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Abstract 

 

This research’s aim is to study the behavior of drivers when the cross-section of the 

roadway is modified to include a Two-Way Left Turn Lane (TWLTL). This research study 

used the UPRM driving simulator to collect driver data on a simulated road section with 

and without a TWLTL. Subjects’ behavior was analyzed by studying the effectiveness of 

the implementation of the TWLTL-modified cross-section, the impact of providing 

educational material to road users about the adequate operation of a TWLTL, and the 

impact of the width of the TWLTL and driveway density. From the analysis, it was found 

that there is less variability in the speed of those who drove the scenarios with the TWLTL 

when compared against driver behavior under the current scenario. An improvement in 

the proportion of correct driving maneuvers at the TWLTL increased from 50% to 83% 

when drivers received educational training on how to make a left turn to exit the main 

road. Also, there was also an improvement in the proportion of correct driving maneuvers 

from 22% to 72% when drivers received educational training when a vehicle stopped 

blocking part of the through lane. A statistically reduction in variance was found in drivers 

who receive educational training at the position at which they enter the TWLTL when 

compared to drivers who did not receive educational training. Also, drivers’ speed 

variance decreases significantly with the implementation of the TWLTL. On the contrary, 

the result of this thesis shown that the TWLTL width and access density do not have any 

effect on the driver’s speed. Nevertheless, it was found that the roadway density has a 

moderate effect at the moment at which the driver enter the TWLTL.  
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Resumen 
 
Esta investigación tiene como propósito estudiar el comportamiento de los conductores 

cuando se modifica la sección transversal de la calzada para incluir un carril central en 

el cual se puede girar a la izquierda en cualquiera de las dos direcciones, o “Two-Way 

Left Turn Lane (TWLTL)” en inglés. En este estudio se utilizó el simulador de conducción 

de la Universidad de Puerto Rico en Mayagüez para recopilar datos del conductor en una 

sección de carretera simulada con y sin un TWLTL. El comportamiento de los 

conductores se analizó al estudiar la efectividad de la implementación del TWLTL, el 

impacto de proporcionar material educativo a los usuarios de la carretera sobre el 

funcionamiento adecuado de un TWLTL, el impacto del ancho del TWLTL y la densidad 

de la calzada. A partir del análisis, se encontró que hay menos variabilidad en la 

velocidad en los conductores que condujeron los escenarios con el TWLTL cuando se 

comparan con los escenarios que representan la condición existente. Además, se 

observó una mejoría significativa proporcional de mejoría de 50% a 83% cuando los 

conductores que recibieron material educativo, utilizan el TWLTL para hacer un viraje a 

izquierda y  una mejoría de 22% a 72% en su comportamiento cuando se detiene un 

vehículo obstruyendo la vía principal. También se encontró una diferencia significativa 

en la variabilidad en la posición en que los conductores entran al TWLTL cuando se 

compara con los conductores que no reciben material educativo. Aquí, la variación de la 

velocidad de los conductores se reduce significativamente con la implementación de 

TWLTL. Por el contrario, el ancho del TWLTL y la cantidad de accesos no tienen ningún 

efecto en la velocidad de los conductores. Sin embargo se encontró un efecto moderado 

en la cantidad de accesos cuando el sujeto entra al TWLTL.  
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1 INTRODUCTION 

 
This chapter presents a general overview of the Two-Way Left Turn Lane (TWLTL); its 

characteristics and history in the United States and Puerto Rico. This overview is followed 

by the research problem and objectives of this study, which has a motive to study the 

safety aspects of the TWLTL and how to better implement it in a new and unfamiliar 

location.   

 

 Overview  

According to the World Health Organization (WHO), road traffic crashes are one of the 

leading causes of death for the entire population and, in particular, are the leading cause 

of death for people between 15 and 29 years old (1). Two of the five primary contributing 

factors are speeding and unsafe road infrastructure. Since there has been evidence that 

demonstrates the relationship between them, the cross section design of the road has 

great relevance to these two factors. Nowadays, the best practices in geometric design 

incorporate universal design and highway safety for all users. These elements are an 

essential part of the Road Diet concept and are mostly implemented on urban collector 

streets with a high number of crashes and high potential for operational improvement (2, 

3).  

 

A road diet is the conversion of an existing four-lane undivided roadway segment to a 

three-lane segment consisting of two through lanes and a median (TWLTL) (4). This is 

the general definition of a road diet according to the Federal Highway Administration 

(FHWA), but a Road Diet does not have to include a TWLTL. A road diet may recommend 
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a reduction in the width of regular traffic lanes to include exclusive bike lanes or pedestrian 

refuge islands; or a general traffic lane width reduction to decrease speeding behavior.  

 

TWLTLs are used in the United States and other parts of the world as a countermeasure 

for crashes in urban zones. A TWLTL is a lane placed in the center of the road between 

opposing traffic lanes to allow vehicles from either direction to make left turns off the 

roadway (5). A TWLTL has two impacts on traffic operation and safety: the reduction of 

the vehicles’ speed, and  allowing left-turning vehicles to have a separate lane to stop 

and wait for a gap in traffic (6). These impacts benefit safety since it lowers the possibility 

of speeding and when a vehicle has a separate lane to stop, the possibility of rear-end 

crashes is lowered since it is possible that the stopping vehicle will not have a vehicle 

behind it.  

 

The TWLTL concept has not yet been implemented in Puerto Rico. Therefore, road user 

behavior cannot be obtained on a local road. A roadway cross-section with a TWLTL 

would be a new and unfamiliar road design for local drivers. By using the UPRM Driving 

Simulator, the relationship between these two factors can be analyzed and it is possible 

to evaluate potentially dangerous situations that may occur along the road without risking 

the driver’s life (e.g., reach a sudden stop, aggressive driving). Driving simulation has 

been used in Puerto Rico to recreate freeway segments of highways PR-22 and PR-52 

to study how drivers behave in the presence of various conditions current and new related 

to signs configurations, pavement markings, lane width, flow patterns or ambient 

conditions (7–9).  
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 Research Problem  

The case of highway PR-107 was used as a test bench for this work for the road 

characteristics and crash data. Therefore, a more detailed description of the geometry of 

this street and its operational characteristics are presented to create a baseline. This road 

is located in the northwestern region of Puerto Rico as shown in Figure 1. This 4.5 km of 

highway has a total of 175 driveways, including residential and commercial driveways 

and minor roads. PR-107 road has an annual average daily traffic (AADT) of 20,000 

vehicles per day (10) in the year 2013, which is the latest record, with an AADT of 19,904 

in km 0.35, 19,287 in km 0.74, and 21,892 in km 3.03. These traffic volumes are within 

the AADT guidelines established by the FHWA Road Diet Informational Guide to identify 

possible candidates for Road Diets projects (4). This guide provides information about 

what is a Road Diet, guidance to determine the feasibility of the implementation, how to 

design it and how to determine if it is useful. Within the discussion of the road diet it is 

also discussed, the TWLTL benefits, considerations, and requirements for its 

implementation. 

 

Using the UPRM Driving Simulator, a roadway cross-section situation similar to the one 

present in PR-107 was recreated by developing different scenarios to evaluate the 

driver’s behavior if the TWLTL geometry is implemented. These scenarios will also serve 

to evaluate how drivers behave based on different TWLTL widths and the number of 

driveways per km (or mile), also known as driveway density.  
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Figure 1  Localization of the PR-107 

 

Considering the period between 2014 and 2016, the PR- 107 had over 650 crashes with 

a total of 145 injuries and 5 fatal crashes. From those crashes, a total of  229 persons 

were injured and 6 resulted in fatalities, according to the Critical Analysis Reporting 

Environment (CARE) database (11). The 75 percent of the rear-end crashes in this 

highway, identified in CARE as same direction-posterior crashes, a parked vehicle, and 

a vehicle stopped on the pavement, are events related to a vehicle that is stopping or 

already stopped. In Australia, they have the same issue; however they drive in the 

opposite direction, rear-end crashes occur when turning right. (12). Table 1 presents the 

number of crashes from the year 2014 with a total of 162 crashes to the year 2016 with a 

total of 289 crashes. There is an increase of more than 67% during the last two years, 

from 2015 to 2016. Table 1 shows the number of crashes and not the number of people 

involved in them. 
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Table 1 Number of Crashes by Severity of Crash from 2014 to 2016 in PR-107 

Crash Severity Year 2014 Year 2015 Year 2016 

Property damage 119 155 226 

Injury 43 40 62 

Fatal 0 4 1 

Total 162 199 289 

 
 

Table 2 Number of Crashes by Type of Collision from 2014 to 2016 in PR-107 

Type of Collision Year 2014 Year 2015 Year 2016 

Entering intersection at an angle 38 31 31 

In the same direction – posterior ** 54 59 110 

In the same direction - turning 4 6 9 

In the same direction - side 19 24 42 

In the opposite direction - front 1 1 3 

In the opposite direction - turning 5 6 11 

In the opposite direction - side 6 11 10 

A parked vehicle 1 0 0 

A vehicle stopped on the pavement ** 15 22 33 

A vehicle parking or reversing 4 8 5 

A vehicle exiting a parking space 1 3 5 

A vehicle entering a private entrance 0 0 1 

A vehicle exiting a private entrance 3 5 1 

Not Available 11 18 17 

** Rear-End (Type of) Crash 
 
 
These crashes can be categorized by type of collision as shown in Table 2. It can be 

noticed that seven of the twelve types of collisions have increased over the three years. 
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Rear-end crashes are the most significant. In these three years, the type of collision that 

is more prominent corresponds to the category: “In Same Direction-Posterior” or “Rear 

End” with more than 35% of the crashes. 

 

PR-107 has the base configuration of a two-lane road, as seen in Figure 2, with passing 

lanes in one or two sides in most of the segments and medians in some of their segments. 

A passing lane is an added lane provided in one or both directions of travel on a 

conventional two-lane highway to improve passing opportunities (13). In some places, 

this type of road is also known as a 2+1 road, that is a road design that has a continuous 

three-lane cross-section with alternating passing lanes (14). Along this road, 46% of the 

crashes are classified as rear-end crashes that usually happen when drivers stop to make 

a left turn. One possible solution for most of these crashes may be the implementation of 

a TWLTL. There are two significant problems with the implementation of this types of 

cross-section in Puerto Rico: 1) It is a new roadway design for the Puerto Rican drivers 

and the implementation may affect negatively if proper education is not given, and 2) 

there are no design standards for selecting the lane width of the TWLTL according to the 

driveway density of the road, and most of the existing guidelines simply provide a range 

of values (without any more specification).  
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a) One Lane per Direction 

 

b) Two Lanes per Direction 

 

c) Two Lanes in One Direction and One Lane in the Other Direction 

Figure 2: Typical Cross-Section Views of Highway PR-107.  
 
Educational material about the signs, pavement markings, and laws regarding roads are 

used to instruct people when they want to acquire the driver license in the states and 
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territory of the United States. Nevertheless, after a person obtains the driver license, there 

is not any law or mandate that obligate the driver to receive an education of new types of 

roadway designs and how to use them. Without proper education, the new road geometry 

or element may work, but it also may not.  

 

The manual A Policy on Geometric Design of Highways and Streets better known as the 

green book, establishes that the design of the TWLTL works well when, “the speed on 

the arterial highway is relatively low (40 to 70 km/h [25 to 45 mph]), and there are no 

heavy concentrations of left-turning traffic” (15). Also, it is discussed that their 

implementation should be “where an arterial pass through a developed area is having 

numerous cross streets and commercial or residential driveways, and where it is 

impractical to limit left turns.” According to this manual, the TWLTL should be 3.0 to 4.8 

m [10 to 16 ft] wide. Also, 3.3-m [11-ft] lane width is adequate for through lanes. 

 

Seven types of state laws regarding driver uses of TWLTLs are included in the FHWA 

Road Diet Informational Guide (4). The first is that the motorist may not turn left from any 

other lane when a TWLTL is provided. The second is that vehicles cannot drive in the 

TWLTL unless it is preparing to make a left turn. The third is the maximum allowable 

travel distance in the TWLTL. In this regard, a total of ten states have a maximum allowed 

distance travel, where Virginia has the smaller distance with 150ft and Missouri has the 

largest distance with 500ft. The fourth is that four states stipulate that the TWLTL shall 

not be used for passing/overtaking another vehicle. The fifth and sixth laws are unique 

for Tennessee, stipulating that when a vehicle enters the TWLTL, no other vehicle coming 
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in the opposite direction shall enter the TWLTL if the entrance of the vehicle would prohibit 

the vehicle already in the lane from making the intended turn. Also stipulates that when 

vehicles enter the TWLTL in opposite directions, the first vehicle to enter the TWLTL shall 

have the right-of-way. The seventh law, which is unique for Arkansas, permits vehicles to 

make a left turn from an intersecting street or driveway into the TWLTL to gain access to 

or to merge into the traffic lanes. Also, this law prohibits the use of the TWLTL as an 

acceleration lane. 

 

In the case of the standard guidelines for the lane width of the TWLTL, Iowa DOT 

suggests that lane widths, for the TWLTL, should be from 10 feet to 12 feet if there are 

lane width restrictions (5) and Texas DOT establishes desirable and minimum width from 

11ft up to 16ft according to the design speed (16). Other states like Massachusetts DOT 

do not have any guidelines (17). However, a TWLTL can be as wide as 14 to 16 feet wide 

if there is a large volume of heavy vehicles using the turn lane (18). The Missouri DOT 

establish that “TWLTL lanes should only be considered in places where commercial 

driveways make up a substantial portion of total driveways, overall driveway density is 

managed, and where the percentage of vehicles turning left at peak hour is at least 20 

percent” (19). Missouri DOT also establishes that the TWLTL may be used when the 

driveway spacing is 12 or less per mile in each direction, this is an average spacing of 

440 feet between driveways. The highway design manual of the Commonwealth of Puerto 

Rico’s Department of Transportation and Public Works, and its Highway and 

Transportation Authority establishes that the width for the travel lanes in Puerto Rico 

should be from 10 feet to 12 feet according to its design speed, volume, and sight distance 
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(20). This manual does not incorporate the concept of the TWLTL. Table 3 presents how 

the TWLTL and other lanes width design criteria vary in various US jurisdictions (21, 22).  

Table 3 Suburban/Urban Collector, Comparison of Lane Width Design Criteria 

Agency 
Lane 
Width 

(ft) 

TWLTL 
Width 

(ft) 

Median 
Width 

(ft) 

Flush 
Median 
Width 

(ft) 

Shoulder 
Width (ft) 

Aux. 
Lane 

Width (ft) 

Parking 
Lane Width 

(ft) 

AASHTO 10-12 10-16 18-25 2-16 2-18 10-12 8-11 

SC DOT 

(HDM) 
12 15 36 4-12 

10 (2 

paved) 
12 8-12 

Georgia 10-12 14 20-44 14 2-8 10-12 8-11 

N. Carolina 10-12 10-16 16-60 2-16 4-8 10-12 8-11 

Texas 10-12 11-16 4-76 16 3-8 10-12 7-10 

Florida 11-12 10-15 22-40 10-12 
8-12 (5 

paved) 
10-12 8-12 

Ohio 10-12 10-14 4-40 10-14 1-2 paved 10-12 7-11 

Oregon 10-12 14 4-16 6-10 5-6 paved 12 7-12 

Washington 11-12 11-13 3-46 10-12 4-8 11-12 10 

Indiana 10-12 12-16 4-18 4-16 6-8 paved 10-12 8-11 

Illinois 11-12 11-13 18-50 11-13 10 paved 11-12 10 

Connecticut 10-12 11-12 8-20 8-20 2-8 11 8-10 

Maine 11-12 12-14 6-18 2-6 6-8 10-12 7-10 

Wisconsin 11-12 13 18-46 2-13 8-10 10 10 

Puerto Rico 10-12 N/A 14-44 N/A 4-10 N/A N/A 

 
The guidelines that define the required width of the TWLTL and how should be used vary 

per location and therefore there is no a complete consistency in its implementation. This 

results in a problem when this type of design is implemented for the first time, since there 

is no consensus of the exact width that it should have.  
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 Objectives  

This research has the purpose of studying drivers’ behavior when the cross-section of the 

road is modified to include a TWLTL by studying the effectiveness of the TWLTL-modified 

cross-section, the impact of providing educational material to road users about the 

adequate operation of a TWLTL, and the impact of the width of the TWLTL and driveway 

density. The research study used the UPRM driving simulator to collect driver data on a 

simulated road section with a TWLTL. To achieve this goal, the following processes were 

performed: 

a. Evaluate the effect of educational material on people who do not know how to use 

or have not used the Two-Way Left Turn Lane.  

b. Create a model that can predict which Two-Way Left Turn Lane width should be 

implemented according to the driveway density of the road.  

c. Provide recommendations that can contribute to improving the educational training 

criteria of the Two-Way Left Turn Lane.  

 

 Thesis Organization 

This thesis is composed of six sections. The first section is the introduction, which 

includes an overview of the TWLTL, its characteristics and history in the United States 

and Puerto Rico, the research problem, and objectives. The second section is a revision 

of literature that is focused on five topics: Road Diets, Two-Way Left Turn Lanes, 

Educational Material, Driveway Density, and Driving Simulators. The third section is the 

methodology applied in this research study. The fourth section consists of the driving 

simulator study of the effectiveness of the TWLTL when it is implemented and the 
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effectiveness of educational material about the TWLTL. The fifth section consists of the 

driving simulator study concerning the relationship between TWLTL width and access 

density and driving behavior. The sixth section presents the conclusions and 

recommendations based on the findings of the driving simulator study.  
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2 LITERATURE REVIEW 

The literature review is organized in five major topics: Road Diets, Two-Way Left Turn 

Lane, Educational Material, Driveway Density, and Driving Simulators. These topics are 

discussed based on previous research projects, published articles, manuals, and 

guidelines found on topics related to this thesis.  

 

 Road Diets 

In the 1950’s and 1960’s, roadway projects primarily focused on capacity without 

considering a three-lane alternative; if the traffic volume exceeded what a two-lane road 

could accommodate, a four-lane road was implemented (4). The concept of road diets 

started being implemented in the 1970’s (23, 24). The typical road project on this first 

implementation was a four-lane travel way converted into a two-lane travel way with a 

TWLTL in the median, as seen in Figure 3.  

 

 
Figure 3 Typical Implementation of a Road Diet  

Source: (4) 
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Road diets also can implement new features into the road like bike lanes, shoulders, 

parking pedestrians refuge islands, and buffers. Narrowing lanes and/or reducing lanes 

is a way in which this feature can be implemented.  

 

There are a few considerations that a road needs to maintain their Level of Service (LOS) 

when implementing a road diet, especially when implementing a TWLTL. One of them is 

that the ADT is limited to about 17,500 vehicles per day on a three-lane road or 28,000 

vehicles per day on a five-lane road (25).  

 

A before-and-after road diet study was conducted in Iowa for 30 sites by the Iowa State 

University Department of Statistics in cooperation with the Iowa Department of 

Transportation's Office of Traffic and Safety. This study indicates a 25.2% reduction in 

crash frequency per mile and an 18.8% reduction in crash rate after implementing a road 

diet (26). Also it was found that the implementation of road diet improve safety by reducing 

the speed differential (4). 

 

 Two-Way Left Turn Lane  

The Manual on Uniform Traffic Control Devices (MUTCD) indicates that TWLTL requires 

specific pavement markings and should use Two-Way Left Turn Only (R3-9a or R3-9b) 

signs (27). Pavement markings should consist of a standard broken yellow line toward 

the TWLTL and a solid yellow line toward the adjacent traffic lane to delineate the edge 

of a lane that can be used by traffic in either direction as part of a left-turn maneuver. 

Figure 4 shows the pavement marking configuration for a TWLTL based on the MUTCD. 



15 
 

 
Figure 4 Two-Way Left Turn Lane Marking Application 

Source: (27) 

The arrow markings should be used in tandem with other features of the pavement 

markings. These arrows should be white and installed according to the Standard Highway 
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Signs and Markings (28). The arrows should be separated by 8 to 16 feet and have a 

height of 8 feet as mentioned in section 3B.20 of the MUTCD. 

 

The R3-9a and R3-9b signs’ meaning according to the MUTCD (Figure 5) is, “lane may 

be used only for left turns in either direction (i.e., as a TWLTL)” and it should be used in 

conjunction with the pavement marking where a non-reversible lane is reserved for 

exclusive left turns and is not used for passing, overtaking or through travel (27). The R3-

9b sign may be used as an alternative or supplement to the overhead R3-9a sign. These 

signs are especially helpful in areas where the two-way left turn only maneuver is new 

and in areas that environmental conditions may obscure pavement markings.  

 
 Figure 5 Two-Way Left Turn Only Signs  

Source: (27) 

 

Before the implementation of a countermeasure to counter the crashes, a crash 

modification factor (CMF) is used to evaluate the effectiveness of the countermeasure.  

According to the Crash Modification Factors Clearinghouse, “a CMF is used to compute 

the expected number of crashes after implementing a countermeasure on a road or 

intersection” (29). In 2010, Haleem et al. (30) found that the implementation of the TWLTL 

has a CMF of 0.66 for a four-leg unsignalized intersection and a CMF of 0.69 for a three-

leg intersection. The implementation of TWLTL on two-lane roads can lead to a CMF from 

0.50 to 0.58 on rear-end crashes (31). 
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 Driveway Density 

 

Many studies show that there is a relationship between the numbers of access points and 

the number of crashes. The higher the number of access points, or the higher the 

driveway density, the higher the crash rate (32, 33). Access points can be the entrance 

of a residence, a commercial or an entrance to a minor road. Therefore, the impact of 

new driveways that are made after the road is finished is not considered in the design 

and can compromise its safety. Avelar et al. (34) have shown that “roadside safety is 

influenced mainly by driveways associated with commercial and industrial land uses in 

the urban environment.” This research indicated that “the safety effect of driveways 

depends on two components: the total number of driveways and how these driveways 

are clustered along the segment.” It also indicates that a major number of crashes is 

expected in locations where there is a large number of industrial driveways. In another 

study performed by Brown et al. (35), they show that the significant factors for the 

prediction of crashes include: density of access points, proportion of signalized access 

points, presence of an outside shoulder, presence of a TWLTL, and the presence of a 

median with no openings between signals. This research further indicates that the 

presence of access control has a beneficial effect on safety. 

 

 Educational Material 

One of the requirements to obtain a driver’s license in the United States is to approve a 

comprehensive test that includes the laws and meaning of the signs and pavement 

markings in the road. After that test, however, there is nothing that forces drivers to 

educate themselves about new road geometries. According to Mondschein et al. (36), 

there is the need for education to enhance not just safety but the usability of new 
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multimodal systems being planned in many communities. However, William et al. (37) 

indicates that campaigns that promote laws are shown to be more effective when the 

educational material component is combined with the enforcement component. Previous 

research has found that technology can enhance learning (38). Videos have shown to be 

a highly effective educational tool (39, 40). This tool is especially effective when the video 

includes text or symbols to highlight important information, uses small pieces of new 

information, eliminates information that does not contribute to the learning goal, shows 

animation of the process on screen, is short, and uses an conversational style rather than 

formal language (41). Using a video as a learning tool, drivers can also learn about new 

roads geometries or cross-sections when they are implemented for the first time in the 

roads. 

 

 Driving Simulators 

Driving simulators are an efficient and cost-effective tool that helps different research 

studies related to human behavior such as psychology, computer science, transportation, 

medicine, and human factors. Different simulators have been developed since the 1960s 

to avoid the high cost and risks of physical damage in field studies while allowing 

researchers to perform an investigation in an entirely controlled environment where they 

can freely manipulate and measure all variables and situations (42). The driving 

simulator’s fidelity and validity are fundamental aspects to consider when obtaining a 

simulator that truly feels like real life. There are five areas that help us with this: visual 

display and audio, motion and control, development of driving scenarios, in-simulation 

vehicle programming, and physical vehicle and control instruments (42). There exist many 
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variations of driving simulators, where the simulator can vary from as a simple desktop 

simulator to a full-sized vehicle driving simulator. In addition, these simulators can be 

motion or non-motion simulators, where a motion simulator can provide higher fidelity 

(43). The UPRM Driving Simulator has the capacity to recreate real-life scenarios that 

meet all the requirements needed to evaluate the different proposed scenarios and collect 

the data to make the desired analysis. The UPRM Driving Simulator specifications will be 

discussed in more details in the Section 3.2.  
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3 METHODOLOGY 

The user performance analysis of a TWLTL lane using a driving simulator methodology 

can be seen in Figure 6. This methodology is divided into 2 principal analyses: TWLTL 

and Educational Material and TWLTL Width and Access Density Relationship. This two-

component methodology is further explained in this section.  

   
 Figure 6 Research Methodology 
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 TWLTL Driving Simulator Experiments 

This section discusses the two main experiments that were conducted to study user 

performance in a TWLTL using a driving simulator. The first part focuses on how drivers 

behave when the cross-section of the road is converted from the current cross-section to 

a TWLTL cross-section. In addition, it will study the effectiveness of educational material 

when the TWLTL cross-section is implemented. The second part studies the relationship 

between the TWLTL width and the density of access that can be found on the road.  

 

3.1.1 TWLTL and Educational Material 

To study the effect of the implementation of a TWLTL, a cross-section of the PR-107 was 

selected since this road meets the AADT requirements for a Road Diet using the TWLTL 

cross-section. To carry out this experiment, a virtual scenario of the PR-107 section and 

educational material was made, both of which will be further described in Sections 4.1 

and 4.6. After all the needed material was completed, subjects were recruited to carry out 

the experiment.  

 

3.1.2 Width and Density Relationship  

To study the relationship between driver performance and the width of the TWLTL and 

the density of the access in the road, nine different scenarios were created with three 

different TWLTL widths (10ft, 14ft, and 18ft) and three driveway densities (18, 45, and 84 

access per mile). As a matter of reference, highway PR-107 has an access density of 70 

access per mile. After all the scenarios where developed within the simulator, subjects 

were recruited to carry out the experiment. 
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 UPRM Driving Simulator 

The UPRM Driving simulation, illustrated in Figure 7, has been used to recreate freeway 

segments of the PR-22 and PR-52 in Puerto Rico. This equipment can recreate a 

simulated scenario and collect driver’s data as speed, acceleration, position, and others. 

This simulator consists of three major components: the driving cockpit, the visual display, 

and the computer system. The driving cockpit integrates the steering wheel, gearshift, 

acceleration and braking pedals, turn signals, and a driving seat into a wooden base with 

six wheels. These wheels and the separable components make it compatible with mobile 

applications. The visual display consists of three projectors and screens that generate 

visibility of 120 degrees and 1080p resolution. The computer system has an audio system 

to mimic the noises inside a vehicle along with environmental background noise.  

 

 
Figure 7 UPRM Driving Simulator 
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 Experimental Design  

This section discusses the two main experimental designs that are used to study the 

safety performance analysis of a TWLTL using a driving simulator. The first experimental 

design, which was used for the TWLTL and training material part, was a randomized 

complete block design (RCBD). The second experimental design, which was used for the 

lane width and driveway density relationship, was a Latin Square with a crossover design.  

 

The RCBD divides subjects into subgroups called blocks. The variability within these 

blocks is less than the variability between blocks. This randomized block design removes 

this factor as a potential source of variability and as a potential confounding variable. By 

reducing the variability within treatment conditions and the potential confounding, it 

produced a better estimate of treatment effects. The subjects within each block are 

randomly assigned to the treatment (44).    

 

The Latin square design eliminates two sources of variability by allowing blocking in two 

directions. These two directions are represented as the rows and columns denoting two 

restrictions on randomization. A Latin square for j factors is a square containing j rows 

and j columns. Each representing square of j x j contains one if the j letters that 

correspond to a treatment, and each letter occurs one and only once in each row and 

column (45). The Latin square assigned treatments randomly within rows and columns, 

with each treatment once per row and once per column. Here, there are equal numbers 

of rows, columns, and treatments (46).  
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A crossover design is a repeated measurement that is designed to give treatments during 

different time periods. In this case, the study was divided into the three days, where each 

day was interrupted by two days of rest. This design was used to reduce the effect of 

scenario familiarization and fatigue in the participants (47).   

 

 Development of Scenarios 

To develop the virtual scenarios four different software were used: AutoCAD, Google 

Sketch-UP, Blender and Internet Scene Assembler (ISA). First, the geometric design of 

each scenario was developed in the AutoCAD software. The scenario development took 

into consideration the width of the lanes, including the TWLTL and the number of access 

points. There are two main ways to collect this information. The first one is by using 

Google Maps to define the roads’ elements such as light poles, traffic lights, pavement 

markings, and signs. The second one is by doing a field visit where the more exact width 

of lanes, shoulders, and intersection dimensions were obtained. For the development of 

the scenarios of PR-107, both data sources were used.  

 

After the road geometry is completed, the file is exported to Google Sketch-UP. In this 

software, the corresponding textures are incorporated into the different elements of the 

road such as pavement markings. Elements like sidewalks were turned into 3D elements 

in this part of the process; which can also include walls and guardrails. When the model 

is complete, the SketchUp file is exported as a Collada File (.dae) which is then imported 

into Blender. In Blender, the Sketch-UP file (.dae) is converted into a .wrl, which is the file 

extension that the simulator software, ISA, reads and uses. After the model is converted, 
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ambient elements like trees and buildings are added to the ISA program. Once all these 

3D elements are finished, the ambient traffic is added to the model alongside any other 

elements that may be necessary for the study.  

 

 Recruitment of Subject Drivers Process 

Before the recruitment of subject drivers, the form on research with human subjects 

evaluated by the Institutional Review Board (IRB) was filled and submitted for approval 

to the IRB committee of the University of Puerto Rico at Mayagüez. Approval of the 

process, with protocol number 20171105, and documentation for this investigation is 

shown in Appendix A. Once the documents and methodology were approved, the 

recruitment process took place. Volunteer participants were invited through promotional 

flyers were posted on the UPRM campus, in social media, and sent through e-mail. The 

participants met different requirements: have a valid driver license with at least 18 months 

of driving experience, be at least 18 years of age, have no visual impairments that cannot 

be corrected with glasses and cannot suffer from epilepsy, motion sickness, nor other 

motion-induced conditions.  

 

 Running the Simulation  

Once the subjects are identified, and they can participate, a time slot was assigned for 

them to go to the laboratory do the experiment. Before the start of the study, the subjects 

filled out two documents; informed consent and demographic questionnaire. These forms 

are shown in Appendix B. After they filled out all the documentation, the simulation 

equipment was presented and explained. Each subject was informed of the location and 
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use of the acceleration pedal, brake pedal, gear shift, steering wheel, and turn indicators. 

Also, the location of the speedometer and the back mirror in the screen were described 

to the subjects. Once the subject had no questions about the equipment, a generic 

simulation was presented, so they could adapt to the equipment. When the subjects 

proved their ability to use the equipment properly and feel comfortable with the 

equipment, the generic scenario was stopped and the data collection process for the 

subject began. These processes were performed with each subject as they went to the 

laboratory to participate in the study.  

 

 Data Collection 

A total of 32 different variables were collected from each of the scenarios. Some of these 

variables are: time, xcoordinate, ycoordinate, velocity, acceleration, and brake pedal. 

These data are collected every 0.02 seconds for each of the variables. For the analysis, 

only the variables of xcoordinate, ycoordinate, velocity and acceleration were used. Here, 

the xcoordinate and ycoordinate varible represent the location of the driver in meters 

inside the scenario. Velocity represents the speed at an instance of time at which the 

driver goes while the acceleration represents the variation of speed at an instance of time. 

 

 Data Analysis 

To analyze the data collected from the driving simulator, two different programs were 

used: (1) EMCT Programs and (2) Minitab. The EMCT Programs that were created in the 

UPRM Transportation Laboratory merged the data files obtained from the simulator, 

made graphs with the data, and created subsets of the data to be analyzed. These 
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programs are an application developed in R (48). Minitab was used to do the 

corresponding statistical analysis.  

 

 Conclusions and Recommendations 

After all the corresponding analyses were done, the corresponding conclusions and 

recommendations about the user performance of the TWLTL were discussed.  
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4 ANALYSIS OF TWLTL AND EDUCATIONAL MATERIAL 

To evaluate if there is a significant difference when the proper educational material is 

presented to drivers, a 1.2 km segment of the untreated environment of the highway PR-

107 was developed as a base scenario for the UPRM Driving Simulator. This scenario, 

that was developed using the methodology presented in Section 3.4, includes from km 

1.6 to km 2.8 of the PR-107. Using the UPRM driving simulator, the study focuses on the 

drivers’ performance by observing the speed and vehicle position variables. Two roadway 

scenarios were developed: (1) the existing PR-107 cross-section and (2) a modified 

cross-section with TWLTL. Their dimensions are presented in Section 4.5. The subjects 

were classified in two groups: (1) subjects who received education and training about the 

correct use of the TWLTL before the driving simulation runs, and (2) subjects that did not 

receive any prior education about the TWLTL.  

 

 Base Scenario Layout Creation 

Roadway data of the number of lanes, lane width, shoulder width, the presence of left 

turns, intersection dimensions, traffic light, signs, and light post were obtained from an 

image from Google Maps and field data collection (in order to create the PR-107 

simulation scenario). A total of 3 different cross-sections were identified in this segment, 

a four-lane roadway and a two-lane roadway with and without passing lane. These data 

were used to create the PR-107 scenario using four applications: AutoCAD®, 

SketchUp®, Blender and ISA®. A picture of the intersection at km 1.8 and segment of the 

existing cross-section of PR-107 is shown in Figure 8 alongside the resulting simulation 

scenario.  
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Figure 8 Real-world Scenario vs. Simulated Scenario. 

 

4.1.1 Google Maps Data Collection 

Aerial photographs were obtained from Google Maps to develop the initial horizontal 

alignment of the PR-107. These photos were exported to AutoCAD and scaled and placed 

to create a base layout for the scenario. The number of intersections and driveways, the 

roadway width, traffic lights, signs, and light post of the road geometry were identified to 

later collect the necessary data in the field data collection process.  

 

4.1.2 Field data collection 

Videos of the road and roadway lanes width were collected from the PR-107 road using 

a Garmin Dash Camtm 20 with GPS and a measuring wheel. The collected information of 

the road was used to give additional detail in terms of lanes widths to the developing 

scenario of the PR-107.  

 

 Validation of Scenario 

Field data was collected from a spot speed study performed in the highway PR-107 to 

validate the scenario and compare the speed data from the subjects that drove the base 

roadway scenario in the driving simulator. These field data were collected using a Pro 
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Laser III. This speed gun by Kustom Signals, INC® has a speed accuracy or precision of 

+/- 1 mph (+/- 2 km/h). 

 

The segment of the PR-107 identified for this spot speed includes approximately from the 

kilometer 1.9 through kilometer 2. The mean speeds of the subjects that drove the 

representative virtual scenario were measured in the point where the spot speeds were 

collected on the current road, where the speed limit is 40mph. The point of interest was 

located on a level roadway segment of highway PR-107. A total of nine subjects drove 

the base scenario in the driving simulator and 102 spot free-flow speeds were collected 

at PR-107. The raw speed data can be found in Appendix C. 

 

The sample size needed for the speed spot study was calculated with Equation 1, which 

it is used to calculate samples in traffic studies (49). This equation assumes a normal 

distribution in the sample. The recommended range of values for the acceptable error 

according to the Manual of Traffic Engineering Studies, goes from +/-5mph to +/-1mph 

(+/-8km/h to +/-1.5 km/h) (49). This acceptable error, 𝑑, was calculated as:  

 

                                                            𝑛 = (
𝑍𝜎

𝑑
)

2

                                            (1)       

where: 

Z = 95th percentile from a standard normal distribution; 

n = sample size; 
σ = standard deviation (mph); and 

𝑑 = maximum allowable error  
 

A total of 102 data were collected from the field. The standard deviation (σ) of the 

measured speeds is 5.81 mph. Using Equation 1, where the Z0.95 = 1.96, n = 102, and σ 
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= 5.81 mph, the maximum allowable error was of two. Since two it is in the acceptable 

error range this sample size is suitable. 

 

In the case of the speed observations from the simulator, the maximum permitted error 

was calculated using Equation 1, where the Z0.95 = 1.96, 𝑛 = 9, and σ = 6.16 mph. Here 

the maximum allowable error was of five. Since five it is in the acceptable error range this 

sample size is suitable. Since there is a big difference in sample size, there is a difference 

in the error estimated and therefore the effective degrees of freedom for the test are 9, 

which is the same as the sample size for the data collected using the simulator.  

 

Since the data obtain from the field obtain a lower acceptable error, this means that this 

data has more precision than the data from the driving simulator. Therefore, the 

instrument to collect data from the field has a lower speed accuracy in comparison with 

the driving simulator. The descriptive statistics for the speed data are shown in Table 4. 

 

Table 4 Descriptive Statistic of Mean Speed for Validation 

Source 
Speed 

Observations 

Mean 
Speed 
(mph) 

85th 
Percentile 

(mph) 

Standard 
Deviation 

(mph) 

Minimum 
Value 
(mph) 

Maximum 
Value 
(mph) 

Field 102 40.62 46.60 5.81 26.10 54.68 

Driving 
Simulator 

9 42.82 51.29 6.16 35.68 54.76 

  

After the sample size is verified, a normality test was performed to ensure that the speed 

data is normally distributed. The speed data collected in the field resulted in a p-value of 

0.286 in the normality test, while the data obtained in the simulator resulted in a p-value 
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of 0.655, meaning that there is not a significant deviation from the assumption of 

normality. Therefore, both samples are assumed to be normally distributed.  

 

An independent two-sample t-test was performed to compare if there is a significant 

difference between the field speed data and the simulator speed data. The assumption 

of small samples, normal data for each population, independent populations, and 

unknown sigma (σ) are met. It was formally assessed with a Bonett test that stated a 

statistically significant difference between the variances of the two populations. The t-test 

result indicated that the difference in speed between the two samples is not statistically 

different with a p-value of 0.329 at α=0.05. The test results are shown in Appendix D.  

 

 Experimental scenarios 

A total of six scenarios, described in Table 5 were developed to simulate the three 

situations that may arise while driving. Three different situations were evaluated: (a) 

making a left turn to exit the main road, (b) find a vehicle that is stopped, blocking part of 

the lane and (c) joining the main road by making a left turn. Scenarios (a) - (c) are depicted 

in Figure 9. Each of these situations was evaluated in the same section of the PR-107 in 

two ways: one with existing conditions and the other with geometry changes for the 

addition of a TWLTL.     
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Table 5 Description of Scenarios for TWLTL and Educational Material 

Scenario Description 

1 Current condition where the driver makes a left turn to exit the main road 

2 TWLTL cross-section where the driver makes a left turn to exit the main road 

3 Current condition where a vehicle is stopped blocking part of the lane 

4 TWLTL cross-section where a vehicle is stopped blocking part of the lane 

5 Current condition where the driver joins the main road by making a left turn 

6 TWLTL cross-section where the driver joins the main road by making a left 
turn 

 

 

 

           
a) Existing cross-section    b) TWLT Modified Cross-section 

Left Turn to Exit the Main Road            Left Turn to Exit the Main Road      

        
c) Existing cross-section    d) TWLT Modified Cross-section 

Vehicle Stopped on Through Lane       Vehicle Stopped on Through Lane 

       
e) Existing cross-section    f) TWLT Modified Cross-section 

Join Main Road from Secondary Road       Join Main Road from Secondary Road 

Figure 9 Movements Evaluated in Simulation Scenarios 

 

 

 Experimental Design 

For the experiment, the subjects’ behavior was evaluated in 6 different scenarios, which 

were discussed in Section 4.3. A RCBD was used to block two factors: gender and age. 

A total of 36 participants were recruited from the community to make three replicates per 
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treatment, 18 participants with education and 18 participants without education. The 

volunteers were distributed by gender and in three age groups: 18-24, 25-40, and 41- 65, 

as shown in Table 6. All variability linked to these variables was removed from the 

analysis in order to better estimate the effect and interactions among the remaining 

factors. 

 

Table 6 Order of Scenarios 

Gender 
Male (M) 
Female 

(F) 

Age Group Total of Subjects 
by Age and 

Gender 

Order of Scenarios Observed 

M 18-24 14 1 3 2 4 6 5 

M 25-40 6 2 4 5 3 1 6 

M 41-65 3 3 6 4 2 5 1 

F 18-24 7 4 5 6 1 2 3 

F 25-40 4 6 1 3 5 4 2 

F 41-65 2 5 2 1 6 3 4 

 Total of 
Subjects 

36  

 

 

 TWLTL Scenario Layout Creation  

 

The modification to the cross-section to add the TWLTL into the PR-107 was made after 

the base scenario was validated. As shown in Figure 10, the same right-of-way width was 

used for the implementation of the TWLTL, without widening the road. To perform the 

modification in the roadway cross-section, the shoulder’s width was reduced six feet on 

each side on the road on segments, where there was only one lane per direction. The 

TWLTL was added on those segments where the shoulder’ width was reduced.  
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a) Existing cross-section   b) TWLT Modified Cross-section 

 

Figure 10 Roadway Cross-sections Used in the Simulation 
 
 

 Creation of Educational Material  

To ensure that correct educational material on how to correctly use the TWLTL a two-

minute video was created with various situations and instructions on how to use the 

TWLTL. The educational video was presented in spanish, which is the navite language 

of all the participants, before starting the simulation study and after the IRB 

documentation was completed. After the video was finished, all questions related to the 

road operating rules with the TWLTL that the subjects had were answered to ensure that 

they had a complete understanding of what was presented.   
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The first message of the video, shown in Figure 11, informed to the drivers that the road 

has one lane per direction with a TWLTL in the center and that this center lane can be 

used in both directions.  

 
Figure 11 First Message of the Educational Video 

 

 

The second message of the video, shown in Figure 12, informed the drivers the meaning 

of the pavement markings of the TWLTL. The message indicated that the TWLTL is 

delimited by an exterior yellow line with a broken yellow line. Also, the message explains 

that the double arrow indicates that the lane can be used in both directions to make a left 

turn. In the video the arrows and lane flash to emphasize where they are on the road.  

 
Figure 12 Second Message of the Educational Video 
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The third message of the video, shown in Figure 13, informs the drivers that when they 

enter the TWLTL, they must reduce their speed. 

 
Figure 13 Third Message of the Educational Video 

 

 

The fourth message of the video, shown in Figure 14, informs the drivers that before they 

make the left turn inside the TWLTL, they must wait for a safe gap with no vehicle coming 

from the opposite direction.  

 
Figure 14 Fourth Message of the Educational Video 

 

 

The fifth message of the video, shown in Figure 15, informs the drivers that when they 

use the TWLTL to enter the main road from an intersecting road or driveway, they should 
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not use the TWLTL as an acceleration lane. Also, it indicates that they can stay in the 

center lane until there is a safe gap and then enter the lane.  

 
Figure 15 Fifth Message of the Educational Video 

 

 

The sixth message of the video, shown in Figure 16, informs the drivers that the TWLTL 

cannot be used to overpass other vehicles in the through direction.  

 
Figure 16 Sixth Message of the Educational Video 

 

 

The seventh message of the video, shown in Figure 17, informs the drivers that they 

cannot drive through in the TWLTL.  
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Figure 17 Seventh Message of the Educational Video 

 

 

The eighth and last message of the video, shown in Figure 18, informs the drivers that 

they should enter the TWLTL with anticipation and reduce their speed gradually. Also, it 

is mentioned to drivers that when they stop to make the left turn, the vehicle must remain 

inside the yellow lines that define the TWLTL.  

 
Figure 18 Eighth Message of the Educational Video 

 

 

 Subjects demographics 

A total of 36 subjects participated as volunteers. These volunteers were distributed by 

gender and in three age groups: 18-24, 25-40, and 41- 65. From these, 23 were male and 

13 females out of which 21 were from 18 to 24 years old, 10 were from 25 to 40 years 
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old, and 5 from 41 to 65 years old. The population was mostly students, faculty, and staff 

members of the UPRM, but it also includes members of non-profit organizations in the 

Mayagüez Metropolitan Area. To participate in the experiment, the subject had to meet 

the following criteria: have a motor vehicle license, have at least eighteen months of 

driving experience, and being between 18-65 years of age. There was not any subject 

that suffer from motion-induced condition. This research was approved by the UPRM 

Institutional Review Board (IRB) with protocol number 20171105 and is shown in 

Appendix A. 

 

 Analysis of Driver Behavior 

To determine the effectiveness of the implementation of the TWLTL and the educational 

information, the driver’s performance was evaluated by analyzing their speed between 

the current geometry and the TWLTL geometry and how they use the TWLTL with and 

without correctly educational material. Two main variables were used to carry out the 

analysis: the position of the vehicle and the speed of the vehicle. For the two samples t-

test, the assumption of small samples, normal data for each population, independent 

populations, and unknown sigma (𝜎) are met. It was formally assessed with a Bonett test 

that stated a statistically significant difference between the variances of the two 

populations.   

 

Three different analysis were performed to evaluate the driver’s behavior. The first 

analysis was a visual analysis of the behavior of the drivers. The second and third analysis 

evaluate the speed and/or position of the drivers in two interest zones. These two interest 
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zones were identified on the simulated roadway to collect data from the subjects driving 

behavior. Figure 19 shows the location of Zone 1 and Zone 2.  

 

Figure 19 Location of the two zones of interest for the data collection in the simulation 

 

Zone 1 was used to measure speeds and compare subjects’ mean speed between the 

current cross-section and the TWLTL modified cross-section. Zone 1 represents a 

location where the subjects are assumed to be travelling at free flow speed. Data collected 

on Zone 1 for the situations shown in Figure 9a and 9b were used so that behavior from 

different situations could be evaluated. This zone was defined as 50 meters long and was 

located at the X DISTANCE range of -125 m to -75m of the simulated roadway. The X 

DISTANCE is a variable used in the simulation creation process to represent the relative 

longitudinal distance of the road features in the scenarios. The X DISTANCE value of 

zero (0) represents the midpoint for the 1.2-km long scenario. The mean value of the 

speeds on Zone 1 was calculated for each subject and scenario.   

 

Zone 2 was used to compare the behavior of subjects who received educational training 

versus the behavior from those subjects who did not receive training about the TWLTL 
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and its appropriate operating rules. The variables evaluated for Zone 2 were vehicle 

position and speed. Zone 2 was also defined as 50 meters long, but the X DISTANCE 

position varied for each subject because it was located according to where the vehicle 

entered the TWLTL. The entry point to the TWLTL provides the location of the middle of 

the 50-m length. Data collected for the scenario shown on Figure 9b was used for this 

evaluation. The mean value of the speeds on the second zone was calculated for each 

subject and scenario. The vehicle position variable was measured at the entry point to 

the TWLTL. 

 

4.8.1 Driver’s Maneuver Without Training vs. With Training   

 

The behavior of the subjects when the educational material was provided in the six 

different scenarios was evaluated visually. By looking at graphical representations of the 

drivers’ trajectories, which are shown in Figures 20 to 25, it can be seen the difference in 

behavior between the subjects that receive and did not receive educational material.  

A hypothesis was tested to determine if the proportion of drivers doing the correct 

maneuver after receiving training is higher than the proportion of drivers doing the correct 

maneuver without receiving training. Here T represent the group of drivers that receive 

training and T’ the group of drivers that did not receive training. The hypothesis for the 

proportions was: 

Ho: pT = pT’ 

H1: pT > pT’ 

Education of driving rules showed an overall improvement in the behavior of the drivers, 

in both, although the education was only about the use of the TWLTL as shown in Table 
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7. The results show the behavior of the drivers improves much more in the TWLTL 

scenarios since this was the topic of the educational material, but the general behavior 

improved just by doing an educational material, regardless of the topic that was presented 

like it was seen in the current condition. To determine if there the proportion of times the 

driver carried out the maneuver correctly when he or she was subject to training was 

indeed larger than its counterpart without training, Fisher’s exact test was used. The 

outputs results are shown in Appendix F. 

 

Table 7 Proportion of Drivers Doing Correct Maneuvers per Scenario   

Scenario 
Proportion that do the 

correct maneuver 
P-value 

Current condition when the 
subject makes a left turn to 

exit the main road 

66% without Training 
0.222 

83% with Training 

TWLTL condition when the 
subject makes a left turn to 

exit the main road 

50% without Training 
0.038 

83% with Training 

Current condition when a 
vehicle is stopped blocking 

part of the lane 

27% without Training 
0.244 

44% with Training 

TWLTL condition when a 
vehicle is stopped blocking 

part of the lane 

22% without Training 
0.003 

72% with Training 

Current condition when the 
driver joins the main road 

by making a left turn 

100% without Training 
1.00 

95% with Training 

TWLTL condition when the 
driver joins the main road 

by making a left turn 

72% without Training 
0.345 

83% with Training 

 

Figure 20 represents the current condition scenario where the driver makes a left turn to 

exit the main road. In this case there is no difference between the subjects that drive with 
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education and without education. This test results in a p-value of 0.222, meaning that 

there was not a significant difference between the proportions (α=0.05). 

 

 
a) Without Training 

 

 
b) With Training 

Figure 20 Vehicle Trajectories on Scenario 1 (a) without Training and (b) with Training 

 

Figure 21 represents the TWLTL scenario where the subject makes a left turn to exit the 

main road. In this case 83% of the drivers that received education used the TWLTL 

correctly when turning to the left from the main lane, but only 50% of the drivers without 

the education used the lane correctly. This test results in a p-value of 0.038, meaning that 
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there was a significant difference between the proportions (α=0.05). The criteria that were 

used to determine if the drivers performed the correct maneuver were the entry at a 

reasonable distance [between 50 and 200 meters] before turning left and whether the 

TWLTL was used. This distance is based in the Road Diet Informational Guide (4). 

 

 
a) Without Training 

 

 
b) With Training 

Figure 21 Vehicle Trajectories on Scenario 3 (a) without Training and (b) with Training 

 

Figure 22 represents the current condition scenario where a vehicle that is stopped 

blocking part of the main through lane. The simulation was stopped after a few seconds 
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if the driver stopped behind the other vehicle. This decision of stopping the simulation at 

that moment assures we obtained the driver’s behavior when the other vehicle stops and 

not what the driver do after waiting a long time. Although the educational material does 

not include this case, without the TWLTL, the drivers were more conscious of the situation 

and did not make the overtaking maneuver. This test results in a p-value of 0.244, 

meaning that there was not a significant difference between the proportions (α=0.05). 

 

 
a) Without Training 

 

 
b) With Training 

Figure 22 Vehicle Trajectories on Scenario 3 (a) without Training and (b) with Training 
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Figure 23 represents the TWLTL scenario where a vehicle that is stopped blocking part 

of the main through lane. As in Scenario 3, the simulation was stopped after a few 

seconds if the driver stopped behind the other vehicle. This decision of stopping the 

simulation at that moment assures we obtained the driver’s behavior when the other 

vehicle stops and not what the driver do after waiting a long time. In this case, 72% of the 

drivers that received education did not make the overtaking maneuver and preferred to 

stop behind the stopped vehicle, while only 22% of the drivers without education did. This 

test result in a p-value less than 0.003, meaning that there was a significant difference 

between the proportions (α=0.05). The behavior of the drivers in the Figure 22A and 

Figure 23A are similar, even having a different cross-section. 
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a) Without Training 

 

 
b) With Training 

Figure 23 Vehicle Trajectories on Scenario 4 (a) without Training and (b) with Training 
 

  

Figure 24 represents the current roadway condition scenario where the driver must join 

the main road by making a left turn from the secondary road. In this case, one of the 

drivers express that she turned right with the intention of making a U-turn at the traffic 

signal because she does not want to cross the double yellow line. This test result in a p-

value of 1.00, meaning that there was not a significant difference between the proportions 

(α=0.05). 
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a) Without Training 

 

 
b) With Training 

Figure 24 Vehicle Trajectories on Scenario 5 (a) without Training and (b) with Training 
 

Figure 25 represents the TWLTL scenario where the driver must join the main road by 

making a left turn from the secondary road. This test results in a p-value of 0.345, meaning 

that there was not a significant difference between the proportions (α=0.05). 
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a) Without Training 

 

 
b) With Training 

Figure 25 Vehicle Trajectories on Scenario 6 (a) without Training and (b) with Training 
 

4.8.2 Drivers’ Speeds in Zone 1 

The speed behavior of the subjects was analyzed for the present cross-section and the 

modified cross-section with the TWLTL configuration. Figure 26 shows the speed of the 

drivers in the segment of the road that was analyzed for both roadway scenarios. The 

speed of the subjects that drove in the current cross-section depicts more variability with 
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a standard deviation of 7.31 mph when compared to the speeds of the subjects that drove 

on the modified TWLTL cross-section with a standard deviation of 4.85 mph. 

 

 
a) Scenario 1: Existing cross-section 

 

 
b) Scenario 2: TWLTL Modified Cross-section 

 Figure 26 Speed Profiles for Scenarios 1 and 2 
The speed data shown in Table 8 were used to analyze the behavior of the drivers in this 

road segment. The mean speed for each driver at a section of the profile observed in 

Figure 26 was calculated.  
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Table 8  Driver Speeds (in mph) in Simulation Scenarios 

Current Cross-section TWLTL Modified Cross-section 

39.7184 36.8786 

39.9342 40.5841 

50.2466 43.4739 

39.8194 38.7377 

42.8530 45.0355 

54.3610 47.0943 

43.7572 42.2462 

47.9049 50.4400 

39.5957 34.4438 

41.4132 38.0774 

40.6121 43.4706 

26.1220 32.6382 

50.0553 43.0598 

40.7780 44.5719 

38.2798 41.1664 

34.0681 38.9743 

33.4894 34.0250 

43.6440 44.8585 

46.8721 46.6516 

58.1157 69.2173* 

45.6712 45.8853 

36.2865 40.1893 

37.7690 38.2666 

36.7368 46.6739 

38.7980 48.2273 

37.7983 35.8664 

45.1817 43.5452 

39.8413 37.5653 

53.7114 46.9525 

38.9075 39.8049 

46.9100 40.2589 

48.1321 42.8745 

38.3800 35.5648 

33.7158 32.3339 

60.0484 44.0578 

52.4104 49.8700 

                                                     * Outlier data 
To determine if there are an outlier, an outlier test was performed. From the analysis, it 

was found that one observation point that had a speed value of 69.21 mph was an outlier 
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with a p-value less than 0.005. Therefore, the speed is subject was discarded from the 

analysis. 

 

A hypothesis was tested to determine if there is a difference in the driver’s behavior based 

on mean speed. The hypothesis for the mean speed was: 

Ho: μ1= μ2= μ3=…= μn 

H1: At least two of the means are not equal.  

 

A second hypothesis was tested to determine if the standard deviation of the mean speed 

of drivers in the TWLTL roadway are less than the mean speed of drivers on the current 

condition. Here T represent the group of drivers that drove the TWLTL cross-section and 

T’ the group of drivers that drove the existing cross-section. The hypothesis for the speed 

standard deviation was: 

Ho: σ2
T = σ2

T’ 

H1: σ2
T < σ2

T’. 

 

A normality test was performed to ensure that the speed data is normally distributed. The 

speed data from the sample that drove the current cross-section result in a p-value of 

0.126, while the data obtain from the sample that drove the TWLTL cross-section result 

in a p-value of 0.819, meaning that there is not a significant deviation from the assumption 

of normality. Therefore, both samples are normally distributed.  

The mean speed of the subjects that drove the existing and modified scenarios were 

evaluated using an independent two-sample t-test. The mean speeds were 42.83 mph 
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and 41.55 mph, respectively. The results of the test are shown in Table 9. It was formally 

assessed with a Bonett test that stated a statistically significant difference between the 

variances of the two populations.  The t-test results indicated that the difference in speed 

is not statistically different with a p-value of 0.032 at a significant level (α=0.05).  

 
The standard deviation of the mean speed was 7.31 mph for the existing cross-section 

while the standard deviation of the mean speed for the modified cross-section was 4.85 

mph. The Bonett’s test was used to explore if there is a statistically significant difference 

between both variances. The result of the Bonett’s test shows that the standard deviation 

of those who drove the scenarios with TWLTL are lower than those who drove the 

scenarios with the current cross section (alpha=0.05) with a p-value of 0.016. The outputs 

results are shown in Appendix E.  

 
 Table 9 Independent Two-sample t-test for the Mean Speeds for Both Scenarios 

Two Sample T-Test 
Mean speed 

(mph) 
p-value 
t-test 

Standard 
deviation (mph) 

p-value 
Bonett 

Existing cross-section 42.83 

0.387 

7.31 

0.016 Modified TWLTL cross-
section 

41.55 4.85 

  
 

Although the difference in mean speed was not significant, the standard deviation of the 

speed was significantly different between the two cross-section configurations. Since the 

standard deviation of the speed for the modified cross-section with the TWLTL was 

smaller than for the existing cross-section, it can be observed that there is an 

improvement in the behavior of the drivers in the TWLTL scenario. On average, the speed 

selected by the group of subjects were the same, but they behave with less variability 
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between them in the TWLTL scenario. Therefore, the data suggests that safer driver 

behavior can be obtained in the modified scenario.  

 

4.8.3 Position and Speed Analysis for Zone 2.  

 

The effectiveness of the TWLTL educational information provided to drivers was 

evaluated by analyzing if they use the TWLTL correctly and if their behavior improved 

after the training. To determine if the subjects used the TWLTL correctly and/or if their 

behavior improves with the educational material two main variables will be analyzed: 

vehicle position and speed. The hypothesis is that the speed of the subjects will be 

reduced with the educational material. 

 

To determine the exact moment at which each driver enter the TWLTL, Equation 2 was 

created to represent the solid yellow line inside the database. 

                                               𝑋𝑐𝑜𝑜𝑟𝑑 =
−7

190
∗ 𝑌𝑐𝑜𝑜𝑟𝑑 +

13391

190
                                      (2)                  

where: 

Ycoord= Coordinates in the y-axis (meters); and 

Xcoord= Coordinates in the x-axis (meters). 

This equation represents the solid yellow line that drivers cross to enter the TWLTL. By 

applying this equation, the exact coordinates at which each person entered the TWLTL 

were obtained and shown in Table 10. 
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Table 10  X Coordinates in Meters when the Drivers Enter the TWLTL 

Without Training With Training 

225.92 184.78 

155.82 193.73 

191.23 196.34 

221.28 186.97 

181.72 188.49 

140.06 171.03 

* 220.22 

191.99 214.39 

* 170.27 

* 196.71 

253.54 202.33 

151.35 176.25 

204.18 192.33 

158.05 194.04 

179.67 153.54 

229.41 * 

231.89 192.65 

194.22 * 

*   Subjects that did not enter the TWLTL 
 

First, a normality test was performed on the data. From this test a p-value of 0.703 and 

0.415 was obtained, for the position data without training and training, respectively. 

Meaning that there is not a significant deviation from the assumption of normality. The 

standard deviation for the sample without training was 33.8 meters, and the sample with 

training was 16.5 meters. For this reason, Bonett’s test was performed to determine 

whether the standard deviation of the samples was statistically different. The result of the 

Bonett’s test shows that the standard deviation of the those who receive training are lower 

than those who do not receive training at a 0.05 significant level with a p-value 0.003. An 

independent two-sample t-test was done with these data to compare the behavior of the 

two samples of drivers, those with education and those without education. A p-value of 

0.654 was obtained when comparing the mean position of the two samples, meaning that 

there was no significant difference at a 0.05 significant level between the sample of drivers 
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that drove without the educational material and the sample that drove with educational 

material, as shown in Table 11. The outputs results are shown in Appendix G.  

 
 Table 11 Independent Two-sample t-test Results for Position with Training Vs. No 

Training. 

Two Sample T-Test 
Position 
(m) 

P-Value 
t-test 

Standard Deviation (m) P-value Bonett 

Education 194.0 
0.654 

16.5 
0.003 

No Education 189.6 33.8 

 
 
Even though there was no difference in the mean position when entering the TWLTL 

between the subjects that receive the educational training and the subjects that did not 

receive the educational training, there was a significant difference between the standard 

deviation of these two samples. Since the standard deviation of the position for the 

subjects that received training was smaller than the subjects that did not receive the 

educational training, it can be said that there was an improvement in the behavior of the 

drivers that received the training. On average, the drivers entered the TWLTL at the same 

time, but the drivers that receive educational training entered with less variability between 

them, meaning that there is a potential for safer driving behavior based on the results. 

 

A hypothesis was tested to determine if there is a significant difference in the driver’s 

mean speed between scenarios 1 and 2. The hypothesis for the difference in mean 

speeds was: 

Ho: μ1= μ2= μ3=…= μn 

H1: At least two of the means are not equal.  

A hypothesis was tested to determine if the standard deviation of the group of drivers that 

receive training are less than for the group of drivers that do not receive training. Here T 
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represent the group of drivers that receive training and T’ the group of drivers that did not 

receive training. The hypothesis for the speed standard deviation was: 

Ho: σ2
T = σ2

T’ 

H1: σ2
T < σ2

T’ 

 
 
Using the Equation 2, the speed was obtained at the exact moment when the subjects 

entered the TWLTL (shown in Table 12). First, a normality test was performed to each 

sample of data. From this test a p-value of 0.148 was obtained. Meaning that there is not 

a significant deviation from the assumption of normality. The normality plot can be seen 

in Appendix H.  

Table 12  Speed at the Position Where Drivers Entered the TWLTL 

Without Training (MPH) With Training (MPH) 

38.5236 28.0059 

36.3523 27.9749 

38.0238 22.2261 

15.3917 28.9395 

42.4617 27.0778 

47.7087 16.1369 

* 40.2048 

44.8388 27.9805 

* 27.5009 

* 35.8927 

39.2570 34.5291 

29.5441 25.8431 

16.1928 26.9640 

44.2475 28.0059 

38.7407 27.9749 

11.0780 * 

16.4788 34.0585 

38.2317 * 

*   Subjects that did not enter the TWLTL 
 

The standard deviation of the samples was 12.2 mph for the drivers that did not receive 

training and 5.56 mph for those drivers that received training. The result of the Bonett’s 



59 
 

test shows that the standard deviation of the those who receive training are lower than 

those who do not receive training at a 0.05 significant level with a p-value of 0.005. An 

independent two-sample t-test was made to compare mean speeds between the subjects 

that did not receive the educational training and the subjects that received the educational 

training. From this analysis, it was found that the mean speed for the drivers that did not 

receive an education was 33.1 mph and 28.71 mph for those drivers that receive 

education, as shown in Table 13. Nevertheless, there is no significant difference (α=0.05) 

between these two samples with a p-value of 0.215. The outputs results are shown in 

Appendix H and I.  

 
 Table 13 Independent Two-sample t-test Results for Speed with Training vs. No 

Training. 

Two Sample T-
Test 

Mean speed 
(mph) 

P-Value 
t-test 

Standard Deviation 
(mph) 

P-value 
Bonett 

Education 27.71 
0.215 

5.56 
0.005 

No Education 33.1 12.2 

 

 

The hypothesis it was not satisfy since there were not any difference in terms of the speed 

of the participants when they receive the educational material. Albeit there is no statistical 

difference between the mean speed between the subjects that receive the training 

material and the subjects that did not receive the training material when entering the 

TWLTL, there is a significant difference between the standard deviation of the speed 

when the subjects enter the TWLTL. Since the speed standard deviation of the subjects 

that receive training was smaller than the subjects that did not receive training, it can be 

said that there was an improvement in the behavior of the drivers that received training. 

On average, the drivers entered the TWLTL at the same speed. However, there was less 
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variability in the speed of the drivers with training, representing a potentially safer 

behavior.  

  



61 
 

 

5 EFFECTS OF TWLTL WIDTH AND ACCESS DENSITY 

An experiment was performed using the driving simulator to analyze the effects of the 

width of the TWLTL and the intersection and driveway density on the way people use the 

TWLTL on the road. Simulation scenarios for a 2-km long two-lane two-way roadway were 

created for three access density values and three TWLTL widths. The experiment 

measured the drivers’ performance by observing the speed and vehicle position variables 

using the UPRM driving simulator 

 

 Experimental Scenarios 

A total on nine scenarios were created using two control factors: TWLTL width and access 

density. Table 14 shows the TWLTL width and access density for each scenario. The 

three values for the TWLTL width (10, 14, and 18 feet) were based on values from design 

manuals and guidelines found on the literature review. These manuals and guidelines 

allow the TWLTL width to be from 10 feet to 16 feet. In this research, the maximum width 

evaluated was 18 feet to determine if there are any difference. The three values of 18, 

45, and 84 access per mile values are the same used by Eisele et al. (33).  

Table 14 TWLTL Width and Access Density for Each Scenario 

Scenario TWLTL width (feet) Access Density (access points per mile) 

1 10 18 

2  14 18 

3 18 18 

4 10 45 

5 14 45 

6 18 45 

7 10 84 

8 14 84 

9 18 84 
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For the creation of the scenarios, a total of 27 different tiles scenarios were created for 

the nine scenarios, where each scenario has 3 different tiles. A tile is defined as a 

200x200 meters scenario with the same cross-section at its borders, which can be placed 

one after the other one to create a longer scenario. These tiles can have different 

characteristics that when are combined with other tiles can create scenarios where a 

pattern cannot be seen. These tiles are placed one after another until the desired road 

length is acquired, which was 2km. When the tiles were placed, these where placed 

randomly and some of them were rotated to eliminate any kind of repetitive ambient. One 

of the scenarios in shown seen in Figure 27.  

 

 
Figure 27 Scenario with TWLTL Width of 14 feet and Density of 45 Access per Mile. 

 

  

These scenarios have a roadway width of 48 feet, where there is a lane per direction, a 

TWLTL and shoulders on each side. The through lanes are 12 feet wide in all the 

scenarios. The shoulder width varies according to the width of the TWLTL. For instance, 

in the scenario where the TWLTL is 10 feet the shoulder at each side is 7 feet wide, when 

the TWLTL is 14 feet the shoulder at each side is 5 feet wide, and when the TWLTL is 18 



63 
 

feet wide the shoulder at each side is 3 feet. The speed limit in all scenarios is 40 mph. 

In the scenarios where the driveway density is 18 access per mile, the number of few 

houses and the traffic volume are low and there is a higher presence of vegetation. In the 

scenarios where the driveway density is 45 access per mile, there is a moderate number 

of cars, house, stores, and vegetation. Also, in these scenarios of 45 access per mile, 

there are vehicles using the TWLTL to make a left turn. These turns do not interfere with 

the vehicle that the subject was driving. In the scenario where the driveway density is 84 

access per mile, there is a higher number of cars, houses, and stores, but there is less 

vegetation. Also, in these scenarios with a density of 84 access per mile there are more 

ambient drivers using the TWLTL to turn left. These vehicles do not interfere with the 

subject vehicle. In none of the scenarios the traffic affects the behavior of the driver since 

there were not immediate traffic in front of the driver, all the traffic was on the opposite 

lane or far in front of the driver. This means that the ambient traffic will behave according 

to the numbers of the access points in the scenario. To ensure that all the subject drivers 

make the left turn in the same location, all subjects were instructed to locate and enter a 

specific fast food building in the 2.8-kilometer post. The verbal instruction of entering this 

specific location in the simulation was provided to all subjects before the simulation starts. 

Also, at the start of the simulation video, a sign was shown with the instruction to make a 

left turn to enter the fast food establishment. A screenshot of the location of the fast food 

building in the scenario and the instruction sign are shown in Figure 28. 
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Figure 28 Fast Food Building in the Scenario and the Initial Instruction 

 

 

 Experimental Design 

 

A Latin square with a crossover designs was used to avoid fatigue and the learning curve. 

A total of 9 participants were recruited from the community. The volunteers were 

distributed by gender and in three age groups: 18-24, 25-40, and 41- 65, as shown in 

Table 15. All variability linked to these variables was removed from the analysis in order 

to better estimate the effect and interactions among the remaining factors. The hypothesis 

is that the speed of the subjects will increase when the TWLTL width increases and the 

speed will be reduced when the access density increases. 

Table 15 Order of Scenarios 

Subject Gender 
Age 

Group Day 1 Day 2 Day 3 

1 F 18-24 9 2 4 6 1 8 7 3 5 

2 M 41-65 1 4 2 8 1 6 5 3 7 

3 M 18-24 1 8 6 3 5 7 1 9 4 

4 M 25-40 1 6 8 7 5 3 4 9 2 

5 F 24-40 5 7 3 9 4 2 6 8 1 

6 F 25-40 5 3 7 4 9 2 8 6 1 

7 M 24-40 2 4 9 6 1 8 7 3 5 

8 M 24-40 8 1 6 2 7 3 2 4 9 

9 F 18-24 5 7 3 2 9 4 1 6 8 
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 Subjects demographics 

A total of 9 voluntary subjects participated in the simulation experiment. Five participants 

were male and four females; three were from 18 to 24 years old, five were from 25 to 40 

years old, and one was from 41 to 65 years old. The sample weas composed of students, 

faculty, and staff members of the UPRM. To participate in the experiment, the subject had 

to meet the following criteria: have a motor vehicle license, have at least eighteen months 

of driving experience, and be between 18-65 years of age. No subject suffered from 

motion-induced conditions. This research was approved by the UPRM Institutional 

Review Board (IRB) with protocol number 20171105 as shown in Appendix A. 

 

 Analysis of Subject Behavior  

The speed behavior of the subjects from the different scenarios with varying TWLTL width 

and access density was analyzed in 4 points as shown in Figure 29. Three of the speed 

observation points were located at places where the vehicle is unobstructed and the 

drivers can go at free flow speed, (position 1, position 2, and position 3). These locations 

are the coordinates “-150”, “0”, and “150” in meters of the xcoordinate variable. These 

locations are more than 1-km away from the starting point of the simulation, to give time 

to the driver to reach the free flow speed. The fourth location or, position 4, was obtained 

at the place when the drivers entered the TWLTL. In this position the speed data and the 

location at which the subjects enter the TWLTL was analyzed. For the generalized linear 

model (GLM) the assumption of normality, independence, and equal variance are met. 

The normality assumption and equal variance were verified with the tests of Anderson-
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Darling normality test and the equal variances test using Levene’s test. The outputs of 

the analysis at these locations can be seen in Appendix J.  

 

Figure 29 Position of Interest for Location in the Scenario 

 

During the simulations, unsafe maneuvers were observed in drivers many times. Two of 

the subjects had difficulty driving in the scenario were the TWLTL width was 18 feet and 

the driveway density was 45 per mile. One of the subjects missed the fast food entrance 

and drove in reverse to enter the right entrance. The second subject made a premature 

entrance in the previous access and missed the correct one. They made this mistake in 

their third and sixth run scenario respectively, which means that they had previously 

driven the scenario and were familiarized with it.  

 

 

5.4.1 Speed Analysis in the First Three Positions 

 

A hypothesis was tested to determine if there is a difference in the driver’s behaviors in 

each of the three zones based on the TWLTL widths and the access density values. The 

hypothesis for the mean speed at each position was: 

Ho: μ1= μ2= μ3=…= μn 

H1: At least two of the means are not equal.  
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The speed of the drivers was analyzed for the nine scenarios, where the TWLTL width 

and density varies. Figure 30 shows the speed of the drivers in a segment of the simulated 

road. In this figure, the location of position 1, position 2, and position 3 are shown with 

vertical lines. Each row represents a driveway density value, while each column 

represents a TWLTL lane width value. 

 

 

Figure 30  Speed Profiles based on TWLTL Width and Access Density 
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5.4.1.1 Speed Analysis at Position 1 

 

The descriptive statistics for the speed data in the position 1 are shown in Table 16.   

Table 16 Descriptive Statistic of Mean Speed per Scenario for the Position 1 

Scenario 
Mean Speed 

(mph) 

85th 
Percentile 

(mph) 

Standard 
Deviation 

(mph) 

Minimum 
Value 
(mph) 

Maximum 
Value 
(mph) 

1 43.46 46.96 5.07 35.48 52.31 

2 41.32 44.24 8.75 34.16 62.26 

3 44.04 50.77 7.41 37.17 59.29 

4 45.23 54.47 10.56 36.80 68.23 

5 38.54 41.71 3.98 33.27 46.59 

6 43.91 47.27 9.57 35.79 67.34 

7 41.93 44.21 4.63 35.78 51.13 

8 44.55 50.70 8.46 34.95 62.85 

9 41.56 47.89 7.45 36.08 56.18 

 

An Anderson-Darling normality test was performed. From this a p-value of less than 0.005 

was obtained. For this reason, a Johnson transformation was applied. From the 

transformation, the data result in a p-value of 0.948 in the Anderson-Darling normality 

test, meaning that there is not a significant deviation from the assumption of normality.  

 

To determine if there is a difference in mean speed between the scenarios a multivariable 

GLM analysis was performed with the transformed data. From the analysis, the main 

effects of width and density were not significant with p-values of 0.904 and 0.702, 

respectively. The two-way interaction between the width and the density were also found 

not significant with a p-value of 0.679. The model was once more analyzed, but without 

the interaction between width and density. Here, none of the terms are significant, since 

the width term has a p-value of 0.615 and the density a p-value of 0.924. The model was 

performed one last time with only the width term, which was also not significant, with a p-

value of 0.613.  
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A non-parametric analysis was performed in R using the Kruskal-Wallis Test with the non-

transformed data. Here the interaction of the width and density were not significant at a 

0.05 significant level with a p-value of 0.6423. The width and density factor were also not 

significant at a 0.05 significant level with a p-value of 0.2789 and 0.7572, respectively. 

These results are the same as the GLM, meaning that both methods reach in the same 

conclusion, that width, density, and their interaction are not significant. A summary of the 

p-values can be seen in Table 17. 

 

Table 17 P-values for Speed in the Position 1  

Factor 
P-Value 

GLM Kruskal-Wallis  

TWLT Width 0.904 0.2789 

Access Density 0.702 0.7572 

TWLT Width and Access Density Interaction 0.679 0.6423 

 

A test for equal variances using Levene’s test was done to analyze if there is a difference 

in terms of the standard deviation within the sample of width and within the sample of 

density in the speed at position 1. From the results, there is not a significant difference in 

terms of standard deviation with a p-value of 0.913 in the multiple comparison.  
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5.4.1.2 Speed Analysis at Position 2 

 

The descriptive statistics for the speed data in the position 2 are shown in Table 18.   

Table 18 Descriptive Statistic of Mean Speed per Scenario for the Position 2 

Scenario 
Number 
of Data 

Mean Speed 
(mph) 

85th 
Percentile 

(mph) 

Standard 
Deviation 

(mph) 

Minimum 
Value 
(mph) 

Maximum 
Value 
(mph) 

1 9 43.48 52.08 6.86 37.23 55.31 

2 9 42.67 45.36 8.76 35.33 64.27 

3 9 42.66 50.16 6.04 37.27 53.77 

4 9 44.53 49.09 11.22 35.96 71.81 

5 9 39.78 43.01 3.58 35.80 47.15 

6 9 43.29 44.08 11.02 33.76 71.27 

7 9 43.42 48.56 5.60 36.48 53.37 

8 9 45.71 52.48 10.41 36.94 69.82 

9 9 41.19 46.18 6.43 33.60 54.51 

 

For these data, an Anderson-Darling normality test was performed. From this a p-value 

of less than 0.005 was obtained. For this reason, a Johnson transformation was applied. 

From the transformation, the data result in a p-value of 0.645 in the Anderson-Darling 

normality test, meaning that there is not a significant deviation from the assumption of 

normality.  

To determine if there is a difference in mean speed between the scenarios a multivariable 

GLM analysis was performed with the transformed data. From the analysis, the main 

effects of width and density were not significant with a p-value of 0.851 and 0.446, 

respectively. The two-way interaction between the width and the density was also found 

not significant with a p-value of 0.454. The model was once more analyzed, but without 

the interaction between width and density. Here, none of the variables are significant, 

since the width term has a p-value of 0.334 and the density a p-value of 0.884. The model 

was performed one last time with only the width term, which was also not significant with 

a p-value of 0.331.   
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A non-parametric analysis was performed in R using the Kruskal-Wallis Test with the non-

transformed data. Here the interaction of the width and density was found not significant 

at a 0.05 significant level with a p-value of 0.9116. The width and density factors were 

also found not significant at a 0.05 significant level with p-values of 0.6814 and 0.6964, 

respectively. These results are the same as the GLM, meaning that both methods result 

in the same conclusion, that width, density, and their interaction are not significant. A 

summary of the p-values can be seen in Table 19. 

 

Table 19 P-values for Speed in the Position 2 

Factor 
 

P-Value 

GLM Kruskal-Wallis  

TWLT Width 0.851 0.6814 

Access Density 0.446 0.6964 

TWLT Width and Access Density Interaction 0.454 0.9116 

 

 

A test for equal variances using Levene’s test was done to analyze if there is a difference 

in terms of the standard deviation within the sample of width and within the sample of 

density in the speed at the position 2. From the results, there is not a significant difference 

in terms of standard deviation with a p-value of 0.940 in the multiple comparison.  
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5.4.1.3 Speed Analysis at Position 3 

  

The descriptive statistics for the speed data in the position 3 are shown in Table 20.  

Table 20 Descriptive Statistic of Mean Speed per Scenario for the Position 3 

Scenario 
Number 
of Data 

Mean Speed 
(mph) 

85th 
Percentile 

(mph) 

Standard 
Deviation 

(mph) 

Minimum 
Value 
(mph) 

Maximum 
Value 
(mph) 

1 9 42.29 46.98 5.49 35.77 52.90 

2 9 42.31 48.20 8.40 34.62 60.57 

3 9 39.94 45.39 5.54 31.66 48.30 

4 9 41.46 45.83 8.79 30.82 60.41 

5 9 39.69 42.85 4.00 33.09 46.88 

6 9 40.86 42.37 8.66 35.19 62.97 

7 9 42.40 47.90 6.53 32.58 54.02 

8 9 45.16 53.86 8.77 38.57 63.57 

9 9 39.61 42.62 5.21 34.35 51.44 

 

For these data, an Anderson-Darling normality test was performed. From this a p-value 

of less than 0.005 was obtained. For this reason, a Johnson transformation was applied. 

From the transformation, the data result in a p-value of 0.909 in the Anderson-Darling 

normality test, meaning that there is not a significant deviation from the assumption of 

normality.  

 

To determine if there is a difference in mean speed between the scenarios a multivariable 

GLM analysis was performed with the transformed data. From the analysis, the main 

effects of width and density were not significant with p-values of 0.617 and 0.861, 

respectively. The two-way interaction between the width and the density was also not 

significant with a p-value of 0.964. The model was once more analyzed, but without the 

interaction between width and density. Here, none of the variables are significant since 

the width term has a p-value of 0.263 and the density a p-value of 0.560. The model was 
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performed one last time with only the width term, which was also not significant, with a p-

value of 0.261.  

 

A non-parametric analysis was performed in R using the Kruskal-Wallis Test with the non-

transformed data. Here the interaction of the width and density were not significant at a 

0.05 significant level with a p-value of 0.7851. The width and density factor were also not 

significant at a 0.05 significant level with a p-value of 0.3230 and 0.5323, respectively. 

These results are the same as the GLM, meaning that both methods result in the same 

conclusion, that width, density, and their interaction are not significant. A summary of the 

p-values can be seen in Table 21. 

 

Table 21 P-values for Speed in the Position 3 

Factor 
 

P-Value 

GLM Kruskal-Wallis  

TWLT Width 0.617 0.3230 

Access Density 0.861 0.5323 

TWLT Width and Access Density Interaction 0.964 0.7851 

 

 

A test for equal variances using Levene’s test was done to analyze if there is a difference 

in terms of the standard deviation within the sample of width and within the sample of 

density in the speed at the position 3. From the results, there is not a significant difference 

in terms of standard deviation with a p-value of 0.828 in the multiple comparison.  
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5.4.2 Speed and Position Analysis at Position 4 

 

The hypothesis for the mean speed and mean position variables at the moment the 

drivers entered the TWLTL were: 

Ho: μ1= μ2= μ3=…= μn 

H1: At least two of the means are not equal  

This hypothesis test was performed to determine if there is a difference in the driver’s 

behaviors in the zones selected.  

 

The three coordinates shown in Table 22 were used to determine the exact location at 

which each driver entered the TWLTL in the 9 scenarios. These coordinates represent 

the location of the solid yellow line pavement marking in the simulation scenario. 

 

Table 22 Coordinates in the X-axis for the Position 4 

Scenarios Coordinates in the x-axis (meters) 

1, 2, and 3 𝑋𝑐𝑜𝑜𝑟𝑑 = 1.524 

4, 5, and 6 𝑋𝑐𝑜𝑜𝑟𝑑 = 2.1336 

7, 8, and 9 𝑋𝑐𝑜𝑜𝑟𝑑 = 2.432 

 

From the coordinates, the position at which the driver enters the TWLTL and their speed 

at that moment were obtained. These data were used to study the behavior of the driver 

at the moment of entering the TWLTL.   
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5.4.2.1 Speed at TWLT Entrance 

The descriptive statistics for the speed data in the position 4 are shown in Table 23.   

Table 23 Descriptive Statistic of Mean Speed per Scenario for the Position 4 

Scenario 
Number 
of Data 

Mean Speed 
(mph) 

85th 
Percentile 

(mph) 

Standard 
Deviation 

(mph) 

Minimum 
Value 
(mph) 

Maximum 
Value 
(mph) 

1 9 36.20 41.66 8.88 21.77 51.34 

2 9 33.63 44.71 10.67 12.41 45.21 

3 9 30.72 40.71 10.68 12.93 43.15 

4 9 37.14 43.97 14.10 19.86 68.28 

5 9 36.84 40.15 5.82 26.58 47.82 

6 9 36.97 41.21 12.69 24.44 67.73 

7 9 36.76 45.39 8.99 22.57 48.74 

8 9 37.26 45.17 9.28 22.89 53.41 

9 9 32.50 41.46 10.90 17.60 53.89 

 

For these data, an Anderson-Darling normality test was performed. From the test, the 

data result in a p-value of 0.190 in the Anderson-Darling normality test, meaning that 

there is not a significant deviation from the assumption of normality.  

 

To determine if there is a difference in mean speed between the scenarios a multivariable 

GLM analysis was performed with the transformed data. From the analysis, the main 

effects of width and density were not significant with p-values of 0.514 and 0.965, 

respectively. The two-way interaction between the width and the density were also not 

significant with a p-value of 0.925. The model was once more analyzed, but without the 

interaction between width and density. Here, none of the variables resulted significant, 

since the width term has a p-value of 0.238 and the density a p-value of 0.547. The model 

was performed one last time with only the width term, which was also not significant, with 

a p-value of 0.236. 
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A non-parametric analysis was performed in R using the Kruskal-Wallis Test with the non-

transformed data. Here the interaction of the width and density were not significant at a 

0.05 significant level with a p-value of 0.8207. The width and density factor were also not 

significant at a 0.05 significant level with a p-value of 0.2722 and 0.8044, respectively. 

These results are the same as the GLM, meaning that both methods result in the same 

conclusion, that width, density, and their interaction are not significant. A summary of the 

p-values can be seen in Table 24. 

 

Table 24 P-values for Speed in the TWLTL Entrance Position 

Factor 
 

P-Value 

GLM Kruskal-Wallis 

TWLT Width 0.514 0.2722 

Access Density 0.965 0.8044 

TWLT Width and Access Density Interaction 0.925 0.8207 

 

 

A test for equal variances using Levene’s test was done to analyze if there is a difference 

in terms of the standard deviation within the sample of width and within the sample of 

density in the speed at which the drivers enter the TWLTL. From the results, there is not 

a significant difference in terms of standard deviation with a p-value of 0.814 in the 

multiple comparison.  
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5.4.2.2 Position at TWLT Entrance 

The descriptive statistics for the position data in the position 4 are shown in Table 25.   

Table 25 Descriptive Statistic of Position per Scenario for the Position 4 

Scenario 
Number 
of Data 

Position 
(meters) 

Standard 
Deviation 
(meters) 

Minimum 
Value 

(meters) 

Maximum 
Value 

(meters) 

1 9 342.2 86.3 137.4 420.0 

2 9 310.7 145.2 -56.1 404.3 

3 9 356.2 86 171.1 448.0 

4 9 348.1 81.8 162.0 410.9 

5 9 336.2 66.2 190.4 398.5 

6 9 343.2 124.8 124.7 457.9 

7 9 309.6 59.3 220.3 393.8 

8 9 287.7 106.6 30.4 379.4 

9 9 328.3 124.2 28.8 411.8 

 

For these data, an Anderson-Darling normality test was performed. From this a p-value 

of less than 0.005 was obtained. For this reason, a Johnson transformation was applied. 

From the transformation, the data result in a p-value of 0.990 in the Anderson-Darling 

normality test, meaning that there is not a significant deviation from the assumption of 

normality.  

 

To determine if there is a difference in position between the scenarios a multivariable 

GLM analysis was performed with the transformed data. From the analysis, the main 

effects of width and density were not significant with p-values of 0.690 and 0.464, 

respectively. The two-way interaction between the width and the density was also not 

significant with a p-value of 0.734. The model was once more analyzed, but without the 

interaction between width and density. Here, the width term was not significant, since it 

has a p-value of 0.151. The density term has a moderate effect at a 0.10 level since it has 

a p-value of 0.078. The model was performed two more times with only the width term 
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and only with the density term. The width term was not significant with a p-value of 0.156 

and the density has a moderate effect at a 0.10 level with p-value of 0.080. 

 

A non-parametric analysis was performed in R using the Kruskal-Wallis Test with the non-

transformed data. Here the interaction of the width and density were not significant at a 

0.05 significant level with a p-value of 0.9352. The width and density factor were also not 

significant at a 0.05 significant level with a p-value of 0.1064 and 0.1329, respectively. 

These results are the same as the GLM, meaning that both methods result in the same 

conclusion, that that width, density, and their interaction are not significant. A summary 

of the p-values can be seen in Table 26. 

 

Table 26 P-values for the Position at which the Drivers Enter the TWLTL 

Factor 
 

P-Value 

GLM Kruskal-Wallis 

TWLT Width 0.690 0.1064 

Access Density 0.464 0.1329 

TWLT Width and Access Density Interaction 0.734 0.9352 

 

 

A test for equal variances using Levene’s test was done to analyze if there is a difference 

in terms of the standard deviation within the sample of width and within the sample of 

density in the position at which the drivers enter the TWLTL. From the results, there is not 

a significant difference in terms of standard deviation with a p-value of 0.303 in the 

multiple comparison.  

 

None of the hypothesis were satisfied since there were not any significant difference in 

speeds or vehicle position with changes in TWLTL width and access density.   
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6 CONCLUSIONS AND RECOMMENDATIONS 

This study evaluated driver behavior when using a TWLT on a simulated roadway. The 

effect of educational material in people who do not know of or have not used the TWLTL 

was also included in the study. Puerto Rico has not yet implemented a TWLT therefore, 

the evaluation for this study used the UPRM driving simulator.  

 

The behavior of the drivers between an existing roadway cross-section and a TWLTL 

modified cross-section was first explored. The effect of the educational material with first 

time TWLTL users was analyzed on driver behavior using the driving simulator. With the 

information obtained from this analysis, recommendations that can contribute to improve 

the educational training criteria of the TWLT will be provided. This study also evaluated 

subjects’ behavior in relation to the TWLTL width and the access density. This was 

analyzed by exposing the participants to scenarios with different combinations of TWLTL 

width and access density.   

 

An overall improvement of driver behavior was observed when the TWLTL was added to 

the roadway cross-section and when training about the correct use of the TWLTL was 

provided to drivers. The main conclusions are as follows:  

 The implementation of the TWLTL improved subjects’ behavior because there was 

a statistically significant reduction in the standard deviation for those scenarios 

with the modified TWLTL roadway cross-section. Research has shown that less 

speed variabiity potentially lead to safer driving conditions (4). 



80 
 

 The introduction of the TWLT do not influence the mean speed of drivers. This 

could be associated with the fact that to introduce the TWLT only the width of the 

shoulders was reduced. The width of the through lanes, the posted speed limit, the 

traffic volume, or the roadway geometry did not change in the scenarios.  

 When training material was provided to the drivers, their performance in the use of 

the TWLTL improved significantly.  The improvement in the proportion of correct 

driving maneuvers at the TWLTL increased from 50% to 83% when drivers 

received educational training on how to make a left turn to exit the main road. 

There was also a significant improvement in the proportion of correct driving 

maneuvers from 22% to 72% when drivers received educational training when a 

vehicle stopped blocking part of the through lane. 

 Providing educational material was found to be not significant in the proportion of 

the amount of correct driving maneuvers for subjects entering the main road when 

making a left turn from a secondary road. This movement had already a high 

number of correct maneuvers before providing educational material.  

 The variability in mean speed and the vehicle position when entering the TWLTL 

were statistically significant decrease for those subjects that received training. This 

implies that drivers will behave with less variability between them when using the 

TWLTL after receiving educational training, potentially leading to safer driving 

conditions.   

 

The study did not find a significant relationship between speed and speed variability in 

terms of TWLTL width and driveway density. This means that the behavior of the drivers 
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could be considered to be the almost same for the combinations of the three TWLTL 

widths and the three driveway densities that were analyzed. These results could support 

the findings of Elvik, R. (32) and Eisele, W. (33), where a higher number in driveway 

density resulted in a higher number of crashes. This may be attributed to the fact that 

drivers do not reduce their speed in higher density driveways and behave in the same 

way as they do in low density roads; as confirmed by this study.  This behavior can result 

in potentially dangerous situations since drivers do not notice and/or adjust their behavior 

according to their surroundings.  

 

The number of access points or roadway density has a moderate effect in position at 

which the driver enter the TWLTL. The tendency that was found in the regression models 

that merits some analysis is the position variable where the drivers entered the TWLT. 

One of the models found that drivers enter the TWLT at an earlier position when the 

driveway density increased and enter the TWLT at a later position when the driveway 

density was lower.  By entering at an earlier position in the TWLT, the speeds were higher, 

therefore, requiring drivers to reduce more speed inside the TWLT.  

   

In general, the implementation of the TWLTL improved driver behavior and their 

performance improved when training was received about the use of the TWLTL. The 

change in the cross-section by adding a TWLT could be a cost-effective method to reduce 

crashes, since the cost of implementation is significantly lower than for other methods 

that require construction. This indicates that the TWLTL has the potential to improve 

driving performance in roads, such as highway PR-107 that was used in this study as a 
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base cross-section, and that associated training can further improve driving performance 

for those who use the TWLTL. These results can be used to predict what impact this new 

road cross-section will have on local drivers and how they will react and behave to this 

new turning lane. These results can also be used to help determine the correct way to 

implement TWLTL in Puerto Rico along with an educational campaign. For instance, the 

use of visual media can have a bigger impact in drivers at the moment of learning the 

correct driving maneuvers and the meaning of the sign and pavement markings. In cross-

sections with the TWLTL where the pavement markings have a more complex meaning, 

the use of visual media can have an important role since it can show the driver how to 

correctly use this lane. This educational material can be provided to drivers before they 

acquire their licenses and maintain a continuous education through television broadcasts 

and online. Other methods like practicing using a driving simulator or controlled roadway 

environments can further improve their behavior. Since practice may result expensive, 

adding the training material as part of the driving test may result beneficial in improving 

the drivers’ behavior. 

 

Also, it is recommended to explore other roadway variables like the posted speed limit, 

travel lane width, and shoulder width to determine what relationship exists between 

driver’s behavior and the TWLT-modified roadway. In addition, it is recommended to 

perform a feasibility analysis of the implementation of the TWLTL in Puerto Rico. Also, it 

is recommended that other local highway segments with different traffic conditions are 

evaluated to improve upon the results of this study as well. Such research would allow 
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exploring drivers’ behavior beforehand by identifying which elements affect drivers’ 

behavior and the educational training’s effectiveness.  
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Appendix C Tables of the Speed of the Drivers for the Scenario Validation  

 
Table C.1 Mean Speed of the drivers in the PR- 107 for the scenario validation 

Speed in Zone 1 at PR-107 (MPH) 

39.76774 35.41815 37.28226 

37.90363 33.55403 48.46694 

34.79678 36.03952 44.11734 

34.17541 39.14637 40.38912 

46.60283 44.11734 29.82581 

45.36008 50.95242 43.49597 

42.8746 41.01049 44.11734 

41.63186 37.90363 39.76774 

41.01049 43.49597 37.90363 

36.66089 44.73871 32.31129 

47.84557 41.63186 42.25323 

44.11734 49.08831 34.79678 

41.63186 41.63186 36.03952 

34.17541 47.2242 34.79678 

39.14637 46.60283 29.82581 

42.8746 34.79678 37.90363 

43.49597 33.55403 34.79678 

34.79678 46.60283 44.11734 

31.06855 39.76774 42.25323 

40.38912 38.525 34.17541 

47.84557 42.25323 54.05928 

54.68065 47.84557 47.2242 

45.36008 34.17541 44.73871 

41.63186 26.09758 42.25323 

41.63186 34.79678 43.49597 

45.36008 30.44718 37.28226 

43.49597 43.49597 39.76774 

44.11734 32.93266 41.63186 

47.84557 41.01049 43.49597 

40.38912 46.60283 36.03952 

39.14637 52.81654 39.14637 

34.17541 41.63186 27.9617 

39.76774 41.01049 34.79678 

54.68065 45.98145 34.79678 
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Table C.2  Mean Speed of the drivers in the driving simulator for the scenario validation 

Simulator Driver Speed in Zone 1 (mph) 

1 40.42083 

2 38.31646 

3 36.53409 

4 40.9653 

5 54.76016 

6 46.48727 

7 44.38113 

8 47.81246 

9 35.67545 
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Appendix D Scenario Validation Outputs 

 
Figure D. 1 Normal Plot of Field Data for Validation  

 

 
Figure D. 2 Normal Plot of Simulation Data for Validation 
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Figure D. 3 Individual Value Plot for Validation 
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Two-Sample T-Test and CI: Real, Simulation  

 
Two-sample T for Real vs Simulation 

 

              N   Mean  StDev  SE Mean 

Real        102  40.61   5.81     0.58 

Simulation    9  42.82   6.16      2.1 

 

 

Difference = μ (Real) - μ (Simulation) 

Estimate for difference:  -2.20 

95% CI for difference:  (-7.03, 2.62) 

T-Test of difference = 0 (vs ≠): T-Value = -1.03  P-Value = 0.329  DF = 9 

 

Table D. 3 Two Sample T-Test for Validation  
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Figure D. 4 Box Plot for Validation 
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Appendix E Normality and Two-Sample T-Test Outputs for Speed Between Current 

Cross-section and TWLTL Cross-section  

 
 

 

 

 

 

 

 

 

 
Figure E. 5 Outlier Plot of the TWLTL Cross-section data for validation  

7060504030

32.33 69.22 4.05 0.000

Min Max G P

Grubbs' Test

TWLTL Geometry

Outlier Plot of TWLTL Geometry

Outlier Test: TWLTL Geometry  

 
Method 

 

Null hypothesis         All data values come from the same normal population 

Alternative hypothesis  Smallest or largest data value is an outlier 

Significance level      α = 0.05 

 

 

Grubbs' Test 

 

Variable         N   Mean  StDev    Min    Max     G      P 

TWLTL Geometry  36  42.32   6.64  32.33  69.22  4.05  0.000 

 

 

Outlier 

 

Variable        Row  Outlier 

TWLTL Geometry   20  69.2173 

Table E. 4 Outlier Test of the TWLTL Geometry data for validation 
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Figure E. 6 Normal Plot of Speed for the Current Cross-section 

 

 
Figure E. 7 Normal Plot of Speed for the TWLTL Cross-section 
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Figure E. 8 Individual Value Plot of the Two Different Cross-sections 
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Two-Sample T-Test and CI: Speed, Config 

 
Two-sample T for Speed 

 

t   N   Mean  StDev  SE Mean 

1  36  42.83   7.31      1.2 

2  35  41.55   4.85     0.82 

 

 

Difference = μ (1) - μ (2) 

Estimate for difference:  1.28 

95% CI for difference:  (-1.66, 4.21) 

T-Test of difference = 0 (vs ≠): T-Value = 0.87  P-Value = 0.387  DF = 61 

 

 

 
 

 

 

 

Table E. 5 Two Sample T-Test between the two Different Cross-sections 
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Figure E. 9 Box Plot of the Two Different Cross-section 

21

60

55

50

45

40

35

30

25

t

S
p

e
e
d

Boxplot of Speed



103 
 

 

Test and CI for Two Variances: Current Geometry, TWLTL Geometry  

 
Method 

 

Null hypothesis         σ(Current Geometry) / σ(TWLTL Geometry) = 1 

Alternative hypothesis  σ(Current Geometry) / σ(TWLTL Geometry) > 1 

Significance level      α = 0.05 

 

Statistics 

                                       95% Lower 

                                       Bound for 

Variable           N  StDev  Variance     StDevs 

Current Geometry  36  7.308    53.411      6.026 

TWLTL Geometry    35  4.852    23.546      4.209 

 

Ratio of standard deviations = 1.506 

Ratio of variances = 2.268 

 

95% One-Sided Confidence Intervals 

 

        Lower Bound   Lower Bound 

          for StDev  for Variance 

Method        Ratio         Ratio 

Bonett        1.120         1.254 

Levene        0.992         0.984 

 

Tests 

                       Test 

Method  DF1  DF2  Statistic  P-Value 

Bonett    —    —          —    0.016 

Levene    1   69       2.66    0.054 

 

 

 

Table E. 6 Two Variance Test of the Two Different Cross-section 
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Figure E. 10 Two Variance output of the Two Different Geometries 
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Appendix F Normal Approximation to Binomial Proportion Test  

 

 
 

Test and CI for Two Proportions  

 
Sample   X   N  Sample p 

1       12  18  0.666667 

2       15  18  0.833333 

 

 

Difference = p (1) - p (2) 

Estimate for difference:  -0.166667 

95% upper bound for difference:  0.0663095 

Test for difference = 0 (vs < 0):  Z = -1.18  P-Value = 0.120 

 

 

* NOTE * The normal approximation may be inaccurate for small samples. 

 

Fisher’s exact test: P-Value = 0.222 

 

Table F. 7 Proportions Current Turn Left Outputs 

   

Test and CI for Two Proportions  

 
Sample   X   N  Sample p 

1        9  18  0.500000 

2       15  18  0.833333 

 

 

Difference = p (1) - p (2) 

Estimate for difference:  -0.333333 

95% upper bound for difference:  -0.0915626 

Test for difference = 0 (vs < 0):  Z = -2.27  P-Value = 0.012 

 

 

* NOTE * The normal approximation may be inaccurate for small samples. 

 

Fisher’s exact test: P-Value = 0.038 

 

 

 

Table F. 8 Proportions TWLTL Turn Left Outputs 
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Test and CI for Two Proportions  

 
Sample   X   N  Sample p 

1       18  18  1.000000 

2       17  18  0.944444 

 

 

Difference = p (1) - p (2) 

Estimate for difference:  0.0555556 

95% upper bound for difference:  0.144362 

Test for difference = 0 (vs < 0):  Z = 1.03  P-Value = 0.848 

 

 

* NOTE * The normal approximation may be inaccurate for small samples. 

 

Fisher’s exact test: P-Value = 1.000 

 

Test and CI for Two Proportions  

 
Sample  X   N  Sample p 

1       5  18  0.277778 

2       8  18  0.444444 

 

 

Difference = p (1) - p (2) 

Estimate for difference:  -0.166667 

95% upper bound for difference:  0.0926930 

Test for difference = 0 (vs < 0):  Z = -1.06  P-Value = 0.145 

 

Fisher’s exact test: P-Value = 0.244 

 

 

Table F. 9 Proportions: Current Stopped Vehicle  Outputs 

   

   Table F. 10 Proportions: TWLTL Stopped Vehicle  Outputs 
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Table F. 11 Proportions: TWLTL Enter Main Outputs 

  

 
 

 

 

 

 

 Test and CI for Two Proportions  

 
Sample   X   N  Sample p 

1       13  18  0.722222 

2       15  18  0.833333 

 

 

Difference = p (1) - p (2) 

Estimate for difference:  -0.111111 

95% upper bound for difference:  0.114788 

Test for difference = 0 (vs < 0):  Z = -0.81  P-Value = 0.209 

 

 

* NOTE * The normal approximation may be inaccurate for small samples. 

 

Fisher’s exact test: P-Value = 0.345 

 

 

Test and CI for Two Proportions  

 
Sample   X   N  Sample p 

1        4  18  0.222222 

2       13  18  0.722222 

 

 

Difference = p (1) - p (2) 

Estimate for difference:  -0.5 

95% upper bound for difference:  -0.263075 

Test for difference = 0 (vs < 0):  Z = -3.47  P-Value = 0.000 

 

 

* NOTE * The normal approximation may be inaccurate for small samples. 

 

Fisher’s exact test: P-Value = 0.003 

 

 

Table F. 12 Proportions: Current Enter Main Outputs 
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Appendix G: Two Variance Test for Position and Normality and Two-Sample T-Test 

Outputs for Position  

 

 
Figure G. 11 Normal Plot for Position without Training  
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Figure G. 12 Normal Plot for Position with Training  

 
Table G. 13 Two-Sample T-Test for Position  

 

Two-Sample T-Test and CI: xcoord, Config 

 
Two-sample T for xcoord 

 

Config   N   Mean  StDev  SE Mean 

1       15  194.0   33.8      8.7 

2       16  189.6   16.5      4.1 

 

 

Difference = μ (1) - μ (2) 

Estimate for difference:  4.39 

95% CI for difference:  (-15.72, 24.51) 

T-Test of difference = 0 (vs ≠): T-Value = 0.46  P-Value = 0.654  DF = 20 
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Figure G. 13 Individual Value Plot of Position vs Configuration 

 

 
Figure G. 14 Boxplot of Position 

 

21

250

225

200

175

150

Config

x
co

o
rd

Individual Value Plot of xcoord vs Config

21

250

225

200

175

150

Config

x
co

o
rd

Boxplot of xcoord



111 
 

 

 

Table G. 14 Two Variance Test of Position 

 

Test and CI for Two Variances: Without Training, 

With Training  

 
Method 

 

Null hypothesis         σ(Without Training) / 

σ(With Training) = 1 

Alternative hypothesis  σ(Without Training) / 

σ(With Training) > 1 

Significance level      α = 0.05 

 

 

Statistics 

 

                                        95% Lower 

                                        Bound for 

Variable           N   StDev  Variance     StDevs 

Without Training  15  33.751  1139.129     27.380 

With Training     16  16.517   272.806     12.155 

 

Ratio of standard deviations = 2.043 

Ratio of variances = 4.176 

 

 

95% One-Sided Confidence Intervals 

 

        Lower Bound   Lower Bound 

          for StDev  for Variance 

Method        Ratio         Ratio 

Bonett        1.379         1.902 

Levene        1.374         1.888 

 

 

Tests 

 

                       Test 

Method  DF1  DF2  Statistic  P-Value 

Bonett    —    —          —    0.003 

Levene    1   29       7.12    0.003 

 

 



112 
 

 
Figure G. 15 Two Variance Output of Position 
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Appendix H Normality and Two-Sample T-Test Outputs for Velocity 

 

 

 
Figure H. 16 Normal Plot for Velocity 

 

Two-Sample T-Test and CI: velocity, Config  

 
Two-sample T for velocity 

 

Config   N   Mean  StDev  SE Mean 

1       15   33.1   12.2      3.2 

2       16  28.71   5.56      1.4 

 

 

Difference = μ (1) - μ (2) 

Estimate for difference:  4.43 

95% CI for difference:  (-2.80, 11.66) 

T-Test of difference = 0 (vs ≠): T-Value = 1.28  P-Value = 0.215  DF = 19 

 

Table H. 15 Two-Sample T-Test for Velocity 
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Figure H. 17 Individual Value Plot for Velocity 

 

 
Figure H. 18 Box Plot for Velocity 
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Appendix I Two Variance Test Tests for Speed 

 

Test and CI for Two Variances: Without Training 

(MPH), With Training (MPH)  

 
Method 

 

Null hypothesis         σ(Without Training (MPH)) / 

σ(With Training (MPH)) = 1 

Alternative hypothesis  σ(Without Training (MPH)) / 

σ(With Training (MPH)) > 1 

Significance level      α = 0.05 

 

 

Statistics 

 

                                              95% Lower 

                                              Bound for 

Variable                 N   StDev  Variance     StDevs 

Without Training (MPH)  15  12.238   149.765      9.448 

With Training (MPH)     16   5.564    30.958      3.948 

 

Ratio of standard deviations = 2.199 

Ratio of variances = 4.838 

 

 

95% One-Sided Confidence Intervals 

 

        Lower Bound   Lower Bound 

          for StDev  for Variance 

Method        Ratio         Ratio 

Bonett        1.388         1.926 

Levene        1.192         1.420 

 

 

Tests 

 

                       Test 

Method  DF1  DF2  Statistic  P-Value 

Bonett    —    —          —    0.005 

Levene    1   29       4.05    0.027 

 

 

 

Table I. 16 Two Variance Test of the Velocity 
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Figure I. 19 Two Variance Test of the Velocity 
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Appendix J Outputs of the Analysis of Speed in the Three Locations  

 

 
Figure J. 20 Johnson Transformation for the speed at –150 meters position. 
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Table J. 17 General Linear Model 1 of the Velocity in -150 meters 

 

 

General Linear Model: Speed_in_-150_Transform versus Width, Density  

 
Analysis of Variance 

 

Source           DF   Adj SS   Adj MS  F-Value  P-Value 

  Width           1   0.0145  0.01455     0.01    0.904 

  Density         1   0.1462  0.14624     0.15    0.702 

  Width*Density   1   0.1721  0.17212     0.17    0.679 

Error            77  76.5954  0.99475 

  Lack-of-Fit     5   7.3181  1.46363     1.52    0.194 

  Pure Error     72  69.2773  0.96218 

Total            80  77.0277 

 

 

Model Summary 

 

       S   R-sq  R-sq(adj)  R-sq(pred) 

0.997369  0.56%      0.00%       0.00% 

 

 

Coefficients 

 

Term               Coef  SE Coef  T-Value  P-Value    VIF 

Constant          -0.10     1.01    -0.10    0.919 

Width            0.0085   0.0701     0.12    0.904   4.27 

Density          0.0069   0.0180     0.38    0.702  19.38 

Width*Density  -0.00052  0.00125    -0.42    0.679  22.65 

 

 

Regression Equation 

 

Speed_in_-150_Transform = -0.10 + 0.0085 Width + 0.0069 Density - 0.00052 Width*Density 

 

 

Fits and Diagnostics for Unusual Observations 

 

Obs  Speed_in_-150_Transform     Fit   Resid  Std Resid 

 10                    2.164   0.058   2.106       2.15  R 

 18                   -2.129  -0.002  -2.127      -2.15  R 

 37                    2.126  -0.062   2.187       2.23  R 

 50                   -2.279  -0.158  -2.121      -2.22  R 

 

R  Large residual 
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Table J. 18 General Linear Model 2 of the Velocity in -150 meters  

 

 

 

General Linear Model: Speed_in_-150_Transform versus Width, Density  

 
Analysis of Variance 

 

Source         DF   Adj SS   Adj MS  F-Value  P-Value 

  Width         1   0.2511  0.25108     0.26    0.615 

  Density       1   0.0091  0.00905     0.01    0.924 

Error          78  76.7676  0.98420 

  Lack-of-Fit   6   7.4903  1.24838     1.30    0.269 

  Pure Error   72  69.2773  0.96218 

Total          80  77.0277 

 

 

Model Summary 

 

       S   R-sq  R-sq(adj)  R-sq(pred) 

0.992068  0.34%      0.00%       0.00% 

 

 

Coefficients 

 

Term          Coef  SE Coef  T-Value  P-Value   VIF 

Constant     0.254    0.525     0.48    0.629 

Width      -0.0170   0.0338    -0.51    0.615  1.00 

Density   -0.00039  0.00407    -0.10    0.924  1.00 

 

 

Regression Equation 

 

Speed_in_-150_Transform = 0.254 - 0.0170 Width - 0.00039 Density 

 

 

Fits and Diagnostics for Unusual Observations 

 

Obs  Speed_in_-150_Transform     Fit   Resid  Std Resid 

 10                    2.164   0.066   2.098       2.15  R 

 18                   -2.129  -0.002  -2.127      -2.16  R 

 37                    2.126  -0.070   2.196       2.25  R 

 50                   -2.279  -0.086  -2.194      -2.27  R 

 

R  Large residual 
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Table J. 19 General Linear Model 3 of the Velocity in -150 meters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

General Linear Model: Speed_in_-150_Transform versus Width  

 
Analysis of Variance 

 

Source         DF   Adj SS  Adj MS  F-Value  P-Value 

  Width         1   0.2511  0.2511     0.26    0.613 

Error          79  76.7766  0.9719 

  Lack-of-Fit   1   2.2679  2.2679     2.37    0.127 

  Pure Error   78  74.5087  0.9552 

Total          80  77.0277 

 

 

Model Summary 

 

       S   R-sq  R-sq(adj)  R-sq(pred) 

0.985827  0.33%      0.00%       0.00% 

 

 

Coefficients 

 

Term         Coef  SE Coef  T-Value  P-Value   VIF 

Constant    0.235    0.482     0.49    0.627 

Width     -0.0170   0.0335    -0.51    0.613  1.00 

 

 

Regression Equation 

 

Speed_in_-150_Transform = 0.235 - 0.0170 Width 

 

 

Fits and Diagnostics for Unusual Observations 

 

Obs  Speed_in_-150_Transform     Fit   Resid  Std Resid 

 10                    2.164   0.065   2.099       2.16  R 

 18                   -2.129  -0.004  -2.126      -2.17  R 

 37                    2.126  -0.072   2.197       2.26  R 

 50                   -2.279  -0.072  -2.207      -2.27  R 

 

R  Large residual 
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Figure J. 21 Test for equal variance in the -150 position 

 

 
Figure J. 22 Johnson Transformation for the speed at 0 meters position. 
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Table J. 20 General Linear Model 1 of the Velocity in 0 meters  

 

 

 

 

 

 

 

 

 

General Linear Model: Speed_in_0_Transform versus Width, Density  

 
Analysis of Variance 

 

Source           DF   Adj SS   Adj MS  F-Value  P-Value 

  Width           1   0.0324  0.03244     0.04    0.851 

  Density         1   0.5329  0.53293     0.59    0.446 

  Width*Density   1   0.5145  0.51448     0.57    0.454 

Error            77  70.0288  0.90946 

  Lack-of-Fit     5   2.5019  0.50039     0.53    0.750 

  Pure Error     72  67.5268  0.93787 

Total            80  71.4181 

 

 

Model Summary 

 

       S   R-sq  R-sq(adj)  R-sq(pred) 

0.953659  1.95%      0.00%       0.00% 

 

 

Coefficients 

 

Term               Coef  SE Coef  T-Value  P-Value    VIF 

Constant         -0.186    0.964    -0.19    0.848 

Width            0.0127   0.0671     0.19    0.851   4.27 

Density          0.0132   0.0172     0.77    0.446  19.38 

Width*Density  -0.00090  0.00120    -0.75    0.454  22.65 

 

 

Regression Equation 

 

Speed_in_0_Transform = -0.186 + 0.0127 Width + 0.0132 Density - 0.00090 Width*Density 

 

 

Fits and Diagnostics for Unusual Observations 

 

Obs  Speed_in_0_Transform     Fit   Resid  Std Resid 

 37                 1.925  -0.094   2.019       2.15  R 

 50                -2.532  -0.213  -2.319      -2.54  R 

 72                -2.474  -0.094  -2.380      -2.54  R 

 

R  Large residual 
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Table J. 21 General Linear Model 2 of the Velocity in 0 meters 

 

 

 

 

 

 

 

 

 

 

General Linear Model: Speed_in_0_Transform versus Width, Density  

 
Analysis of Variance 

 

Source         DF   Adj SS   Adj MS  F-Value  P-Value 

  Width         1   0.8557  0.85565     0.95    0.334 

  Density       1   0.0192  0.01923     0.02    0.884 

Error          78  70.5433  0.90440 

  Lack-of-Fit   6   3.0164  0.50274     0.54    0.779 

  Pure Error   72  67.5268  0.93787 

Total          80  71.4181 

 

 

Model Summary 

 

       S   R-sq  R-sq(adj)  R-sq(pred) 

0.951000  1.23%      0.00%       0.00% 

 

 

Coefficients 

 

Term         Coef  SE Coef  T-Value  P-Value   VIF 

Constant    0.432    0.503     0.86    0.393 

Width     -0.0315   0.0324    -0.97    0.334  1.00 

Density   0.00057  0.00390     0.15    0.884  1.00 

 

 

Regression Equation 

 

Speed_in_0_Transform = 0.432 - 0.0315 Width + 0.00057 Density 

 

 

Fits and Diagnostics for Unusual Observations 

 

Obs  Speed_in_0_Transform     Fit   Resid  Std Resid 

 37                 1.925  -0.109   2.033       2.17  R 

 50                -2.532  -0.087  -2.445      -2.64  R 

 72                -2.474  -0.109  -2.365      -2.53  R 

 

R  Large residual 
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Table J. 22 General Linear Model 3 of the Velocity in 0 meters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

General Linear Model: Speed_in_0_Transform versus Width  

 
Analysis of Variance 

 

Source         DF   Adj SS   Adj MS  F-Value  P-Value 

  Width         1   0.8557  0.85565     0.96    0.331 

Error          79  70.5625  0.89320 

  Lack-of-Fit   1   0.0443  0.04432     0.05    0.825 

  Pure Error   78  70.5182  0.90408 

Total          80  71.4181 

 

 

Model Summary 

 

       S   R-sq  R-sq(adj)  R-sq(pred) 

0.945090  1.20%      0.00%       0.00% 

 

 

Coefficients 

 

Term         Coef  SE Coef  T-Value  P-Value   VIF 

Constant    0.460    0.462     0.99    0.323 

Width     -0.0315   0.0322    -0.98    0.331  1.00 

 

 

Regression Equation 

 

Speed_in_0_Transform = 0.460 - 0.0315 Width 

 

 

Fits and Diagnostics for Unusual Observations 

 

Obs  Speed_in_0_Transform     Fit   Resid  Std Resid 

 37                 1.925  -0.107   2.031       2.18  R 

 50                -2.532  -0.107  -2.425      -2.61  R 

 72                -2.474  -0.107  -2.367      -2.54  R 

 

R  Large residual 
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Figure J. 23 Test for equal variance in the 0 position 

 

 
Figure J. 24 Johnson Transformation for the speed at 150 meters position. 
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Table J. 23 General Linear Model 1 of the Velocity in 150 meters  

 

General Linear Model: Speed_in_150_Transform versus Width, Density  

 
Analysis of Variance 

 

Source           DF   Adj SS    Adj MS  F-Value  P-Value 

  Width           1   0.2463  0.246259     0.25    0.617 

  Density         1   0.0303  0.030276     0.03    0.861 

  Width*Density   1   0.0020  0.002000     0.00    0.964 

Error            77  75.0118  0.974179 

  Lack-of-Fit     5   3.3347  0.666931     0.67    0.647 

  Pure Error     72  71.6771  0.995516 

Total            80  76.5677 

 

 

Model Summary 

 

       S   R-sq  R-sq(adj)  R-sq(pred) 

0.987005  2.03%      0.00%       0.00% 

 

 

Coefficients 

 

Term               Coef  SE Coef  T-Value  P-Value    VIF 

Constant          0.378    0.998     0.38    0.706 

Width           -0.0349   0.0694    -0.50    0.617   4.27 

Density          0.0031   0.0178     0.18    0.861  19.38 

Width*Density  -0.00006  0.00124    -0.05    0.964  22.65 

 

 

Regression Equation 

 

Speed_in_150_Transform = 0.378 - 0.0349 Width + 0.0031 Density - 0.00006 Width*Density 

 

 

Fits and Diagnostics for Unusual Observations 

 

Obs  Speed_in_150_Transform     Fit   Resid  Std Resid 

  1                   1.941  -0.068   2.010       2.07  R 

 23                  -1.850   0.246  -2.095      -2.22  R 

 26                   2.089   0.087   2.001       2.06  R 

 37                   2.060  -0.154   2.214       2.28  R 

 42                  -2.274   0.145  -2.419      -2.49  R 

 

R  Large residual 
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Table J. 24 General Linear Model 2 of the Velocity in 150 meters  

 

 

 

 

 

 

 

 

 

General Linear Model: Speed_in_150_Transform versus Width, Density  

 
Analysis of Variance 

 

Source         DF   Adj SS  Adj MS  F-Value  P-Value 

  Width         1   1.2242  1.2242     1.27    0.263 

  Density       1   0.3297  0.3297     0.34    0.560 

Error          78  75.0138  0.9617 

  Lack-of-Fit   6   3.3367  0.5561     0.56    0.762 

  Pure Error   72  71.6771  0.9955 

Total          80  76.5677 

 

 

Model Summary 

 

       S   R-sq  R-sq(adj)  R-sq(pred) 

0.980671  2.03%      0.00%       0.00% 

 

 

Coefficients 

 

Term         Coef  SE Coef  T-Value  P-Value   VIF 

Constant    0.416    0.519     0.80    0.424 

Width     -0.0376   0.0334    -1.13    0.263  1.00 

Density   0.00235  0.00402     0.59    0.560  1.00 

 

 

Regression Equation 

 

Speed_in_150_Transform = 0.416 - 0.0376 Width + 0.00235 Density 

 

 

Fits and Diagnostics for Unusual Observations 

 

Obs  Speed_in_150_Transform     Fit   Resid  Std Resid 

  1                   1.941  -0.068   2.010       2.08  R 

 23                  -1.850   0.238  -2.087      -2.19  R 

 26                   2.089   0.087   2.001       2.08  R 

 37                   2.060  -0.155   2.215       2.29  R 

 42                  -2.274   0.146  -2.420      -2.51  R 

 

R  Large residual 
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Table J. 25 General Linear Model 3 of the Velocity in 150 meters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

General Linear Model: Speed_in_150_Transform versus Width  

 
Analysis of Variance 

 

Source         DF   Adj SS  Adj MS  F-Value  P-Value 

  Width         1   1.2242  1.2242     1.28    0.261 

Error          79  75.3435  0.9537 

  Lack-of-Fit   1   0.7027  0.7027     0.73    0.394 

  Pure Error   78  74.6408  0.9569 

Total          80  76.5677 

 

 

Model Summary 

 

       S   R-sq  R-sq(adj)  R-sq(pred) 

0.976583  1.60%      0.35%       0.00% 

 

 

Coefficients 

 

Term         Coef  SE Coef  T-Value  P-Value   VIF 

Constant    0.532    0.478     1.11    0.269 

Width     -0.0376   0.0332    -1.13    0.261  1.00 

 

 

Regression Equation 

 

Speed_in_150_Transform = 0.532 - 0.0376 Width 

 

 

Fits and Diagnostics for Unusual Observations 

 

Obs  Speed_in_150_Transform     Fit   Resid  Std Resid 

  6                  -2.079  -0.146  -1.933      -2.01  R 

 23                  -1.850   0.155  -2.005      -2.09  R 

 26                   2.089   0.005   2.084       2.15  R 

 37                   2.060  -0.146   2.206       2.29  R 

 42                  -2.274   0.155  -2.430      -2.53  R 

 

R  Large residual 
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Figure J. 25 Test for equal variance in the 150 position 

 

 
Figure J. 26 Normality plot for the velocity at the entrance of the TWLTL 

 

Width Density

3

2

1

3

2

1

3

2

1

3

2

1

3.02.52.01.51.00.5

P-Value 0.828

P-Value 0.778

Multiple Comparisons

Levene’s Test

Test for Equal Variances: Speed_in_150_Transform vs Width, Density
Multiple comparison intervals for the standard deviation, α = 0.05

If intervals do not overlap, the corresponding stdevs are significantly different.
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Table J. 26 General Linear Model 1 of the Speed in the TWLTL Entrance  

 

 

 

 

 

 

 

 

 

General Linear Model: Speed_Entrance versus Width, Density  

 
Analysis of Variance 

 

Source           DF   Adj SS   Adj MS  F-Value  P-Value 

  Width           1    45.29   45.293     0.43    0.514 

  Density         1     0.21    0.205     0.00    0.965 

  Width*Density   1     0.95    0.950     0.01    0.925 

Error            77  8127.02  105.546 

  Lack-of-Fit     5   235.99   47.198     0.43    0.826 

  Pure Error     72  7891.04  109.598 

Total            80  8313.59 

 

 

Model Summary 

 

      S   R-sq  R-sq(adj)  R-sq(pred) 

10.2735  2.24%      0.00%       0.00% 

 

 

Coefficients 

 

Term             Coef  SE Coef  T-Value  P-Value    VIF 

Constant         40.7     10.4     3.92    0.000 

Width          -0.473    0.722    -0.66    0.514   4.27 

Density         0.008    0.185     0.04    0.965  19.38 

Width*Density  0.0012   0.0129     0.09    0.925  22.65 

 

 

Regression Equation 

 

Speed_Entrance = 40.7 - 0.473 Width + 0.008 Density + 0.0012 Width*Density 

 

 

Fits and Diagnostics for Unusual Observations 

 

Obs  Speed_Entrance    Fit   Resid  Std Resid 

  5           12.93  32.75  -19.82      -2.00  R 

 10           68.28  36.91   31.38       3.10  R 

 37           67.73  33.56   34.17       3.38  R 

 62           12.41  34.55  -22.14      -2.19  R 

 

R  Large residual 
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Table J. 27 General Linear Model 2 of the Speed in the TWLTL Entrance  

 

 

 

 

 

 

 

 

 

General Linear Model: Speed_Entrance versus Width, Density  

 
Analysis of Variance 

 

Source         DF   Adj SS  Adj MS  F-Value  P-Value 

  Width         1   147.52  147.52     1.42    0.238 

  Density       1    38.10   38.10     0.37    0.547 

Error          78  8127.97  104.20 

  Lack-of-Fit   6   236.94   39.49     0.36    0.902 

  Pure Error   72  7891.04  109.60 

Total          80  8313.59 

 

 

Model Summary 

 

      S   R-sq  R-sq(adj)  R-sq(pred) 

10.2081  2.23%      0.00%       0.00% 

 

 

Coefficients 

 

Term        Coef  SE Coef  T-Value  P-Value   VIF 

Constant   39.88     5.40     7.39    0.000 

Width     -0.413    0.347    -1.19    0.238  1.00 

Density   0.0253   0.0419     0.60    0.547  1.00 

 

 

Regression Equation 

 

Speed_Entrance = 39.88 - 0.413 Width + 0.0253 Density 

 

 

Fits and Diagnostics for Unusual Observations 

 

Obs  Speed_Entrance    Fit   Resid  Std Resid 

  5           12.93  32.90  -19.97      -2.00  R 

 10           68.28  36.89   31.40       3.12  R 

 37           67.73  33.58   34.15       3.40  R 

 62           12.41  34.55  -22.14      -2.20  R 

 

R  Large residual 
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Table J. 28 General Linear Model 3 of the Speed in the TWLTL Entrance  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

General Linear Model: Speed_Entrance versus Width  

 
Analysis of Variance 

 

Source         DF   Adj SS  Adj MS  F-Value  P-Value 

  Width         1   147.52  147.52     1.43    0.236 

Error          79  8166.07  103.37 

  Lack-of-Fit   1    13.41   13.41     0.13    0.721 

  Pure Error   78  8152.66  104.52 

Total          80  8313.59 

 

 

Model Summary 

 

      S   R-sq  R-sq(adj)  R-sq(pred) 

10.1670  1.77%      0.53%       0.00% 

 

 

Coefficients 

 

Term        Coef  SE Coef  T-Value  P-Value   VIF 

Constant   41.12     4.97     8.27    0.000 

Width     -0.413    0.346    -1.19    0.236  1.00 

 

 

Regression Equation 

 

Speed_Entrance = 41.12 - 0.413 Width 

 

 

Fits and Diagnostics for Unusual Observations 

 

Obs  Speed_Entrance    Fit   Resid  Std Resid 

  5           12.93  33.68  -20.76      -2.07  R 

 10           68.28  36.99   31.30       3.13  R 

 19           53.89  33.68   20.21       2.02  R 

 37           67.73  33.68   34.05       3.40  R 

 62           12.41  35.34  -22.93      -2.27  R 

 

R  Large residual 
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Figure J. 27 Test for equal variance of the speed at the entrance of the TWLTL 
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Figure J. 28 Johnson Transformation for the position of entrance of the TWLTL 
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Table J. 29 General Linear Model 1 of the Position in the TWLTL Entrance 

 

 

 

 

 

 

 

 

 

General Linear Model: Posicion_Entrance_Transform versus Width, Density  

 
Analysis of Variance 

 

Source           DF   Adj SS  Adj MS  F-Value  P-Value 

  Width           1   0.1527  0.1527     0.16    0.690 

  Density         1   0.5161  0.5161     0.54    0.464 

  Width*Density   1   0.1108  0.1108     0.12    0.734 

Error            77  73.4196  0.9535 

  Lack-of-Fit     5   4.0766  0.8153     0.85    0.521 

  Pure Error     72  69.3430  0.9631 

Total            80  78.5290 

 

 

Model Summary 

 

       S   R-sq  R-sq(adj)  R-sq(pred) 

0.976474  6.51%      2.86%       0.00% 

 

 

Coefficients 

 

Term              Coef  SE Coef  T-Value  P-Value    VIF 

Constant        -0.062    0.987    -0.06    0.950 

Width           0.0275   0.0687     0.40    0.690   4.27 

Density        -0.0130   0.0176    -0.74    0.464  19.38 

Width*Density  0.00042  0.00123     0.34    0.734  22.65 

 

 

Regression Equation 

 

Posicion_Entrance_Transform = -0.062 + 0.0275 Width - 0.0130 Density 

+ 0.00042 Width*Density 

 

 

Fits and Diagnostics for Unusual Observations 

 

Obs  Posicion_Entrance_Transform     Fit   Resid  Std Resid 

  2                       -2.166   0.195  -2.360      -2.45  R 

 12                        2.443   0.188   2.256       2.35  R 

 19                       -1.952  -0.025  -1.928      -2.06  R 

 

R  Large residual 
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Table J. 30 General Linear Model 2 of the Position in the TWLTL Entrance 

 

 

 

 

 

 

 

 

 

 

 

General Linear Model: Posicion_Entrance_Transform versus Width, Density  

 
Analysis of Variance 

 

Source         DF  Adj SS  Adj MS  F-Value  P-Value 

  Width         1   1.986  1.9863     2.11    0.151 

  Density       1   3.012  3.0124     3.20    0.078 

Error          78  73.530  0.9427 

  Lack-of-Fit   6   4.187  0.6979     0.72    0.631 

  Pure Error   72  69.343  0.9631 

Total          80  78.529 

 

 

Model Summary 

 

       S   R-sq  R-sq(adj)  R-sq(pred) 

0.970926  6.37%      3.96%       0.00% 

 

 

Coefficients 

 

Term          Coef  SE Coef  T-Value  P-Value   VIF 

Constant    -0.348    0.513    -0.68    0.499 

Width       0.0479   0.0330     1.45    0.151  1.00 

Density   -0.00712  0.00398    -1.79    0.078  1.00 

 

 

Regression Equation 

 

Posicion_Entrance_Transform = -0.348 + 0.0479 Width - 0.00712 Density 

 

 

Fits and Diagnostics for Unusual Observations 

 

Obs  Posicion_Entrance_Transform    Fit   Resid  Std Resid 

  2                       -2.166  0.195  -2.360      -2.47  R 

 12                        2.443  0.194   2.249       2.35  R 

 

R  Large residual 
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Table J. 31 General Linear Model 3 of the Position in the TWLTL Entrance 

 

 

 

 

 

 

 

 

 

 

General Linear Model: Posicion_Entrance_Transform versus Width  

 
Analysis of Variance 

 

Source         DF  Adj SS  Adj MS  F-Value  P-Value 

  Width         1   1.986  1.9863     2.05    0.156 

Error          79  76.543  0.9689 

  Lack-of-Fit   1   2.965  2.9652     3.14    0.080 

  Pure Error   78  73.578  0.9433 

Total          80  78.529 

 

 

Model Summary 

 

       S   R-sq  R-sq(adj)  R-sq(pred) 

0.984325  2.53%      1.30%       0.00% 

 

 

Coefficients 

 

Term        Coef  SE Coef  T-Value  P-Value   VIF 

Constant  -0.697    0.481    -1.45    0.151 

Width     0.0479   0.0335     1.43    0.156  1.00 

 

 

Regression Equation 

 

Posicion_Entrance_Transform = -0.697 + 0.0479 Width 

 

 

Fits and Diagnostics for Unusual Observations 

 

Obs  Posicion_Entrance_Transform     Fit   Resid  Std Resid 

  2                       -2.166  -0.026  -2.140      -2.19  R 

  5                        2.211   0.166   2.046       2.11  R 

 12                        2.443   0.166   2.277       2.35  R 

 19                       -1.952   0.166  -2.118      -2.19  R 

 

R  Large residual 
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Table J. 32 General Linear Model 4 of the Position in the TWLTL Entrance  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

General Linear Model: Posicion_Entrance_Transform versus Density  

 
Analysis of Variance 

 

Source         DF  Adj SS  Adj MS  F-Value  P-Value 

  Density       1   3.012  3.0124     3.15    0.080 

Error          79  75.517  0.9559 

  Lack-of-Fit   1   1.056  1.0562     1.11    0.296 

  Pure Error   78  74.460  0.9546 

Total          80  78.529 

 

 

Model Summary 

 

       S   R-sq  R-sq(adj)  R-sq(pred) 

0.977705  3.84%      2.62%       0.00% 

 

 

Coefficients 

 

Term          Coef  SE Coef  T-Value  P-Value   VIF 

Constant     0.323    0.225     1.44    0.154 

Density   -0.00712  0.00401    -1.78    0.080  1.00 

 

 

Regression Equation 

 

Posicion_Entrance_Transform = 0.323 - 0.00712 Density 

 

 

Fits and Diagnostics for Unusual Observations 

 

Obs  Posicion_Entrance_Transform    Fit   Resid  Std Resid 

  2                       -2.166  0.195  -2.360      -2.45  R 

  5                        2.211  0.195   2.017       2.09  R 

 12                        2.443  0.002   2.441       2.51  R 

 

R  Large residual 
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Figure J. 29 Test for equal variance of the position at the entrance of the TWLTL 

 

Table J. 33 Kruskal Wallis Test Outputs of R 

 
> #Analysis of Speed at the -150 meters 
> kruskal.test(myData$Speed_in_.150_Transform,myData$Width+myData$Density) 
 
  
Kruskal-Wallis rank sum test 
 
data:  myData$Speed_in_.150 and myData$Width + myData$Density 
Kruskal-Wallis chi-squared = 2.5131, df = 4, p-value = 0.6423 
 
> kruskal.test(myData$Speed_in_.150,myData$Density) 
 
 Kruskal-Wallis rank sum test 
 
data:  myData$Speed_in_.150 and myData$Density 
Kruskal-Wallis chi-squared = 0.55619, df = 2, p-value = 0.7572 
 
> kruskal.test(myData$Speed_in_.150,myData$Width) 
 
 Kruskal-Wallis rank sum test 
 

Width Density

3

2

1

3

2

1

3

2

1

3

2

1

3.02.52.01.51.00.5

P-Value 0.303

P-Value 0.317

Multiple Comparisons

Levene’s Test

Test for Equal Variances: Posicion_Entrada_Transform_Corr vs Width, Density
Multiple comparison intervals for the standard deviation, α = 0.05

If intervals do not overlap, the corresponding stdevs are significantly different.
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data:  myData$Speed_in_.150 and myData$Width 
Kruskal-Wallis chi-squared = 2.5536, df = 2, p-value = 0.2789 
 
>  
> #Analysis of Speed at the 0 meters 
> kruskal.test(myData$Speed_in_0,myData$Width+myData$Density) 
 
 Kruskal-Wallis rank sum test 
 
data:  myData$Speed_in_0 and myData$Width + myData$Density 
Kruskal-Wallis chi-squared = 0.98782, df = 4, p-value = 0.9116 
 
> kruskal.test(myData$Speed_in_0,myData$Density) 
 
 Kruskal-Wallis rank sum test 
 
data:  myData$Speed_in_0 and myData$Density 
Kruskal-Wallis chi-squared = 0.72361, df = 2, p-value = 0.6964 
 
> kruskal.test(myData$Speed_in_0,myData$Width) 
 
 Kruskal-Wallis rank sum test 
 
data:  myData$Speed_in_0 and myData$Width 
Kruskal-Wallis chi-squared = 0.76724, df = 2, p-value = 0.6814 
 
>  
> #Analysis of Speed at the 150 meters 
> kruskal.test(myData$Speed_in_150,myData$Width+myData$Density) 
 
 Kruskal-Wallis rank sum test 
 
data:  myData$Speed_in_150 and myData$Width + myData$Density 
Kruskal-Wallis chi-squared = 1.7307, df = 4, p-value = 0.7851 
 
> kruskal.test(myData$Speed_in_150,myData$Density) 
 
 Kruskal-Wallis rank sum test 
 
data:  myData$Speed_in_150 and myData$Density 
Kruskal-Wallis chi-squared = 1.2611, df = 2, p-value = 0.5323 
 
> kruskal.test(myData$Speed_in_150,myData$Width) 
 
 Kruskal-Wallis rank sum test 
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data:  myData$Speed_in_150 and myData$Width 
Kruskal-Wallis chi-squared = 2.2605, df = 2, p-value = 0.323 
 
>  
> #Analysis of Speed at the Entrance position 
> kruskal.test(myData$Speed_Entrance,myData$Width+myData$Density) 
 
 Kruskal-Wallis rank sum test 
 
data:  myData$Speed_Entrance and myData$Width + myData$Density 
Kruskal-Wallis chi-squared = 1.5336, df = 4, p-value = 0.8207 
 
> kruskal.test(myData$Speed_Entrance,myData$Density) 
 
 Kruskal-Wallis rank sum test 
 
data:  myData$Speed_Entrance and myData$Density 
Kruskal-Wallis chi-squared = 0.43534, df = 2, p-value = 0.8044 
 
> kruskal.test(myData$Speed_Entrance,myData$Width) 
 
 Kruskal-Wallis rank sum test 
 
data:  myData$Speed_Entrance and myData$Width 
Kruskal-Wallis chi-squared = 2.6026, df = 2, p-value = 0.2722 
 
>  
> #Analysis of position of entrance 
> kruskal.test(myData$Posicion_Entrance,myData$Width+myData$Density) 
 
 Kruskal-Wallis rank sum test 
 
data:  myData$Posicion_Entrance and myData$Width + myData$Density 
Kruskal-Wallis chi-squared = 0.82371, df = 4, p-value = 0.9352 
 
> kruskal.test(myData$Posicion_Entrance,myData$Density) 
 
 Kruskal-Wallis rank sum test 
 
data:  myData$Posicion_Entrance and myData$Density 
Kruskal-Wallis chi-squared = 4.0367, df = 2, p-value = 0.1329 
 
> kruskal.test(myData$Posicion_Entrance,myData$Width) 
 
 Kruskal-Wallis rank sum test 
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data:  myData$Posicion_Entrance and myData$Width 
Kruskal-Wallis chi-squared = 4.481, df = 2, p-value = 0.1064 

 

 

 


