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Abstract

Level-of-service (LOS) is defined in the Highway Capacity Manual (HCM) as a

qualitative measure that needs to reflect user perceptions of quality of service, comfort

and convenience. Delay has been chosen as the only measure for determining signalized

intersection LOS but a behavioral investigation and justification for this choice is lacking.

Previous studies, mostly for freeways, reported that road users consider multiple factors,

including traffic-related and non-traffic factors in their evaluation of LOS. Little attention

has been given to understanding how road users perceive LOS at signalized intersections.

A web-based survey was conducted to find how road users perceive LOS at

signalized intersections. More than 1,300 responses revealed that, besides signal

efficiency, left-turn safety was important. Drivers making left-turns preferred to use

exclusive left-turn lanes. Drivers and pedestrians would be willing to wait a longer time

at signalized intersections in exchange for protected left-turn signals. It was also found

that conveniences such as the clarity of pavement markings and pavement quality were

important to drivers at signalized intersections. Therefore, multiple factors are important

to drivers at signalized intersections. The findings suggest that delay may need to be

supplemented by a number of quantifiable attributes of signalized intersections for a

representation of LOS that cOlTesponds better to road user perceptions. Equal delays and

LOS at multilane intersections with and without left-turn lanes and left-turn phases, and

with and without good pavement and clear pavement markings would ranlc equally

according to the HCM, but they would rank significantly different if road user

perceptions are considered.
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Three alternative methodologies were developed by applying the potential

conflict technique and fuzzy set theory to determine signalized intersection LOS that

accounts for user perceptions, the potential conflict analysis method, the fuzzy weighted

average method, and the fuzzy logic method. Each method has its appropriate usage. The

potential conflict analysis method models the tradeoff between safety and efficiency

explicitly by combining delay with collision risk to achieve a LOS measure incorporating

safety risk. Rigid LOS thresholds were replaced with fuzzy numbers to make it more

consistent with driver perceptions in the fuzzy weighted average method and the fuzzy

logic method. To reflect the fuzziness of user perceptions, membership grades were used

to assign confidence levels for each LOS category. Moreover, the fuzzy logic method

simulates the human reasoning process for the evaluation of signalized intersection LOS.

This dissertation met its goal to find how road users evaluate signalized

intersection LOS and to develop methodologies to determine signalized intersection LOS

that accounts for user perceptions. Although the proposed methodologies need calibration

of parameters, they lay the groundwork for future studies and can be subjected to both

simplification and emichment. The results of this research could affect the way traffic

engineers assess signalized intersection LOS because delay-based LOS is unable to

reflect user perceptions and may lead to biased results. Overall, the results of this

research improve our knowledge of how road users perceive LOS at signalized

intersections and provide useable methodologies of application.
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Chapter 1: Introduction

1.1 Background

In Highway Capacity Manual (HCM) 2000 (1), Level-of-Service (LOS) is defined

as "a quality measure describing operational conditions within a traffic stream, generally

in terms of such service measures as speed and travel time, freedom to maneuver, traffic

interruptions, and comfort and convenience." (p.2.2, 5.8)

Six levels of service are defined for each type of transportation facility in HCM

designated by letters from A to F, with LOS A representing the best operating conditions

and LOS F representing the worst operating conditions. LOS is the most impOliant

attribute in intersection analysis. Normally, LOS C (or LOS D in large urban areas) is

used as the lowest acceptable quality of service level. If the operation of an intersection is

worse, then the responsible agency needs to take measures to improve the operation of

the intersection. In some cases, a simple re-timing is enough.

Average stopped delay, the actual time stopped at a signalized intersection, was

used to define LOS from 1985 until 1997. Currently, average control delay is being used

as the only measure for determining LOS at signalized intersections. Average control

delay includes not only the stopped delay, but also the delay due to deceleration and

acceleration to the cruising speed. HCM 2000 (1) defines the criteria to categorize LOS

based on control delay, as shown in Table 1.1.1.

LOS is an important measure of performance 111 analyses of signalized

intersections. It is used to evaluate the performance of signalized intersections, identify
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the existence of traffic problems, evaluate traffic improvement plans, and communicate

with decision-makers and citizens.

Table 1.1.1 LOS Criteria for Signalized Intersections (HCM 2000)

LOS Control Delay (sec/veh)
A :::;10
B >10-20
C >20-35
D >35-55
E >55-80
F >80

1.2 Problem Statement

Prior to HCM 2000, the LOS was defined as "a qualitative measure describing

operational conditions within a traffic stream and their perception by motorists and

passengers." The phrase "perception by motorists and passengers" was removed from the

LOS definition in HCM 2000. However, HCM 2000 also states that "each level of service

represents a range of operating conditions and the driver's perception of those

conditions." (p.2.3) Therefore, there is no doubt that the LOS is a qualitative measure that

needs to reflect user perceptions of quality of service, comfort and convenience.

Although the concept of LOS is meant to reflect road user perceptions, delay has

been chosen by the TRB Committee on Highway Capacity and Quality of Service

(HCQS*) as the only representation of motorist "losses" at signalized intersections

* It develops the content and policies and oversees the production of the HeM.
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without behavioral investigation and justification for making this choice. The reason for

using delay as an indicator is that "delay is a measure of driver discomfort, frustration,

fuel consumption, and increased travel time." (1) (p.10.15) It was also recognized that

more delay increases driver exposure to air pollution.

Using delay as the sole index for LOS is meaningful and useful for traffic

engineers, but it is not necessarily so for road users. In addition to delay, a number of

other factors may affect road user perceptions of LOS such as safety risk, signal

responsiveness, clarity and usefulness of pavement markings, etc. For example, in terms

of safety risk, the provision of left-turn lanes and protected left-turn signals at a

signalized intersection could make drivers, especially those turning left, feel safer and

more comfortable than permitted left-tum signal operations. Drivers turning left may be

willing to wait a longer time in exchange for protected left-tum signals which provide

more safety by eliminating conflicts between vehicles turning left and opposing vehicles

going straight through and pedestrians in the crosswalk. Therefore, the delay-based LOS

for signalized intersections may lead to biased results due to its inability to reflect user

perceptions.

Moreover, drivers hardly ever lmow or measure the delay at a signalized

intersection. They routinely make judgments on the operation of signalized intersections

based on their perception and it is usually expressed in linguistic terms such as "good,"

"acceptable," and "poor." This type of complex, subjective, qualitative and imprecise

judgment is common in human concept formulation and reasoning. The current method

for determining LOS in HeM 2000 does not reflect well those qualitative and subjective

judgments.
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In addition, the assumption in HeM 2000 that there are rigid thresholds between

each LOS category is questionable. For example, there is no difference in human

perception between 55 seconds and 55.1 seconds of delay. However, 55 seconds of delay

is LOS D and 55.1 seconds of delay is LOS E. A gradual transition between consecutive

LOS would correlate better with human perception of LOS.

1.3 Study Objectives

The goal of this study is to find how road users evaluate signalized intersection

LOS and to develop methodologies to determine signalized intersection LOS that account

for user perceptions. Specifically, the study has the following main objectives:

1. Identify factors that are important to drivers at signalized intersections.

2. Investigate trade-offs between safety and delay at signalized intersections.

3. Develop a method to determine signalized intersection LOS that explicitly

incorporates road user perceived safety risk.

4. Develop methodologies to determine signalized intersection LOS by applying

fuzzy set theory to combine important factors, which reflect the imprecise

perception of quality of service by road users.

The first objective is to find how road users perceive LOS at signalized

intersections. A self-administered questio1111aire survey is developed to find if other

factors besides delay are important to drivers at signalized intersections.

The second objective is to understand how road users perceive potential collisions

between vehicles turning left and vehicles going through and pedestrians in the

crosswalk. The level of concern and the importance of safety over waiting time perceived

4



by drivers and pedestrians are collected using the questionnaire. Tests are developed to

find if drivers and pedestrians would be willing to wait a longer time at signalized

intersections in exchange for protected left-tum signals.

The third objective is to develop a method to include safety risk in traffic analysis

of signalized intersections. Models are developed to quantify collision risk representing

the perceived safety risk and concomitant stress on drivers. Collision risk is then

combined with delay to achieve a measure ofLOS which incorporates safety risk.

The fourth objective is to develop methodologies by applying fuzzy set theory for

the determination of LOS based on user perceptions for signalized intersections. The

methodologies combine important factors together based on fuzzy set theory. The

methodologies may reflect an approximate reasoning process of humans.

1.4 Significance of Research

The contribution of this research lies in the identification of factors important to

drivers at signalized intersections and the development of methodologies to determine

signalized intersection LOS that accounts for user perceptions.

The results of this research could affect the way traffic engineers assess signalized

intersection LOS because delay-based LOS is not able to reflect user perceptions and

may lead to biased results.

Several methodologies were developed to determine LOS by applying the

potential conflict technique and fuzzy set theory. Those methods may be reflective of

road user perceptions. Although the proposed methodologies need calibration of
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parameters, they lay the groundwork for future studies and can be subjected to both

simplification and enrichment.

Overall, the results of this research may improve our knowledge of how road

users perceive LOS at signalized intersections and may provide useable methodologies of

application.

1.5 Dissertation Organization

Nine chapters follow this introductory chapter.

Chapter 2 is the literature review which summarizes the evolution of the LOS

concept and reviews past research on user perceptions of LOS for various transportation

facilities.

Chapter 3 presents the methodology used in this study including the motorist

survey and its statistical analysis. It also includes the three analytic methodologies

developed for LOS determination.

Chapter 4 provides a detailed description of the motorist survey, including

questionnaire design, survey population, sampling frame, sample SIze estimation,

sampling method, survey delivery method, and response rates.

Chapter 5 presents analyses of the sample data gathered with the motorist

questiOlmaire survey. Factors important to drivers and trade-offs between safety and

delay at signalized intersections are also presented.

Chapter 6 presents a method to determine signalized intersection LOS which

incorporates explicitly safety risk as perceived by road users. The method is based on two

models which quantify potential vehicle-to-vehicle collisions and potential vehicle-to-
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pedestrian collisions. Case studies are also presented illustrating the application of the

proposed method.

Chapter 7 presents the methodology to determine LOS at signalized intersections

usmg the fuzzy weighted average (FWA) method. Case studies are also presented

illustrating the application of the proposed method.

Chapter 8 presents another methodology to determine LOS at signalized

intersections based on the fuzzy logic (FL) method. Fuzzification of input parameters,

fuzzy inference based on fuzzy rules, and defuzzification of outputs are discussed. Case

studies are also presented illustrating the application of the proposed method.

Chapter 9 presents the conclusions of this dissertation. The fulfillment of the

research objectives is summarized and a comparison of the developed methodologies is

presented. Recommendations and directions for future study are also suggested.

This dissertation also includes an appendix with the survey questionnaire and a

list of references.
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Chapter 2: Literature Review

The literature review is organized in two parts. The first part examines the

evolution of the Level-of-Service (LOS) concept. The second part reviews the

development of user perceptions of LOS for various traffic facilities. Literature relevant

to each proposed methodology is presented in Chapters 6, 7 and 8.

2.1 LOS Evolution

The development of the concept of LOS dates back to the 1950s. In 1963, the

Highway Capacity Committee voted to introduce the concept ofLOS into the HCM (2).

LOS was formally introduced in HCM 1965 (3); it was recognized as "a

qualitative measure of the effect of a number of factors, which include speed and travel

time, traffic interruptions, freedom to maneuver, safety, driving comfort and

convenience, and operating costs."(p.7) HCM 1965 defined loadfactor (LF) as a "ratio of

the total number of green signal intervals that are fully utilized by traffic during the peak

hour to the total number of green intervals for that approach during the same

period."(p.116) LF was adopted as the measure for determining LOS at signalized

intersections. The criteria to define each LOS category using LF are shown in Table

2.1.1.

Difficulty in identifying loaded cycles by field observers, absence of a rational

basis for breakpoints, and insensitivity to low traffic volumes were some of the problems

with LF. Among the various attempts to develop a more rational method for quantifying

the LOS for signalized intersections, Tidwell and Humphreys (4) investigated the
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feasibility of using average individual delay (AID) as a measure for LOS. They argued

that "if speed is to be considered the criterion for uninterrupted flow conditions, then a

delay index appears commensurate for intersection design." (p.28)

Subsequently, much research effort on field delay measurement techniques (5, 6)

and analytical delay estimation (7, 8, 9, 10) occurred after the publication of HCM 1965.

Transportation Research Circular 212 (11) proposed a guideline to determine LOS based

on the stopped delay, as shown in Table 2.1.2. Volume/capacity (v/c) ratio was also used

as another measure to determine LOS.

HCM 1985 (12) first specified the average stopped delay, the actual time stopped

at a signalized intersection, as a LOS measure for signalized intersections. In it, LOS was

defined as "a qualitative measure describing operational conditions and their perception

by motorists and/or passengers." The breakpoints to separate each LOS category are

shown in Table 2.1.3.

In 1997, control delay replaced stopped delay. Control delay includes not only the

stopped delay, but also the delay due to deceleration and acceleration to the cruising

speed. LOS was defined in HCM 1997 (13) as "a qualitative measure that characterizes

operational conditions within a traffic stream and their perception by motorists and

passengers." (p.1.4) Table 2.1.4 lists the threshold values to define each LOS category.

These threshold values were derived based on some research by multiplying the threshold

values for stopped delay (those shown in Table 2.1.3) by a constant factor of 1.3 and

rounding up to the nearest five seconds.

More recently, LOS was defined again in HCM 2000 (1) as "a quality measure

describing operational conditions within a traffic stream, generally in terms of such
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service measures as speed and travel time, freedom to maneuver, traffic interruptions, and

comfort and convenience." (p.2.2, 5.8) The threshold values to define LOS categories are

the same as those defined in HCM 1997.

Table 2.1.1 LOS Criteria for Signalized Intersections (HCM 1965)

LOS Load Factor
A 0.0
B ::;;0.1

C ::;; 0.3
D ::;; 0.7

E ::;; 1.0

F -

Not apphcable

Table 2.1.2 LOS Criteria for Signalized Intersections (Circular 212)

LOS
Stopped Delay

vic
(sec/veh)

A ::;; 16 ::;; 0.6
B >16-22 >0.6-0.7
C >22-28 >0.7-0.8
D >28-35 >0.8-0.9
E >35-40 >0.9-1.0
F >40 vanes
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Table 2.1.3 LOS Criteria for Signalized Intersections (HeM 1985)

LOS
Stopped Delay

(sec/veh)

A ::;5
B >5-15
C > 15-25
D >25-40
E >40-60
F >60

Table 2.1.4 LOS Criteria for Signalized Intersections (HeM 1997)

LOS Control Delay (sec/veh)

A ::;10
B >10-20
C >20-35
D >35-55
E >55-80
F >80
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2.2 User Perceptions of LOS

There is a modest amount of research on LOS perceptions of road users. Most of

it pertains to freeways, with a small portion focusing on signalized intersections, urban

arterial streets, bicyclists, pedestrians, bus transit usage, and airports.

Sutaria and Haynes (14) conducted a road user opinion survey to determine driver

perception of LOS at signalized intersections. Over 300 drivers participated in the study;

they were asked to rate the LOS after viewing fourteen video clips with various delays.

Participants were asked to indicate important factors that affected their perception of LOS

from a list of five factors: delay, number of stops, traffic congestion, number of trucks

and buses, and difficulty of lane changing. Delay was found to be the most important

factor and it correlated well with LOS ratings.

Pecheux et al. (15, 16) noted that the delay-based LOS categories at signalized

intersections are not based directly on studies of user perceptions. They conducted a

video laboratory study and found that drivers do not perceive LOS on six levels as

precisely as assumed by transportation engineers. Drivers did not distinguish between

very good and good levels of service (e.g., LOS A, B and C). Respondents identified

several other factors that impacted their LOS ratings such as traffic signal efficiency, left

turn traffic signals, pavement quality and pavement markings. Pecheux et al. (17)

extended the research to urban arterial streets with an in-vehicle field approach with 22

drivers. About 40 factors were identified as being relevant to driver perception of LOS on

urban streets including the presence of trees and aggressive drivers.
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Hall et a1. (18) conducted a study to determine freeway quality of service from the

viewpoint of drivers and passengers. Focus groups revealed that travel time is the most

impOliant factor to freeway commuters. However, several other factors, including safety,

traveler information and density or maneuverability are also important.

Hostovsky and Hall (19) used focus groups to investigate the perceptions of

tractor-trailer drivers on freeway quality of service. Traffic flow that does not require

much braking and gear-changing is the primary quality of service factor for tractor-trailer

drivers. Travel time, traffic density, and some other factors including safety, weather, and

road rage are also important.

Hostovsky et a1. (20) examined freeway quality of service by three different road

user groups: urban commuters, rural commuters, and truck drivers. They found that urban

commuters are more concerned about travel time, rural commuters are more concerned

about maneuverability, and truck drivers are more concerned about steady speed which

requires infrequent braking and gear-changing. The use of different thresholds on traffic

density, the number of vehicles on a roadway segment averaged over space which is

usually expressed as vehicles per mile or vehicles per mile per lane, for urban and rural

freeways was suggested.

Washburn et a1. (21) investigated factors that influence road user perception of

quality of service on rural freeways. Motorists were surveyed at a freeway service plaza

of the Florida Turnpike. Motorists were asked to rate the level of importance of 16 factors

on a seven-point scale. Density, speed variance and percent of free-flow speed were

important factors. It was also found that some non-operational factors including

pavement quality and driver etiquette were also impOliant.
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Choocharukul et al. (22) examined road user perceptions of freeway LOS. The

195 drivers were asked to rate their perceptions of LOS for two dozen video clips

depicting various traffic conditions. Ordered probit models showed that traffic density

and driver characteristics such as age, level of education, miles driven per year affect the

perceptions of LOS.

Nakamura et al. (23) examined factors that affect road user perceptions of LOS on

rural motorways in Japan based on experiments with 22 drivers. The correlation between

driver ratings and traffic flow characteristics revealed that traffic flow rate was the most

important factor affecting the perceptions of LOS. Other factors included the number of

lane changes, the time spent following other cars and driving experience. Kita (24)

investigated merging behavior at an on-ramp section of an expressway. A driver utility

function was estimated to derive LOS based on the observed merging behavior.

Landis et al. (25) conducted a field study to determine bicycle LOS with the help

of 150 bicyclists who rode a 27 km course in Tampa, FL. They focused on the LOS of

roadway links only. Significant factors included traffic volume, number of through lanes,

width of outside through lane, heavy vehicles, pavement conditions and striping of

bicycle lanes. Landis et al. (26) also studied the LOS for the through movement of

bicycles. Nearly 60 bicyclists completed the 27 Ian course including 21 intersections.

Roadway traffic volurrie, width of the outside through lane and intersection crossing

distance were found as primary factors to determine intersection bicycle LOS.

Landis et al. (27) developed pedestrian LOS on roadway segments based on direct

responses from 75 pedestrians. The presence of a sidewalk and lateral separation, traffic
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volume, and traffic speed were found to be primary factors that influence pedestrian

LOS.

Madanat et al. (28) proposed a method to determine bus transit LOS based on the

perception of bus riders. LOS threshold values were determined using an ordered probit

model. Ndoh et al. (29) proposed an approach for evaluating airport passenger LOS.

Since passenger LOS perceptions were usually expressed in natural languages such as

"poor" and "good", fuzzy set theory was applied to develop models which directly

incorporate passenger perceptions.

Pfefer (30) developed a methodological framework for modeling public

perceptions of LOS in a highway system. The quality of service was defined as a function

of five performance measures: mobility, safety, environment, comfort and convenience,

and road-user direct cost.

Flannery et al. (31) summarized four studies on driver perceptions of LOS. Data

collection methods such as focus groups, video-based experiments and in-vehicle

. monitoring were reviewed. They concluded that the modeling of road user perceptions of

the LOS is possible but it requires an extensive effort to identify and prioritize the factors

that are important to drivers and to model and calibrate those factors.

2.3 Chapter Summary

This chapter reviewed the evolution of the LOS concept and the development of

user perceptions of LOS for various transportation facilities.
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The LOS has been in the traffic engineering mainstream for nearly half a century

without major changes: it is a qualitative measure which needs to reflect user perceptions

of quality of service, comfort and convenience.

The limited past research on user perceptions of LOS for various transportation

facilities shows that road users consider multiple factors for the evaluation of LOS.

Therefore, road user perception of LOS is likely a function of multiple factors including

not only traffic-related variables, but also some non-traffic variables such as roadway

conditions.

It is noted that most past research on user perceptions of LOS focused on

freeways. Little attention has been given to understanding how road users perceive LOS

at signalized intersections.
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Chapter 3: Methodology

3.1 Introduction

This chapter presents the methodologies that were used in and developed for this

study.

• Motorist survey: A survey was developed to find what matters to road users

at signalized intersections, to test several hypotheses, and to estimate

parameters for the proposed methodologies for LOS determination.

• Statistical analysis: Various statistical methods were used for analyzing the

survey data.

• Three analytic methodologies for LOS determination: Three

methodologies were developed for LOS determination that accounts for user

perceptions by applying the potential conflict technique and fuzzy set theory.

3.2 Motorist Survey

A self-administered questiOlmaire survey was essential for achieving the

objectives of this study. The survey was used to find how road users perceive LOS at

signalized intersections. It was also used for testing several hypotheses as well as

estimating parameters used in the proposed methodologies for LOS determination.

Several questions were included in the survey relating to:

• Driver expectation of waiting time.

• Driver opinions on protected left-turn signals.

• Factors important to drivers at signalized intersections.
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• Trade-offs between intersection safety and delay.

Due to cost constraints, the survey was web-based. The survey is eight pages

long. A detailed description of the motorist survey, including the questionnaire design,

sample design and survey responses, are presented in Chapter 4. Survey sample

characteristics and survey findings are detailed in Chapter 5.

3.3 Statistical Analysis

xl-tests were applied for dependent variables with nominal-level data.

Kruskal-Wallis One-Way ANOVA was applied for dependent variables with

ordinal-level data to assess whether there are significant differences among different

independent groups. Mann-Whitney Test was further used to conduct pmrWIse

comparisons for significant independent variables with more than two categories.

Analysis of variance (ANOVA) was applied for dependent variables with ratio- or

interval- level data to assess whether there are significant differences among different

independent groups. The influences of several independent variables such as gender, age,

driving experience, etc. on the dependent variables were investigated simultmleously in

ANOVA. The REGWQ procedure in SPSS was further used to conduct pairwise

comparisons for significant independent variables with more than two categories.

The survey included a section with eight questions measuring risk-taking driving

behavior. Cluster analysis was employed to group survey samples with similar driving

behavior.

Ten factors that are potentially important to drivers at signalized intersections

were listed in the survey. Factor analysis was performed after data were collected to
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reduce those factors into a smaller set of uncorrelated factors as well as to inspect the

logical consistency of the responses.

The 0.05 level of significance (i.e., 95% confidence level) was used throughout

the dissertation for statistical analysis, unless stated otherwise.

3.4 Three Analytic Methodologies for LOS Determination

Three analytic methodologies for determining LOS that accounts for user

perceptions were developed:

• Potential conflict analysis

• Fuzzy weighted average

• Fuzzy logic

Brief descriptions of the fundamentals of each methodology are given below.

Detailed background and methodology development and applications are given in

Chapters 6, 7 and 8.

3.4.1 Potential Conflict Analysis for LOS Determination

In addition to delay, safety is a major concern of motorists, pedestrians, and

agencies responsible for the operation of signalized intersections.

The major difference between permitted and protected left-turn phasing at a

signalized intersection is the left-turn discharge process and the related collision risk.

Figure 3.4.1 illustrates a typical signalized intersection with shared left-tum lanes and

permitted left-turn phases. The east-bound (EB) left-turning vehicles need to wait for

appropriate gaps in the opposing traffic that are also free of pedestrians in the crosswalk
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before executing the left-turn maneuver. During this period, there are potential conflicts

between left-turning vehicles and opposing traffic and pedestrians. A quantitative

estimate of the number of potential conflicts is a reasonable starting point for

incorporating safety into the concept of LOS.

The methodology is outlined in Figure 3.4.2. Models were developed to quantify

potential conflicts between left-turning vehicles and opposing through vehicles and

pedestrians. Potential conflicts were combined with delay to get a comprehensive LOS

indicator, the delay and safety index. The proposed method models the tradeoff between

safety and efficiency explicitly, and considers both vehicle-to-vehicle and vehicle-to

pedestrian conflicts associated with left-turns.

Detailed description of the methodology as well as case studies illustrating its

application are presented in Chapter 6.

3.4.2 Fuzzy Weighted Average for LOS Determination

Although many traffic experts prefer precise and quantifiable descriptions, LOS

to non-experts is a fuzzy concept that can be best described verbally in imprecise tenns

such as "very good," "good," "fair," "acceptable," "poor," and "very poor." The ability of

the fuzzy weighted average (FWA) method to weigh imprecise attributes using linguistic

terms makes it an appropriate method to determine user-perceived LOS.

The methodology of analysis is outlined in Figure 3.4.3. The motorist survey can

be used to identify important factors (or attributes) that affect road user perceptions of

LOS at signalized intersections. Based on the survey results, membership functions for

the importance levels of the identified attributes were developed. The FWA method was
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applied to combine the identified attributes. A composite LOS measure was obtained by

translating the fuzzy output into its equivalent linguistic term using the Euclidean

distance method.

Detailed description of the methodology as well as case studies illustrating its

application are presented in Chapter 7.

3.4.3 Fuzzy Logic for LOS Determination

Drivers routinely make judgments on the operation of signalized intersections

based on their perceptions which are usually expressed in linguistic terms. This type of

complex, subjective, qualitative and imprecise judgment is common in human concept

formulation and reasoning.

Fuzzy logic was applied to approximate human reasoning. It may be a more

appropriate method for modeling user perceptions of LOS at signalized intersection,

which are characterized by subjectivity, ambiguity, and imprecision.

The methodology of analysis is outlined in Figure 3.4.4. The motorist survey was

used to identify important factors (or attributes) that affect road user perceptions of LOS

at signalized intersections. The important factors were fuzzified into fuzzy sets labeled

with linguistic terms such as "good," "acceptable," and "poor." The resulting fuzzy

values were then entered into the fuzzy inference system. The fuzzy inference is based on

a fuzzy rule base which contains a set of "If-7Then" fuzzy rules. A typical fuzzy rule

would be:

If {Intersection is Large} and {Left-Tum Treatment is Good} and

{Delay is Long}

21



Then {LOS is Acceptable}

The fact following "If' is a premise or antecedent and the fact following "Then" is a

consequent.

The final composite LOS can be derived by assigning a confidence level for each

LOS A to F or by assigning one value based on the defuzzification process, which has yet

to be explained.

Detailed description of the methodology as well as case studies illustrating its

application are presented in Chapter 8.
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3.5 Chapter Summary

This chapter introduced the methodologies used in this study. The motorist survey

was used to find how road users perceive LOS at signalized intersections and to estimate

parameters for the proposed methodologies for LOS determination. Statistical analyses

for analyzing the survey data were presented. Three analytic methodologies for

determining LOS that accounts for user perceptions were introduced: (l) potential

conflict analysis for LOS determination, (2) fuzzy weighted average for LOS

determination, and (3) fuzzy logic for LOS determination.

This chapter serves as an outline for the methodologies of analysis. Detailed

description of the motorist survey and methodologies of analysis for LOS determination

are presented in Chapters 4 through 9.
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Chapter 4: Motorist Survey

A motorist survey was essential for the objectives of this research. The motorist

survey was used to evaluate what matters to road users at signalized intersections. It was

also used for testing several hypotheses as well as estimating parameters used in the

proposed methodologies. It should be noted that the data collected with the survey were

respondents' stated preferences instead of their actual driving behavior which could be

assessed with a revealed preference survey.

This chapter provides a detailed description of the motorist survey. Section 4.1

introduces the questiOlmaire design. Section 4.2 presents the sample design including

survey population, sampling frame, sample size estimation, sampling method, and survey

delivery method. Section 4.3 presents statistics describing the responses to the survey.

4.1 Questionnaire Design

Drafting the questionnaire was a difficult task because a large amount of

information was required and the questionnaire needed to be conCIse and easily

understandable to the public.

The final version of the distributed questionnaire is shown in Appendix A. The

flow (outline) of the questioilllaire is listed below:

(i) Driver expectation of waiting time: Test hypotheses that drivers would

expect more waiting time (1) at large intersections, (2) during rush

hours, (3) when turning left, and (4) on smaller streets.
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(ii) Driver opinions on protected left-turn signals: Collect driver opinions

on difficulty in making left-turns without protected left-tum signals,

safety with protected left-tum signals, and preference for protected left

turn signals at various sizes of intersections.

(iii) Factors important to drivers at signalized intersections: Collect

driver level of importance on several factors including waiting time, left

tum lanes, protected left-tum signals, right-tum lanes, pavement

markings, pavement quality, ability to go through an intersection within

once cycle of light changes, presence of heavy vehicles, and signal quick

responsiveness. A text box is also provided where the respondents can

opine on other important factors at signalized intersections.

(iv) Driver perception of potential collisions: Collect levels of concern on

potential collisions between vehicles turning left and vehicles going

straight through, and between vehicles turning left and pedestrians in the

crosswalk. Collect respondent opinion on importance of safety over

waiting time and additional waiting time in exchange for more safety by

replacing permitted left-tum signals with protected left-tum signals.

(v) Impact of rainy conditions on driving: Collect driver perceptions of

accident risk and driver changes in speed and the amount of travel under

rainy conditions. This section facilitates another research effort and thus

is not included in this dissertation.
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(vi) Demographic and socioeconomic information: Collect gender, age,

years of driving experience, level of education, occupation, and

automobile information (make, model, and manufacture year) data.

(vii) Risk-taking driving behavior: Measure risk-taking driving behavior

including: driving against yellowlred lights, tailgating, making turns

with pedestrians walking in the crosswalk, driving lO mph over the

speed limit, driving fast in light traffic for the thrill of it, driving fast in

heavy traffic, answering phone calls while driving, and making phone

calls while driving. This section was placed at the end of the survey so

that the data before this section could still be obtained even though some

respondents refused to answer these relatively sensitive questions.

A pretest was conducted before deploying the survey to large samples. The pretest

was administered to students in the Depmiment of Civil and Environmental Engineering

(CEE) at the University of Hawaii at Manoa (UHM) in April 2003. Three classes

(CEE270: Applied Mechanics I (Section 1 & 2); CEE462: Traffic Engineering)

participated in the pretest. A total of 59 questionnaires were distributed and 33

questio1l1laires were received.

Another pretest was administered to students who attended Professor Flachsbart's

PLAN 655: "Advanced Planning Methods & Models" in the Department of Urbml and

Regional Plaooing at the University of Hawaii at Manoa (UHM) in Fall 2003.

Discussions and comments in the class were used to further modify the questionnaire.
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The questionnaire fit in eight web-based pages. It was accompanied with a cover

letter. The survey deadline in the cover letter was different for different survey groups.

The cover letter in Appendix A was used for UHM students.

4.2 Sample Design

Since it is hardly possible to observe all elements in the population due to cost

and time constraints, a sampling technique is applied for most surveys. A sample is the

selected part of a larger population whose properties are studied to gain information

about the whole population. A typical sample design covers the following specifications:

Survey population, sampling frame, sample size, sampling method, and survey delivery

method.

4.2.1 Survey Population

The survey population consisted of all motorists including students, faculty, and

staff at the UHM who were registered in Spring 2004.

4.2.2 Sampling Frame

A complete registration list from the Information Technology Services (ITS) at

the UHM for Spring 2004 was used as the sampling frame. This is not a perfect sampling

frame since the list includes students, faculty, and staff without a driver's license. The

registration list is a feasible sampling frame from which samples can be selected

randomly. A screening question on whether the respondent has a driver's license was
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asked at the start of the questiOlmaire to screen out those who do not have a driver's

license.

4.2.3 Sample Size Estimation

Sample size is estimated using equation 4.2.1.

(4.2.1 )

where,

n = sample size

t= t-value corresponding to the desired level of confidence (t=1.96 at 95%

confidence level for n ~ 30 )

s = standard deviation of the sample mean

d = tolerable error

Table 4.2.1 lists several sample sizes based on a confidence level of 95% and

different assumptions on parameters sand d .

Since most of the survey questions have the response format of a five-point scale

(e.g., 1=not important, 2=a little important, 3=moderately important, 4=very important,

5=extremely important), it is reasonable to assume a tolerable error (d) of 0.25 and

standard deviation of 1.50, which yields an approximate sample size of 138. Assuming a

response rate of 20%, then about 690 questionnaires for each survey group must be

distributed.
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Table 4.2.1 Sample Size Estimation

d 0.25 0.50
s 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Sample Size (n) 15 35 61 96 138 188 246 4 9 15 24 35 47 61
Total Distribution

(20% response 75 175 305 480 690 940 1230 20 45 75 120 175 235 305
rate)

4.2.4 Sampling Method

There are two types of sampling methods: Probability sampling and non-

probability sampling. The difference between probability and nonprobability sampling is

that nonprobability sampling does not involve random selection but probability sampling

does. Every unit has a known probability of being selected in probability sampling, but

not every unit in a population has a lmown probability of being selected for

nonprobability sampling. Therefore, the findings from the nonprobability sample cannot

be generalized to the general population. In spite of this limitation, performing

nonprobability sampling usually is considerably less expensive and more convenient than

doing probability sampling. Nonprobability sampling might be the only option if no

sampling frame exists. It is a good method for exploratory studies.

In this study, the whole population was divided into three groups: (1) UHM

students, (2) UHM faculty, and (3) UHM staff. For each stratum, samples were randomly

selected by computer. Hence, probability sampling was used in this research.

4.2.5 Survey Delivery Method

Due to cost constraints, the survey was web-based. It was conducted on a server

in the Traffic and TranspOliation Lab (TTL) at the UHM and the questiOlmaire was coded
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into a web survey using the PHP* software. E-mail messages with the survey hyperlink

(e.g., http://traffic.eng.hawaii.edu/survey/uhstu.php?name=UHsmvey students) were sent

out to selected samples in March 2004 asking them to fill out the motorist smvey on-line.

The responses were automatically recorded on the sever. The data were recorded once

each page was completed. In this way, even though some respondents quit in the middle

of the smvey, the information in the previous pages was still recorded in the computer

database. Therefore, the sample size may vary by question.

Given the UHM's existing information infrastructme, the web survey method was

much cheaper to deploy than the traditional mail smvey method. No direct survey cost

was incmred. Also, the data were automatically stored in a database so that coding and

inputting smvey questionnaires was avoided. In addition, the web smvey period was

short, i.e., most smveys were completed within a 2-week window.

The disadvantages of a web smvey are that (1) some respondents may have

limited access to the Internet. This was not a problem for this survey because most people

at the UHM have access to the Internet. (2) E-mail solicitation such as this one may be

easier to ignore. This is debatable but it may be true given that om original response rate

expectation was 20% based on the response rate of 24-30% of past one-page mail-back

smveys in Honolulu. (3) respondents may choose to take the smvey multiple times. This

is unlikely for a survey of this length and complexity.

• PHP stands for rHP: Hypertext rreprocessor. The first word of the acronym is the acronym

itself.
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4.3 Survey Response Statistics

The motorist survey was conducted in March 2004. The survey population

consisted of all motorists including students, faculty, and staff at the UHM who were

registered in Spring 2004.

The registration list from the Information Technology Services (ITS) at the UHM

consisted of 22,128 students, 2,800 faculty, and 2,572 staff. Considering that there were

406 graduate assistants (Research Assistants and Teaching Assistants) in the faculty

database, the actual number of professors at the UHM were 2,800-406=2,394 in Spring

2004.

To malce the survey a successful one, the survey was split into two stages so that

the experience from the first stage would help to improve the survey at the second stage.

The two stages were:

1. First stage: Distribute the survey to UHM students by sending invitation e

mails to those selected students.

2. Second stage: Administer the survey to UHM faculty and staff also via

sending invitation e-mails to those selected professors and staff members.

No changes were made to the survey for the second stage because the survey for

the first stage turned out to be a successful one and no improvement was needed.

One-third (1/3) of UHM students, and one-half (112) of the UHM faculty and staff

were selected randomly by computer with the help of ITS staff, yielding a sample of

7,376 students, 1,197 professors, and 1,286 staff members.
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Invitation e-mails with the motorist survey hyperlink were sent to UHM students

on March 2, 2004 at around 5:00 PM. ITS managed this effort efficiently and they were

helpful with reminding messages.

Figure 4.3.1 shows the pattern of daily survey reception. The first day produced

the most (250 responses). The number of responses kept decreasing until March 9,2004,

when reminder e-mails were sent at around 4:00 PM which boosted responses to a second

peak with 110 responses. After that, responses decreased with time and there were only

12 responses at the deadline of March 15,2004. The server was still open for the survey

until April 18, 2004. As indicated in Figure 4.3.1, 17 more responses were received after

the deadline.

Table 4.3.1 lists the survey response rates. A total of 897 students filled out the

survey questionnaire, yielding a response rate of 12.2%. There were 83 failed/wrong e

mail addresses returned by the e-mail system which were removed from the sample size.

The adjusted response rate is 12.3%. The actual response rate is even higher since some

students did not have a driver's license at that time so they did not pass the screening

question on the cover page. The number of students without a driver's license is not

known because a suitable counter on the server was not implemented.

The survey was administered to UHM faculty and staff on March 10, 2004. The

invitation e-mails with the hyperlink to the survey website were sent at around 4:15 PM.

Figure 4.3.1 shows the pattern of daily survey reception. Unlike the response pattern of

students, the second day, instead of the first one, produced the most responses. This is

explained by the fact that the survey was distributed at the end of the workday. Therefore,

most faculty and staff did not have time to finish the survey on the first day. On the other
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hand, the schedule of students is more flexible and some of them work or study at night,

which explains why most of student responses occurred on the first day even though the

invitation e-mails were sent at 5:00 PM.

The number of responses kept decreasing until March 17, 2004, when reminder e

mails were sent at around 1:30 PM which boosted responses to a second peak with 31

responses from UHM faculty and 43 from UHM staff. After that, responses decreased

with time and there were only two responses from UHM faculty and one response from

UHM staff at the deadline of March 20, 2004. The server was still open for the survey

until April 18, 2004. As indicated in Figure 4.3.1, seven more responses from UHM

faculty and seven more responses from UHM staff were received after the deadline.

Table 4.3.1 lists the survey response rates for faculty and staff. In total, 191

professors and 243 staff members filled out the on-line survey questiOlmaire, yielding a

response rate of 16.0% and 18.9% for faculty and staff, respectively. There were 42

failed/wrong e-mail addresses returned by the e-mail system for faculty, and 35

failed/wrong e-mail addresses for staff, so the adjusted response rates for faculty and staff

are 16.5% and 19.4%, respectively. UHM staff was the only group that produced our

expected response rate of about 20%.

Overall, 1,331 completed survey questionnaires were received and the overall

survey response rate is 13.5%. Considering failed/wrong e-mail addresses, the adjusted

response rate is 13.7%.

The web-based motorist survey is eight pages long. The data were recorded once

each page was completed. In this way, even though some respondents quit in the middle

of the survey, the information in the previous pages was still recorded in the computer
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database. Therefore, the sample size may vary by question. Table 4.3.2 lists the sample

size for questions on each survey page. Figure 4.3.2 also shows the pattern of page

completion for UHM students, faculty and staff. In general, the percentage of page

completion decreases with increasing page number. The largest drop was observed for

page 3. Students had the lowest survey completion: 85.7% of them finished all eight

pages. Faculty had the highest completion rate of 91.1 %. Among UHM staff members,

89.7% filled out the entire survey form. On the average, 87.2% of the respondents

finished all eight pages. This high rate of completion exceeded the expectation that about

one-fourth ofthe respondents may not be patient enough to finish all eight pages.

Table 4.3.1 Survey Response Rate

Population Sample Response
Response Adjusted

Rate Response Rate
UHM Students 22,128 7,376 897 12.2% 12.3%
UHMFaculty 2,394 1,197 191 16.0% 16.5%

UHMStaff 2,572 1,286 243 18.9% 19.4%
Total 27,094 9,859 1,331 13.5% 13.7%

Table 4.3.2 Sample Size for Questions on Each Survey Page

Page UHM Students UHM Faculty UHM Staff Total

1 897 191 243 1331
2 894 187 241 1322
3 826 180 229 1235
4 797 180 225 1202
5 784 178 224 1186
6 775 177 224 1176
7 772 175 221 1168
8 769 174 218 1161
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Chapter 5: Survey Findings

This chapter provides a comprehensive description of the sample data gathered

with the motorist questionnaire survey. Trends, indications, and differences are identified

and discussed. Statistical tests were performed to test if there are significant differences

between different groups. It should be noted that the data collected with the survey were

respondents' stated preferences instead of their actual driving behavior which could be

assessed with a revealed preference survey.

Section 5.1 presents demographic and socioeconomic characteristics. Section 5.2

presents the measurement of risk-taking driving behavior. Section 5.3 presents driver

expectations of waiting time; Section 5.4 presents driver opinions on protected left-turn

signals in terms of difficulty, safety, and preference. Section 5.5 presents characteristics

of factors impOliant to drivers at signalized intersections. Section 5.6 presents driver

perceptions of potential collisions including vehicle-to-vehicle and vehicle-to-pedestrian

collisions. Section 5.7 summarizes key findings.

5.1 Demographics and Socioeconomics

This section presents demographic and socioeconomic characteristics of survey

respondents. The distributions of gender, age, years of driving experience, and level of

education are listed in Table 5.1.1, both in frequency and in percentage. Students

constituted 82% of the total population while only 67% of the survey samples were

students, indicating a lower response rate for students than that for faculty and staff
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members. Therefore, the survey results can be weighted to be reflective of the actual

population.

More females than males responded to the survey. More female UHM students

and staff members completed the survey; however, more male UHM faculty members

finished the survey largely because males predominate faculty positions. The actual

gender distribution of the total survey population at UHM was obtained from the Manoa

Chancellor's Office and is shown in parenthesis in Table 5.1.1. The gender distribution of

the survey respondents is a little different from that of the survey population; however,

the trend is the same: there were more female students, more male faculty members, and

more female staff members.

About 43% of the respondents were younger than 25. This is not surprising since

the survey population was the UHM campus and there were many young students in the

sample. For UHM faculty and staff, most of them were older than 25, with the majority

of the UHM faculty being older than 50.

More than half of the UHM students have 6 to 20 years of driving experience. The

majority ofUHM faculty and staff have more than 20 years of driving experience.

Not surprisingly, more than 99% of the respondents had at least some college

experience. More than 93% of the UHM students and staff members had some college

experience or already had a Bachelor's degree. More than 95% of the UHM faculty had

post-graduate degrees.

The percentage of drivers who drive SUV or pickup trucks for each survey group

is also shown in Table 5.1.1. This variable was created to assess if there are differences in
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dependent variables that could be attributed to driving these relatively larger, heavier and

inferior handling vehicles.

A question about whether the respondent owns a vehicle or has a vehicle always

available was asked in the survey questiollilaire. Overall, 93% of the respondents

answered "yes" to the question, indicating a high percentage of vehicle ownership for the

survey respondents who had a driver's license. Students also have a high vehicle

ownership at a little over 90%. Faculty and staff had similar patterns and more than 98%

of them owned vehicles.

Table 5.1.2 lists the classification of vehicle types. The vehicles were classified in

16 classes according to "Fuel Economy Guide (2004)" issued by U.S. Department of

Energy and U.S. Environmental Protection Agency as well as Consumer Reports (2004).

Most respondents (57.0%) drove sedans (including economy, subcompact, compact,

family, large, upscale, and luxury). About 6.2% drove pickup trucks (including compact

and full-sized) and 10.1 % owned SUVs (including small, mid-sized, and large).

Figure 5.1.1 shows the distribution of vehicle manufacture year. The average and

the mode of the vehicle manufacture year was 1996 and 2000, respectively. The age of

vehicles was similar to that reported by the 2001 National Household Travel Survey

(NHTS). The comparison is shown in Table 5.1.3. According to the X2-test, there is no

significant difference for vehicle ages between UHM data and 2001 NHTS (X2
(3)=I.4,

p=0.696), indicating the same trend in terms of vehicle ages between UHM drivers and

national drivers.
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Table 5.1.1 Characteristics of Survey Samples

Sample Total
Gender Age Driving Experience (years) Level of Education

Group
(N) Population Male Female ~ 25 26-50 >50 0-5 6-20 >20

No Some College/ Post-
College College Grad graduate

UHM Students 897 22,128 295 476 501 261 9 299 410 63 0 670 103
UHM Faculty 191 2,394 108 67 0 69 106 0 21 153 0 8 167
UHM Staff 243 2,572 83 136 2 114 101 2 49 168 16 115 88

Total 1331 27,094 486 679 503 444 216 301 480 384 16 793 358

Sample
Total Gender Age Driving Experience (years) Level of Education % Drive

Group
(%)

Population
Male Female ~ 25 26-50 >50 0-5 6-20 >20

No Some College/ Post- SUV&
(%) College College Grad graduate Truck

UHM Students 67% 82%
38% 62%

65% 34% 1% 39% 53% 8% 0% 87% 13% 21%
(44%) (56%)

UHM Faculty 15% 9%
62% 38%

0% 39% 61% 0% 12% 88% 0% 5% 95% 9%
(59%) (41%)

UHM Staff 18% 9%
38% 62%

1% 53% 46% 1% 22% 77% 7% 53% 40% 20%
(43%) (57%)

Average
42% 58%

43% 38% 19% 26% 41% 33% 1% 68% 31% 19%
(45%) (55%)

* Note: % in parenthesis is the gender distribution ofthe total survey population (UHM)
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Table 5.1.2 Vehicle Types

Code Vehicle Type Example Percent
1 Bike/Moped/Motorcycle N/A 1.5%
2 Sporty cars and roadsters Chevrolet Corvette 5.5%
3 Family sedans Honda Accord 21.5%
4 Large sedans Ford Crown Victoria 1.5%
5 Upscale sedans BMW 3-Series 2.7%
6 Luxury sedans Cadillac DeVille 0.7%
7 Compact pickup truck crew cab Ford Ranger 5.7%
8 Full-size pickup trucks Chevrolet Silverado 0.5%
9 Small SUV Toyota RAV4 3.8%
10 Midsized SUV Ford Explorer 5.7%
11 Large SUV Lincoln Navigator 0.6%
12 Wagon & hatchbacks Volvo XC70 2.5%
13 Minivans Chrysler Voyager 4.2%
14 Economy sedans Geo Metro 3.5%
15 Subcompact sedans Toyota Corolla 26.2%
16 Compact sedans Pontiac Grand AM 0.9%
77 Unknown N/A 12.9%

Total 100.0%

Table 5.1.3 Vehicle Age Comparison

Vehicle Age (Years)

o to 2 3 to 5 6 to 9 10 or more Total

UHM 16.7% 23.6% 28.5% 31.2% 100%
2001 NHTS 22.0% 21.3% 23.3% 33.4% 100%
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Vehicle Manufacture Year

Figure 5.1.1 Vehicle manufacture year.
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5.2 Measuring Risk-Taking Driving Behavior

The survey included a section with eight questions measuring risk-taking driving

behavior. The questions were as follows:

1. How often do you drive through traffic lights that are yellow and about to

turn red?

2. How often do you follow closely behind slow drivers to make them move

faster or out of your way?

3. How often do you make a turn while there are pedestrians walking-in-the

crosswalk?

4. How often do you drive 10 mph over the speed limit?

5. How often do you drive fast in light traffic just for the thrill of it?

6. How often do you drive fast in heavy traffic to try to get ahead of

everybody?

7. How often do you answer phone calls while driving?

8. How often do you malce phone calls while driving?

Several of these eight questions were selected from past studies (32, 33, 34, 35,

36). The response options for these questions were: (1) never, (2) rarely, (3) sometimes,

(4) often, and (5) always.

Table 5.2.1 shows the distribution of choices. Figure 5.2.1 shows the bar chart for

the comparison among all eight risk-taking driving behaviors. The top three factors in

terms of frequency of responses were: (1) drive 10 mph over the speed limit, (2) drive

against yellow/red lights, and (3) answer cell phone calls while driving.
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Kruskal-Wallis One-Way ANOVA was applied for dependent variables with

ordinal-level data (from "never" to "always") to assess whether there are significant

differences among different independent groups. Mann-Whitney Test was further used to

conduct pairwise comparisons for significant independent variables with more than two

categories. The 0.05 level of significance (i.e., 95% confidence level) was adopted for

statistical analysis.

Table 5.2.2 defines the independent variables used in the ANOVA. Table 5.2.3

shows the results of the Kruskal-Wallis One-Way ANOVA. The effects of independent

variables are detailed below.

Drive against yellow/red lights

Driving against yellow/red lights was related to survey groups (X2C2)=59.0,

p=O.OOO) based on the Kruskal-Wallis One-Way ANOVA. Mann-Whitney Test was

further used to conduct pairwise comparisons. UHM students were more prone to drive

against yellow/red lights compared with UHM faculty members (z=-5.6, p=O.OOO) and

UHM staff members (z=-6.3, p=O.OOO). UHM faculty and UHM staff did not differ

significantly from each other (z=-0.2,p=0.852).

Young drivers were more prone to drive against yellow/red lights compared with

middle-aged drivers (z=-4.5, p=O.OOO) and senior drivers (z=-8.5, p=O.OOO). Middle-aged

drivers were more prone to drive against yellow/red lights than senior drivers (z=-4.9,

p=O.OOO). Thus, younger drivers were more prone to drive against yellow/red lights.
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Drivers with over 20 years of driving experience were less prone to drive against

yellowlred lights than drivers with 5 years or less of driving experience (z=-5.8, p=O.OOO)

and drivers with 6 to 20 years of driving experience (z=-7.3, p=O.OOO).

Drivers with post-graduate degree were less prone to drive against yellow/red

lights than drivers without college experience (z=-5.9, p=O.OOO) and drivers with some

college experience or a Bachelor's degree (z=-1.96, p=0.050).

Gender and driving SUV or pickup truck had no significant effects.

Tailgating

UHM students were more prone to tailgate than UHM faculty members (z=-7.4,

p=O.OOO) and UHM staff members (z=-5.5, p=O.OOO). UHM staff members were more

prone to tailgate than UHM faculty members (z=-2.2, p=0.029).

Young drivers were more prone to tailgate than middle-aged drivers (z=-8.2,

p=O.OOO) and senior drivers (z=-8.8, p=O.OOO). Middle-aged drivers were also more prone

to tailgate than senior drivers (z=-2.6,p=0.008).

Drivers with over 20 years of driving experience were less prone to tailgate than

drivers with 5 years or less of driving experience (z=-8.0, p=O.OOO) and drivers with 6 to

20 years of driving experience (z=-8.1,p=0.000).

Drivers with post-graduate degree were less prone to tailgate than drivers without

college experience (z=-2.9, p=0.004) and drivers with some college experience or a

Bachelor's degree (z=-8.2,p=0.000).

SUV and pickup truck drivers were more prone to tailgate than other vehicle

drivers (X2(1)=7.1,P=0.008).
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Gender had no significant effects.

Make turns with pedestrian walking in crosswalk

UHM students were more prone to make turns with pedestrian walking in the

crosswalk than UHM faculty members (z=-3.0,p=0.003).

Young drivers were more prone to make turns with pedestrian walking in the

crosswalk than middle-aged drivers (z=-2.6, p=0.009) and senior drivers (z=-2.7,

p=0.007).

Drivers with over 20 years of driving experience were less prone to malce turns

with pedestrian walking in the crosswalk than drivers with 5 years or less of driving

experience (z=-3.2, p=O.OOl) and drivers with 6 to 20 years of driving experience (z=-3.5,

p=O.OOl).

Drivers with post-graduate degree were less prone to make turns with pedestrian

walking in the crosswalk than drivers with some college experience or a Bachelor's

degree (z=-3.4,p=0.001).

Gender and driving SUV or pickup truck had no significant effects.

Drive 10 MPH over speed limit

UHM students were more prone to drive 10 MPH over speed limit than UHM

faculty members (z=-6.3,p=0.000) and UHM staff members (z=-5.3,p=0.000).

Young drivers were more prone to drive 10 MPH over speed limit than middle

aged drivers (z=-8.0, p=O.OOO) and senior drivers (z=-8.6, p=O.OOO). Middle-aged drivers
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were also more prone to drive 10 MPH over speed limit than senior drivers (z=-2.5,

p=O.013). Thus, younger drivers were more prone to drive 10 mph over the speed limit.

Drivers with over 20 years of driving experience were less prone to drive 10 MPH

over speed limit than drivers with 5 years or less of driving experience (z=-6.7, p=O.OOO)

and drivers with 6 to 20 years of driving experience (z=-8.4,p=0.000).

Drivers with post-graduate degree were less prone to drive 10 MPH over speed

limit than drivers without college experience (z=-2.2, p=O.025) and drivers with some

college experience or a Bachelor's degree (z=-7.9,p=0.000).

Gender and driving SUV or pick up truck had no significant effects.

Drive fast in light traffic for thrills

UHM students were more prone to drive fast in light traffic just for the thrill of it

than UHM faculty members (z=-6.7, p=O.OOO) and UHM staff members (z=-7.1,

p=O.OOO).

Male drivers were more prone to drive fast in light traffic just for the thrill of it

than female drivers (X2(1)=10.3,p=0.001).

Young drivers were more prone to drive fast in light traffic for thrills than middle

aged drivers (z=-9.2,p=0.000) and senior drivers (z=-8.6,p=0.000).

Drivers with 5 years or less of driving experience were more prone to drive fast in

light traffic for thrills than drivers with 6 to 20 years of driving experience (z=-5.7,

p=O.OOO) and drivers with over 20 years of driving experience (z=-11.3, p=O.OOO). The

difference between drivers with 6 to 20 years of driving experience and drivers with over
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20 years of driving was also significant (z=-6.9, p=O.OOO). Thus, less experienced drivers

were more prone to drive fast in light traffic for thrills.

Drivers with post-graduate degree were less prone to drive fast in light traffic for

thrills than drivers without college experience (z=-2.7, p=0.006) and drivers with some

college experience or a Bachelor's degree (z=-7.5, p=O.OOO).

Driving SUV or pick up truck had no significant effects.

Drive fast in heavy traffic to save time

UHM students were more prone to drive fast in heavy traffic to try to get ahead of

everybody than UHM faculty (z=-6.2, p=O.OOO) and staff (z=-6.5, p=O.OOO).

Young drivers were more prone to drive fast in heavy traffic to try to get ahead of

everybody than middle-aged drivers (z=-6.5, p=O.OOO) and senior drivers (z=-8.2,

p=O.OOO). Middle-aged drivers were more prone to drive fast in heavy traffic to try to get

ahead of everybody than senior drivers (z=-3.2, p=O.OOl). Thus, younger drivers were

more prone to drive fast in heavy traffic to try to get ahead of everybody.

Drivers with 5 years or less of driving experience were more prone to drive fast in

heavy traffic than drivers with 6 to 20 years of driving experience (z=-3.4,p=0.001) and

drivers with over 20 years of driving experience (z=-9.0, p=O.OOO). The difference

between drivers with· 6 to 20 years of driving experience and drivers with over 20 years

of driving was also significant (z=-7.0, p=O.OOO). Thus, less experienced drivers were

more prone to drive fast in heavy traffic to save time.

Drivers with post-graduate degree were less prone to drive fast in heavy traffic

than drivers with some college experience or a Bachelor's degree (z=-5.3,p=0.000).
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Gender and driving SUV or pick up truck had no significant effects.

Answer phone calls while driving

UHM students were more prone to answer phone calls while driving than UHM

faculty (z=-10.0, p=O.OOO) and staff (z=-8.3, p=O.OOO). UHM staff members were more

prone to answer phone calls while driving than UHM faculty (z=-2.7,p=0.008).

Female drivers were more prone to answer phone calls while driving than male

drivers (X2(1)=4.3,p=0.038).

Young drivers were more prone to answer phone calls while driving than middle

aged drivers (z=-8.4, p=O.OOO) and senior drivers (z=-13.5, p=O.OOO). The difference

between middle-aged drivers and senior drivers was also significant (z=-7.8, p=O.OOO).

Thus, younger drivers were more prone to answer phone calls while driving.

Drivers with over 20 years of driving experience were less prone to answer phone

calls while driving than drivers with 5 years or less of driving experience (z=-9.9,

p=O.OOO) and drivers with 6 to 20 years of driving experience (z=-12.2,p=0.000).

Drivers with post-graduate degree were less prone to answer phone calls while

driving than drivers without college experience (z=-2.1, p=0.037) and drivers with some

college experience or a Bachelor's degree (z=-1O.3, p=O.OOO). Drivers without college

experience were less prone to answer phone calls while driving than drivers with some

college experience or a Bachelor's degree (z=-2.1,p=0.038).

Driving SUV or pick up truck had no significant effects.

Make phone calls while driving
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UHM students were more prone to make phone calls while driving than UHM

faculty (z=-8.9, p=O.OOO) and staff (z=-5.8, p=O.OOO). UHM staff members were more

prone to make phone calls while driving than UHM faculty (z=-3.4,p=0.001).

Female drivers were more prone to malce phone calls while driving than male

drivers (X2(1)=5.5,p=0.019).

Young drivers were more prone to make phone calls while driving than middle

aged drivers (z=-5.6, p=O.OOO) and senior drivers (z=-11.2, p=O.OOO). The difference

between middle-aged drivers and senior drivers was also significant (z=-6.8, p=O.OOO).

Thus, younger drivers were more prone to malce phone calls while driving.

Drivers with over 20 years of driving experience were less prone to malce phone

calls while driving than drivers with 5 years or less of driving experience (z=-7. 7,

p=O.OOO) and drivers with 6 to 20 years of driving experience (z=-10.8,p=0.000).

Drivers with post-graduate degree were less prone to make phone calls while

driving than drivers with some college experience or a Bachelor's degree (z=-8.3,

p=O.OOO).

Driving SUV or pick up truck had no significant effects.

The internal consistency of the responses to these questions were tested using

Cronbach's alpha coefficient with a range of 0 to 1. This method is based on the average

inter-item correlation. It is used to determine the extent to which the eight risk-talcing

driving questions are related to each other so that an overall index or scale with internal

consistency (or repeatability) can be obtained. A Cronbach's alpha of 0.7 is usually

deemed acceptable and 0.8 is deemed very good. The resultant Cronbach's alpha of 0.791
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for this data indicates a satisfactory internal consistency among the eight questions.

Therefore, the whole scale based on the eight questions may be used to represent risk

taking driving behaviors.

Cluster analysis was performed and two classifications were identified: 55% of

the respondents were classified as risk-averse drivers and 45% as risk-taking drivers as

shown in Table 5.2.4. It was also generalized to the survey population (UHM students,

faculty, and staff) by weighting the survey respondents. It was found that 50% of the

survey population were risk-averse drivers and 50% were risk-taking drivers.

Table 5.2.4 also lists the cross-tabulation on risk-taking driving behavior for

different driver groups; x2-tests were conducted to compare these driver groups.

Statistically significant findings are as follows:

~ UHM students were more risk-taking than UHM faculty and staff

(p<0.001).

~ Young drivers were more risk-taking than middle-aged drivers and senior

drivers (p<O.OOl). Middle-aged drivers were also more risk-taking than

senior drivers (p<0.001). Thus, young drivers were the most risk-taking.

~ Drivers with less than 20 years of driving experience were more risk

taking than drivers with over 20 years of driving experience (p<0.001).

~ Drivers with some college experience or a Bachelor's degree were more

risk-taking than others (p<0.001).

~ No significant difference was found between male and female drivers or

between SUV or pickup truck drivers and other vehicle drivers.

53



Table 5.2.1 Choice Distribution on Risk-Taking Driving Behavior

Drive against Follow closely Make turns with Drive 10 rnph Drive fast in Drive fast in Answer phone Make phone
yellow/red behind slow pedestrians in over speed light traffic for heavy traffic to calls while calls while

lights drivers crosswalk limit thrills save time driving driving
Never 2% 26% 16% 3% 55% 41% 21% 22%
Rarely 21% 37% 43% 22% 29% 36% 26% 36%

Sometimes 49% 26% 33% 37% 12% 18% 29% 26%
Often 24% 9% 7% 31% 3% 4% 14% 11%

Always 4% 2% 1% 7% 1% 1% 10% 5%

Table 5.2.2 Definition of Independent Variables Used in the ANOVA

Variable Description Value Definition
0 UHM students

GROUP Survey group I UHMfaculty
2 UHMstaff

GENDER Female 0 Male
I Female
0 ::::: 25 (Young)

AGE Age I 26 - 50 (Middle-aged)
2 > 50 (Senior)

Years of driving
0 :::::5

DRYR I 6-20expenence
2 >20

0 No college
EDU Level of education I Some college / College grad

2 Post-graduate degree

SVVT Drive SVV or 0 No
pickup truck I Yes
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Table 5.2.3 Kruskal-Wallis One-Way ANOVA Results for Risk-Taking Driving
Behavior

Drive against Follow closely
Make tums with

Drive 10 mph over
Independent pedestrians in
Variable

yellow/red Lights behind slow drivers
crosswalk

speed limit

X~ df P X~ df P "1./ df p Xl. df P
GROUP 590 2 0.000 ~1? 2' o,oop :llti ~ D.OOS 57.3 2 0.000

GENDER 0.3 1 0.602 0.1 1 0.701 0.1 1 0.792 0.1 1 0.733

AGE 75.2 2 li)~O"{)J;l 1pS.-9 2' Q,OOlil' 1,!il~ L O.Oo.s f00A Loll ,q..oOp
DRYR 59.3 2 0.000 ~o/.o 2 O.QOO 1.$'.;1 2 0,001 78.8 ," 2 0,000

EDU 34.7 2 0,000 6"JL4 2 0,000 11.9 2' O.,(lOg ~23 2 O.coq
SUVT 0.6 1 0.431 7.1 1 0'008 0.0 1 0.880 0.0 1 0.832

Independent
Drive fast in light Drive fast in heavy Answer phone calls Make phone calls
traffic for thrills traffic to save time while driVing while driving

Variable

1: df p X~ df P X~ df P X~ df P

GROUP 82;S, ~n .0:1)00-; t3:t.!3 2&l~o:O 11l~.Q "'2 1,0;Q0fJi -ae:a, 2 iQ.;a~o

GENDER 10.3 1 oe.g,1 2.8 1 0.094 4,~ 1 0.Q:,38 5.5 t 0,019

AGE UOl~ 2 O.oTIo ~2.L 2 u.oob 203.S 2- O.ODO 1;119,6 ~2 o.ood
DRYR 129,6, .2: . 'Q,.troo !:lG5 2 U:OQO 16S.5 2 0.00'0 123."3 2. D;._P~b

EDU 56,a ~ Q 000, Zl[l 2 ,6.;OOQ 1Q8;0 2 Q.O&lP '691 2, I1:J..0,0Q

SUVT 0.0 1 0,913 0.0 1 0.873 2.5 1 0.116 3.1 1 0.077
..

Note: Highlighted result are significant of 95% confidence level,
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Table 5.2.4 Group Comparisons of Risk-Taking Driving Behavior

Risk-Averse Risk-Taking

UHM students 44% 56%
GROUP UHM faculty 81% 19%

UHM staff 77% 23%

GENDER Male 54% 46%
Female 56% 44%

:s25 35% 65%
AGE 26-50 64% 36%

>50 86% 14%
0-5 44% 56%

DRYR 6-20 42% 58%
>20 83% 17%

No college 68% 32%

EDU Some college
46% 54%

/College grad

Post-graduate 75% 25%

Drive other
53% 47%

SUVT vehicles

Drive SUV or
49% 51%

pickup truck

Average 55% 45%
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behind slow pedestrians speed limit for thrills to save lime while driving driving
drivers in crosswalk

I_ Never II Rarely iii Sometimes lil Often 0 Always I
Figure 5.2.1 Risk-taking driving behavior.
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5.3 Driver Expectation of Waiting Time

The Highway Capacity Manual (HCM) assumes that waiting time (delay) at

signalized intersections perceived by motorists to be equally burdensome regardless of

prevailing conditions. This may not be true. For example, 30 seconds of delay for drivers

turning left is not necessarily equal to 30 seconds of delay for drivers going straight

through because left-turn drivers may be willing to tolerate more waiting time because

they are making a "minority movement". Such drivers may also be willing to wait longer

to achieve a protected left-turn signal. Four hypotheses were tested:

1. Drivers expect to wait longer at a large signalized intersection than at a

smaller one.

2. Drivers expect to wait longer at a signalized intersection during rush hour

than during off-peak periods.

3. Drivers expect to wait longer when turning left compared to driving

straight at a signalized intersection.

4. Drivers expect to wait longer on a small street than on a large one at a

signalized intersection.

Table 5.3.1 shows the distribution of choices and Figure 5.3.1 IS the

corresponding bar chart.

Kruskal-Wallis One-Way ANOVA was applied for dependent variables with

ordinal-level data (from "strongly disagree" to "strongly agree") to assess whether there

are significant differences among different independent groups. MaIm-Whitney Test was

fmiher used to conduct pairwise comparisons for significant independent variables with

more than two categories. The 0.05 level of significance (i.e., 95% confidence level) was
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adopted for statistical analysis. Table 5.3.2 lists the independent variables used In

ANOVA. Table 5.3.3 shows the results of the Kruskal-Wallis One-Way ANOVA.

Wait Expectation at Large Intersections

It was hypothesized that most drivers would expect to wait longer at a large

signalized intersection than at a smaller one during rush hour. Based on the data from the

survey, the hypothesis is confirmed: 61 % of the respondents agreed or strongly agreed

that they would expect to wait longer at a large signalized intersection than at a smaller

one. Only 26% disagreed or strongly disagreed with it. The remaining 13% were neutral

(neither disagree nor agree) with the statement. The X2-test showed that driver tendency

to agree with the statement is statistically significant (X2(4)=359.3, p=O.OOO), which

further confirms the hypothesis.

Table 5.3.3 shows the results of the Kruskal-Wallis One-Way ANOVA. None of

the independent variables had a significant effect on driver expectation to wait longer at

large intersections. This indicates that driver expectation to wait longer at large

intersections was independent of survey group, gender, age, driving experience, level of

education, driving SUV or pickup truck, and risk-taking driving behavior.

Wait Expectation during Rush Hours

It was hypothesized that most drivers would expect to wait longer at signalized

intersections during rush hour than in other times. Based on the data from the survey, the

hypothesis is confirmed: 73% of the respondents agreed or strongly agreed that they

would expect more waiting time at signalized intersections during rush hours. Only 18%
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disagreed or strongly disagreed with it. The remaining 9% were neutral (neither disagree

nor agree) with the statement. The X2-test showed that driver tendency to agree with the

statement is statistically significant (X2(4)=677.9, p=O.OOO), which further confirms the

hypothesis.

Table 5.3.3 shows the results of the Kruskal-Wallis One-Way ANOVA. UHM

students were more agreeable with the statement than UHM staff (z=-3.5, p=O.OOO).

Young drivers were more agreeable with the statement than middle-aged drivers (z=-2.4,

p=0.015) and senior drivers (z=-3.8, p=O.OOO). Drivers with over 20 years of dTiving

experience were less agreeable with the statement than drivers with 5 years or less of

driving experience (z=-2.5, p=O.013) and drivers with 6 to 20 years of driving experience

(z=-3.8, p=O.OOO). Risk-taking drivers were more agreeable with the statement than risk

averse drivers (X2(1)=8.3, p=0.004). The rest of the independent variables had no

significant effects.

Wait Expectation when Turning Left

It was hypothesized that most drivers would expect to wait longer when turning

left compared to driving straight at signalized intersections. Based on the data from the

survey, the hypothesis is confirmed: 77% of the respondents agreed or strongly agreed

that they would expect more waiting time when turning left compared to driving straight

at signalized intersections. Only 12% disagreed or strongly disagreed with it. The

remaining 11% were neutral (neither disagree nor agree) with the statement. The x2-test

showed that driver tendency to agree with the statement is statistically significant

(X2(4)=779.5,p=0.000), which further confirms the hypothesis.
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Table 5.3.3 shows the results of the Kruskal-Wallis One-Way ANOVA. Young

drivers were more agreeable with the statement than middle-aged drivers (z=-3.2,

p=O.002) and senior drivers (z=-2.4, p=O.018). Risk-taking drivers were more agreeable

with the statement than risk-averse drivers (X2(l)=5.0, p=O.025). The rest of the

independent variables had no significant effects.

Wait Expectation on Small Street

It was hypothesized that most drivers would expect to wait longer on a small

street than on a large street at signalized intersections. Based on the data from the survey,

the hypothesis is confirmed: 63% of the respondents agreed or strongly agreed that they

would expect more waiting time on a small street than on a large street at signalized

intersections. Only 22% disagreed or strongly disagreed with it. The remaining 14% were

neutral (neither disagree nor agree) with the statement. The x2-test showed that driver

tendency to agree with the statement is statistically significant (X2(4)=396.8, p=O.OOO),

which further confirms the hypothesis.

Table 5.3.3 shows the results of the Kruskal-Wallis One-Way ANOVA. UHM

faculty members were more agreeable with the statement than UHM students (z=-2.9,

p=O.004) and UHM staff (z=-2.1, p=O.038). Male drivers were more agreeable with the

statement than female drivers (X2(l)=7.2, p=O.007). The rest of the independent variables

had no significant effects.
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Table 5.3.1 Choice Distribution on Driver Expectation to Wait Longer

Expectation to Wait Longer ...
at large during rush when turning on a small

intersections hours left street
Strongly Disagree 7% 5% 4% 6%
Disagree 19% 13% 8% 16%
Neutral 13% 9% 11% 14%
Agree 38% 42% 41% 38%
Strongly Agree 23% 31% 36% 25%

Table 5.3.2 Definition of Independent Variables Used in ANOVA

Variable Description Value Definition
0 UHM students

GROUP Survey group I UHM faculty

2 UHM staff

GENDER Female
0 Male
I Female

0 S 25 (Young)
AGE Age I 26 - 50 (Middle-aged)

2 > 50 (Senior)

Years of driving
0 s5

DRYR I 6-20expenence
2 > 20

0 No college
EDU Level of education I Some college / College Grad

2 Post-graduate degree

SUVT
Drive SUV or pickup 0 No
truck I Yes

RISK Risk-taking driving 0 No
I Yes
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Table 5.3.3 Kruskal-Wallis One-Way ANOVA Results for Driver Expectation to
Wait Longer

Expectation to Wait Longer ...

Independent
at large intersections during rush hours when turning left on a small street

Variable

Xl df P XL df P XL df P X'i. df P

GROUP 1.6 2 0.460 lt~ i ,tfr.tfQ~ 1.2 2 0.558 '8:~'6 2 Q~014

GENDER 3.2 1 0.074 1.9 1 0.164 0.5 1 0.501 1.2 1 0.0ct7

AGE 4.9 2 0.085 1-~.7 2 a.Ont> 11.7 2 '''"00 4.6 2 0.1002.,. ~

DRYR 1.5 2 0.471 1'51 2 O.Q!J1 2.8 2 0.246 2.9 2 0.240

EDU 0.4 2 0.829 4.1 2 0.126 4.0 2 0.134 4.6 2 0.102

SUVT 0.8 1 0.378 1.3 1 0.261 0.6 1 0.455 2.5 1 0.117

RISK 1.2 1 0.277 st$* 1 <, 1'~Q4 ,~';0 1 'I:' 0,O~tS 0.1 1 0.809
-Note: Highlighted results are significant at 9:J% confidence level.

• Strongly Disagree Il!II Disagree Il!II Neutral Il!II Agree 0 Strongly Agree

100% ..,.---r---r----r---r------r----,.--------.-------.------,

80% +-----L__/----I

60%

40% +--1---4------1

20%

0% +---"----......---"------r-----"----....,...--------'------i
at large during rush when turning on a small

intersections hours left street

Expectation to Wait Longer

Figure 5.3.1 Driver expectation to wait longer.
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5.4 Driver Opinions on Protected Left-Turn Signals

The survey included three pictures of signalized intersections (intersections A, B,

and C) showing that vehicles turning left had to cross 1, 2 and 3 lanes of opposing

through traffic. For all three intersections A, B, and C, respondents were asked to rate the

difficulty in making a left-turn without a protected left-turn signal, safety in making a left

turn with a protected left-turn signal, and their preference for a protected left-turn signal.

The rating was based on a scale from 1 (not difficult, not safer or not preferred) to 5

(extremely difficult, extremely safer or extremely preferred).

Table 5.4.1 shows the distribution of choices and Figure 5.4.1 IS the

corresponding bar chart.

Kruskal-Wallis One-Way ANOVA was applied for dependent variables with

ordinal-level data (from "not" to "extremely") to assess whether there are significant

differences among different independent groups. Mann-Whitney Test was further used to

conduct pairwise comparisons for significant independent variables with more than two

categories. The 0.05 level of significance (i.e., 95% confidence level) was adopted for

statistical analysis. Table 5.4.2 shows the results of the Kruskal-Wallis One-Way

ANOVA.

Driver Perception on Difficulty

Driver perception of difficulty increased with intersection size. For intersections

A, Band C, 22%, 63% and 79% of the respondents, respectively, stated it is very or

extremely difficult to make left-turns without a protected left-turn signal. x2-tests showed
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that respondent OpInIOnS are significantly different for intersections A, B, and C

(p<0.001). Statistically significant findings from the Kruskal-Wallis One-Way ANOVA

are listed below.

Intersection A: Female drivers perceived more difficulty than male drivers

2(X (1)=6.9,p=0.009).

Intersection B: UHM students perceived more difficulty than UHM staff (z=-3.2,

p=O.OOl). Female drivers perceived more difficulty than male drivers (X2(1)=22.3,

p=O.OOO). Young drivers (z=-2.8, p=0.005) and middle-aged drivers (z=-2.5, p=0.012)

perceived more difficulty than senior drivers. Drivers with 5 years or less of driving

experience (z=-2.8, p=0.006) and drivers with 6 to 20 years of driving experience (z=-2.8,

p=0.005) perceived more difficulty than drivers with over 20 years of driving experience.

Drivers with some college experience or a Bachelor's degree perceived more difficulty

than drivers without college experience (z=-2.1, p=0.033) and drivers with post-graduate

degree (z=-2.5, p=O.Oll). Risk-taking drivers perceived more difficulty than risk-averse

drivers (X2(1)=5.3,p=0.022).

Intersection C: Female drivers perceived more difficulty than male drivers

Overall, driver perception of difficulty in making left-turns increased with

intersection size. Female drivers perceived more difficulty than male drivers.

Driver Perception on Safety

Driver perception of safety in making a left-turn with a protected left-turn signal

increased with intersection size. For intersections A, Band C, 56%, 85% and 91% of the
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respondents, respectively, stated it is much or extremely safer to make left-turns with a

protected left-turn signal. X2-tests showed that respondent opinions are significantly

different for intersections A, B, and C (p<0.001). Statistically significant findings from

the Kruskal-Wallis One-Way ANOVA are listed below.

Intersection A: Female drivers tended to agree more than male drivers (X2(1)=11.4,

p=O.OOl) that left-turns are safer with a protected left-turn signal.

Intersection B: UHM staff members tended to agree more than UHM faculty (z=

3.1, p=0.002) that left-turns are safer with a protected left-turn signal. Female drivers

tended to agree more than male drivers (X2(1)=9.5,p=0.002) that left-turns are safer with a

protected left-turn signal.

Intersection C: None of the independent variables had a significant effect.

Overall, driver perception of safety in making a left-turn with a protected left-turn

signal increased with intersection size. Female drivers tended to agree more than male

drivers that left-turns are safer with a protected left-turn signal.

Driver Preference for Protected Left-Turn Signals

Driver preference for protected left-turn signals increased with intersection size.

For intersections A, Band C, 42%, 78% and 91% of the respondents, respectively, stated

that they much or extremely prefer a protected left-turn signal. X2-tests tests showed that

respondent opinions are significantly different for intersections A, B, and C (p<0.001).

Statistically significant findings from the Kruskal-Wallis One-Way ANOVA are listed

below.
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Intersection A: Female drivers had a higher preference than male drivers

(X2(1)=18.1, p=O.OOO) for protected left-tum signals. Drivers with 5 years or less of

driving experience had a higher preference for protected left-turn signals than drivers

with 6 to 20 years of driving experience (z=-2.5,p=0.01l) and drivers with over 20 years

of driving experience (z=-2.5,p=O.Oll).

Intersection B: Female drivers had a higher preference than male drivers

(X2(1)=21.8,p=0.000) for protected left-tum signals.

Intersection C: Female drivers had a higher preference than male drivers

(X2(1)=9.4,p=0.002) for protected left-tum signals.

Overall, driver preference for protected left-turn signals increased with

intersection size. Female drivers had a higher preference for protected left-tum signals

than male drivers.
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Table 5.4.1 Choice Distribution on Driver Opinions on Protected Left-Turn Signals

(a) Difficulty to Make a Left-turn without a Protected Left-Turn Signal

Intersection A Intersection 8 Intersection C

Not Difficult 15% 5% 8%
A Little Difficult 33% 8% 4%
Moderately Difficult 30% 25% 9%
Very Difficult 14% 41% 25%
Extremely Difficult 8% 22% 54%

(b) Safer to Make a Left-turn with a Protected Left-Turn Signal
Intersection A Intersection 8 Intersection C

Not Safer 5% 1% 2%
A Little Safer 20% 4% 2%
Moderately Safer 19% 11% 6%
Much Safer 22% 33% 21%
Extremely Safer 34% 52% 70%

(c) Preference for a Protected Left-Turn Signal

Intersection A Intersection 8 Intersection C

Not Preferred 23% 2% 2%
A Little Preferred 17% 5% 2%
Moderately Preferred 19% 15% 5%
Much Preferred 13% 28% 19%
Extremely Preferred 29% 50% 72%
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Table 5.4.2 Kruskal-Wallis One-Way ANOVA Results for Driver Opinions on
Protected Left-Turn Signals

(a) Difficulty to Make a Left-turn without a Protected Left-Turn Signal

Independent
Difficulty to Make a Left Turn without a Protected Left-Turn Signal

Variable Intersection A Intersection B Intersection C
X~ df P XL df P XL df P

GROUP 1.1 2 0.567 11.0 2 QJ!,04 3.4 2 0.187

GENDER 6.9 ",1 0.009 • ~3 1 0.000 4:5 • 1 Q:'OS§

AGE 0.9 2 0.648 8,1,. 2 Q;01.~t 4.8 2 0.090

DRYR 3.0 2 0.228 1b.4 2- e~Q~(5 5.3 2 0.072

EDU 1.2 2 0.540 9.9 2 0.007 2.8 2 0.250

SUVT 0.6 1 0.434 1.2 1 0.276 1.4 1 0.244

RISK 0.1 1 0.788 5.3 1 0.022 0.0 1 0.946

(b) Safer to Make a Left-turn with a Protected Left-Turn Signal

Independent
Safer to Make a Left Turn with a Protected Left-Turn Signal

Variable Intersection A Intersection B Intersection C
XL df P X.L df P XL df P

GROUP 5.7 2 0.058 8.9 2 0.012 1.0 2 0.621

GENDER 114 1 0.001 9.5 1 QJlO2.. 1.6 1 0.203

AGE 1.0 2 0.604 1.9 2 0.382 3.3 2 0.190

DRYR 1.4 2 0.495 1.0 2 0.613 4.2 2 0.122

EDU 1.1 2 0.582 4.2 2 0.125 0.2 2 0.896

SUVT 0.2 1 0.696 1.9 1 0.174 0.0 1 0.850

RISK 1.1 1 0.289 1.1 1 0.285 0.2 1 0.630

(c) Preference for a Protected Left-Turn Signal

Independent
Preferece for a Protected Left-Turn Signal

Variable Intersection A Intersection B Intersection C
X.L df P XL df P XL df P

GROUP 5.2 2 0.074 4.6 2 0.102 1.6 2 0.451

GENDER 1~1i1 1 0000 21.8 1 0.000 9.4 1
'F

€LQOC'2

AGE 3.3 2 0.188 2.8 2 0.242 3.2 2 0.198

DRYR ~.1 2 0017 5.6 2 0.061 2.9 2 0.237

EDU 3.1 2 0.210 5.7 2 0.057 2.1 2 0.356

SUVT 0.3 1 0.581 0.3 1 0.573 1.0 1 0.328

RISK 0.4 1 0.532 0.0 1 0.837 0.2 1 0.677
"Note: HIghlIghted results are SIgnificant at 9.J% confidence level.
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Safer to make a left turn with a protected left-turn signal
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0%
Intersection A Intersection B Intersection C

Preference for a protected left-turn signal when turning left

Figure 5.4.1 Driver opinions on protected left-turn signals.
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5.5 Factors Important to Drivers at Signalized Intersections

Ten factors that are potentially important to university drivers at signalized

intersections were listed in the survey:

• Waiting time

• Availability of exclusive left-turn lanes

• Availability of protected left-turn signals

• Availability of exclusive left-turn lanes and protected left-turn signals

• Availability of exclusive right-turn lanes

• Pavement markings

• Pavement quality

• Ability to go through an intersection within one cycle of light changes

• Presence of heavy vehicles

• Traffic signal responsiveness

Respondents were asked to rate the level of importance for each factor on a five

point scale: (1) not important, (2) a little important, (3) moderately important, (4) very

important, (5) extremely important. Multiple small pretests and various consultations

revealed that "delay" is not understood by non-traffic engineers, thus, "waiting time" was

used in the survey. For the same reason, "traffic light" instead of "traffic signal" was

used throughout the survey.

Table 5.5.1 shows the distribution of choices for factors important to drivers.

Table 5.5.2 presents the descriptive statistics as well as the resultant rankings for the ten

factors. Kruskal-Wallis One-Way ANOVA was conducted and the results are shown in

Table 5.5.3.
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The top ranked factor, based on average scores, was traffic signal responsiveness.

Delayed signal response may cause more frustration than actual waiting time. For

example, 10 sec. of waiting time with no traffic on the cross street may be less tolerable

than 20 sec. of delay when there are vehicles passing on the cross street because the delay

is "justified". As one respondent commented, "half of my waiting time occurs when there

are no cars or pedestrians in the traffic lanes with the green light!" This suggests that

demand-responsive signal control is preferred to pre-timed signal control since demand

responsive signal control has the ability to respond to real-time traffic demand. However,

demand responsive signals can be sluggish unless they are tuned to "gap-out" quickly.

About 82% of the respondents stated that quick traffic signal response is very or

extremely important. Only 4% stated that quick traffic signal response is not or a little

important. Drivers with some college experience or a Bachelor's degree had a higher

preference for quick traffic signal response than drivers with post-graduate degree (z=

2.4, p=0.018). Risk-taking drivers had a higher preference for quick traffic signal

response than risk-averse drivers (X2(1)=18.8, p=O.OOO). No other significant effects were

found.

Ability to go through the intersection within one cycle of light changes ranked

second. This finding suggests that drivers want fewer stops through signalized

intersections. About 79% of the respondents stated that the ability to go through

intersections within one cycle of light changes is very or extremely important. Only 4%

ranked this factor as not or a little important. Drivers with some college experience or a

Bachelor's degree had a higher preference to go through intersections within one signal

cycle than drivers with post-graduate degree (z=-2.9, p=0.004). Risk-taking drivers had a
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higher preference to go through intersections within one signal cycle than risk-averse

drivers (X2(1)=20.5,p=0.000). No other significant effects were found.

Availability of left-turn only lanes and protected left-turn signal for vehicles

turning left ranked third. This finding suggests that drivers making left-turns prefer to use

exclusive left-turn lanes so that they can wait safely without blocking through traffic.

About 82% of the respondents stated that exclusive left-turn lanes and protected left-tum

signals for vehicles turning left are very or extremely important. Only 5% ranked this

factor as not or a little important. UHM faculty had a higher preference for both exclusive

left-tum lanes and protected left-turn signals than UHM students (z=-3.0, p=0.003).

Female drivers had a higher preference for both exclusive left-tum lanes and protected

left-turn signals than male drivers (X2(1)=11.0, p=O.OOl). Senior drivers had a higher

preference for both exclusive left-tum lanes and protected left-turn signals than young

drivers (z=-2.6, p=0.009) and middle-aged drivers (z=-2.4, p=0.016). Drivers with over

20 years of driving experience had a higher preference for both exclusive left-tum lanes

and protected left-turn signals than drivers with 5 years or less of driving experience (z=

3.2, p=0.002) and drivers with 6 to 20 years of driving experience (z=-3.2, p=0.002). No

other significant effects were found.

Pavement markings for separating and guiding traffic ranked fourth. This is not a

factor that has traditionally been considered as one that impacts user perceptions of LOS.

About 78% of the respondents stated that clear pavement markings are very or extremely

important. Only 7% stated that clear pavement markings are not or a little impOliant.

Female drivers had a higher preference for clear pavement markings than male drivers

CX2(1)=15.0, p=O.OOO). Young ch'ivers had a higher preference for clear pavement
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markings than middle-aged drivers (z=-2.4, p=0.015). Drivers with some college

experience or a Bachelor's degree had a higher preference for clear pavement markings

than drivers without college experience (z=-2.4,p=0.015) and drivers with post-graduate

degree (z=-2.5,p=0.011). No other significant effects were found.

Availability of a protected left-turn signal for vehicles turning left ranked fifth.

The high level of importance of this factor suggests that drivers may sacrifice some

waiting times in exchange for protected left-turn signals. This implication is quantified

later in this Chapter. About 79% ofthe respondents stated that a protected left-turn signal

for vehicles turning left is very or extremely important. Only 5% ranked this factor as not

or a little important. UHM faculty (z=-2.2, p=0.028) and UHM staff (z=-2.1, p=0.032)

had a higher preference for protected left-turn signals than UHM students. Female drivers

had a higher preference for protected left-turn signals than male drivers (X2(1)=25.2,

p=O.OOO). Senior drivers had a higher preference for protected left-turn signals than

young drivers (z=-3.5, p=O.OOO) and middle-aged drivers (z=-3.0, p=0.003). Drivers with

over 20 years of driving experience had a higher preference for protected left-turn signals

than drivers with 5 years or less of driving experience (z=-2.8, p=0.005) and drivers with

6 to 20 years of driving experience (z=-2.9, p=0.003). Other vehicle drivers had a higher

preference for protected left-turn signals than SUV and pickup truck drivers (X2(1)=4.0,

p=0.045). No other significant effects were found.

Pavement quality ranked sixth. This finding suggests that good pavement quality

is important to drivers. About 75% of the respondents stated that good pavement quality

is very or extremely important. Only 9% stated that good pavement quality is not or a

little important. UHM students (z=-5.5, p=O.000) and UHM staff (z=-3.3, p=O.001) had a
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higher preference for good pavement quality than UHM faculty. Female drivers had a

higher preference for good pavement quality than male drivers (X2(l)=21.8, p=O.OOO).

Young drivers had a higher preference for good pavement quality than middle-aged (z=

6.1, p=O.OOO) and senior drivers (z=-4.8, p=O.OOO). Drivers with 5 years or less of driving

experience (z=-3.7,p=0.000) and drivers with 6 to 20 years of driving experience (z=-3.5,

p=O.OOl) had a higher preference for good pavement quality than drivers with over 20

years of driving experience. Drivers without college experience (z=-3.5, p=O.OOO) and

drivers with some college experience or a Bachelor's degree (z=-6.8, p=O.OOO) had a

higher preference for good pavement quality than drivers with post-graduate degree.

Risk-taking drivers had a higher preference for good pavement quality than risk-averse

drivers (X2(1)=17.6,P=0.000). Driving SUV or pickup truck had no significant effects.

Availability of left-turn only lanes for vehicles turning left ranked seventh. This

finding suggests that drivers feel safer to wait for their left-turn on a dedicated lane

because they avoid blocking through traffic and reduce their exposure to rear-end

collisions. This is the last factor to rank above 4 on a scale from 1 to 5. About 80% of the

respondents stated that exclusive left-turn lanes for vehicles turning left are very or

extremely important. Only 5% stated that exclusive left-turn lanes are not or a little

important. UHM faculty had a higher preference for exclusive left-turn lanes than UHM

students (z=-3.5, p=O.OOl). Senior drivers had a higher preference for exclusive left-turn

lanes than young drivers (z=-4.4, p=O.OOO) and middle-aged drivers (z=-3.4, p=O.OOl).

Drivers with over 20 years of driving experience had a higher preference for exclusive

left-turn lanes than drivers with 5 years or less of driving experience (z=-3.4, p=O.OOl)
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and drivers with 6 to 20 years of driving expenence (z=-3.9, p=O.OOO). No other

significant effects were found.

Waiting time ranked eighth. This factor is equivalent to the delay used in the

HeM to define signalized intersection LOS. This finding suggests that delay is not the

most important factor for the evaluation of signalized intersection LOS. About 65% of

the respondents stated that delay is very or extremely important. Only 8% stated that

delay is not or a little important. Risk-averse drivers perceive a significantly lower

importance than risk-taking drivers (X2(1)=31.5, p=O.OOO), indicating that risk-averse

drivers may tolerate more delay than risk-taking drivers. No other significant effects were

found.

Heavy vehicles such as trucks and buses that are waiting ahead ranked ninth.

Heavy vehicles block the line of sight of vehicles behind them and due to their relatively

slow acceleration rate, they may cause more delay to vehicles behind them. Moreover,

buses, one type of heavy vehicles, may delay vehicles behind them at bus stops. About

48% of the respondents stated that fewer heavy vehicles waiting ahead of them are very

or extremely important. Nearly 24% ranked this factor as not or a little important. Drivers

with 5 years or less of driving experience had a higher preference for fewer heavy

vehicles than drivers with 6 to 20 years of driving experience (z=-2.3, p=0.024) and

drivers with over 20 years of driving experience (z=-2.3, p=0.019). Drivers with some

college experience or a Bachelor's degree had a higher preference for fewer heavy

vehicles than drivers with post-graduate degree (z=-3.5, p=O.OOl). Risk-taking drivers

had a higher preference for fewer heavy vehicles than risk-averse drivers (X2(l)=10.4,

p=O.OOl). No other significant effects were found.
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Group 1 - Safety:

Availability of right-turn only lanes for vehicles turning right ranked tenth by

receiving a moderately important average rating. The large difference in ranking between

this factor and the ones above it is intuitive and bodes well for the quality of the

responses received. About 35% of the respondents stated that exclusive right-turn lanes

for vehicles turning right are very or extremely important. About 37% stated that

exclusive right-turn lanes are not or a little important. Female drivers had a higher

preference for exclusive right-turn lanes than male drivers (X2(l)=12.7, p=O.OOO). Drivers

with some college experience or a Bachelor's degree had a higher preference for

exclusive right-turn lanes than drivers with post-graduate degree (z=-2.6, p=O.009). No

other significant effects were found.

These ten factors were subjected to factor analysis to inspect the logical

consistency of the responses. The ten factors formed three intuitively logical factor

groups which bodes well for the quality of the responses in the sample:

Exclusive left-turn lane and protected left-turn signal

Protected left-turn signal

Exclusive left-turn lane

Group 2 - Efficiency: Traffic signal responsiveness

Ability to go through intersections within one signal cycle

Waiting time (delay)

Heavy vehicles

Group 3 - Convenience: Pavement markings

Pavement quality

Right-turn lanes
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Table 5.5.1 Choice Distribution on Factors Important to Drivers at Signalized Intersections

Quick Traffic Go Through Exclusive Clear
Exclusive

Good
Exclusive

Less Fewer
Exclusive

Signal within One LT Lane & Pavement Pavement Waiting Heavy
Response Cycle Signal Marking

LT Signal
Quality

LT Lane
Time Vehicles

RT Lane

Not Important 1% 1% 1% 1% 1% 2% 1% 2% 7% 14%
A Little Important 3% 3% 4% 6% 4% 7% 4% 6% 17% 23%
Moderately Important 15% 17% 13% 15% 15% 17% 15% 27% 28% 29%
Very Important 32% 31% 36% 26% 38% 27% 43% 36% 26% 21%
Extremely Important 50% 48% 46% 52% 41% 48% 37% 29% 22% 14%

Table 5.5.2 Descriptive Statistics for Factors Important to Drivers at Signalized Intersections

Mean Median Mode S.D. Min. Max. Quick Traffic Signal Response 4.27
Quick Traffic Signal Response 4.27 4 5 0.87 1 5

"U_..... --
Go Through within One Cycle 4.23 4 5 0.88 1 5

GoThrough within One C~te - '.~'" . - - 423

Exclusive LT Lane & Signal 4.21 4 5 0.91 1 5
Exclusive LT Lane &Signal ., ........

.- - - - 4.21

Clear Pavement Marking 4.21 5 5 0.98 1 5 Clear Pavement fv1arking .- 4.21

Exclusive LT Signal 4.14 4 5 0.91 1 5 Exclus ive LT Signal - 4.14

Good Pavement Quality 4,12 4 5 1.02 1 5 Good Pavement Quality I
1 4.12- ..

Exclusive LT Lane 4.10 4 4 0.88 1 5 Exclusive LT Lane _ 4.10-
Less Waiting Time 3.85 4 4 0.96 1 5 Less Wailing TIme I

.85-Fewer Heavy Vehicles 3.36 3 3 1.21 1 5 Fewer Heavy Vehicles
Exclusive RT Lane 2.99 3 3

3.36
1.24 1 5

Exclusive RT Lane I
2.99

1 2 3 4 5

Importance Level (1=Not Important; 5=Extremely Important)
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Table 5.5.3 Kruskal-Wallis One-Way ANOVA Results for Factors Important to Drivers at Signalized Intersections

Quick Traffic Signal Go Through within Exclusive LT Lane Clear Pavement
Exclusive LT SignalIndependent Response One Cycle & Signal Marking

Variable
X

2 X
2 X

2
X2 X

2 dfdf P df P df P df P P

GROUP 0.5 2 0.761 4.4 2 0.112 10:4 ' 2 0.0-05 0.0 2 0.987 7.9 :2 0.019·

GENDER 0.9 1 0.331 0.3 1 0.610 '~ f.~ 1 0.00·1 1'5,0 1 G',0'00 25.2 1 0.000'

AGE 4.3 2 0.116 3.7 2 0.157 7.5 2 0.024 7.1 2 6:029 12.8 2 0.002

DRYR 3.9 2 0.144 4.7 2 0.095 13.3 2 0.001 0.0 2 0.995 11.0 2, 0.004-
EDU 6.3 2 0.'043 8.7 2 0.0.13 3.9 2 0.145 10.9 2 0~Q04 3.8 2 0.149

SUVT 2.0 1 0.161 0.0 1 0.886 3.2 1 0.072 3.6 1 0.056 4.0 1 0.045

RISK 18.8 1 0.000 20.S 1 0,.00'0 0.4 1 0.540 0.2 1 0.683 1.8 1 0.181

Good Pavement
Exclusive LT Lane Less Waiting Time

Fewer Heavy
Exclusive RT LaneIndependent Quality Vehicles

Variable
X2 X2 r: X: "ldf p df P df P df P df P

GROUP 30.5 2 0.000 13';1 2 0.00.:1 0.8 2 0.668 3.1 2 0.211 1.4 2 0.487

1 -
GENDER 21.8 0.000 1.9 1 0.173 2.1 1 0.146 3.7 1 0.055 12.7 1 0.000

AGE 43.5 2 0.000 19.3 2 0.000 2.5 2 0.280 3.5 2 0.171 0.9 2 0.646

DRYR H.4 2 (lOUD 17.6 2' 0:000 5.3 2 0.070 ~ 617 2 0.,035 3.0 2 0.219

EDU 50.6 2 0.000 4.3 2 0.119 5.0 2 0.082 12.3 2 0.002 6,9 2' 0,032

SUVT 0.9 1 0.347 0.9 1 0.346 0.2 1 0.688 0.0 1 0.852 0.0 1 0.945

RISK 17.6 1 •00.00'0 0.2 1 0.640 31 '5 1 0.000 10.4 1 0.00'1 0.0 1 0.858t
u - .. . .- - --- .- .
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5.6 Driver Perceptions of Potential Collisions

The high level of importance of protected left-tum signal suggests that drivers

may be willing to wait longer in exchange for protected left-turn signals. The survey

instrument explained that the addition of phases to a signalized intersection will likely

increase delays. Then, two pictures were displayed in the survey. One picture showed a

vehicle making a left-tum in front of a vehicle going through, which caused the driver on

the through movement to "hit the brakes" to avoid a collision. This is referred to as a

potential vehicle-to-vehicle collision. The other picture showed a vehicle making a left

tum while a pedestrian was in the crosswalk, which is referred to as a potential vehicle

to-pedestrian collision. Questions were asked from the altemative perspectives of being a

driver going through, a driver making a left-tum or a pedestrian.

Respondents were asked to provide their level of concem based on a 1 to 5 scale.

Respondents were also asked to choose the trade-off between safety and delay based on a

-10 to +10 scale and to give the additional time willing to wait in exchange for having

protected left-turn signalization.

5.6.1 Potential Vehicle-to-Vehicle Collisions

The average level of concem for drivers going through is 3.9, which is lower than

that for drivers who turn left (mean=4.0). This indicates that left-tum drivers are more

concemed about the potential vehicle-to-vehicle collisions. The x2-test shows that

difference on level of concem between drivers going through and drivers turning left is

significant (X2(4)=14.5, p=0.006).
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Table 5.6.1 lists the distribution of ratings on importance of safety over waiting

time. Table 5.6.2 lists the average scores on the importance of safety over waiting time

based on a continuous scale from -10 to +10. The vast majority of respondents perceived

safety to be several times more important that waiting time. The average score is 4.37. It

was also generalized to the survey population by weighting the survey respondents and

the average score is 4.40.

The average score for drivers going through is 4.0 on a scale from -10 to +10,

which is lower than that for drivers who turn left (mean=4.7). This indicates that drivers

who turn left perceive a greater safety risk due to potential vehicle-to-vehicle collisions.

The t-test shows that the difference of the importance of safety over waiting time between

drivers going through and drivers turning left is significant (t(1194)=6.0, p=O.OOO).

ANOVA was conducted (Table 5.6.3) and statistically significant differences are listed

below.

Through drivers: Female drivers (mean=4.6) gave a higher importance on safety

over waiting time than male drivers (mean=3.4). Risk-averse

drivers (mean=4.5) gave a higher importance on safety over

waiting time than risk-taking drivers (mean=3.7).

Left-turn drivers: Female drivers (mean=5.2) gave a higher importance on safety

over waiting time than male drivers (mean=4.1). Risk-averse

drivers (mean=5.1) gave a higher importance on safety over

waiting time than risk-taking drivers (mean=4.3).
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5.6.2 Potential Vehicle-to-Pedestrian Collisions

The average level of concern for drivers turning left is 3.5, which is lower than

that for pedestrians in the crosswalk (mean=4.2). This indicates that pedestrians are more

concerned about the potential vehicle-to-pedestrian collisions. The x2-test shows that the

difference on level of concern between drivers turning left and pedestrians is significant

(X2(4)=162.0, p=O.OOO).

Table 5.6.1 lists the distribution of ratings on importance of safety over waiting

time. Table 5.6.2 lists the average scores on the importance of safety over waiting time

based on a continuous scale from -10 to +1O. The vast maj ority of respondents perceived

safety to be several times more impoliant that waiting time.

The average score for drivers turning left and pedestrians in the crosswalk is 3.94

and 5.78, respectively. It was generalized to the total survey population by weighting the

survey respondents and the average score is 3.95 for drivers turning left and 5.76 for

pedestrians in the crosswalk.

The average score for drivers turning left is 3.9, which is lower than that for

pedestrians (mean=5.8). This indicates that pedestrians perceive a greater safety risk due

to the potential vehicle-to-pedestrian collisions. The t-test shows that the difference of the

importance of safety over waiting time between drivers turning left and pedestrians is

significant (t (1174)=16.0, p=O.OOO). ANOVA was conducted (Table 5.6.3) and statistically

significant differences are listed below.

Left-turn drivers: Female drivers (mean=4.4) gave a higher importance on safety

over waiting time than male drivers (mean=3.3). Risk-averse
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Pedestrians:

drivers (mean=4.4) gave a higher importance on safety over

waiting time than risk-taking drivers (mean=3.4).

Female pedestrians (mean=6.l) gave a higher importance on

safety over waiting time than male pedestrians (mean=5.4).

Pedestrians who are risk-averse drivers (mean=6.0) gave a higher

importance on safety over waiting time than pedestrians who are

risk-taking drivers (mean=5.5).

5.6.3 Additional Waiting Time to Exchange for Protected Left-Turn Signals

Given that protected left-turn signals reduce potential vehicle-to-vehicle and

vehicle-to-pedestrian collisions, respondents were asked to provide the maximum

additional time that they would be willing to wait at signalized intersections in exchange

for protected left-turn signals from the perspectives of a driver going through, a driver

turning left and a pedestrian.

Table 5.6.4 lists the distribution of choices. Table 5.6.5 shows the average

additional waiting time for different groups (31+ sec was coded as 40 sec). For drivers

going through, the average additional waiting time to exchange for protected left-turn

signals is 21.1 sec. For left-turn drivers, the average is 25.8 sec. The longest additional

tolerable waiting time is for pedestrians at 26.6 sec. ANOVA revealed that the additional

waiting time for through drivers, left-turn drivers and pedestrians is significantly different

from each other - F(2, 3519)=70.3,p=0.000.

The average additional waiting time to exchange for protected left-turn signals

time was generalized to the total survey population by weighting the survey respondents.
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The average scores are 2004 sec, 25.3 sec and 26.0 sec for drivers going through, drivers

turning left and pedestrians.

ANOVA was conducted to find whether there are significant differences among

different groups. Table 5.6.6 shows the results of ANOVA. Statistically significant

findings are listed below.

Through drivers: Female drivers (mean=22.0 sec) would wait a longer time than

male drivers (mean=19.8 sec). Risk-averse drivers (mean=23.8

sec) would wait a longer time than risk-taking drivers

(mean=17.6 sec).

Left-turn drivers: Risk-averse drivers (mean=27.8 sec) would wait a longer time

than risk-taking drivers (mean=23.3 sec).

Pedestrians: Pedestrians who are risk-averse drivers (mean=28.4 sec) would

wait a longer time than pedestrians who are risk-taking drivers

(mean=24.1 sec).
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Table 5.6.1 Choice Distribution on Importance of Safety over Waiting Time

Potential Vehicle-to-Vehicle Potential Vehicle-to-Pedestrian
Collisions Collisions

Through driver with Left-turn driver with Left-turn driver Pedestrian with
left-turn driver through driver with pedestrian left-turn driver

2-10 times less 8% 7% 10% 4%

equally 20% 16% 21% 13%

2 times more 17% 14% 15% 11%

3 times more 9% 7% 8% 7%

4 times more 4% 6% 4% 4%

5 times more 10% 9% 9% 8%

6 times more 4% 6% 4% 7%

7 times more 2% 1% 1% 2%

8 times more 2% 2% 2% 2%

9 times more 1% 2% 1% 2%

10 times more 23% 28% 23% 39%
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Table 5.6.2 Average Scores for Importance of Safety over Waiting Time

Potential Vehicle-to-Vehicle Collisions
Potential Vehicle-to-Pedestrian

Collisions

Through driver with Left-turn driver with Left-turn driver with Pedestrian with left-
left-turn driver through driver pedestrian turn driver

UHM students 4.1 4.8 4.0 5.7
GROUP UHM faculty 4.0 4.8 3.8 6.2

UHM staff 4.0 4.4 4.1 5.6

GENDER
Male 3.4 4.1 3.3 504
Female 4.6 5.2 4.4 6.1
~25 4.1 4.9 3.9 5.7

AGE 26-50 4.1 4.6 3.9 5.7
>50 4.0 4.7 4.1 6.2
0-5 4.1 4.8 3.7 504

DRYR 6-20 4.1 4.9 4.0 5.9
>20 4.0 4.5 4.0 5.9
No college 3.8 4.3 3.0 404

EDU
Some college

4.1 4.7 3.9 5.7
/College grad

Post-graduate 4.1 4.8 4.1 6.2
Drive other

4.2 4.9 4.0 5.9
SUVT

vehicles
Drive SUVor

4.0 4.5 4.0 5.6
pickup truck

RISK
Non-risk-prone 4.5 5.1 4.4 6.0
Risk-prone 3.7 4.3 304 5.5

Average 4.0 4.7 3.9 5.8

(Choices from -10 to +10)

Table 5.6.3 ANOVA Results for Importance of Safety over Waiting Time

Potential Vehicle-to-Vehicle Collisions Potential Vehicle-to-Pedestrian Collisions

Independent Through driver with left- Left-turn driver with Left-turn driver with Pedestrian with left-turn
Variable turn driver through driver pedestrian driver

F df P F df P F df P F df P

GROUP 1.0 (2,859) 0.379 0.9 (2,860) 00407 2.7 (2,858) 0.069 0.3 (2,858) 0.742

GENDER 1~22.$ (1.85§) o.o(j0 19.9 (1, 860') MOO 14.8 (1,85'8) 0,000 4.7 ~t858) 15-Q30
AGE 0.2 (2,859) 0.832 1.3 (2,860) 0.264 1.2 (2,858) 0.304 1.5 (2,858) 0.220

DRYR 0.6 (2,859) 0.546 0.5 (2,860) 0.588 0.6 (2,858) 0.562 1.8 (2,858) 0.172

EDU 2.0 (2,859) 0.135 1.2 (2,860) 0.304 2.6 (2,858) 0.072 2.2 (2,858) 0.111

SUVT 0.1 (1, 859) 0.791 0.4 (1,860) 0.553 0.2 (1,858) 0.625 0.3 (1,858) 0.614

RiSK 15~ \1,859) a.ooo 14.2- ~1, 860; 0.000 20.1 (1,858) 0.000 5.0 (1, 858') 0025
-Note: Hlghllghted results are significant at 9)% confidence level.
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Table 5.6.4 Choice Distribution on Additional Waiting Time to Exchange for
Protected Left-Turn Signals

Maximum Additional
Through Driver Left-Turn Driver Pedestrian

Waiting Time (sec)

0 7% 2% 4%

5 9% 4% 4%

10 14% 8% 8%

15 14% 14% 12%

20 14% 17% 12%

25 4% 5% 5%

30 17% 20% 20%

31+ 20% 30% 35%

Average 21.1 sec 25.8 sec 26.6 sec

Table 5.6.5 Average Additional Waiting Time to Exchange for Protected Left-Turn
Signals

Through Driver Left-Turn Driver Pedestrian

UHM students 19.8 24.7 25.3
GROUP UHM faculty 23.5 27.7 29.3

UHM staff 23.6 27.9 29.3

GENDER
Male 19.8 24.9 26.1
Female 22.0 26.4 27.0
:::;;25 17.8 23.2 23.6

AGE 26-50 23.0 27.2 28.2
>50 24.7 29.1 30.1
0-5 17.9 23.7 23.8

DRYR 6-20 20.1 24.8 25.4
>20 24.9 28.7 30.3
No college 19.9 25.6 22.9

EDU
Some college

19.8 24.6 25.3
{College grad
Post-graduate 24.1 28.3 28.7
Drive other

21.5 26.1 27.3
SUVT

vehicles
Drive SUVor

20.5 25.2 25.8
pickup truck

RISK
Non-risk prone 23.8 27.8 28.4

Risk-prone 17.6 23.3 24.1
Average 21.1 sec 25.8 sec 26.6 sec
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Table 5.6.6 ANOVA Results for Additional Waiting Time to Exchange for Protected
Left-Turn Signals

Additional Waiting Time
Independent

Through Driver Left-Turn Driver Pedestrian
Variable

F df P F df P F df P

GROUP 2.4 (2,856) 0.094 1.7 (2,857) 0.179 1.2 (2,857) 0.289

GENDER 9:8 {1. ~56); O,G02 3.6 (1, 857) 0.059 2.6 (1, 857) 0.109

AGE 3.0 (2,856) 0.052 2.5 (2,857) 0.079 1.2 (2,857) 0.306

DRYR 2.5 (2,856) 0.085 0.2 (2,857) 0.812 2.8 (2,857) 0.062

EDU 1.5 (2,856) 0.214 1.7 (2,857) 0.178 2.7 (2,857) 0.076

SUVT 0.4 (1, 856) 0.547 0.5 (1, 857) 0.465 0.9 (1, 857) 0.339

RISK 21.8 (1. 8§6) O.oOQ 11.0 (1.857) tL001 8.1 (1, 357) 0.004

Note: HIghltghted results are sIgnificant at 95% confidence level.
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5.7 Chapter Summary

This chapter presented the demographic and risk-taking characteristics of survey

samples. Several hypotheses were tested and driver opinions on protected left-turn signals

were analyzed. Factors important to drivers at signalized intersections were identified.

The importance of safety over waiting time and additional waiting time in exchange for

protected left-turn signals were also quantified. Key findings are summarized below.

Drivers expect different waiting times: Drivers expected to wait a longer time at

large signalized intersections, during rush hours, when turning left, and on minor

approaches. Therefore, for example, 40 seconds of delay for drivers turning left is not

necessarily equal to 40 seconds of delay for drivers going straight through. Another

example is that 40 seconds of delay for drivers waiting at large signalized intersections is

acceptable but it may not be so for drivers waiting at small or medium-sized

intersections.

Driver opinions on protected left-turn signals: Driver perception of difficulty

to make turns without protected left-turn signals increased with intersection size. Female

drivers perceived more difficulty than male drivers. Driver perception of safety in making

a left-turn with a protected left-turn signal increased with intersection size. Female

drivers tended to agree more than male drivers that left-turns are safer with a protected

left-turn signal. Driver preference for protected left-turn signals also increased with

intersection sizes. Female drivers preferred protected left-turn signals more than male

drivers. As high as 91 % of the respondents stated that they much or extremely prefer a
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protected left-turn signal at an intersection where left-turn vehicles have to cross three

lanes of through traffic.

Factors important to drivers at signalized intersections: Multiple factors were

identified as important to drivers. The most important factor was quick traffic signal

response. It indicates that delayed signal response may cause more frustration than actual

waiting time. Delay was deemed important but it ranked eighth among the ten factors

examined. This suggests that delay is not the most important factor for the evaluation of

signalized intersection LOS. Availability of left-turn lanes, protected left-turn phases and

other factors ranked above delay. Therefore, the HeM's assumption of delay as the only

index to classify LOS is questionable.

Trade-offs between safety and delay: Road users are quite concerned about

potential collisions at signalized intersections. Safety was stated to be three to six times

more important than delay, depending on the type of conflict. Drivers turning left are

more concerned than drivers going through. Pedestrians are more concerned than drivers

turning left. Female dI'ivers, risk-averse drivers and pedestrians valued safety more than

delay to a significantly greater degree compared to their peers.

Drivers and pedestrians would be willing to wait a longer time at signalized

intersections in exchange for protected left-turn signals. The average additional waiting

time to exchange for protected left-turn signals is 21.1 sec, 25.8 sec, and 26.6 sec for

drivers going tlu'ough, drivers turning left and pedestrians, respectively.

Overall, the findings suggest that delay may need to be supplemented by a

number of quantifiable attributes of signalized intersections for a representation of LOS
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that corresponds better to road user perceptions. Equal delays and LOS at multilane

intersections with and without left-turn lanes and left-turn phases, with and without good

pavement and clear pavement markings, and with and without responsive traffic-actuated

signal control would rank equally according to the HeM, but they would rank

significantly different if road user perceptions are considered.
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Chapter 6: Potential Conflict Analysis for LOS Determination

6.1 Introduction

This chapter presents a method to include safety risk in the analysis of signalized

intersection LOS. (This method has been published in Transportation Research Recora.)

Models were developed to quantify collision risk representing the perceived safety risk

and concomitant stress on drivers and pedestrians. Collision risk was then combined with

delay to achieve a LOS measure incorporating safety risk. Case studies are presented to

illustrate the application of the proposed method.

Section 6.2 presents a background on delay and safety. Section 6.3 provides a

brief review of traffic safety at signalized intersections. The methodology of analysis is

detailed in Section 6.4. Two case studies illustrating the application of the proposed

method are presented in Section 6.5. Section 6.6 provides elements of the methodology

needing further study along with a summary.

6.2 Background

Level-of-Service (LOS) is an important measure of performance in analyses of

signalized intersections. Average stopped delay and then average control delay have been

used as the measures of service in signalized intersection analysis since 1985. However,

* Zhang, L., and P. D. Prevedouros. Signalized Intersection Level of Service Incorporating Safety

Risk. In Transportation Research Record: Journal ofthe Transportation Research Board, No. 1852, TRB,

National Research Council, Washington, D.C., 2003, pp. 77-86.
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in addition to delay, safety is a major concern for motorists, pedestrians and agencies

responsible for the operation of signalized intersections. The LOS definition in HCM

1965, 1985, and the 1992 update included "safety." Beginning with HCM 1994, "safety"

was removed from the LOS definition. This was necessary since the measures used to

define LOS do not con-elate with safety. However, safety is an integral part of signalized

intersection operations and it often dictates the choice of signal operation characteristics.

The motorist survey also revealed that road users are quite concerned about

potential collisions at signalized intersections. Safety was stated to be three to six times

more important than delay depending on the type of conflicts. Drivers and pedestrians

would be willing to wait a longer time at signalized intersections in exchange for safer

left-turns with protected left-tum signals. Therefore, efforts to incorporate safety into

LOS are warranted.

In 2000, 44% of all reported crashes throughout the United States occurred at

intersections. Nearly 23% of the total fatalities, 48% of all injury crashes, and 40% of all

pedestrian incidents occurred at or within an intersection environment (37, 38). Left-tum

collision constitutes 25% of collisions at urban four-leg signalized intersections.

Furthermore, intersection safety is recognized as one of four priority areas in the Federal

Highway Administration's (FHWA) Performance Plan (38).

There is a tradeoff between delay and safety at a signalized intersection chiefly

involved in the type of left-tum operation (e.g., protected, permitted or prohibited.) If

left-turning vehicles are permitted to make a tum, they are likely to experience a shorter

delay, but collision risk is higher since they need to find an appropriate gap to drive

through opposing traffic and pedestrians in the crosswalk. On the other hand, if an
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exclusive phase is provided for left-turning traffic, a larger delay is likely to be

encountered on the average, but collision risk is lower because there are no conflicts

between left-tuming vehicles and opposing through vehicles and pedestrians. Therefore,

in a comparative context, the use of delay as the sole measure of LOS usually penalizes

intersections with protected left-tum phases except in cases of large intersections with

heavy left-tuming traffic (e.g., left-tum bays over 200 ft., twin left-tum lanes, in which

permitted operation was abandoned as both wlsafe and inefficient.)

Although Chapter 18 in HCM 2000 (1) addresses pedestrian delay and LOS at

signalized intersections, the current assessment of LOS at signalized intersections does

not account for the waiting time and safety risk experienced by pedestrians. It is

desirable, therefore, to develop a comprehensive methodology that accounts for both

efficiency and safety, and recognizes the co-existence of vehicular and pedestrian traffic

at signalized intersections. Thus, the objective of this methodology is to improve upon

the HCM 2000 methodology for the assessment of performance of signalized

intersections by developing a set of models to quantify collision risk as a fimction of road

geometry, traffic and signal variables. The objective is to establish a method for

representing the perceived safety risk and concomitant stress on drivers rather than on

predicting crash rates. Collision risk is then combined with delay to achieve a

comprehensive LOS measure (with or without pedestrians.)

The proposed methodology may aid agencies responsible for traffic signals to

weigh the tradeoffs between intersection channelization, signalization cost and

complexity on the one hand, and the quality of service and safety of vehicular and
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pedestrian operations on the other. The proposed methodology also provides a better

representation of road user perceptions.

6.3 Literature Review

Left-turn maneuvers are considered as the most difficult and complicated traffic

maneuver at an intersection because a left-turning vehicle has to cross in front of

oncoming through traffic as well as avoid pedestrians in the crosswalk. According to

accident statistics, 45% of all accidents occUlTing at intersections in the U.S. involve left

turning maneuvers while only 10% to 15% of all intersection traffic turns left (39).

Exclusive left-turn phasing reduces right-angle and pedestrian accidents significantly (40,

41, 42, 43, 44). Agent (40) showed that there was an 85% reduction in left-tum accidents

after a permitted left-tum was replaced by a protected left-turn phasing. Based on the

nUlnber of left-turn accidents per million left-turning vehicles, Upchurch (41) identified

that exclusive phasing has the lowest left-turn accident rate, which was also corroborated

by Shebeeb (44).

Historical crash data have been used widely as a direct measure of safety at

intersections and other locations. However, attempts to estimate the relative safety of a

highway facility are usually hindered by the umeliability of crash records and the long

period to achieve adequate sample sizes. To overcome these problems, Perkins and Harris

(45) first introduced the concept of traffic conflicts as a sun-ogate measure for predicting

crash rates in 1967. A traffic conflict is defined as "an event involving two or more road

users, in which the action of one user causes the other user to make an evasive maneuver

to avoid a collision" (p.1) (46). Traffic conflict analysis provides useful information for
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determining the predominant conflict types, identifying hazardous intersections, and

assessing the effectiveness of safety actions. However, some traffic analysts noticed that

small or poor correlations existed between conflicts and crashes (47, 48). Hauer (49)

argued that it was the expected crash instead of the observed one that was correlated with

the traffic conflict. Therefore, the traffic conflict technique should not be judged by its

ability to predict crashes. Instead, the technique is deemed valid if it provides unbiased

estimates and the variance of the estimate is small (50). Ifthe technique is only used for a

"before-and-after" or "with-or-without" comparison in which the same accident-to

conflict ratio applies, it is a valid and useful tool to provide good insights on relative

safety of a traffic facility (50).

Ha and Berg (51) developed a computational procedure for a safety-based LOS

using conflict opportunities, but the safety-based criteria they developed were not as

sensitive to changes in prevailing traffic, roadway, and signal timing conditions as the

traditional delay-based measure. At a conceptual level, Spring (52) proposed a method to

integrate safety into the HeM using fuzzy set theory.

6.4 Methodology

The major difference between permitted and protected left-turn phasing at a

signalized intersection is the left-turn discharge process and the related collision risk.

Figure 6.4.1 illustrates a typical signalized intersection with shared left-turn lanes and

permitted left-turn phases. The east-bound (EB) left-turning vehicles need to wait for

appropriate gaps in opposing traffic that are also free of pedestrians in the crosswalk

before executing the left-turn maneuver. During this period, there are potential conflicts
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(PC) between left-turning vehicles and opposing traffic and pedestrians. A quantitative

estimate of the number of potential conflicts is a reasonable starting point for

incorporating safety into the concept of LOS.

Using potential conflicts instead of actual crash rates is a reasonable measure for

assessing the quality of safety service because potential conflicts are routinely realized by

drivers and add to driver stress whereas very few potential conflicts become actual

crashes. Longer and more consistent delays with fewer conflicts might be better than

shorter but more volatile delays with more conflicts with opposing traffic and

pedestrians.

The methodology is outlined in Figure 6.4.2 and is discussed below in three parts:

potential vehicle-to-vehicle conflict, potential vehicle-to-pedestrian conflict and the

combination of delay and safety.

6.4.1 Potential Vehicle-to-Vehicle Conflicts

The potential conflict analysis method is illustrated by focusing on the east-bound

(EB) approach in Figure 6.4.1. When EB and WB traffic begin to release queues on

green, there is no potential conflict between EB left-turn and WB through traffic until the

first left-turning vehicle on the EB approach arrives. This green time interval is defined

as g f in HeM 2000 (1). It is noted that g f is equal to 0 for the case of exclusive

permitted left-turn lanes because left-turn vehicles accumulate during the red phase

before the beginning of the green phase. Furthermore, when the WB queue opposed by

EB left-turn begins to release, there is no potential conflict between EB left-turn and WB

through traffic because the EB left-turning vehicles are effectively blocked until the
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opposing queue clears. This portion of the green is referred to as g q (1). After the

opposing queue clears, left-turning vehicles select gaps through the unsaturated opposing

flow. This portion of green time is gu (1) and is estimated with Equation 6.4.1.

{

g-g
g = q

u g-gf

where,

when gq ~ gf

when gq < gf
(6.4.1)

g = the green time (in seconds)

During the green period of gu' left-turn traffic needs to find appropriate gaps to

drive through opposing traffic. Drivers will not make a left-turn when small gaps such as

2 or 3 seconds (s) are available. Therefore, there is little or no probability of collisions

involved with left-turning vehicles and opposing through traffic associated with small

gaps. For large gaps (e.g., ~1 as), drivers have enough time to make a decision and clear

the intersection safely without conflicts. Potential conflict, however, exists when the

opposing gaps are medium sized, e.g., 5 to 9 s for a medium-sized intersection. (Potential

conflict gaps are defined below.) Aggressive drivers accept potential conflict gaps and

force opposing vehicles to decelerate to avoid a crash. When opposing traffic flow is

heavy, appropriate gaps may be few and far apart. Frustration may increase by drivers

waiting to turn left, so they may take a potential conflict gap which is not safe. Therefore,

most potential conflicts are likely with potential conflict gaps during the green portion of

To estimate potential conflict gaps, the time for executing the left-turn maneuver

needs to be estimated. The typical path of a left-turning vehicle as well as key geometric
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characteristics of an intersection are illustrated in Figure 6.4.1. Left-turn vehicles may

make the maneuver from a stationary or non-stationary position, depending on the arrival

pattern of left-turning traffic. However, for simplicity, all vehicles are assumed to turn

from a stationary position. The left-tum distance and left-turning maneuver time can be

calculated with Equation 6.4.2 and 6.4.3.

1 2
dLT(i) + Le =- atLT(i)

2

where,

(6.4.2)

dLT(i) = left-turn distance from approach i calculated with Equation 6.4.3

Le = the typical car length

a = acceleration rate

tLT(i) = left-turning time from approach i

7r

dLT(i) ="2

where,

Wi~(i) + Wo~t(i)

2
(6.4.3)

~n(i) = left-turning vehicle intersection-entering radius, which

consists of opposing approach width, median width, and

one half of lane width of approach i
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Wout(i) = left-turning vehicle intersection-exiting radius, which

consists of opposite approach width, median width, and one

half of an exiting lane width

By transforming Equation 6.4.2, the turning time for a left-turning vehicle can be

calculated:

(6.4.4)

Assuming an average car length of 15 ft. and an average acceleration rate of 4.4

ft/s2 yields

(6.4.5)

Assuming driver perception-reaction time of 8 seconds, the total maneuver time

for a left-turning vehicle to clear an intersection from approach i is &LT(i) + 5) s. As

previously stated, potential conflicts would happen when the gap is medium sized.

Defining potential conflict gaps in opposing traffic as those between left-tum maneuver

time minus an assumed value of 2 s, denoted by t li , and left-tum maneuver time plus 2 s,

denoted by t ui ' gives:

{

t li =t LT(i) + 5 - 2

tUi = t LT(i) + 5 + 2

where,
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t li = lower bound of potential conflict gaps which could result in potential

LT conflicts on approach i

t ut = upper bound of potential conflict gaps which could result in potential

LT conflicts on approach i

In other words, all opposing vehicles arnvmg with headways within

VLT(t) + <5 - 2) and VLT(I) + <5 + 2) are counted as potential conflict to left-turning traffic.

Gaps smaller than tZt or greater than tut are not considered in the calculation of left-turn

potential conflicts.

It is also assumed that the headway of the opposing traffic follows a negative

exponential distribution. Since the time until the first left-turning vehicle arrives (gf)

and the time for releasing opposing queues (gq) are excluded (see Equation 6.4.1), the

assumption of negative exponential distribution of headways is reasonable in this context.

Then the probability of a headway falling between the lower (t li ) and upper (tut ) bound

of potential conflict gaps is:

P . =p(t . < h < t .)= e-AoA; - e-Ao;(ut
PC(I) Ii - - Ul

where,

(6.4.7)

FpC(t) = probability of expected potential left-turn conflict on approach i

A ot =Vat /3600, arrival rate of opposing traffic of LT on approach i, in

vehls
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VOi = hourly flow rate on opposing approach, in veh/hr

The following equation provides the number of vehicles that will be affected by

potential conflict:

PCveh =I PCLT(i) + PCOT(i)

where,

PCveh = total expected number of vehicles with potential conflicts

(6.4.8)

PCLTO) = number of LT vehicles with potential conflicts on approach i

PCOT(i) = number of opposing traffic with potential conflicts resulting

from LT on approach i

where,

VLT(i) =the number of left-tum vehicles on approach i

VOT _gu(i) = the number of opposing traffic of approach i during the

green period of gu

6.4.2 Potential Vehicle-to-Pedestrian Conflicts

HeM 2000 (1) has adopted a new method on saturation flow adjustment for

pedestrians at signalized intersections based on research by Milazzo et. al. (53).
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Although Milazzo's work discusses the effect of pedestrians on saturation flow for

turning movements, the method can be employed to estimate the potential conflict

between left-turning vehicles and pedestrians in the crosswalk.

An area termed "conflict zone" (Figure 6.4.1), where pedestrians and vehicles

compete for space, was defined (53). Based on empirical data, Milazzo (53) developed a

piecewise linear volume-occupancy model to estimate the pedestrian occupancy in the

conflict zone during pedestrian green time.

{
GCCpedg =Vpedg 12,000

GCCpedg =Vpedg 110,000 + 0.4

where,

(Vpedg ~ 1,000)

(Vpedg > 1,000)
(6.4.10)

GCCpedg = average pedestrian occupancy 111 the conflict zone during

pedestrian green time

Vpedg = pedestrian volume per hour of pedestrian green, plh

Vpedg =Vped * (C I g p) (Vpedg ~ 5,000)

where,

Vped = conflicting pedestrian flow rate, plh

(6.4.11)

Drivers turning left must first check the opposing through traffic to find whether a

safe gap is available. Therefore, opposing through traffic plays a role in protecting

pedestrians. Milazzo (53) recognized that this protection has two phases: one is the

duration until the opposing queue clears (Equation 6.4.12); the other is the screen
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provided by opposmg through traffic arnvmg with small headways which are not

acceptable for turning left (Equation 6.4.13).

Decpedu = Decpedg [1- 0.5(gq I g p)]

where,

(6.4.12)

Decpedu = average pedestrian occupancy of the conflict zone after the

opposing queue clears

g q = the portion of the permitted green time blocked by a queue of

opposing vehicles, s

g p = pedestrian green time, s

Deer =DeCpedu * Pnscr

where,

(6.4.13)

Deer = average pedestrian occupancy of the conflict zone

Pnscr = expected proportion of no conflict zone screening

where,

(6.4.14)

v0 = opposing flow rate for permitted left-turns, veh/h

t g = critical gap, s

Drivers may choose to turn when the opposing gap is greater than t Ii and smaller

than tui ' but potential conflicts of left-turning vehicles with opposing through vehicles
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and pedestrians could occur. When an opposing gap is less than t li , opposing through

vehicles screen pedestrians from left-turning traffic. Therefore, t g in Equation 6.4.14 can

be set equal to t li .

The relevant conflict-zone-occupancy (OCCr ) could also be recognized as the

likelihood that pedestrians would be involved in potential conflicts with left-turning

vehicles. Therefore, the potential conflict for pedestrians could be expressed with

Equations 6.4.15 and 6.4.16.

PCped =I PCped(j)
j

where,

PCped = total expected potential pedestrian conflicts

(6.4.15)

PCped(j) = expected potential conflict involving pedestrians on receiving

approach} resulting from left-turning vehicles from approach i,

p/h

PCped(j) =Vped(j) * OCCr(j)

where,

(6.4.16)

Vped(j) = conflicting pedestrian flow rate on approach}, p/h

OCCr(j) = average pedestrian occupancy of the conflict zone on

approach}, Equation 6.4.13
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6.4.3 Combination of Delay and Safety

The potential conflict between vehicles (PCveh) and the potential conflict between

vehicles and pedestrians (PCped) can be estimated as explained above. The next step is to

combine them together for evaluating the safety of signalized intersections, as follows:

PC = PCveh +PCped

where,

PC = total expected potential conflicts

(6.4.17)

PCveh = total expected potential conflicts between left-turning and

opposing through vehicles

PCped = total expected potential pedestrian conflicts

One way of combining safety with efficiency while retaining compatibility with

HeM 2000 is to combine perception of inconvenience (delay) and risk (conflicts). This

produces the delay and safety index (DS). Instead of delay alone, the delay and safety

index can be used to determine the LOS for each lane group, approach and the

intersection as a whole.

DSveh *Vveh + DSped *VpedDS =-------=----------"----

Vveh + Vped

where,

DS = delay and safety index

DSveh = delay and safety index for vehicles; equation 6.4.19
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DSped = delay and safety index for pedestrians; equation 6.4.20

Vveh = total vehicle volume, vehlh

Vped = total pedestrian volume, p/h

d (
PCveh J ( PCveh JDSveh = veh + a *-- dVeh = 1+ a * . dvehVveh Vveh

(6.4.19)

[
PCped J [ PCped JDSped =dped + fJ* d ped = l+fJ* d ped (6.4.20)
Vped Vped

where,

dveh = average vehicle control delay (s/veh)

dped = average pedestrian delay (sip)

a = safety weight factor for vehic1e-to-vehic1e conflicts

fJ = safety weight factor for vehic1e-to-pedestrian conflicts
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6.5 Case Study

Two signalized intersections A and B with moderate traffic volume (Table

6.5.1(a» are shown in Figure 6.5.1. Both intersections are in an urban area and pedestrian

signals exist on all approaches. For intersection A, which has moderate left-turn and

through traffic, two different chaImelization and signal timing plans are shown, one with

shared left-turn laIleS and permitted left-turn phases, the other with exclusive left-turn

lanes and protected LT phases. For intersection B, which is characterized by high left

turn traffic, there are also two signal timing plans (one with protected LT and another

with permitted LT); the geometry with exclusive left-turn lanes is the same for both

plaI1S. Capacity analysis assumptions include level-terrain, non-CBD area, 12 ft. lane

width, 100 plh pedestrian volume for all approaches, no parking, no heavy vehicles, and

4-s phase change interval. Optimized signal timings and the resultaIlt delay and LOS for

the two intersections under different signal plans were calculated based on HCM 2000

aIld are shown in Tables 6.5.1(a), 6.5.1(b) and 6.5.1(c).

The delay-based LOS results show that for both intersections the operation with

permitted LT (2-phase operation) is better than that with protected LT (4-phase

operation). However, the 4-phase operation of the intersection eliminates most conflicts

associated with left-turns. To assess the difference in safety between permitted and

protected timing plans, potential conflicts involving left-turning vehicles with opposing

through vehicles (Table 6.5.2) aIld pedestrians (Table 6.5.3) were calculated. Nearly

7.7% of the traffic at intersection A and 10.9% at intersection B is involved with left-
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turning related potential conflicts. In addition, 3.4% to 5.7% of pedestrians are vulnerable

to potential conflicts with left-turning vehicles.

The proposed delay and safety indices (DS) for intersections A and B were

calculated by applying Equation 6.4.18 (Table 6.5.4). DS is 29.6 s (intersection A) and

44.2 s (intersection B) with protected left-turn phases. DS for permitted left-turn phasing

with various values for the safety weight factors a and ~ were computed in Table

6.5.4(b). The numbers in boldface indicate that the calculated DS with permitted LT

phase is greater than that with protected LT phases. For example, if a ~ 2, and ~ ~ 1, the

LOS under protected left-turns (DS=29.6) is better than that with permitted left-turns

(DS>30) for intersection A. This is also true for intersection B but for a ~ 7.

It was found from the motorist survey (in Chapter 5) that the average score on

importance of safety over waiting time is 4.4 (a) and 5.8 W) for potential vehicle-to

vehicle collision and potential vehicle-to-pedestrian collision, respectively. Using those

weight factors, DS is 35.0 s (intersection A) and 38.1 s (intersection B) with permitted

left-turn phases. Therefore, the LOS under protected left-turns (DS=29.6) is better than

that with permitted left-turns (DS=35.0) for intersection A. However, the LOS under

protected left-turns (DS=44.2) is worse than that with permitted left-turns (DS=38.l) for

intersection B.

It is noted that pedestrian safety did not playa large role in the calculation of DS

for these two intersections partly because of the low pedestrian volume used. For

intersections in business areas where crossings process a large number of pedestrians,

pedestrian safety will have a greater effect on DS and LOS.
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Table 6.5.1 HeM Inputs and Outputs for Intersections A and B

(a) Traffic volume and signal timings
Traffic Volume (vph) Signal Timing (s)

Intersection Phase Intersection A Intersection B
Approach Movement

A B
(see Fig. Permitted Protected Permitted Protected

6.4.1) LT LT LT LT
LT 120 230

EB TH 525 500 A 30.1 6.8 32.0 16.0
RT 95 85
LT 110 200

WB TH 500 500 B 39.9 17.2 40.0 19.8
RT 20 20
LT 150 250

NB TH 600 420 C --- 9.3 --- 22.2
RT 80 60
LT 165 320

SB TH 650 500 D --- 19.7 --- 20.0
RT 70 90

Total Traffic Volume 3,085 3,175
Cycle

78 69 80 94Length

(b) Pedestrian signal timings

Movement Ped. Signal (s) Intersection A Intersection B
Permitted LT Protected LT Permitted LT Protected LT

E-W
WALK 19.1 6.2 21.0 8.8
FDW 11.0 11.0 11.0 11.0

N-S
WALK 28.9 8.7 29.0 9.0
FDW 11.0 11.0 11.0 11.0

FDW = Flashing Don 'f Walk

(c) Vehicle and pedestrian delay and LOS
Delay (sec.)

Intersection A Intersection B
Approach Movement Permitted LT Protected LT Permitted LT Protected LT

(2-Phase) (4-Phase) (2-Phase) (4-Phase)
Veh. Ped. Veh. Ped. Veh. Ped. Veh. Ped.

EB LT 34.50 14.7 57.23 19.5 71.29 14.4 64.74 29.3
TH+RT 29.34 18.39 46.21

WB LT
27.84 14.7

50.41
19.5

70.29
14.4

51.78
29.3

TH+RT 25.78 17.75 40.42
NB LT

23.43 9.3
43.57

17.6
38.36

10.0
40.28

29.1
TH+RT 25.82 12.06 38.55

SB LT
26.85 9.3

49.45
17.6

45.87
10.0

54.34
29.1

TH+RT 26.99 12.67 46.01
Intersection Delay 28.0 12.0 31.0 18.6 27.7 12.2 46.1 29.2

LOS C B C B C B D C
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Table 6.5.2 Potential Left-turn Conflicts among Vehicles at Intersections A and B

(a) Calculation process

Input
Intersection A Intersection B

EB WB NB SB EB WB NB SB
No 2 2 2 2 2 2 2 2

Ne 2 2 2 2
,.,

3 3
,.,

.J .J

Lane Width 12 12 12 12 12 12 12 12
Median Width 6 6 6 6 6 6 6 6

dLT 56.5 56.5 56.5 56.5 66.6 66.6 66.6 66.6

Lc 15 15 15 15 15 15 15 15
a 4.4 4.4 4.4 4.4 4.4 4.4 4.4 4.4

tLT 5.7 5.7 5.7 5.7 6.1 6.1 6.1 6.1

tl 4.7 4.7 4.7 4.7 5.1 5.1 5.1 5.1

tu 8.7 8.7 8.7 8.7 9.1 9.1 9.1 9.1

Va 520 620 720 680 520 585 590 480

10 0.144 0.172 0.200 0.189 0.144 0.163 0.164 0.133

Ppc 0.223 0.222 0.215 0.218 0.210 0.209 0.209 0.209

C 78 78 78 78 90 90 90 90

g 30.1 30.1 39.9 39.9 40 40 42 42

gf 0.6 1.1 0.3 0.0 0.0 0.0 0.0 0.0

gq 7.6 10.2 10.3 9.1 5.8 7.5 6.7 4.3

gu 22.5 19.9 29.6 30.8 34.2 32.5 35.3 37.7

VOT gu 150 158 273 268 198 211 231 201

VLT 120 110 150 165 230 200 250 320

PCLT & PCOT 26.7 24.4 32.3 36.0 41.6 41.7 48.2 42.1

(b) Total and percentile potential conflicts

Intersection Movement
Potential Conflict (PC)

PCvelt
Total %PC

EB WB NB SB Volume

A
LT 26.7 24.4 32.3 36.0

238.8 3,085 7.7%
TH 24.4 26.7 36.0 32.3
LT 41.6 41.7 48.2 42.1

347.2 3,175 10.9%B
TH 41.7 41.6 42.1 48.2
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Table 6.5.3 Potential Conflicts between Left-turn Vehicles and Pedestrians at
Intersections A and B

(a) Pedestrian conflicts at intersection A

Approach Vped C gp Vpedg OCCpedg gq gqlgp OCCpedu Vo OCCr PCped % PCped

EB 100 78 39.9 195 0.098 1003 0.258 0.085 680 0.035 3.5 3.5%

WE 100 78 39.9 195 0.098 9.1 0.228 0.086 no 0.034 3.4 3.4%

NB 100 78 30.1 259 0.130 10.2 0.339 0.108 620 0.048 4.8 4.8%

SB 100 78 30.1 259 0.130 7.6 0.253 0.113 520 0.057 5.7 5.7%

2:=17.4 Avg.=4.4%

(b) Pedestrian conflicts at intersection B

Approach Vped C gp Vpedg OCCpedg gq gqlgp OCCpedu Vo OCCr PCped % PCped

EB 100 80 40 200 0.100 6.7 0.168 0.092 480 0.046 4.6 4.6%

WE 100 80 40 200 0.100 4.3 0.108 0.095 590 0.041 4.1 4.1%

NB 100 80 32 250 0.125 7.5 0.234 0.110 822 0.D35 3.5 3.5%

SB 100 80 32 250 0.125 5.8 0.181 0.114 700 0.042 4.2 4.2%

2:=16.4 Avg.=4.1%

114



Table 6.5.4 Delay and Safety Index (DS)

(a) DS for intersections A and B with protected LT Phases

Intersection LT Signal PCveh Vveh PCped Vped dveh dped DS

A Protected 0 3,085 0 400 31.0 18.6 29.6

B Protected 0 3,175 0 400 46.1 29.2 44.2

(b) DS for intersections A and B with permitted LT Phases

Safety DS
Intersection LT Signal

Weight Factor cx=l cx=2 cx=3 cx=4 cx=5 cx=6 cx=7

~=1 28.1 30.1 32.0 33.9 35.8 37.7 39.7

~=2 28.2 30.1 32.0 34.0 35.9 37.8 39.7

~=3 28.3 30.2 32.1 34.0 35.9 37.8 39.8

A Permitted ~=4 28.3 30.2 32.1 34.1 36.0 37.9 39.8

~=5 28.4 30.3 32.2 34.1 36.0 38.0 39.9

~=6 28.4 30.3 32.3 34.2 36.1 38.0 39.9

~=7 28.5 30.4 32.3 34.2 36.2 38.1 40.0

~=1 28.7 31.4 34.1 36.8 39.5 42.2 44.9

~=2 28.8 31.5 34.2 36.8 39.5 42.2 44.9

~=3 28.8 31.5 34.2 36.9 39.6 42.3 45.0

B Permitted ~=4 28.9 31.6 34.3 37.0 39.6 42.3 45.0

~=5 28.9 31.6 34.3 37.0 39.7 42.4 45.1

~=6 29.0 31.7 34.4 37.1 39.8 42.4 45.1

~=7 29.1 31.7 34.4 37.1 39.8 42.5 45.2
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6.6 Chapter Summary

Delay has been used as the only index to evaluate the LOS at signalized

intersections since 1985. Delay, however, does not represent the safety concerns of

motorists or collision risk. The motorist survey revealed that road users are quite

concerned about potential collisions at signalized intersections. Safety was stated to be

three to six times more important than delay depending on the type of conflicts. Drivers

and pedestrians would be willing to wait a longer time at signalized intersections in

exchange for protected left-turn signals.

Signalization phasing affects left-tum-related conflicts the most. It also has

smaller effects on other types of intersection collisions such as rear-end, sideswipe, and

red-light running. Therefore, the major difference between permitted and protected left

turn phasing at a signalized intersection is the left-turn discharge process and the related

collision risk. A methodology that quantifies potential conflicts between left-turning

vehicles and opposing through vehicles and pedestrians was developed. The intent of the

methodology is to reflect driver stress as a measure of quality of safety service. The

methodology was based on and designed to be compatible with HeM 2000. A model was

developed to combine delay and safety as the service measure used for assigning LOS:

the delay and safety index CDS). The case study of two intersections showed that if

potential conflict is not considered, the signal timing plan with permitted left-turns

operates at a better LOS than that with protected left-turns. However, if potential conflict

is considered, the LOS under protected left-turn phasing is better than under permitted

left-turn phasing based on DS, when the safety weight factors exceed a certain value.
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This methodology represents the tradeoff between safety and efficiency explicitly, and

considers both vehicle-vehicle and vehicle-pedestrian conflicts associated with left-turns.

TIlls methodology is also appropriate for the analysis of signalized intersections

with all red signals for vehicles but all green signals for pedestrians for their safe

movements. It would model safety (potential conflicts) and efficiency (delay) explicitly

and give an unbiased LOS.

This research is being done as a continuation of past efforts to develop a

comprehensive LOS for signalized intersections. Several elements require further study.

They are listed below:

• The proposed methodology needs to be subjected to more testing with

actual intersection data. The sensitivity of the delay and safety index

under a variety of conditions needs to be assessed.

• The methodology presented in this paper is based on certain assumptions.

Some parameters, such as the perception-reaction time and the value used

to determine potential conflict gaps (lower and upper bound of potential

conflict gaps) need to be calibrated using experimental data.

• Other methods need to be tried and tested for combining delay and safety.

An alternative method is to develop a set of independent safety-based LOS

(this is a possible goal of the Highway Safety Manual being developed by

TRB's committees on safety) and then to combine it with the delay-based

LOS.

• Additional research is required in appropriate methods, surveys or

experiments, for determining reliable scaling factors for a and ~.
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Chapter 7: Fuzzy Weighted Average for LOS Determination

7.1 Introduction

Delay has been used as the measure of LOS in signalized intersection analysis

since 1985. However, as defined, LOS is a qualitative measure and needs to reflect user

perceptions. In addition to delay, other factors such as safety risk, visibility of pavement

markings, etc. may have an important role in road user perception of LOS at signalized

intersections.

Drivers may never measure the length of time they wait at a signalized

intersection. Their evaluation of a signalized intersection is based on their perception of

the intersection operation and can be expressed in linguistic terms such as "good,"

"acceptable," and "poor." Due to the inherent vagueness of road user perceptions, fuzzy

set theory is introduced in this chapter to combine the identified attributes (factors).

This chapter presents a method based on fuzzy set theory to determine signalized

intersection LOS that accounts for user perceptions. Several attributes (or factors)

contributing to road user perceptions of LOS were identified from the motorist survey. A

composite LOS was obtained by combining all the attributes together using the Fuzzy

Weighted Average (FWA) method. Case studies were presented to illustrate the

application of the proposed method.

Section 7.2 investigates the problems of CUlTent methods determining LOS and

defines the objectives of the research. The methodology of analysis is detailed in Section

7.3. Case studies illustrating the proposed method are presented in Section 7.4. Section

7.5 provides a summary for this chapter.
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7.2 Problem Statement and Study Objective

HCM 2000 (1) provides a comprehensive method for the calculation of delay and

LOS of signalized intersections. This method has the following limitations:

>- The assumption that there are rigid thresholds between each LOS category is

questionable. For example, there is no difference in human perception

between 55 seconds and 55.1 seconds of delay. However, 55 seconds of delay

is LOS D and 55.1 seconds of delay is LOS E. A gradual transition between

consecutive LOS would correlate better with human perception of LOS.

>- Road users' perception of LOS is typically expressed in linguistic terms such

as "very good," "good," "fair," "acceptable," "poor," and "very POOL" Drivers

hardly ever know or measure the waiting time at a signalized intersection but

they routinely make judgments on whether the operation of the signalized

intersection is "good" or "poor" in terms of their perceived waiting time and

other judgments about the intersection's operation. This type of complex,

subjective, qualitative and imprecise judgment is common in human concept

formulation and reasoning.

>- The HCM method uses delay as the only representation of motorist losses at

signalized intersections. Delay is meaningful and useful to engineers.

However, the use of delay as the only indicator cannot represent the combined

effect of all the attributes perceived by drivers. A number of other attributes

may affect road user perceptions of LOS such as safety risk, signal

responsiveness, clarity and usefulness of pavement markings, etc. For

example, in terms of safety risk, the provision of left-turn lanes and exclusive
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left-turn signals at a signalized intersection would make drivers, especially the

left-turning ones, feel safer and more comfortable than permitted left-turn

signal operations.

The goal of this study is to develop a methodology by applying fuzzy weighted

average method to determine signalized intersection LOS that accounts for user

perceptions. Specifically, the study has the following objectives:

• Provide an alternative methodology that replaces rigid LOS thresholds with

fuzzy numbers for each standard LOS level.

• Combine important intersection attributes (or factors) with delay to derive a

composite LOS index which reflects the imprecise perception of service by

road users.

7.3 Methodology

Although traffic experts prefer precise and quantifiable descriptions, LOS to non

experts is a fuzzy concept that they can best describe verbally in imprecise terms (29).

Fuzzy set theory was applied because it is a useful tool for handling imprecise and vague

information. Fuzzy set theory was first introduced by Zadeh in 1965 as a mathematical

method for representing vagueness in everyday life (54). It has been recognized as a

useful mathematical tool in a variety of research fields, including transportation

engineering and planning (55, 56, 57, 58).

A motorist survey was used to identify impOliant attributes that affect road user

perceptions of LOS at signalized intersections. Based on the survey, membership

functions for the importance levels of the identified attributes were developed. The fuzzy
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weighted average (FWA) method (59) was applied to combine the identified attributes. A

composite LOS measure was obtained by translating the fuzzy output into its equivalent

linguistic term using the Euclidean distance method.

The methodology of analysis is outlined in Figure 7.3.1 and is discussed below in

four parts: motorist survey, membership function development, fuzzy weighted average,

and composite LOS.

7.3.1 Motorist Survey

A self-administered motorist questionnaire survey was conducted and the data

analysis was presented in Chapter 5.

The survey revealed that multiple factors are important to drivers. Delay is an

important factor but it ranked only eighth among the ten factors examined. This suggests

that delay is not the most important factor for the evaluation of signalized intersection

LOS. Availability of left-turn lanes, protected left-turn phases and other factors ranked

above delay.

Factor analysis suggested three factor groups (Chapter 5): safety, efficiency and

convenience, as shown in Table 7.3.1. The overall intersection service system is

composed of those three factor groups as shown in Figure 7.3.2.

One factor was chosen to represent each factor group. Delay was chosen to

represent the efficiency group not only because it has been used widely, but also because

other factors (traffic signal responsiveness, ability to go through intersections within one

signal cycle, and presence of heavy vehicles) are correlated with delay. Availability of

exclusive left-turn lane and protected left-turn signal, also denoted as left-turn (LT)
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treatment, was chosen to represent the safety group. The presence of clear pavement

markings was chosen to represent the convenience group.

7.3.2 Membership Function Development

Fuzzy sets that represent the importance levels and the performance ratings of

identified attributes are characterized by their membership functions. Triangular and

trapezoidal membership functions were assumed in this study. The membership function

of a triangular fuzzy number A and a trapezoidal fuzzy number B are shown in Equation

7.3.1 and Equation 7.3.2, respectively. A triangular fuzzy number and a trapezoidal fuzzy

respectively.

(7.3.1)

where

j.1A = membership function of fuzzy number A

a1 = the lower boundary of the fuzzy number

a2 = the number corresponding to the highest degree of membership

a3 = the upper boundary of the fuzzy number
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0, x <S, bIlx-b, J bI <S, X <S, b2b2 -bI '

liB (X) = 1, b2 <S, X <S, b3lb, -x J b3 <S, X <S, b4
b4 -b3 '

0, X'? b4

where

JlB = membership function of fuzzy number B

bI = the lower boundary of the fuzzy number

b2 = the lower boundary corresponding to the highest degree of

membership

b3 = the upper boundary corresponding to the highest degree of

membership

b4 = the upper boundary of the fuzzy number

(7.3.2)

The membership functions for importance levels of the identified attributes were

based on the motorist survey, while the membership functions for performance ratings

were derived from assumptions and currently used standards.

Importance Level

The generation of membership functions for importance levels of the important

factors involves the conversion of responses based on the motorist survey from a

histogram form (Figure 7.3.3) to membership functions. Numbers from 1 to 5 were

assigned to represent the following qualitative assessments: not important = 1, a little

important = 2, moderately important = 3, very important = 4, and extremely important =
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5. The vertical axis of each histogram in Figure 7.3.3 represents the percentage of

responses. This may be interpreted as the confidence reposed by the respondents in the

selected rating value (60). In this sense, parameter a2 of a triangular fuzzy number

(Equation 7.3.1) and parameters b2 and b3 of a trapezoidal fuzzy number (Equation

7.3.2) correspond to the highest percentage of responses. Parameters a1 and a3 and

parameters bi and b4 represent the lowest percentage of responses. For example, the

percentage of responses for rating value "5" (extremely important) is the highest for LT

treatment (Figure 7.3.3(b)). Thus,it is assigned the maximum membership grade of 1.0.

A triangular membership function is applied in this case as shown in Figure 7.3.4(b).

Membership functions for importance levels of the other attributes were determined in a

similar manner and are also shown in Figure 7.3.4.

Performance Rating

To be consistent with HeM 2000 (1), six classes of performance ratings (A to F)

are assumed for each identified attribute. Each performance rating class is assigned a

linguistic term (e.g., "very good," "good," "poor," etc.) as well as a letter grade A to F.

The fuzzy sets for performance ratings are based on index numbers from 1 to 6, with 1

representing the worst and 6 representing the best. Figure 7.3.5(a) illustrates the standard

fuzzy sets for performance ratings of the important attributes. Instead of a cut-off point

between each performance rating, it is assumed herein that the transition is gradual.

Performance ratings for delay can be derived from the standard fuzzy sets as shown in

Figure 7.3.5(a) based on linguistic terms from road user perceptions. Alternatively,

calculated delay or field-measured delay can be classified into performance rating groups
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(Figure 7.3.5(b» which is assumed based on the threshold values defined in HCM 2000,

and then converted into the standard fuzzy sets for performance ratings (Figure 7.3.5(a».

As shown in Figure 7.3.5(b), a delay of 35 sec/veh is corresponding to performance

rating group C (75%) and D (25%). Therefore, the standard fuzzy set for delay in this

case is a triangular fuzzy number (2.75,3.75,4.75), represented by the dotted line in

Figure 7.3.5(a).

7.3.3 Fuzzy Weighted Average

The weight coefficients (or importance levels) and the performance ratings of

attributes are treated as fuzzy numbers. One of the effective methods for combining the

attributes, which are associated with fuzzy information, is the fuzzy weighted average

(FWA) method. Based on FWA, the fuzzy-based overall LOS is defined as follows:

N

IWi·Ri
LOS R = ..:..i=..::...!.,-::----

- N

IWi
i=!

where

(7.3.3)

LOS _ R = fuzzy overall LOS rating for a signalized intersection

W; = fuzzy weight coefficient (or importance level) of attribute i

R j = fuzzy performance rating of attribute i

N = number of attributes that define signalized intersection LOS

FWA involves arithmetic operations such as fuzzy set addition, multiplication,

and division. Due to the computational complexity by the direct application of the

extension principle proposed by Zadeh (61), Dong and Wong (59) proposed an efficient
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algorithm to compute the FWA based on the ex-cut representation of fuzzy sets. The steps

involved in the FWA operation are as follows:

1. The range of membership [0, 1] is discretized into a finite number of

values (ex-levels).

2. For each ex-level, ex-cut intervals are obtained for all fuzzy sets (fuzzy

weight coefficients (W) and fuzzy performance ratings (R ) for all N

attributes). Then [W/, wt], [W/, wt], ... , [W:, Wff] denote the

end points (lower and upper bounds) of weight coefficient intervals.

Also, [R1
L

, RPL [Rf,Rf], .. , , [Rt, R~] denote the end points of

performance rating intervals.

3. The end points can be combined into a 2N array by taking one end

point from each of the intervals. In all, there are 22N distinct

combinations of the end points.

N

IW;·Ri

4. For each ofthe 2 2N combinations, LOS _R = i=lN is calculated

IWi
i=l

using regular algebraic operations.

5. LOS _Rmin and LOS _Rmax denote the minimum and the maximum

of the 22N calculated value of LOS R, respectively. Then, the

resultant interval of the fuzzy set LOS R at the given ex-level is

[LOS _ Rmin , LOS _ Rmax ] .
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6. The process is repeated for other a-levels. Then, the fuzzy set of

LOS _ R is approximately represented by the obtained a-cut intervals.

7.3.4 Composite LOS

The composite LOS for a signalized intersection is obtained by converting the

resultant fuzzy set of LOS _ R back into the standard fuzzy numbers defined for each

LOS category. This backward conversion can be implemented with possibility and

necessity measures (55, 56). However, due to the a-cut representation of the resultant

fuzzy set, the more straightforward method based on the Euclidean distance method (58,

62) was used herein. For any two fuzzy numbers A and B, the Euclidean distance is

defined as:

d(A, B)= I [(aa_min -ba_min~ + (aa_max. -ba_max~]
a=O.O

where

d(A, B) = Euclidean distance between fuzzy number A and B

aa_min = the lower bound of the a-cut of fuzzy number A

aa _max = the upper bound of the a-cut of fuzzy number A

ba _min = the lower bound of the a-cut of fuzzy number B

ba_max = the upper bound of the a-cut of fuzzy number B

(7.3.4)

Using Equation 7.3.4, the distance of the resultant fuzzy set LOS _ R from each

standard fuzzy number (i.e., LOS A, B, C, D, E, and F) can be computed. The one closest

to the resultant fuzzy set LOS _ R is the level that best describes signalized intersection
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LOS. To reflect the fuzziness of user perception, the distance of the resultant fuzzy set

LOS _ R from its adjacent standard fuzzy numbers may be used to assign confidence

levels (or compatibility) to the standard LOS categories.

This entire process may be automated with purpose built software but can also be

done with an off-the-shelf spreadsheet application, as was the case with the applications

described below.

Table 7.3.1 Factor Groups of Factors Important to Drivers

• Traffic signal responsiveness

Efficiency • Ability to go through intersections within one signal cycle
• Waiting time (delay)
• Heavy vehiCles

• Exclusive left-turn lane and protected left-turn signal
Safety • Protected left-turn signal

• Exclusive left-turn lane

• Pavement markings
Convenience • Pavement quality

• Right-turn lanes
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Figure 7.3.1 Proposed methodology for LOS determination using fuzzy weighted
average.
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Figure 7.3.2 Intersection service system.
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Figure 7.3.3 Importance ratings from motorist survey.
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Figure 7.3.5 Fuzzy sets for performance ratings of important attributes.
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7.4 Case Study

The geometric configuration (Figure 7.4.1) of the case study signalized

intersection consisted of four identical approaches with three lanes on each approach:

through-and-right, through and left-turn. Two basic signal timing plans were analyzed,

one with permitted LT (two phases, east-west and north-south) and another with

protected LT (east-west left, east-west through and right, north-south left, and north-south

through and right.) The traffic volumes are shown in Table 7.4.1.

Capacity analysis assumptions included 1800 vphpl saturation flow rate, 3-s

yellow time, and 1-s all red time. Optimized signal timing and the resultant delay and

LOS for each signal plan were based on HCM 2000 and are shown in Table 7.4.1. The

delay-based LOS results show that the permitted LT operation (2-phases) is better than

the protected LT operation (4-phases). The following cases demonstrate the proposed

method to determine LOS that reflects road user perceptions of LOS including attributes

such as efficiency (delay), safety (left-turn treatment) and convenience (pavement

markings).

Case 1: Two-Term FWA (Delay and LT Treatment)

In this case, two terms, delay and LT treatment, are considered in the evaluation

of signalized intersection LOS. The two-term FWA can be expressed as follows:

LOS R = WD . RD + (WLTPLT )· RLT
- WD +WLTPLT

where
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LOS _ R = fuzzy overall LOS rating for a signalized intersection

WD = fuzzy weight coefficient for delay (see Figure 7.3.4(a))

WLT = fuzzy weight coefficient for LT treatment (see Figure 7.3.4(b))

PLT = percentage of left-turning vehicles

RD = fuzzy performance rating for delay

RLT = fuzzy performance rating for LT treatment

The performance rating for the LT treatment is determined based on the

availability of left-turn lanes and the provision of protected left-turn signals. We assumed

that the road user perceptions on LT treatment is "fair" for permitted LT (with exclusive

LT lanes) and "very good" for protected LT (with exclusive LT lanes). Therefore, the

fuzzy performance ratings on LT treatment for permitted LT and protected LT can be

represented by triangular fuzzy numbers (3, 4, 5) and (5, 6, 6) respectively as in Figme

7.3.5(a).

The performance rating for delay is determined as follows. First, the calculated

delay is converted into performance groups. The average delay at the intersection is 34.1

sec/veh with permitted LT and 43.7 sec/veh with protected LT. When compared with the

performance groups, the delay of 34.1 sec/veh is compatible with performance group C

with a membership grade of 0.79 and group D with a membership grade of 0.21, while

43.7 sec/veh belongs to group C with a membership grade of 0.32 and group D with a

membership grade of 0.68 (Figure 7.4.2(a)). Then, the derived performance groups for

delay are converted into standard performance ratings. As shown in Figme 7.4.2(b), the

delay with protected LT signal timing plan is represented by a triangular fuzzy number

(2.32,3.32,4.32), and the delay with permitted LT is represented by (2.79,3.79,4.79).
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For a = 0.0:

The weight coefficients for delay and LT treatment are determined from Figure

7.3.4. The weight coefficient for delay is represented by the trapezoidal fuzzy number (2,

3, 5, 5), and the weight coefficient for LT treatment is represented by the triangular fuzzy

number (2, 5, 5). The weight coefficient for LT treatment needs to be multiplied by the

percentage of left-turns (PLT) as shown in Equation 7.4.1. The actual weight factor for LT

treatment is a triangular fuzzy number (0.743, 1.858, 1.858).

For illustration, the calculation process for the signal timing plan with permitted

LT is shown below. The fuzzy set for the overall intersection LOS rating, LOS _ R , is

computed using six a-cuts: a=O.O, 0.2, 0.4, 0.6, 0.8, 1.0. Typically, finer cuts produce

more accurate estimates. The lower and upper bounds of the fuzzy weights, WD and

WLTPLT , and their cOlTesponding fuzzy performance ratings, RD and RLT , at the O-cut

level are listed as follows:

WD = [2, 5]

WLTPLT = [0.743,1.858]

RD = [2.79, 4.79]

RLT = [3, 5]

For each a-cut level (except for ex = 1.0 which has two combinations), there are 24

= 16 combinations of the lower and upper bounds from the weight coefficient and

performance rating intervals. Table 7.4.2 shows the FWA calculation process using the

algorithm described in Methodology, and the resultant fuzzy overall LOS rating for the

signal timing plan with permitted LT, LOS _R, is represented by the obtained a-cut

intervals as follows:

For a = 0.0, [2.82,4.89],
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For a = 0.2, [3.02,4.69],

For a = 0.4: [3.23,4.48],

For a = 0.6: [3.44,4.28],

For a = 0.8: [3.64,4.07],

For a = 1.0: [3.85,3.87].

Similarly, the fuzzy overall LOS rating for the signal timing plan with protected

LT phasing is obtained in the following a-cut intervals:

For a = 0.0, [2.67,5.13],

For a = 0.2, [2.95, 4.98],

For a = 0.4: [3.23,4.83],

For a = 0.6: [3.51,4.67],

For a = 0.8: [3.78,4.51],

For a = 1.0: [4.05,4.34].

Figure 7.4.3 illustrates the resultant fuzzy LOS ratings, LOS _ R, for the two

different signal timing plans. The membership function with protected LT is mostly on

the right side of that with permitted LT, indicating that the signal timing plan with

protected LT is better than that with permitted LT.

The Euclidean distance between the fuzzy overall LOS rating for permitted LT,

LOS _R, and the fuzzy subset "Very Good" (A) is calculated using Equation 7.3.4.

!
[(2.82 - 5.0)2 + (4.89 - 6.0)2] + [(3.02 - 5.2)2 + (4.69 - 6.0)2] )

d(LOS _ R, A) = + [(3.23 - 5.4)2 + (4.48 - 6.0)2] + [(3.44 - 5.6)2 + (4.28 - 6.0)2]

+ [(3.64 - 5.8)2 + (4.07 - 6.0)2] + [(3.85 - 6.0)2 + (3.87 - 6.0)2]

=-J44.646

= 6.68
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The process is repeated for LOS B to F and the Euclidean distances between the

fuzzy overall LOS rating for permitted LT, LOS _R, and the fuzzy subset groups (from

A to F) are:

d(LOS _ R, A) = 6.68,

d(LOS _R, B) = 3.96,

d(LOS _ R, C) = 0.51,

d(LOS _ R, D) = 2.97,

d(LOS _R, E) = 6.43,

d(LOS _R, F) = 9.12.

In the same manner, the Euclidean distances between the fuzzy overall LOS

rating for protected LT and each fuzzy subset group (from A to F) are:

d(LOS _R, A) = 6.11,

d(LOS _R, B) = 3.36,

d(LOS _ R, C) = 0.77,

d(LOS _R, D) = 3.73,

d(LOS _R, E) = 7.16,

d(LOS _R, F) = 9.90.

Based on the calculated Euclidean distances, LOS C is the closest performance

level to the resultant fuzzy set LOS _ R for permitted LT (with an Euclidean distance of

0.51) and protected LT (with an Euclidean distance of 0.77). Therefore, LOS C (i.e.,

"Fair") can be designated as the performance level that best describes the signalized

intersection LOS whether it provides protected LT signals or not. Euclidean distances of
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the fuzzy overall LOS rating LOS _ R from its adjacent standard fuzzy subsets are used

to assign confidence levels. The compatibility (or confidence level) with a specific LOS

category can be determined as follows:

1

CLCAT =
.I

where

d(LOS _R, CAT})

I---1
---

i=! d(LOS _R, CATJ

*100% (7.4.2)

LOS _ R = fuzzy overall LOS rating for a signalized intersection

CAT} = the lh LOS category (A-F) that is adjacent to LOS _ R

CLCAT = confidence level that the performance of the signalized
.I

intersection follows into the lh LOS category

d(LOS _ R, CAT}) = Euclidean distance between fuzzy set LOS R

M= number of LOS categories that are adjacent to LOS_R

The resultant fuzzy overall LOS ratings, LOS _ R , for permitted and protected LT

are close to LOS categories B, C, D, E and A, B, C, D, E, respectively. Using Equation

7.4.2, the final LOS for the signalized intersection with permitted LT and protected LT

are:
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Permitted LT Protected LT

LOS == A 0.0% LOS == A 7.6%

LOS == B 9.3% LOS == B 13.7%

FWAMethod
LOS == C 72.5% LOS == C 59.9%

LOS == D 12.4% LOS == D 12.4%

LOS == E 5.8% LOS == E 6.4%

LOS == F 0.0% LOS == F 0.0%

HCM2000
LOS=C LOS=D

Method

Therefore, based on this analysis, the signal timing plan with protected LT

delivers a better LOS than that with permitted LT, although the currently used HCM

delay-based LOS gives the opposite conclusion.

Case 2: Three-Term FWA (Delay, LT Treatment, and Pavement Markings)

The same intersection and data as in case study 1 are used in case study 2. The

existing conditions of the signalized intersection are permitted LT and "fair" pavement

markings. In our hypothetical case study, the agency responsible for this intersection is

planning to improve the intersection, as follows:

~ Upgrade 1: improve pavement markings to a "very good" condition.

~ Upgrade 2: include upgrade 1 and change all permitted LT to protected

LT.

In this case study, three terms, delay, LT treatment and pavement markings, are

aggregated to determine signalized intersection LOS. The FWA operation is similar to

that in case study 1 and is not reproduced herein. Table 7.4.3 shows the resultant
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LOS _ R, Euclidean distance and final LOS for existing condition, upgrade 1 and

upgrade 2. The improvement on pavement markings increases the confidence level of

LOS A from 0.0% to 15.5%, and LOS B from 6.6% to 48.0%. The improvement on

pavement markings together with the provision of protected LT signals increase the

confidence level ofLOS A from 0.0% to 16.4%, and LOS B from 6.6% to 51.1 %.

Case 3: Case Studies in Chapter 6

The case study intersections in Chapter 6 were also analyzed using the proposed

FWA method. Quality of pavement markings was assumed the same for both

intersections A and B with different signal timing plans. Table 7.4.4 shows the resultant

LOS R, Euclidean distance and final LOS.

Intersection A: The LOS under protected left-turns is better than that with

permitted left-turns for intersection A. This is the same result as drawn using the potential

conflict analysis method in Chapter 6.

Intersection B: The LOS under protected left-turns is worse than that with

permitted left-turns for intersection B. This is the same result as drawn using the potential

conflict analysis method in Chapter 6.
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Table 7.4.1 Traffic Volume, Signal Timing, and Delay

(a) Traffic Volume and Signal Timing

Pennitted LT Protected LT

Approach Movement
Volume Phase Signal Signal

(vph) Sequence Phase Timing Phase Timing
(sec) (sec)

EB
LT 260

A ~\V 48 ~ 22
TH+RT 540 ~

LT 240 ~

~rWB B J,r 39 18
TH+RT 500 ~

NB
LT 340

C 16--- --- J,r-
TH+RT 470

SB
LT 360

D ~ 18--- ---
~TH+RT 520

Total Volume 3230 Cycle
95 90

Total LT Volume 1200 Length

(b) Delay and LOS

Delay (sec/veh)
Approach Movement

Protected LTPermitted LT

EB LT 77.5 58.4
TH+RT 20.2 41.3

WB
LT 69.8 51.4

TH+RT 19.8 39.1

NB
LT 59.4 45.2

TH+RT 13.6 37.8

SB
LT 51.2 49.6

TH+RT 13.9 40.1
Intersection Delay 34.1 43.7
Intersection LOS C D
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Table 7.4.2 FWA Operation for Case Study 1

a-Cut Level W D WLTPLT RD RLT LOS_R

2 0.743 2.79 3 2.85
2 0.743 2.79 5 3.39
2 0.743 4.79 3 4.31
2 0.743 4.79 5 4.85
2 1.858 2.79 3 2.89
2 1.858 2.79 5 3.85
2 1.858 4.79 3 3.93

0.0
2 1.858 4.79 5 4.89
5 0.743 2.79 3 2.82
5 0.743 2.79 5 3.08
5 0.743 4.79 3 4.56
5 0.743 4.79 5 4.82
5 1.858 2.79 3 2.85
5 1.858 2.79 5 3.39
5 1.858 4.79 3 4.31
5 1.858 4.79 5 4.85

2.2 0.966 2.99 3.2 3.05
2.2 0.966 2.99 4.8 3.54
2.2 0.966 4.59 3.2 4.17
2.2 0.966 4.59 4.8 4.65
2.2 1.858 2.99 3.2 3.09
2.2 1.858 2.99 4.8 3.82
2.2 1.858 4.59 3.2 3.95

0.2
2.2 1.858 4.59 4.8 4.69
5 0.966 2.99 3.2 3.02
5 0.966 2.99 4.8 3.28
5 0.966 4.59 3.2 4.36
5 0.966 4.59 4.8 4.62
5 1.858 2.99 3.2 3.05
5 1.858 2.99 4.8 3.48
5 1.858 4.59 3.2 4.21
5 1.858 4.59 4.8 4.65

2.4 1.189 3.19 3.4 3.26
2.4 1.189 3.19 4.6 3.66
2.4 1.189 4.39 3.4 4.06
2.4 1.189 4.39 4.6 4.46
2.4 1.858 3.19 3.4 3.28
2.4 1.858 3.19 4.6 3.81
2.4 1.858 4.39 3.4 3.96

0.4
2.4 1.858 4.39 4.6 4.48
5 1.189 3.19 3.4 3.23
5 1.189 3.19 4.6 3.46
5 1.189 4.39 3.4 4.20
5 1.189 4.39 4.6 4.43
5 1.858 3.19 3.4 3.25
5 1.858 3.19 4.6 3.57
5 1.858 4.39 3.4 4.12
5 1.858 4.39 4.6 4.45
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2.6 1.412 3.39 3.6 3.46
2.6 1.412 3.39 4.4 3.75
2.6 1.412 4.19 3.6 3.98
2.6 1.412 4.19 4.4 4.26
2.6 1.858 3.39 3.6 3.48
2.6 1.858 3.39 4.4 3.81
2.6 1.858 4.19 3.6 3.94

0.6
2.6 1.858 4.19 4.4 4.28
5 1.412 3.39 3.6 3.44
5 1.412 3.39 4.4 3.61
5 1.412 4.19 3.6 4.06
5 1.412 4.19 4.4 4.24
5 1.858 3.39 3.6 3.45
5 1.858 3.39 4.4 3.66
5 1.858 4.19 3.6 4.03
5 1.858 4.19 4.4 4.25

2.8 1.635 3.59 3.8 3.67
2.8 1.635 3.59 4.2 3.81
2.8 1.635 3.99 3.8 3.92
2.8 1.635 3.99 4.2 4.07
2.8 1.858 3.59 3.8 3.67
2.8 1.858 3.59 4.2 3.83
2.8 1.858 3.99 3.8 3.91

0.8 2.8 1.858 3.99 4.2 4.07
5 1.635 3.59 3.8 3.64
5 1.635 3.59 4.2 3.74
5 1.635 3.99 3.8 3.94
5 1.635 3.99 4.2 4.04
5 1.858 3.59 3.8 3.65
5 1.858 3.59 4.2 3.76
5 1.858 3.99 3.8 3.94
5 1.858 3.99 4.2 4.05

1.0
3 1.858 3.79 4 3.87
5 1.858 3.79 4 3.85



Table 7.4.3 LOS Determination for Case Study 2

(a) Fuzzy Overall LOS Rating

LOS - R
a-Cut Level Existing

Upgrade 1 Upgrade 2
Condition

0.0 [2.86,4.95] [3.33, 5.59] [3.27, 5.62]
0.2 [3.08,4.75] [3.64,5.48] [3.64,5.54]
0.4 [3.29,4.55] [3.93,5.36] [3.97,5.46]
0.6 [3.50,4.34] [4.21,5.23] [4.29,5.37]
0.8 [3.70,4.14] [4.49,5.09] [4.59,5.28]
1.0 [3.91,3.94] [4.75,4.95] [4.87,5.18]

(b) Euclidean Distance

LOS Category Euclidean Distance
Existing Condition Upgrade 1 Upgrade 2

A 6.48 3.99 3.76
B 3.75 1.29 1.21
C 0.30 2.40 2.76
D 3.18 5.82 6.15
E 6.64 9.27 9.59
F 9.33 11.98 12.31

(c) Composite LOS

Final LOS
Existing

Upgrade 1 Upgrade 2
Condition

A 0.0% 15.5% 16.4%
B 6.6% 48.0% 51.1%
C 82.0% 25.8% 22.4%
D 7.7% 10.7% 10.1%
E 3.7% 0.0% 0.0%
F 0.0% 0.0% 0.0%
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Table 7.4.4 LOS Determination for Case Studies in Chapter 6

(a) Fuzzy Overall LOS Rating

LOS - R
a-Cut Level Intersection A Intersection B

Permitted LT Protected LT Permitted LT Protected LT
0.0 [2.48,4.99] [3.09,5.27] [3.08,5.13] [2.50, 4.99]
0.2 [2.72,4.75] [3.32,5.11] [3.29,4.93] [2.79,4.83]
0.4 [2.96,4.51] [3.56,4.94] [3.49,4.72] [3.06,4.67]
0.6 [3.19,4.28] [3.79,4.77] [3.69,4.52] [3.33,4.50]
0.8 [3.42,4.04] [4.03,4.59] [3.90,4.32] [3.60,4.33]
1.0 [3.65,3.81] [4.26,4.42] [4.10,4.11] [3.86,4.16]

(b) Euclidean Distance

Euclidean Distance
LOS Category Intersection A Intersection B

Permitted LT Protected LT Permitted LT Protected LT
A 7.20 5.34 5.83 6.69
B 4.43 2.58 3.09 3.94
C 1.11 0.97 0.38 0.85
D 2.61 4.39 3.84 3.15
E 6.03 7.84 7.30 6.57
F 8.78 10.54 9.98 9.33

(c) Composite LOS

Final LOS
Intersection A Intersection B

Permitted LT Protected LT Permitted LT Protected LT
A 0.0% 10.2% 5.1% 0.0%
B 13.4% 21.2% 9.5% 13.4%
C 53.8% 56.2% 77.7% 61.9%
D 22.9% 12.4% 7.7% 16.7%
E 9.9% 0.0% 0.0% 8.0%
F 0.0% 0.0% 0.0% 0.0%
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Figure 7.4.2 Derivation of performance rating for delay (Case Study 1).
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7.5 Chapter Summary

LOS needs to reflect user perceptions. Fuzzy set theory was employed to reflect

the vagueness of road user perceptions. Several attributes contributing to the perceptions

of LOS were identified by the motorist survey. Membership functions for importance

levels of the identified attributes were developed based on the survey results. The FWA

method was applied to aggregate the identified attributes to obtain a composite LOS and

the Euclidean distance method was used to assign confidence levels to standard LOS

categories.

Case studies of a signalized intersection demonstrated that the proposed

methodology worked well in combining several attributes to get a composite LOS. One

case study showed that if LT treatment is not considered, the signal timing plan with

permitted LT operates at a better LOS than that with protected LT. However, if

perceptions of LT treatment are considered, the LOS under protected LT phasing is better

than that under permitted LT phasing. The second case study showed that the

improvement on pavement markings and the provision of protected LT signals increase

the confidence level of LOS A from 0.0% to 16.4%, and LOS B from 6.6% to 51.1 %.

The case studies in Chapter 6 were also analyzed using the FWA method. The

same conclusions were drawn for both the FWA method and the potential conflict

analysis method, indicating consistency between the two methods.

The methodology proposed in this chapter is generic and serves as an alternative

approach or as an extension to the HCM method in determining signalized intersection

LOS that accounts for user perceptions.
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Some parameters in the suggested membership functions may need to be

improved. This can be done through a calibration process based on selecting a group of

signalized intersections and then collecting the opinions of recruited motorists. The

response data can be used to calibrate the membership functions.

151



Chapter 8: Fuzzy Logic for LOS Determination

8.1 Introduction

This chapter presents a method based on the fuzzy logic to determine signalized

intersection LOS that accounts for user perceptions. Factors contributing to road user

perceptions of LOS were fuzzified and then were entered into the fuzzy inference engine

which contains a set of "If-7Then" fuzzy rules. A composite LOS was obtained by

defuzzifying the output from the fuzzy inference system. Case studies were presented to

illustrate the application of the proposed method.

The proposed method based on fuzzy logic overcomes the limitations of the HCM

2000 method as listed in Chapter 7. Furthermore, the fuzzy logic method simulates the

human approximate reasoning process which reflects the imprecise perception of service

by road users.

Section 8.2 presents the principles of fuzzy sets and fuzzy logic. Section 8.3

details the methodology of analysis. Section 8.4 presents case studies illustrating the

application of the proposed method. Section 8.5 provides a summary for this chapter.

8.2 Fuzzy Set and Fuzzy Logic

Fuzzy set theory is suitable for systems that involve imprecise and vague

information. The fuzzy set theory was first introduced by Zadeh in 1965 as a

mathematical method for representing vagueness in everyday life (54). Based on basic

fuzzy set theory, Zadeh (63) first introduced fuzzy logic in 1973. Fuzzy logic is a

mathematical representation of the human concept formulation and reasoning. In recent
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years, fuzzy logic has been applied to practical problems with controls and decisions

which involve or are similar to the imprecise human reasoning process. It is a promising

mathematical approach for modeling traffic processes which are characterized by

subjectivity, ambiguity and imprecision (64).

8.2.1 Fuzzy Set

In the classic theory of sets, also known as crisp set theory, very precise bounds

separate the elements that belong to a certain set from the elements outside the set. In

other words, it is easy to determine whether an element belongs to a set or not. The

membership of element x in set A is described in the classic theory of sets by the

membership function JiA(X) , as follows:

{
I, if and only if x is a member of A

JlA(X) =
0, if and only if x is not a member of A

However, many sets encountered in real life do not have precisely defined bounds

that separate the elements in the set from those outside the set. For example, if we denote

by A the set of "long delay at a signal," how could we establish which element belongs to

this set? Does a delay of 40 sec. belong to this set? What about 30 sec. or 60 sec.? It is

obvious that the binary logic of having each single element to either belong to a set

(membership = 1) or not belong to a set (membership = 0) is not appropriate for most

categories describing real-world situations that do not possess well-defined boundaries.

Fundamentally then this initiates the development of fuzzy set theory.

In contrast to the classical set theory, fuzzy sets admit intermediate values of class

membership. A fuzzy set is represented by a membership function which expresses the

degree that an element of the universal set belongs to the fuzzy set: larger values denote
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higher degrees of membership (or membership grades), smaller values indicate lower

degrees of membership. The most commonly used range of values of membership

functions is the unit interval [0,1], with °indicating no membership while 1 indicating

the full membership. Each membership function maps elements of a given universal set

X into real numbers in [0,1]. In other words, the membership function of a fuzzy set A,

JlA (x) , is defined as

JlA:X~[O,l]

8.2.2 Fuzzy Logic

The development of fuzzy logic dates back to 1973 (63). Introducing a concept he

called "approximate reasoning," Zadeh successfully showed that vague logical statements

enable the formation of algorithms that can use vague data to derive vague inferences.

Fuzzy logic makes it possible to compute with words, which enables complex analysis

reflecting the human thinking process. Each fuzzy logic system can be divided into three

elements (Figure 8.2.1): fuzzification, fuzzy inference and defuzzification (55, 62, 65,

66).

Input data are most often crisp values. Fuzzification maps crisp numbers into

fuzzy sets. The fuzzifier decides the corresponding membership grades (or degrees of

membership) from the crisp inputs. The resulting fuzzy values are then entered into the

fuzzy inference engine. Fuzzy inference is based on a fuzzy rule base which contains a

set of "If7Then" fuzzy rules. A typical fuzzy rule would be:

If {LT Treatment is Good} and {Pavement Marking is Good} and

{Delay is Moderate}
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Then {LOS is Good}

The fact following "If' is a premise or antecedent and the fact following "Then"

is a consequent.

A fuzzy inference system can be composed of more than one rule with each rule

consisting of more than one premise variable. The general form of fuzzy inference is as

follows:

Input: xl =A and x2 =Band x 3 =C

Rule n: If xl = An and x 2 = Bn and x 3 =Cn Theny = Dn

Conclusion: y =D'

where A, B , and C are the values of input (either exact or approximate);

Ai' Bi, Ci , Di(i = 1, .", n) are conditions of Xl' X 2 , x3 and y in the rule

and are expressed in approximate terms using natural language.

During defuzzification, one value is chosen for the output variable. A commonly

used defuzzification strategy for continuous membership functions is the centroid method

(center of area) (55).
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Figure 8.2.1 Fuzzy logic system.
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8.3 Methodology

Although traffic experts prefer precise and quantifiable descriptions, LOS to non

experts is a fuzzy concept that they can best describe verbally in imprecise terms. Fuzzy

logic was applied because it is a useful mathematical tool for handling the human

reasoning process.

The important attributes, which were identified through the motorist survey as

shown in Table 7.3.1, were fuzzified and entered into the fuzzy inference engine which

contains a set of fuzzy rules. The output from the fuzzy inference system were

defuzzified to derive a composite LOS. Case studies were presented to illustrate the

application of the proposed method.

The methodology of analysis is outlined in Figure 8.3.1 and is discussed below in

three parts: fuzzification, fuzzy inference and defuzzification.

8.3.1 Fuzzification

The input data, including LT treatment, pavement markings and delay, are often

crisp values and need to be converted into fuzzy sets.

Figure 8.3.2 shows the fuzzy sets for input variables. Triangular and trapezoidal

fuzzy numbers are used in this study. LT treatment and pavement markings were

classified into three groups: poor, moderate and good. To be consistent with HCM 2000,

delay was grouped into six classes which is assumed based on the threshold values

defined in HCM 2000: very short (Y.S.), Sh01i, medium, long, very long (Y.L.) and

extremely long (X.L.). Instead of a cut-off point between each category, it is assumed
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herein that the transition is gradual. The fuzzification of input variables is illustrated with

an example. A delay of 35 sec/veh corresponds to the group "Medium" with a

membership grade of 0.75 and the group "Long" with a membership grade of 0.25.

Fuzzy set for LOS is shown in Figure 8.3.3. To be consistent with HeM 2000,

LOS is classified into six groups. Each group is assigned a linguistic term (e.g., "very

good," "good," "poor," etc.) as well as a letter grade A to F. The fuzzy set for LOS is

based on index numbers from 1 to 6, with 1 representing the worst and 6 representing the

best.

8.3.2 Fuzzy Inference

Once the inputs are fuzzified, the resulting fuzzy values are then entered into the

fuzzy inference system. Fuzzy inference is based on a fuzzy rule base which contains a

set of "If~Then" fuzzy rules. The fuzzy rules simulate the human reasoning process to

determine signalized intersection LOS.

The general format of the fuzzy rules is as follows:

If {LT is XLT}and {PM is XPM}and {DL is XD}, Then {LOS is Y}

where,

LT = left-turn treatment

XLT = natural language expreSSIOns of left-turn treatment, l.e., poor,

moderate and good

PM = the quality of pavement markings

XPM = natural language expressions of the quality of pavement markings,

i.e., poor, moderate and good

158



DL = delay

XD = natural language expressions of delay, i.e., very Shmi (V.S.), short,

medium, long, very long (Y.L.) and extremely long (X.L.)

Y = natural language expressions of LOS, i.e., very good (A), good (B),

fair (C), acceptable (D), poor (E) and very poor (F)

The number of fuzzy rules is dependent on the combinations of fuzzy sets for

input variables XLT, XPM and XD. The author of this dissertation developed a set of fuzzy

rules including a total number of3x3x6 = 54 fuzzy rules which are listed in Table 8.3.1.

The max-min composition method (55, 57, 62) is applied for making inferences.

The entire fuzzy inference process can be represented with a simple example as follows:

LT= 0.8

PM = 1.6

DL = 35 sec/veh

Based on Figure 8.3.2, the input data LT, PM and DL are fuzzified as shown in

Table 8.3.2. Based on the fuzzified input data, it is found that fuzzy rules 9, 10, 15, 16,

27,28,33 and 34 in Table 8.3.1 are involved in this fuzzy inference. The fuzzy inference

procedure using the max-min composition method is shown in Table 8.3.3. Based on the

fuzzy logic inference procedure, the LOS is C (0.60), D (0.40) and E (0.25). The

defuzzification of these outputs is presented next.

8.3.3 Defuzzification

The last step in fuzzy logic is defuzzification, i.e., one value is chosen for the

output variable. A commonly used defuzzification strategy for continuous membership
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functions is the center of gravity method (centroid method) (55, 57) which can be

calculated as follows:

ffly(y)· ydy
CG=--=------=----

Jfly (y)dy
(8.3.1)

In the example shown above, the output from the fuzzy inference system is LOS

C (0.60), D (0.40) and E (0.25). The center of gravity (CG) is illustrated in Figure 8.3.4

and is calculated as follows:

r25
(y_l)ydy+ F250.25ydy+ r\y-2)ydy+ rAOOAOydy+ r-6o

(y_3)ydy+ r'AoO.60ydy+ (' (5-y)ydy
CO = 1 1.25 _.25 1040 .sAO 1.60 1040

r25
(y -1)iy + 12250.25dy + FAO

(y _ 2)cry + r
AO

OAOdy + [360(y - 3)dy + 1"0400.60dy + (' (5 - y)dy1 .25 125 1040 .sAO 160 1040

0.037 + 00438 + 0.114 +1.160 + 0.351 +1.920 + 0.828

0.031 + 0.250 + 0.049 + 00400 + 0.100 + 0.480 + 0.180
4.848

10490
= 3.25

A LOS rating of 3.25, which is based on a 1 to 6 scale, was derived. As shown in

Figure 8.3.3, the LOS rating of 3.25 largely falls into the category LOS D (i.e.,

"Acceptable"). Therefore, LOS D can be designated as the signalized intersection LOS.

To reflect the fuzziness of user perceptions, membership grades are used to assign

confidence levels. The compatibility (or confidence level) with a specific LOS category

can be determined as follows:

(
MG. JCLws . = I J *100%

J MG.
J

where,

LOS j = the /h LOS category (A-F)
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CLws = confidence level that the signalized intersection LOS follows
.I

into the /h LOS category

MG j = membership grade of the lh LOS category which is the output of

the fuzzy inference system

The output from the fuzzy inference system is LOS C (0.60), D (0.40) and E

(0.25). Using Equation 8.3.2, the composite LOS for the signalized intersection is:

LOS=A 0.0%

LOS=B 0.0%

LOS=C 48.0%

LOS=D 32.0%

LOS=E 20.0%

LOS=F 0.0%
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Table 8.3.1 Fuzzy Rules

No. Fuzzy Rules

1 If {LT is poor} and {PM is poor} and {DL is V.S.}, Then {LOS is C}
2 If {LT is poor} and {PM is poor} and {DL is short}, Then {LOS is D}
3 If {LT is poor} and {PM is poor} and {DL is medium}, Then {LOS is E}
4 If {LT is poor} and {PM is poor} and {DL is long}, Then {LOS is F}

5 If {LT is poor} and {PM is poor} and {DL is V.L.}, Then {LOS is F}

6 If {LT is poor} and {PM is poor} and {DL is XL.}, Then {LOS is F}

7 If {LT is poor} and {PM is moderate} and {DL is V.S.}, Then {LOS is C}

8 If {LT is poor} and {PM is moderate} and {DL is short}, Then {LOS is C}

9 If {LT is poor} and {PM is moderate} and {DL is medium}, Then {LOS is D}

10 If {LT is poor} and {PM is moderate} and {DL is long}, Then {LOS is E}
11 If {LT is poor} and {PM is moderate} and {DL is v.L.}, Then {LOS is F}

12 If {LT is poor} and {PM is moderate} and {DL is X.L.}, Then {LOS is F}

13 If {LT is poor} and {PM is good} and {DL is V.S.}, Then {LOS is B}

14 If {LT is poor} and {PM is good} and {DL is short}, Then {LOS is C}

15 If {LT is poor} and {PM is good} and {DL is medium}, Then {LOS is D}

16 If {LT is poor} and {PM is good} and {DL is long}, Then {LOS is E}

17 If {LT is poor} and {PM is good} and {DL is V.L.}, Then {LOS is F}

18 If {LT is poor} and {PM is good} and {DL is XL.}, Then {LOS is F}

19 If {LT is moderate} and {PM is poor} and {DL is V.S.}, Then {LOS is C}

20 If {LT is moderate} and {PM is poor} and {DL is short}, Then {LOS is C}

21 If {LT is moderate} and {PM is poor} and {DL is medium}, Then {LOS is D}

22 If {LT is moderate} and {PM is poor} and {DL is long}, Then {LOS is E}

23 If {LT is moderate} and {PM is poor} and {DL is v.L.}, Then {LOS is F}

24 If {LT is moderate} and {PM is poor} and {DL is x.L.}, Then {LOS is F}

25 If {LT is moderate} and {PM is moderate} and {DL is V.S.}, Then {LOS is B}

26 If {LT is moderate} and {PM is moderate} and {DL is short}, Then {LOS is C}

27 If {LT is moderate} and {PM is moderate} and {DL is medium}, Then {LOS is D}

28 If {LT is moderate} and {PM is moderate} and {DL is long}, Then {LOS is E}

29 If {LT is moderate} and {PM is moderate} and {DL is V.L.}, Then {LOS is F}

30 If {LT is moderate} and {PM is moderate} and {DL is XL.}, Then {LOS is F}

31 If {LT is moderate} and {PM is good} and {DL is V.S.}, Then {LOS is A}

32 If {LT is moderate} and {PM is good} and {DL is short}, Then {LOS is B}

33 If {LT is moderate} and {PM is good} and {DL is medium}, Then {LOS is C}

34 If {LT is moderate} and {PM is good} and {DL is long}, Then {LOS is D}

35 If {LT is moderate} and {PM is good} and {DL is v.L.}, Then {LOS is E}

36 If {LT is moderate} and {PM is good} and {DL is XL.}, Then {LOS is F}
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Table 8.3.1 Fuzzy Rules (Cont'd)

No. Fuzzy Rules

37 If {LT is good} and {PM is poor} and {DL is V.S.}, Then {LOS is B}
38 If {LT is good} and {PM is poor} and {DL is short}, Then {LOS is C}
39 If {LT is good} and {PM is poor} and {DL is medium}, Then {LOS is D}
40 If {LT is good} and {PM is poor} and {DL is long}, Then {LOS is E}
41 If {LT is good} and {PM is poor} and {DL is v.L.}, Then {LOS is F}
42 If {LT is good} and {PM is poor} and {DL is XL.}, Then {LOS is F}
43 If {LT is good} and {PM is moderate} and {DL is V.S.}, Then {LOS is A}
44 If {LT is good} and {PM is moderate} and {DL is short}, Then {LOS is B}
45 If {LT is good} and {PM is moderate} and {DL is medium}, Then {LOS is C}
46 If {LT is good} and {PM is moderate} and {DL is long}, Then {LOS is D}
47 If {LT is good} and {PM is moderate} and {DL is V.L.}, Then {LOS is E}
48 If {LT is good} and {PM is moderate} and {DL is XL.}, Then {LOS is F}
49 If {LT is good} and {PM is good} and {DL is V.S.}, Then {LOS is A}
50 If {LT is good} and {PM is good} and {DL is short}, Then {LOS is A}
51 If {LT is good} and {PM is good} and {DL is medium}, Then {LOS is B}
52 If {LT is good} and {PM is good} and {DL is long}, Then {LOS is C}
53 If {LT is good} and {PM is good} and {DL is v.L.}, Then {LOS is D}
54 If {LT is good} and {PM is good} and {DL is XL.}, Then {LOS is E}
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Table 8.3.2 Fuzzification of Input Data

Input Variable Input Data Fuzzified Category Membership Grade

LT 0.8
Poor 0.20

Moderate 0.80

PM 1.6
Moderate 0.40

Good 0.60

DL 35 sec/veh
Medium 0.75

Long 0.25

Table 8.3.3 Fuzzy Inference using Max-Min Composition Method

Rule Input Data LOS Max-Min Composition
No. LT PM DL

9
Poor Moderate Medium

D Min (0.20,0040,0.75) = 0.20
(0.20) (0040) (0.75)

10
Poor Moderate Long

E Min (0.20, 0040, 0.25) = 0.20
(0.20) (0040) (0.25)

15
Poor Good Medium

D Min (0.20,0.60,0.75) = 0.20
(0.20) (0.60) (0.75)

16
Poor Good Long

E Min (0.20, 0.60, 0.25) = 0.20
(0.20) (0.60) (0.25)

27
Moderate Moderate Medium

D Min (0.80,0040,0.75) = 0040
(0.80) (0040) (0.75)

28
Moderate Moderate Long

E Min (0.80, 0040, 0.25) = 0.25
(0.80) (0040) (0.25)

33
Moderate Good Medium

C Min (0.80,0.60,0.75) = 0.60
(0.80) (0.60) (0.75)

34
Moderate Good Long

D Min (0.80, 0.60, 0.25) = 0.25
(0.80) (0.60) (0.25)

C: Max (0.60) = 0.60
D: Max (0.20, 0.20, 0040, 0.25) = 0040
E: Max (0.20, 0.20, 0.25) = 0.25

Note: The number In parenthesIs "0" IS the correspondzng membership grade.
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8.4 Case Study

The following case studies demonstrate the proposed fuzzy logic method to

determine LOS that reflects road user perceptions of LOS including attributes such as

safety (LT treatment) and convenience (pavement markings).

Case 1: LOS Comparisons with Different Upgrade Plans

In this case study, the intersection geometric configuration, traffic volume and

signal timing plans are the same as those in the case study in Chapter 7.

The geometric configuration of the case study signalized intersection is shown in

Figure 7.4.1. Two basic signal timing plans were analyzed, one with permitted LT and

another with protected LT. The traffic volumes are shown in Table 7.4.1. Optimized

signal timing and the resultant delay and LOS for each signal plan were based on HeM

2000 and are shown in Table 7.4.1. The delay-based LOS results show that the permitted

LT operation (2-phases) is better than the protected LT operation (4-phases).

The existing conditions of the signalized intersection are permitted LT with a

rating of 0.5 (between "poor" and "moderate") for the quality of pavement markings. It is

hypothesized that the agency responsible for this intersection is planning to improve the

intersection, as follows:

);> Upgrade 1: replace all permitted LT signals with protected LT signals.

);> Upgrade 2: improve pavement markings to a good condition with a rating

of2.0 on a scale of 0 to 2.

);> Upgrade 3: include upgrade 1 and upgrade 2.
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The rating for the LT treatment is determined based on both the availability of

left-turn lanes and the provision of protected left-turn signals. We assumed that the road

user perceptions on LT treatment is close to "moderate" with a rating of 0.8 for permitted

LT (with exclusive LT lanes) and "good" with a rating of 2.0 for protected LT (with

exclusive LT lanes).

The fuzzy logic LOS analyses for the existing condition, upgrade 1, upgrade 2

and upgrade 3 are shown in Tables 8.4.1, 8.4.2, 8.4.3 and 8.4.4, respectively. Figure 8.4.1

shows the corresponding centers of gravity. For the existing condition, the center of

gravity for LOS is 2.66. Although the provision of protected LT signals (upgrade 1)

increases delay from 34.1 sec/veh to 43.7 sec/veh, the LOS is improved by increasing its

center of gravity from 2.66 to 2.88. The improvement on pavement markings (upgrade 2)

also improves the LOS with a change of its center of gravity from 2.66 to 3.43. The

improvement on pavement markings together with the provision of protected LT signals

(upgrade 3) increase center of gravity of LOS from 2.66 to 4.35.

To reflect the fuzziness of user perceptions, the composite LOS were calculated

using Equation 8.3.2, as shown in Table 8.4.5. The provision of protected LT signals

(upgrade 1) increases the confidence level of LOS C from 0.0% to 24.2%, and decreases

the confidence level of LOS D from 54.9% to 37.9%. The improvement on pavement

markings (upgrade 2) increases the confidence level of LOS C from 0.0% to 65.8%, and

decreases the confidence level of LOS D from 54.9% to 17.5%. The improvement on

pavement markings together with the provision of protected LT signals (upgrade 3)

increase the confidence level of LOS B from 0.0% to 32.0% and LOS C from 0.0% to

68.0%.
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Case 2: Case Studies in Chapter 6

The case study intersections in Chapter 6 were also analyzed using the proposed

FWA method. Quality of pavement markings was assumed the same with a rating of 1.5

for both intersections A and B with different signal timing plans.

The rating for the LT treatment is determined based on both the availability of

left-turn lanes and the provision of protected left-turn signals. We assumed that the road

user perceptions on LT treatment for intersection A is close to "poor" with a rating of 0.2

for permitted LT (without exclusive LT lanes) and "good" with a rating of 2.0 for

protected LT (with exclusive LT lanes). For intersection B, we assumed that the road user

perceptions on LT treatment is close to "moderate" with a rating of 0.8 for permitted LT

(with exclusive LT lanes) and "good" with a rating of 2.0 for protected LT (with

exclusive LT lanes).

The fuzzy logic LOS analyses for both intersections A and B with different signal

timing plans are shown in Tables 8.4.6 through 8.4.9. Figure 8.4.2 shows the

corresponding centers of gravity. For intersection A, the provision of protected LT

signals and exclusive LT lanes improves the LOS by increasing its center of gravity from

3.55 to 4.42. For intersection B, the provision of protected LT signals marginally

improves the LOS with a change of its center of gravity from 3.71 to 3.76.

To reflect the fuzziness of user perceptions, the composite LOS were calculated

using Equation 8.3.2, as shown in Table 8.4.1 O. For intersection A, the provision of

protected LT signals as well as exclusive LT lanes increases the confidence level of LOS

B from 15.7% to 47.6% and LOS C from 24.1 % to 47.6%, and decreases the confidence

level of LOS D from 60.2% to 4.8%. For intersection B, the provision of protected LT
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signals marginally increases the confidence level of LOS B from 13.0% to 16.6%, and

decreases the confidence level of LOS D from 43.5% to 41.7%.

The comparison of LOS using different analysis methods is shown in Figure

8.4.3. Compared to the potential conflict analysis method (Chapter 6) and the fuzzy

weighted average method (Chapter 7), the fuzzy logic method in this chapter produced

the same conclusion for intersection A; that is, the signal timing plan with protected LT

signals delivers better LOS than that with permitted LT signals. For intersection B, the

fuzzy logic method produced a marginally better LOS for the signal timing plan with

protected LT signals than that with permitted LT signals. However, the potential conflict

analysis method and the fuzzy weighted average method produced a better LOS for the

signal timing plan with permitted LT signals. The difference is attributed to the

assumptions of parameters used in each method. Therefore, for real applications of the

proposed methods, further studies need to be conducted to calibrate parameters.
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Table 8.4.1 Fuzzy Logic Analysis for Case Study 1 - Existing condition

(a) Fuzzification of Input Data

Input
Input Data

Fuzzified
Membership Grade

Variable Category

LT 0.8
Poor 0.2

Moderate 0.8
Existing

PM 0.5 Poor 0.5
Condition Moderate 0.5

DL 34.1 sec/veh
Medium 0.79

Long 0.21

(b) Fuzzy Inference using Max-Min Composition Method

Rule Input Data LOS Max-Min Composition
No. LT PM DL

3
Poor Poor Medium

E Min (0.2,0.5,0.79) = 0.2
(0.2) (0.5) (0.79)

4
Poor Poor Long

F Min (0.2,0.5,0.21) = 0.2
(0.2) (0.5) (0.21 )

9
Poor Moderate Medium

D Min (0.2,0.5,0.79) = 0.2
(0.2) (0.5) (0.79)

10
Poor Moderate Long

E Min (0.2,0.5,0.21) = 0.2
(0.2) (0.5) (0.21)

21
Moderate Poor Medium

D Min (0.8,0.5,0.79) = 0.5
(0.8) (0.5) (0.79)

22
Moderate Poor Long

E Min (0.8,0.5,0.21) = 0.21
(0.8) (0.5) (0.21)

27
Moderate Moderate Medium

D Min (0.8,0.5,0.79) = 0.5
(0.8) (0.5) (0.79)

28
Moderate Moderate Long

E Min (0.8,0.5,0.21) = 0.21
(0.8) (0.5) (0.21)

D: Max (0.2, 0.5, 0.5) = 0.5
E: Max (0.2,0.2,0.21,0.21) = 0.21
F: Max (0.2) = 0.2

Note: The number in parenthesis "0" is the correspondzng membershlp grade.
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Table 8.4.2 Fuzzy Logic Analysis for Case Study 1 - Upgrade 1

(a) Fuzzification of Input Data

Input
Input Data

Fuzzified
Membership Grade

Variable Category
LT 2.0 Good 1.0

PM 0.5 Poor 0.5
Upgrade 1 Moderate 0.5

DL 43.7 sec/veh Medium 0.32
Long 0.68

(b) Fuzzy Inference using Max-Min Composition Method

Rule Input Data LOS Max-Min Composition
No. LT PM DL

39
Good Poor Medium

D Min (1.0, 0.5, 0.32) = 0.32
(1.0) (0.5) (0.32)

40
Good Poor Long

E Min (1.0, 0.5, 0.68) = 0.5
(1.0) (0.5) (0.68)

45
Good Moderate Medium

C Min (1.0, 0.5, 0.32) = 0.32
(1.0) (0.5) (0.32)

46
Good Moderate Long

D Min (1.0, 0.5, 0.68) = 0.5
(1.0) (0.5) (0.68)

C: Max (0.32) = 0.32
D: Max (0.32, 0.5) = 0.5
E: Max (0.5) = 0.5

" .Note: The number zn parenthesIs "0 IS the correspondzng membership grade.
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Table 8.4.3 Fuzzy Logic Analysis for Case Study 1 - Upgrade 2

(a) Fuzzification of Input Data

Input Input Data Fuzzified
Membership Grade

Variable Category

LT 0.8
Poor 0.2

Moderate 0.8
Upgrade 2 PM 2.0 Good 1.0

DL 34.1 sec/veh Medium 0.79
Long 0.21

(b) Fuzzy Inference using Max-Min Composition Method

Rule Input Data LOS Max-Min Composition
No. LT PM DL

15
Poor Good Medium

D Min (0.2, 1.0,0.79) = 0.2
(0.2) (1.0) (0.79)

16
Poor Good Long

E Min (0.2, 1.0,0.21) = 0.2
(0.2) (1.0) (0.21)

33
Moderate Good Medium

C Min (0.8, 1.0,0.79) = 0.79
(0.8) (1.0) (0.79)

34
Moderate Good Long

D Min (0.8, 1.0,0.21) = 0.21
(0.8) (1.0) (0.21)

C: Max (0.79) = 0.79
D: Max (0.2,0.21) = 0.21
E: Max (0.2) = 0.2

Note: The number 111 parenthesis "0" is the correspondll1g membership grade.
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Table 8.4.4 Fuzzy Logic Analysis for Case Study 1 - Upgrade 3

(a) Fuzzification of Input Data

Input
Input Data

Fuzzified
Membership Grade

Variable Category
LT 2.0 Good 1.0

Upgrade 3 PM 2.0 Good 1.0

DL 43.7 sec/veh Medium 0.32
Long 0.68

(b) Fuzzy Inference using Max-Min Composition Method

Rule Input Data LOS Max-Min Composition
No. LT PM DL

51
Good Good Medium

B Min (1.0, 1.0, 0.32) = 0.32
(1.0) (l.0) (0.32)

52
Good Good Long

C Min (1.0, 1.0, 0.68) = 0.68
(1.0) (l.0) (0.68)

B: Max (0.32) = 0.32
C: Max (0.68) = 0.68

Note: The number m parenthesIs "0" IS the correspondmg membership grade.

Table 8.4.5 Composite LOS for Case Study 1

Final LOS
Existing

Upgrade 1 Upgrade 2 Upgrade 3
Condition

A - - - -

B - - - 32.0%
C - 24.2% 65.8% 68.0%

D 54.9% 37.9% 17.5% -

E 23.1% 37.9% 16.7% -

F 22.0% - - -
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Table 8.4.6 Fuzzy Logic Analysis for Case Studies in Chapter 6 - Intersection A
with Permitted LT Signals

(a) Fuzzification of Input Data

Input
Input Data Fuzzified

Membership GradeVariable Category

LT 0.2 Poor 0.8
Intersection Moderate 0.2

A with
PM 1.5 Moderate 0.5

Permitted Good 0.5
LT Short 0.13DL 28.0 sec/veh

Medium 0.87

(b) Fuzzy Inference using Max-Min Composition Method

Rule Input Data LOS Max-Min Composition
No. LT PM DL

8
Poor Moderate Short

C Min (0.8,0.5,0.13) = 0.13
(0.8) (0.5) (0.13)

9
Poor Moderate Medium

D Min (0.8,0.5,0.87) = 0.5
(0.8) (0.5) (0.87)

14
Poor Good Short

C Min (0.8,0.5,0.13) = 0.13
(0.8) (0.5) (0.13)

15
Poor Good Medium

D Min (0.8, 0.5, 0.87) = 0.5
(0.8) (0.5) (0.87)

26
Moderate Moderate Short

C Min (0.2,0.5,0.13) = 0.13
(0.2) (0.5) (0.13)

27
Moderate Moderate Medium

D Min (0.2, 0.5, 0.87) = 0.2
(0.2) (0.5) (0.87)

32
Moderate Good ShOli

B Min (0.2,0.5,0.13) = 0.13
(0.2) (0.5) (0.13)

33
Moderate Good Medium

C Min (0.2, 0.5, 0.87) = 0.2
(0.2) (0.5) (0.87)

B: Max (0.13) = 0.13
C: Max (0.13,0.13,0.13,0.2) = 0.2
D: Max (0.5, 0.5, 0.2) = 0.5

Note: The number in parenthesis "0" is the corresponding membership grade.
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Table 8.4.7 Fuzzy Logic Analysis for Case Studies in Chapter 6 - Intersection A
with Protected LT Signals

(a) Fuzzification of Input Data

Input
Input Data Fuzzified

Membership GradeVariable Category

Intersection
LT 2.0 Good 1.0

A with PM 1.5 Moderate 0.5

Protected Good 0.5

LT DL 31.0 sec/veh Medium 0.95
Long 0.05

(b) Fuzzy Inference using Max-Min Composition Method

Rule Input Data LOS Max-Min Composition
No. LT PM DL

45
Good Moderate Medium

C Min (1.0, 0.5, 0.95) = 0.5
(1.0) (0.5) (0.95)

46
Good Moderate Long

D Min (1.0, 0.5, 0.05) = 0.05
(1.0) (0.5) (0.05)

51
Good Good Medium

B Min (1.0, 0.5, 0.95) = 0.5
(1.0) (0.5) (0.95)

52
Good Good Long

C Min (1.0, 0.5, 0.05) = 0.05
(1.0) (0.5) (0.05)

B: Max (0.5) = 0.5
C: Max (0.5,0.05) = 0.5
D: Max (0.05) = 0.05

Note: The number zn parenthesIs "0" IS the correspondzng membership grade.
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Table 8.4.8 Fuzzy Logic Analysis for Case Studies in Chapter 6 - Intersection B with
Permitted LT Signals

(a) Fuzzification of Input Data

Input Input Data
Fuzzified

Membership Grade
Variable Category

LT 0.8
Poor 0.2

Intersection Moderate 0.8
Bwith

PM 1.5
Moderate 0.5

Permitted Good 0.5
LT ShOli 0.15

DL 27.7 sec/veh
Medium 0.85

(b) Fuzzy Inference using Max-Min Composition Method

Rule Input Data LOS Max-Min Composition
No. LT PM DL

8
Poor Moderate Shmi

C Min (0.2,0.5,0.15) = 0.15
(0.2) (0.5) (0.15)

9
Poor Moderate Medium

D Min (0.2, 0.5, 0.85) = 0.2
(0.2) (0.5) (0.85)

14
Poor Good Short

C Min (0.2,0.5,0.15) = 0.15
(0.2) (0.5) (0.15)

15
Poor Good Medium

D Min (0.2, 0.5, 0.85) = 0.2
(0.2) (0.5) (0.85)

26
Moderate Moderate 8h01i

C Min (0.8, 0.5, 0.15) = 0.15
(0.8) (0.5) (0.15)

27
Moderate Moderate Medium

D Min (0.8, 0.5, 0.85) = 0.5
(0.8) (0.5) (0.85)

32
Moderate Good Short

B Min (0.8,0.5,0.15) = 0.15
(0.8) (0.5) (0.15)

33
Moderate Good Medium

C Min (0.8, 0.5, 0.85) = 0.5
(0.8) (0.5) (0.85)

B: Max (0.15) = 0.15
c: Max (0.15,0.15,0.15,0.5) = 0.5
D: Max (0.2, 0.2, 0.5) = 0.5

Note: The number in parenthesIs "0" is the correspondmg membershIp grade.
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Table 8.4.9 Fuzzy Logic Analysis for Case Studies in Chapter 6 - Intersection B with
Protected LT Signals

(a) Fuzzification of Input Data

Input
Input Data Fuzzified

Membership Grade
Variable Category

Intersection
LT 2.0 Good 1.0

Bwith PM 1.5 Moderate 0.5

Protected Good 0.5

LT DL 46.1 sec/veh Medium 0.2
Long 0.8

(b) Fuzzy Inference using Max-Min Composition Method

Rule Input Data LOS Max-Min Composition
No. LT PM DL

45
Good Moderate Medium

C Min (1.0, 0.5, 0.2) = 0.2
(1.0) (0.5) (0.2)

46
Good Moderate Long

D Min (1.0,0.5,0.8) = 0.5
(1.0) (0.5) (0.8)

51
Good Good Medium

B Min (1.0, 0.5, 0.2) = 0.2
(1.0) (0.5) (0.2)

52
Good Good Long

C Min (1.0, 0.5, 0.8) = 0.5
(1.0) (0.5) (0.8)

B: Max (0.2) = 0.2
C: Max (0.2, 0.5) = 0.5
D: Max (0.5) = 0.5

" " .Note: The number m parenthesIs 0 IS the correspondmg membershIp grade.

Table 8.4.10 Composite LOS for Case Studies in Chapter 6

Final LOS
Intersection A Intersection B

Permitted LT Protected LT Permitted LT Protected LT

A - - - -
B 15.7% 47.6% 13.0% 16.6%
C 24.1% 47.6% 43.5% 41.7%
D 60.2% 4.8% 43.5% 41.7%

E - - - -

F - - - -
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8.5 Chapter Summary

LOS needs to reflect user perceptions. Fuzzy logic was employed to reflect the

vagueness of road user perceptions and to simulate the human reasoning process. Several

attributes contributing to the perceptions of LOS were identified by the motorist survey.

Those factors were fuzzified and then were entered into the fuzzy inference system which

contains a set of "If-7Then" fuzzy rules. A composite LOS was obtained by defuzzifying

the output from the fuzzy inference system.

Case studies were presented to illustrate the application of the proposed method.

One case study showed that the provision of protected LT signals and/or the

improvement on pavement markings improve the signalized intersection LOS. The case

studies in Chapter 6 were also analyzed using the fuzzy logic method. Compared to the

potential conflict analysis method and the fuzzy weighted average method, the fuzzy

logic method produced the same conclusion for intersection A. For intersection B, the

fuzzy logic method produced a different conclusion than the other two methods. The

difference is attributed to the assumptions of parameters used in each method.

The methodology proposed in this chapter is generic and serves as an alternative

approach or as an extension to the HCM method in determining signalized intersection

LOS that accounts for user perceptions. It is a promising method for evaluating signalized

intersection LOS due to its ability to simulate the human reasoning process.

The proposed fuzzy logic method lays the groundwork for further studies. Several

elements requiring further study are listed below:
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• Three input variables, i.e., LT treatment, pavement markings and delay, were used

in fuzzy rules for mak:ing inferences. However, other variables can be easily

added to fuzzy rules, although the inference would be more complicated. For

example, future studies may consider to add the size of intersections into the

fuzzy rules because the motorist survey revealed that drivers expect to wait longer

at large signalized intersections than at smaller ones.

• Some parameters in the suggested membership functions (fuzzy numbers) may

need to be improved. This can be done through a calibration process based on

selecting a group of signalized intersections and then collecting the opinions of

recruited motorists. The response data can be used to calibrate the membership

functions.
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Chapter 9: Conclusions

This chapter presents the conclusions of this dissertation. The fulfillment of the

research objectives is summarized and a comparison of the developed methods is

presented. Items that require further study are proposed.

Section 9.1 presents a summary which details the fulfillment of the research

objectives. Section 9.2 presents a comparison of three alternative analytic methodologies

that were developed for LOS determination. Section 9.3 presents a conclusion of this

dissertation. Section 9.4 suggests directions for future study.

9.1 Summary

Prior to Highway Capacity Manual (HCM) 2000 (1), the LOS was defined as "a

qualitative measure describing operational conditions within a traffic stream and their

perception by motorists and passengers." (p.2.2, 5.8) The phrase "perception by motorists

and passengers" was removed from the LOS definition in HCM 2000. However, HCM

2000 also states that "each level of service represents a range of operating conditions and

the driver's perception of those conditions." (p.2.3) Therefore, there is no doubt that the

LOS is a qualitative measure that needs to reflect user perceptions of quality of service,

comfort and convenience.

Although the concept of LOS is meant to reflect road user perceptions, delay has

been chosen by the Transportation Research Board (TRB) Committee on Highway
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Capacity and Quality of Service (HCQS*) as the only representation of motorist "losses"

at signalized intersections without behavioral investigation and justification for making

this choice. Using delay as the sole index for LOS is meaningful and useful for traffic

engineers, but it is not necessarily so for road users. Moreover, drivers hardly ever know

or measure the delay at a signalized intersection. They routinely make judgments on the

operation of signalized intersections based on their perception and it is usually expressed

in linguistic terms such as "good," "acceptable," and "poor." This type of complex,

subjective, qualitative and imprecise judgment is common in the human concept

formulation and reasoning. The current method for determining LOS in HCM 2000 does

not reflect well those qualitative and subjective judgments.

Previous studies, mostly for freeways, reported that road users consider multiple

factors, including traffic-related and non-traffic factors in their evaluation of LOS. Little

attention has been given to understanding how road users perceive LOS at signalized

intersections. To this end, a web-based motorist survey was conducted to find how road

users evaluate signalized intersection LOS. More than 1,300 responses were received and

the data were examined to gain an understanding of user perceptions of LOS at signalized

intersections. Driver opinions on protected left-turn signals as well as driver perceptions

of potential collisions including vehicle-to-vehicle and vehicle-to-pedestrian collisions

were also investigated. It should be noted that the data collected with the survey were

respondents' stated preferences instead of their actual driving behavior which could be

assessed with a revealed preference survey.

* It develops the content and policies and oversees the production of the HeM.
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Three alternative methodologies were developed by applying the potential

conflict technique and fuzzy set theory to determine signalized intersection LOS that

accounts for user perceptions, the potential conflict analysis method, the fuzzy weighted

average method, and the fuzzy logic method.

The study met its objectives as follows:

• Identify factors that are important to drivers at signalized intersections: The

motorist survey revealed that multiple factors were impOliant to drivers. Besides

delay, factors such as availability of left-turn lanes and protected left-turn phases

were also deemed impOliant. The factor analysis suggested three intuitively

logical factor groups: (1) efficiency, (2) safety, and (3) convenience.

• Investigate trade-offs between safety and delay at signalized intersections: It

was found that road users were quite concerned about potential collisions at

signalized intersections. Safety was stated to be three to six times more important

than delay, depending on the type of conflict. Drivers and pedestrians would be

willing to wait a longer time at signalized intersections in exchange for protected

left-turn signals. The average additional waiting time to exchange for protected

left-turn signals is 21 sec, 26 sec, and 27 sec for drivers going through, drivers

turning left and pedestrians, respectively.

• Develop a method to determine signalized intersection LOS that explicitly

incorporates road user perceived safety risk: Safety is an integral part of

signalized intersection operations. The motorist survey revealed that road users

are concerned about potential collisions at signalized intersections. A method was

developed to include safety risk in the LOS analysis of signalized intersections.

187



The method is based on two models which quantify potential vehicle-to-vehicle

collision risk and potential vehicle-to-pedestrian collision risk representing the

perceived safety risk and concomitant stress on drivers. Collision risk was then

combined with delay to achieve a measure of LOS which incorporates safety risk.

• Develop methodologies to determine signalized intersection LOS by applying

fuzzy set theory to combine important factors, which reflect the imprecise

perception of quality of service by road users: The fuzzy weighted average

method and the fuzzy logic method were developed based on fuzzy set theory to

determine signalized intersection LOS that accounts for user perceptions. Several

factors contributing to road user perceptions of LOS, which were identified from

the motorist survey, were combined together either using the fuzzy weighted

average method or using the fuzzy logic method. Both methods provide an

alternative methodology that replaces rigid LOS thresholds with fuzzy numbers

for each standard LOS level and reflect the imprecise perception of service by

road users. Moreover, the fuzzy logic method simulates the human reasoning

process for the evaluation of signalized intersection LOS.

9.2 Method Comparisons

The major advantages and disadvantages of the three analysis methods for LOS

determination are summarized in Table 9.2.1.

Both driver and pedestrian safety concerns with left-turns were considered in the

potential conflict analysis method. Models were developed to quantify collision risk

representing the perceived safety risk and concomitant stress on drivers and pedestrians.
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The potential conflict analysis method represents the tradeoff between efficiency and

safety explicitly by combining delay with collision risk to achieve a LOS measure

incorporating safety risk. This methodology is also appropriate for the analysis of

signalized intersections with all red signals for vehicles but all green signals for

pedestrians for their safe movements.

One of the disadvantages of the potential conflict analysis method is that certain

assumptions were made for several parameters (i.e., the perception-reaction time, the

values used to determine potential conflict gaps, etc.) Those parameters need to be

calibrated using representative experimental data. The other disadvantage is that only

safety and efficiency were included in the analysis. Other factors such as quality of

pavement markings were not considered. This method was designed for modeling the

trade-off between delay and safety and it would become rather complex if more than two

dimensions are attempted.

In the fuzzy weighted average method, rigid LOS thresholds were replaced by

fuzzy numbers, which are more consistent with driver perceptions. A mechanism was

provided to combine several (not necessarily two) important factors at signalized

intersections. To reflect the fuzziness of user perceptions, Euclidean distances were used

to assign confidence levels for each LOS category.

Certain assumptions were made for the development of membership functions. It

was assumed that the importance levels of several important factors at signalized

intersections were converted from histograms. The membership function for delay was

assumed based on threshold values defined in HCM 2000. All those parameters need to

be calibrated using experimental data. Another disadvantage of the fuzzy weighted
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average method is that it requires extensive calculations to derive the composite LOS.

However, the entire computing process may be automated with purpose built software

and also can be done with off-the-shelf spreadsheet applications. Only drivers were

included in the fuzzy weighted average method. Pedestrians were not considered in the

study. However, pedestrians can be included in the analysis with a different weight factor

characterized by a fuzzy number. This requires a comprehensive survey to quantify the

weight factor. It also complicates the calculation process.

The fuzzy logic method is able to simulate the human reasoning process and

reflect the inherent vagueness of road user perceptions. Rigid LOS thresholds were

replaced by fuzzy numbers to be more consistent with driver perceptions. Fuzzy

inferences, which were based on a set of fuzzy rules, were applied to combine important

factors at signalized intersections for deriving a composite LOS measure. To reflect the

fuzziness of user perceptions, membership grades were used to assign confidence levels

for each LOS category. Three input variables, LT treatment, pavement markings and

delay, were used in fuzzy rules for making inferences. However, the fuzzy rules can be

easily expanded to add other important variables. Overall, the fuzzy logic method is easy

to use and it involves a moderate amount of calculations.

Certain assumptions were made for the development of membership functions.

The membership functions for LT treatment and pavement markings were assumed in the

study. The membership function for delay was assumed based on threshold values

defined in HCM 2000. All those parameters need to be calibrated using experimental

data. Another disadvantage of the fuzzy logic method is that the number of fuzzy rules

increases significantly with the number of input variables. Only drivers were included in
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the fuzzy logic method. Pedestrians were not considered in the study. However,

pedestrians can be included in the analysis by introducing pedestrians into fuzzy rules as

another input variable. This would increase the number and complexity of fuzzy rules

substantially.

The comparison of the three analysis methods may lead to the following

conclusions:

• The potential conflict analysis method models the tradeoff between safety and

efficiency only. Other factors are not included in the analysis. Therefore, the

potential conflict analysis method is appropriate for intersection analyses where

only safety and efficiency are major concerns for road users.

• The fuzzy weighted average method requires extensive computations. However,

the concept of the fuzzy weighted average method is easily understandable

because it is similar to the regular weighted average method. Unlike the potential

conflict analysis method, the fuzzy weighted average method can be used to

combine two or more important factors at signalized intersections.

• The fuzzy logic method simulates the human reasoning process and reflects the

inherent vagueness of road user perceptions. The fuzzy rules can be easily

expanded to include more input variables. The derivation of final LOS measure is

less computation-intensive. Overall, the fuzzy logic method is a promising

method to quantify signalized intersection LOS that accounts for user perceptions.
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Table 9.2.1 Advantages and Disadvantages of Three Analysis Methods for LOS
Determination as Applied in This Research

Method Advantages Disadvantages

• Both driver and pedestrian • Assumptions on some
Potential safety concerns were parameters were necessary.

Conflict considered. • Only safety and efficiency were

Analysis • The tradeoff between safety and included in the analysis.

efficiency was modeled.

• Rigid LOS thresholds were • Assumptions on some

replaced by fuzzy numbers. parameters were necessary.

Fuzzy • Important factors were • Extensive calculations were

Weighted combined. required to derive the

Average • Confidence levels were composite LOS.

assigned for each LOS • Pedestrians were excluded from

category. the analysis.

• Provided approximation for the • Assumptions on some

human reasoning process. parameters were necessary.

• Rigid LOS thresholds were • The number of fuzzy rules

replaced by fuzzy numbers. increases significantly with the

• Important factors were number of input variables.

Fuzzy combined. • Pedestrians were excluded from

Logic • Confidence levels were the analysis.

assigned for each LOS

category.

• Fuzzy rules may be expanded to

include more input variables.

• Relatively easy to use.
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9.3 Conclusions

HCM-based delay has been used as the measure of LOS in signalized intersection

analysis since 1985. However, as defined, LOS is a qualitative measure and needs to

reflect user perceptions. In addition to delay, other factors may also have an important

role in road user perception of LOS at signalized intersections.

The motorist survey revealed that, besides signal efficiency, left-turn safety was

important. Drivers making left-turns preferred to use exclusive left-tum lanes. Drivers

and pedestrians would be willing to wait a longer time at signalized intersections in

exchange for protected left-turn signals. It was also found that conveniences such as the

clarity of pavement markings and pavement quality were important to drivers at

signalized intersections. Therefore, multiple factors are important to drivers at signalized

intersections. The findings suggest that delay may need to be supplemented by a number

of quantifiable attributes of signalized intersections for a representation of LOS that

corresponds better to road user perceptions. Equal delays and LOS at multilane

intersections with and without left-turn lanes and left-tum phases, with and without good

pavement and clear pavement markings, and with and without responsive traffic-actuated

signal control would rank equally according to the HCM, but they would rank

significantly different if road user perceptions are considered.

Several methods were developed to determine signalized intersection LOS that

accounts for user perceptions. Each method has its appropriate usage as summarized in

Section 9.2.
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This dissertation met its goals to find how road users evaluate signalized

intersection LOS and to develop methodologies to determine signalized intersection LOS

that accounts for user perceptions. Although the proposed methodologies need calibration

of parameters, they lay the groundwork for future studies and can be subjected to both

simplification and enrichment.

The results of this research could affect the way traffic engineers assess signalized

intersection LOS because delay-based LOS is unable to reflect user perceptions and may

lead to biased results.

Overall, the results of this research improve our knowledge of how road users

perceive LOS at signalized intersections and provide useable methodologies of

application.

9.4 Future Study

The survey population consisted of all motorists including students, faculty and

staff at the UHM. A more representative survey is needed to identify a comprehensive set

of factors which contribute to road user perceptions of signalized intersection LOS.

Some assumptions were made for the estimation of model parameters as well as

the development of membership functions. Those parameters need to be calibrated using

experimental data. The in-vehicle approach with recruited motorists driving at signalized

intersections would make motorists experience real-world driving conditions and respond

to real conditions instead of hypothetical scenarios. Therefore, the in-vehicle approach is

preferred for future studies for calibrating model parameters and membership functions.
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Pedestrians are also integral users at signalized intersections. The fuzzy weighted

average method and the fuzzy logic method should and can be extended to include

pedestrians in the analysis.

Some other factors may be considered for signalized intersection LOS analysis in

future studies. For example, the motorist survey revealed that drivers expect to wait

longer at large signalized intersections than at smaller ones. Different thresholds on delay

for different sizes of intersections may be applied in the potential conflict analysis

method and the fuzzy weighted average method. The size of intersections may be added

to fuzzy rules for making inferences in the fuzzy logic method.

The current LOS analysis method for signalized intersections is focused on peak

hour traffic. However, the motorist survey revealed that drivers expect to wait longer at a

signalized intersection during rush hours than during off-peak periods. The different

expectations on waiting times during peak and non-peak hours may suggest that different

thresholds on delay for peale and non-peak periods should be used. The LOS during both

peale and non-peak hours need to be calculated and compared and the worst one (not

necessarily during the peale hours) could be designated as the prevailing LOS.

The derivation of LOS using the proposed methodologies requires extensive

computation especially for the fuzzy weighted average method and the potential conflict

analysis method. The development of purpose built software to automate the entire

calculation process is a valuable future endeavor.
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Appendix: Survey Questionnaire
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UNIVERSITY OF HAWAI'I AT MANOA

Department of Civil and Environmental Engineering

2540 Dole Street, Holmes Hall 383, Honolulu, Hawai'j 96822-2382
Telephone: (808) 956-7550, Facsimile: (808) 956-5014

How Do You Rate Intersections with Traffic Lights?

Dear Motorist:

Intersections with traffic lights are one of the most important components of roadway

systems. Well-designed intersections with traffic lights are safe and efficient; poorly-designed

intersections cause congestion and accidents.

We are conducting a study on how motorists rate intersections with traffic lights during

rush hour. Your input to this survey is very important. Based on your opinions, design guides for

intersections with traffic lights can be improved, which will make intersections serve you better.

This survey should take about 15 minutes to complete. Please complete this survey by

March 15, 2004. You are assured complete confidentiality in your responses. No personal

identifying infonnation will be included with the research results. If you have any questions

regarding your rights as a participant in this study, please contact the DH Committee on Human

Studies at (808)956-5007. Paliicipation in this research project is completely voluntary. You are

free to withdraw from participation at any time with no penalty, or loss of benefit to which you

would otherwise be entitled.

If you have any questions, please feel free to call or email us. If you do not have easy

access to the web, please e-mail us and we'll be happy to send you a paper copy or an electronic

file as an e-mail attachment.

Mahalo for your time alld participation in this studyl

Lin Zhang
Research Assistant
Phone: (808) 956-6528
Email: zhanglin@hawaii.edu

PallOS D. Prevedouros, Ph.D.
Associate Professor of Civil Engineering
Phone: (808) 956-9698
Email: pdp@hawaii.edu

Do you have a driver's license in the U.S.?

~ If~, please proceed to fill out the questiOlmaire.

~ Ifno, please disregard this questiolmaire. Thank you.
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How Do You Rate Intersections with Traffic Lights?

Page 1 of8

1. Large intersections have 3 or more lanes per direction for your street and 3 or more lanes
per direction for the cross street.

2. Often a large street (main street) intersects with a small street (neighborhood street or
parking lot exit).

rrrr

How much do you agree or disagree with this statement:
(J=Strongly Disagree, 2=Disagree, 3=Neutral, 4=Agree, 5=Strongly Agree)

•
Page 1 of8

Next Page<
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Page 2 of 8

Traffic signals for vehicles turning left

There are two different types of signal control for vehicles turning left at intersections with traffic lights:

Permitted left-turn (regular green)

1) Permitted left-turn: Drivers turning left receive a regular greefl and must yield to oncoming vehicles, bicycles, and pedestrians in the
crosswalk.

2) Protected left-tum: Drivers turning left receive a green arrow which allows them to make a "protected" turn because other conflicting
movements (vehicles, bicycles, pedestrians) are not allowed to go when they are turning.

(Givell this iurormHtiou on Jeft-turn traffic signals, please clJutiouc to answer the remllilliug tluestions.)
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3. The pictures below show tl1l"ee intersections with traffic lights A, B and C with on-coming traffic on the rar side.

Vehicles turning left from the near side (from which the photo was taken) are trying to make turns during rush hour.

(A) (B) (C)

Please check the box that best describes your opinion on difficulty, safety, andpreference.

r

c
r

r_---'__,0 r

intersection B: r r

(1) Is it difficult to make a left-turD without a protected left-turn signal (green arrow) at the intersection?
(l=Not difficult, 2=A little difficult, 3=Moderately difficult, 4=JlelY difficult, 5=Extremely difficult)

2 3

lntel'seetiOil C: Ir r r r r
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nters-ection

ermitted left-turn signal (regular green)?

left at the intersection?

("

,..r,

rr

r

11

_____ _0

rntersection B: C

Page 2 of8

NexlPage
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Page 3 of8

4. What factors are important to you when you drive through a large intersection with
traffic lights during rush hour?

(1=Not important, 2=A little important, 3=Moderately important, 4=Very important,
5=Extremely important, N/A =Not Applicable)

r

r

rr

r

r

r

r

r
-------II

lanes for vehicles r

4 5

. r CL.- -'.

Ability to go through the intersection within
one cycle of ligh changes' that i , you don t r
have to wait for the next gr en light.

-_r---:"-..-
fhe number 0 large !:ii I ue 1 a trucKS, r
and buse that nre waiting ahead orV' u.
Traffic signal response. For example, if there
is light traffic on the cross street, a responsive r
traffic signal changes to green for you quickly.

5. Please describe any other feature that is important to ou when you drive through a large
intersection with traffic lights:

Page 3 of8

NexlF'age
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Page 4 of8

6. The picture shows that a vehicle on the far side is making a left-tum in front of a
vehicle going straight (from which the photo was taken) during rush hour. The driver
going straight had to hit the brakes to avoid a collision.

Left-turn conflict
with through traffic

(a) Ifyou are the driver going straight, how concerned are you about the potential
collision with the vehicle turning left?

(l=Not concerned, 2=A little concerned, 3=Moderately concerned, 4= Very
concerned, 5= Extremely concerned)

(b) Ifyou are the driver turning left, how concerned are you about the potential
collision with the vehicle going straight?

(l=Not concerned, 2=A little concerned, 3=Moderately concerned, 4=Very
concerned, 5=Extremely concerned)

1

Answer r r

4

r

5

r

The conflicts between vehicles turning left and vehicles going straight can be reduced by
replacing permitted left-turns (regular green) with protected left-turns (green arrow), but
your waiting time at the intersection will increase. Please indicate the relative
importance between the increased safety and the additional waiting time.

(a) Ifyou are the driver going straight, then safety is __ important than waiting
time. (Select an item in the dropdown box below)

(b) Ifyou are the driver turning left, then safety is important than waiting
time. (Select an item in the dropdown box below)

Page 4 of8

Next Page
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Page 5 of8

7. The picture shows that a vehicle is trying to turn left while there is a pedestrian in the
crosswalk.

~.
Left-turn conflict

with pedestrian

(a) Ifyou are the driver, how concerned are you that you might hit the pedestrian?
(1=Not concerned, 2=A little concerned, 3=Moderately concerned, 4=Very

concerned, 5= Extremely concerned)

Answer r

2

r

3

r

4

r r

5

(b) If you are the pedestrian, how concerned are you that the vehicle might hit you?
(1 =Not concerned, 2=A little concerned, 3=Moderately concerned, 4=Very

concerned, 5=Extremely concerned)

Answer r r r r r

The conflicts between vehicles turning left and pedestrians can be avoided by replacing
permitted left-turns (regular green) with protected left-turns (green arrow), but your
waiting time at the intersection will increase. Please indicate the relative importance
between the increased safety and the additional waiting time.

(a) Ifyou are the driver, then safety is important than waiting time.
(Select an item in the dropdown box below)

(b) If you are the pedestrian, then safety is important than waiting time.
(Select an item in the dropdown box below)

I ]II

')(1.1



8. The conflicts between vehicles turning left and vehicles going straight and pedestrians can
be avoided by replacing permitted left-turns (regular green) with protected left-turns (green
arrow), but in order to do this your waiting times will be longer. What is the maximum
additional time that you would be willing to wait at a large intenection with protected left
turns?

(a) Maximum additional time willing to wait ifyou are a driver turning left:

(b) Maximum additional time willing to wait ifyou are a driver going straight:

ximUlll additional time willing to wait ifyou are a pedestrian:
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Page 6 of8

9. Please tell us how weather conditions affect your driving.

(a) When the road is wet (but it is not raining) and the speed limit is 55 mph, I drive

__ than in dry conditions. (Select an item in the dropdown box below)

I _8
(b) When it rains·fairly heavily but visibility is OK and the speed limit on the road is
55 mph, I drive __ than in dry conditions. (Select an item in the dropdown box below)

r

(c) If the forecast calls for rain throughout next week, then I plan to drive _
than in dry conditions. (Select an item in the dropdown box below)

(d) In have a choice, I avoid driving (Please check all that apply to you)

r when the roads are wet (but it is not raining)

r when it rains (wet roads and rain)

r at night (dry)

L at night (wet roads and rain)

[' none ofthe above

(e) I exercise more caution (take longer time) when I make a left-turn at an
intersection with traffic lights (Please check all that apply to you)

r when the roads are wet (but it is not raining)

r when it rains (wet roads and rain)

r; at night (dry)

r at night (wet roads and rain)

C none of the above



(1) Compared to dry conditions, accident risk is higher when it rains, the roads are
wet, and ... (1 =Strongly Disagree, 2=Disagree, 3=Neutral, 4=Agree, 5=Strongly Agree)

r

r

rr

r

r

r

r

r

r

r----'-----'-----_.........-----~!

... I drive on the freeway with heavy traffic

rL.- ........;. ........__--"'"'--- ~____Ii

r

r

r

r

r

r

r

r

r

r

r---------"'----_........._-_....'

... I drive on city streets with heavy traffic
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Page 7 of8

Finally, we would also like some information about yourself. All information given will be
kept strictly confidential and anonymous.

10. What is your gender?

t' Male

t' Female

11. What is your age?

t' Under 20

r 20-25

t' 26 -30

t' 31 -40

t' 41 -50

t' 51 -60

C 61+

12. How many years have you been driving?

t' 0 - 2 years

C 3 - 5 years

C 6 - 10 years

t' 11- 20 years

C over 20 years

13. What is your highest level of education?

C Some high school

C High school

t' Vocational/Technical school

C Some college

C Graduated college

t' Post-graduate degree

14. What is your occupation? Please fill in:
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15. Do you own a vehicle or have a vehicle always available to you?

(" Yes

r No

Ifyes, please describe the vehicle you drive most frequently (Example: 1998 Ford
Taurus)

,.......-...... -.--....~--~-----

16. What are your home and worldschool zip codes?
(a) Home zip code:

o
(b) Work/School zip code:

C
Page 7 ofg

Next Page I

209



Page 80f8

17. Please answer the following questions:
(1=Never, 2=Rarely, 3=Sometimes, 4=Ojten, 5=Always)

18. Please answer the following questions:
(1=Never, 2=Rarely, 3=Sometimes, 4=Ojten, 5=Always)

r r r r

19. Ifyou have additional thoughts or comments, please type them in the text box
below.

Page 8 of8

Subml Survey
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