and analysis of prioritization of intersections 

Figure 5 shows the twenty (20) intersections with the highest rating according to 

the prioritization analysis described above. 

 

 
 

Figure 5. Location of analyzed road intersections. Source: Authors. 

 

Among the intersections prioritized for analysis, 45% belong to a channel with  
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horizontal signaling. On the other hand, 50% of the intersections have a traffic light 

as a means to regulate traffic while the rest have STOP or GIVE WAY sings as a 

regulatory means. Likewise, 45% of the intersections are located on a main artery 

of the city, which makes the flow of vehicles permanent. On the other hand, it is 

important to record that there are a total of 14 intersections that have been analyzed 

in road safety studies, which represents 34% of the total intersections that have been 

the subject of this same analysis. Finally, the study of the left turns that have conflict 

with direct traffic is important for the investigation so that 75% of the intersections 

to analyze have at least one of these turns. 

 

3.2 Statistical analysis and calculation of turnaround times in analyzed 

intersections 

Table 2 shows the time that left and right turns (seconds) take, which results from 

the statistical analysis with frequency tables of which the arithmetic mean is taken 

as the data representing the largest amount of data in each analyzed intersection. 

 

Table 2 Turn costs (arithmetic mean) to left and right at each intersection 

 

Road Intersection 
Time (seconds) 

Left Turn Right Turn 

1 35,23 23,28 

2 11,63 3,56 

3 37,31  N/A 

4 50,17 65,27 

5 6,41 8,80 

6 6,81 5,37 

7 42,67 51,90 

8 49,05 N/A  

9 51.44  N/A 

10 35.42 4.74 

11 35.68 31.43 

12 4.67 35.77 

13 9.80 4.67 

14 24.20 47.11 

15 38.50  N/A 

16 69.86 29.90 

17 50.77 52.88 

18 37.32 35.38 

19 3.18 7.02 

20 13.58 11.14 

In this case, it can be observed that the intersection with the highest left turn times 

is intersection 16 with 69.86 sec., which is located on a main road where there is a  
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high vehicular volume. In addition, it has traffic light regulation with very high 

cycle times and multiple phases due to the various maneuvers s allowed in it. On 

the other hand, intersection 4 has the highest right turn time (65.27 sec) because, 

like intersection 16, it is on a main arterial road. Likewise, in this intersection, the 

right turn has separation infrastructure, although the regulation by traffic light 

increases the turn time for the vehicles analyzed. Otherwise, intersection 19 has the 

lowest left turn times (3.18 sec), mainly because traffic regulation is carried out by 

STOP signs, which causes the analyzed vehicles to have a shorter waiting time at 

the intersection. In addition, the vehicular flow is smaller due to the location of the 

intersection on a secondary arterial route. However, for the right turn times, the 

lowest time corresponds to the intersection 2 with 3.56 sec, which has 

characteristics similar to the aforementioned intersection. Likewise, there are 4 

intersections (intersection 3, 8, 9 and 15) for which there are no records of turns 

times to the right because the video capture did not allow to distinguish the entire 

turning maneuvers at the time of analysis. 

 

3.3 Turn Costs 

There will be two different scenarios for calculating the turn costs. The first one is 

where the penalties are calculated by turning left and right with the totality of the 

data of each intersection determining the general penalty for the city of Manizales. 

Second is the one where the calculation of the penalties per turnaround is made 

according to the type of traffic regulation that the intersection has. Table 3 shows 

the result of the penalties per turnaround in the first scenario where a total of 4219 

times recorded in the 20 intersections considered for the study were analyzed. The 

penalties correspond to the calculation of the arithmetic mean for grouped data. 

 

Table 3. General turn costs obtained by empirical way 

 

Turn 
Number of data 

analyzed 
Time (seconds) 

Standard 

deviation 

Right 1554 29.69 4.97 

Left 2665 34.84 5.51 

 

In this case, it can be seen how the penalties for left turn are 15% higher, which 

indicates that, in general, it takes more time for cars to make this maneuvers. Table 

4 shows the result of the penalties per turnaround in the second scenario where the 

traffic regulation method was taken into account at the time of calculation. For this 

scenario, it can be observed how the turnaround times are greater for intersections 

that have traffic lights as traffic regulation, mainly due to the waiting time of the 

registered vehicles due to the cycle time of each traffic light phase. Also, the 

penalties for right (46.03 sec) and left (45.73 sec.) are very similar for intersections 

because there is only 0.3 seconds difference between them. It is important to 

highlight how the penalty for left turn is almost 3 times more than the penalty for  
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right turn. On the other hand, for the intersections that have STOP or GIVE WAY 

signs as traffic regulation the penalties for turnaround are much smaller, reaching 

5.83 seconds for the right turn and 17.25 seconds for the left turn. 

 

Table 4. Turn costs according to the type of traffic regulation 

 

Type of traffic 

regulation 
Turn 

Number of 

data analyzed 

Time 

(seconds) 

Standard 

deviation 

Traffic light 
Right 892 46.03 6.12 

Left 1648 45.73 6.06 

Stop or give way signs 
Right 662 5.83 3.86 

Left 1017 17.25 6.42 

 

4. Conclusions 
 

The prioritization analysis is important to decide which intersections should be 

analyzed. According to the city in which the study is carried out, it is recommended 

that 50% of the intersections analyzed correspond to traffic light intersections. On 

the other hand, it is important that the total number of intersections represents at 

least 25% of intersections analyzed in road safety studies due to the relationship 

that will exist with traffic accidents, the number of conflicts and the number of 

turnarounds that are made. 

 

At the time of the video capture at each intersection, it is important to record the 

total maneuvers of the vehicles so that for some intersections two or more video 

cameras will be necessary, if this is done at street level. The records can also be 

recorded from a high point to obtain better perspective of the intersection. 

Undoubtedly, the best option would be to make the video with the help of a drone, 

which allows recording from a much greater perspective, facilitating the subsequent 

analysis of the data. For the analysis of videos, a software of detection of maneuvers 

that allows to facilitate the time it takes to make a turn of the vehicles in each 

intersection should be used. 

 

The general penalty for the city of Manizales resulted in 29.69 seconds for the right 

turn and 34.84 seconds for the left turn. When taking into account the type of 

regulation at the intersection, these penalties change considerably, reaching 46.03 

seconds for right turn and 45.73 seconds for left turn at intersections with traffic 

light, while for intersections with regulation by STOP or GIVE WAY, the turn costs 

reach 5.83 seconds for the right and 17.25 for the left.   

 

Acknowledgements. The researchers thank the Vice-Rector for Research and the 

Directorate of Research and Extension of the National University of Colombia for 

the support given to the project with code 41064 called "Methodological proposal 

for the calculation of turn costs in accessibility models" through the call 

"NATIONAL CALL FOR THE SUPPORT OF THE DEVELOPMENT OF THE  



2788                                                                                       Santiago Cardona et al. 

 

 

GRADUATE THESIS OR FINAL WORK OF SPECIALTIES IN THE AREA OF 

HEALTH, OF THE COLOMBIAN NATIONAL UNIVERSITY 2017-2018". 

Also, to the groups of investigation from National University of Colombia, 

Manizales campus,  sustainable mobility and to the Center of Audiovisual 

Production (CEPAUN), specially to the director Jaime Buitrago Alba and his 

assistant Natalia Osorio Grajales. 

 

 

References 
 

[1] Alcaldía De Manizales, Desarrollo De Acciones Para La Reducción De 

Víctimas Mortales En Accidentes De Tránsito, En Intersecciones Y 

Corredores De Alta Accidentalidad En El Municipio De Manizales, 

Universidad Nacional de Colombia sede Manizales, Manizales, 2016. 

 

[2] Alcaldía De Manizales, Plan de Ordenamiento Territorial. Secretaría de 

Planeación Municipal, Anexo Normas Generales, 2017. Disponible en: 

http://www.manizales.gov.co/Contenido/Alcaldia/86/plan-de-ordenamiento-

territorial-vigente 

 

[3] Alcaldía De Manizales, Desarrollo De Acciones Para La Reducción De 

Víctimas Mortales En Accidentes De Tránsito En Intersección Y Corredores 

De Alta Accidentalidad En El Municipio De Manizales – Fase II, Universidad 

Nacional de Colombia sede Manizales, Manizales, 2017. 

 

[4] M. Cardona, J. D. Zuluaga and D.A. Escobar, Análisis de la red de ciclo-rutas 

de Manizales (Colombia) a partir de criterios de accesibilidad territorial urbana 

y cobertura de estratos socioeconómicos, Revista Espacios, 38 (2017), no. 28. 

 

[5] S. Cirino, L.A. Gonçalves, M.B. Gonçalves and E. Souza De Cursi, A 

nonlinear model for localization of hospital services as an indicator of 

accessibility, Cadernos de Saude Pública, 34 (2018), no. 3, 1–12.   

https://doi.org/10.1590/0102-311x00185615  

 

[6] T. Coldwell, On Finding Minimum Routes in a Network with Turn Penalties, 

Communications of the ACM, 4 (1961), no. 2, 107–108.  

https://doi.org/10.1145/366105.366184  

 

[7] D. Delling, P. Sanders, D. Schultes and Wagner, Engineering route planning 

algorithms, Lecture Notes in Computer Science Vol. 5515, Springer, 2009, 

117-139. https://doi.org/10.1007/978-3-642-02094-0_7  

 

[8] Departamento Administrativo Nacional de Estadística – DANE, Proyecciones 

de población total por sexo y grupos de edad de 0 hasta 80 y más años (2005 

– 2020), 2010. Retrieved from  

http://www.manizales.gov.co/Contenido/Alcaldia/86/plan-de-ordenamiento-territorial-vigente
http://www.manizales.gov.co/Contenido/Alcaldia/86/plan-de-ordenamiento-territorial-vigente
https://doi.org/10.1590/0102-311x00185615
https://doi.org/10.1145/366105.366184
https://doi.org/10.1007/978-3-642-02094-0_7


Calculation of turns costs in accessibility models                                                2789 

 

 

http://www.dane.gov.co/index.php/estadisticas-por-tema/demografia-y-

poblacion/proyecciones-de-poblacion 

 

[9] E. W. Dijkstra, A note on two problems in connexion with graphs, Numerical 

Mathematics, 1 (1959), no. 1, 269–271. https://doi.org/10.1007/bf01386390  

 

[10] D.A. Escobar and F.J. García, Diagnostico de la Movilidad Urbana de 

Manizales, First Edition, Manizales, 2012. 

 

[11] D.A. Escobar, F.J. García and R. A. Tolosa, Análisis de Accesibilidad 

Territorial a Nivel Regional, Universidad Nacional de Colombia, Facultad de 

Ingeniería Y Arquitectura, Manizales, 2013. 

 

[12] D.A. Escobar, J.M. Holguin and J.D Zuluaga, Accesibilidad de los centros de 

ambulancias y hospitales prestadores del servicio de urgencias y su relación 

con la inequidad espacial. Caso de estudio Manizales–Colombia, Revista 

Espacios, 37 (2016), no. 20. 

 

[13] R. Geisberger and C. Vetter, Efficient routing in road networks with turn costs, 

In International Symposium on Experimental Algorithms, Pardalos, P.M., 

Rebennack, S. (eds.), Springer, Heidelberg, Vol. 6630, 100–111, 2011.  

https://doi.org/10.1007/978-3-642-20662-7_9  

 

[14] K.T. Geurs and J.R. Ritsema van Eck, Accessibility Measures: Review and 

Applications.  Evaluation of Accessibility Impacts of Land-use Transport 

Scenarios, and Related  Social and Economic Impacts, National  Institute 

of Public Health and the Environment, 2001.  

http://www.rivm.nl/bibliotheek/rapporten/408505006.pdf 

 

[15] K.T. Geurs and B. van Wee, Accessibility evaluation of land-use and transport 

strategies: review and research directions, Journal of Transport Geography, 

12 (2004), no. 2, 127–140. https://doi.org/10.1016/j.jtrangeo.2003.10.005  

 

[16] L.A. Guzman and D. Oviedo, Accessibility, affordability and equity: 

Assessing ‘pro-poor’ public transport subsidies in Bogotá, Transport Policy, 

68 (2018), 37–51. https://doi.org/10.1016/j.tranpol.2018.04.012  

 

[17] B. Hallgrimsdottir, H. Wennberg, H. Svensson and A. Ståhl, Implementation 

of accessibility policy in municipal transport planning - Progression and 

regression in Sweden between 2004 and 2014, Transport Policy, 49 (2016), 

196–205. https://doi.org/10.1016/j.tranpol.2016.05.002  

 

[18] W.G. Hansen, How accessibility shapes land use, Journal of the American 

Institute of Planners, 25 (1959), no. 2, 73-76.  

https://doi.org/10.1080/01944365908978307  

http://www.dane.gov.co/index.php/estadisticas-por-tema/demografia-y-poblacion/proyecciones-de-poblacion
http://www.dane.gov.co/index.php/estadisticas-por-tema/demografia-y-poblacion/proyecciones-de-poblacion
https://doi.org/10.1007/bf01386390
https://doi.org/10.1007/978-3-642-20662-7_9
http://www.rivm.nl/bibliotheek/rapporten/408505006.pdf
https://doi.org/10.1016/j.jtrangeo.2003.10.005
https://doi.org/10.1016/j.tranpol.2018.04.012
https://doi.org/10.1016/j.tranpol.2016.05.002
https://doi.org/10.1080/01944365908978307


2790                                                                                       Santiago Cardona et al. 

 

 

[19] R. J. Hyndman, The problem with Sturges’ rule for constructing histograms, 

Monash University, (1995), 1–2.  

 

[20] D. Ingram, The concept of accessibility: a search for an operational form, 

Regional studies, 5 (1971), no. 2, 101-107. 

https://doi.org/10.1080/09595237100185131  

 

[21] Manizales Cómo Vamos – MCV, Cómo Vamos en Movilidad, 2016. 

Retrieved from:  

http://manizalescomovamos.org/wp-content/uploads/2016/08/Movilidad.pdf 

 

[22] C. A. Moncada, S. Cardona, and D.A. Escobar, Saving Travel Time as an 

Urban Planning Instrument. Case Study : Manizales, Colombia, Modern 

Applied Science, 12 (2018), no. 6, 44–57.  

https://doi.org/10.5539/mas.v12n6p44  

 

[23] J. A. Montoya and D.A. Escobar, Propuesta de ubicación de nuevos centros 

comerciales, aplicación de un análisis de accesibilidad territorial urbana, 

Revista Espacios, 38 (2017), no. 51. 

 

[24] J. de D. Ortúzar and L. G. Willumsen, Modelling Transport, John Wiley & 

Sons Ltd., 1994.  

 

[25] S. J. Park, Measuring public library accessibility: A case study using GIS, 

Library & Information Science Research, 34 (2012), no. 1, 13–21.  

https://doi.org/10.1016/j.lisr.2011.07.007 

 

[26] M. Patriksson, The Traffic Assignment Problem : Models and Methods, Dover 

Publications, New York, 1994. 

 

[27] G.H. Pirie, Measuring accessibility: a review and proposal, Environment and 

Planning A, 11 (1979), no. 3, 299-312. https://doi.org/10.1068/a110299  

 

[28] J.E. Robledo, La Ciudad de la Colonización Antioqueña, Universidad 

nacional de Colombia, (First Edition), Manizales, 1996. 

 

[29] D. Robles, P. Ñañez and N. Quijano, Control y simulación de tráfico urbano 

en Colombia: Estado del arte, Revista de Ingeniería Universidad de Los Andes, 

29 (2009), 59–69.  

 

[30] P. Sanders and D. Schultes, Engineering fast route planning algorithms. 

Proceedings of the 6th International Conference on Experimental Algorithms, 

(2007), 23–36. 

 

 

https://doi.org/10.1080/09595237100185131
http://manizalescomovamos.org/wp-content/uploads/2016/08/Movilidad.pdf
https://doi.org/10.5539/mas.v12n6p44
https://doi.org/10.1016/j.lisr.2011.07.007
https://doi.org/10.1068/a110299


Calculation of turns costs in accessibility models                                                2791 

 

 

[31] J. F. Schwar and J. P.  Huarte, Métodos Estadísticos en Ingeniería de Tránsito. 

Representaciones y servicios de ingenieria S.A., México, 1995. 

 

[32] D. Schultes, Route Planning in Road Networks, PhD Thesis, Universitat 

Fridericiana zu Karlsruhe (TH), 2008.  

 

[33] H. A. Sturges, The Choice of a Class Interval, Journal of the American 

Statistical Association, 21 (1926), no. 153, 65–66.  

https://doi.org/10.1080/01621459.1926.10502161  

 

[34] S. Winter, Modeling costs of turns in route planning, GeoInformatica, 6 

(2002), no. 4, 345–361. https://doi.org/10.1023/a:1020853410145  

 

[35] P. H. Wright and N.J. Ashford, Transportation Engineering: Planning and 

Design, Fourth Edi., Jhon Wiley & Sons Ltd, New York, 1989. 

 

[36] L. Wu, X. Xiao, D. Deng, G. Cong, A.D. Zhu and S. Zhou, Shortest Path and 

Distance Queries on Road Networks: An Experimental Evaluation, 

Proceedings Ofthe VLDB Endowment, 5 (2012), no. 5, 406–417.  

https://doi.org/10.14778/2140436.2140438  

 

[37] Q. Wu, G. Qin and H. Li, An Improved Dijkstra’s algorithm application to 

multi-core processors, Metallurgical & Mining Industry, 9 (2015), 76–81. 

 

[38] Y. Xiao, C. Sarkar, C. Webster, A. Chiaradia and Y. Lu, Street network 

accessibility-based methodology for appraisal of land use master plans: An 

empirical case study of Wuhan, China, Land Use Policy, 69 (2017), 193–203.  

https://doi.org/10.1016/j.landusepol.2017.09.013  

 

[39] N. Yiannakoulias, W. Bland and L.W. Svenson, Estimating the effect of turn 

penalties and traffic congestion on measuring spatial accessibility to primary 

health care, Applied Geography, 39 (2013), 172–182.  

https://doi.org/10.1016/j.apgeog.2012.12.003  

 

[40] J. D. Zuluaga and D. A. Escobar, Geomarketing Analysis for Shopping Malls 

in Manizales (Colombia). Accessibility approach methodology, Revista 

Espacios, 38 (2017), no. 21, 20. 

 

 

Received: June 29, 2018; Published: July 31, 2018 

 

 

 

https://doi.org/10.1080/01621459.1926.10502161
https://doi.org/10.1023/a:1020853410145
https://doi.org/10.14778/2140436.2140438
https://doi.org/10.1016/j.landusepol.2017.09.013
https://doi.org/10.1016/j.apgeog.2012.12.003

